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Abstract: Aqueous zinc ion batteries (AZIBs) are excellent energy storage devices with
high safety and low cost. However, the corrosion reaction and zinc dendrites formation

occur on the surface of zinc anodes are hindering their further development. To solve
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the problems, zirconium acetate (ZA) was used as an electrolyte additive in the ZnSO4
electrolyte. Attributing to the higher electro-positivity of Zr* than Zn**, these high
valence metal cations preferentially adsorb onto the surface of metallic zinc, shielding
parasitic reactions between zinc and electrolyte, reshaping the electric filed distribution,
and directing preferential homogeneous deposition of Zn-ions on the Zn (002) crystal
plane. Furthermore, the adsorption of Zr*" can on the Zn metal after electrochemical
cycles and enhance the energy barrier of zinc atom diffusion, resulting in high
resistance of corrosion and manipulation of Zn** nucleation configuration. Attributing
to these properties, the Zn//Zn symmetric cell with electrolyte additive of ZA was able
to cycle for 400 h under an extreme high current density of 40 mA cm™ with an area
capacity of 2 mAh cm. Meanwhile, MnO»//Zn coin cell still had 81.7 mAh g (85 %

retention of capacity) after 850 cycles under a current density of 1 A gl

Introduction

Aqueous zinc-ion batteries (AZIBs) are the most promising next-generation large-
scale energy storage device due to high safety and low cost of aqueous electrolyte.
Meanwhile, metal zinc anodes stand out from the rest with their high safety and high
theoretical specific capacity (820 mAh g! and 5855 mAh cm?), as well as the
abundance of reserves in the earth.! In spite of so many perfect advantages of AZIBs,
the cycling lifetime of AZIBs is still limited due to the formation of zinc dendrites
continuous electrochemical corrosion between zinc anode and aqueous electrolyte. The
corrosion will induce the hydrogen evolution reaction (HER) and forming an inert layer
on the surface of zinc anode with the main composition of ZnsSO4(OH)s-xH>O (ZHS),
strongly shortening the cycling life.> These phenomena will be intensified when the
high current density applied. Therefore, it is a challenge to achieve a highly stable
AZIBs under high-rate conditions.

Against this background, researchers have proposed many different strategies such
as zinc alloys anode, electrolyte modification into gels and electrolyte additive

optimization to strengthen the cycling stability of AZIBs.%® For example Yang et al.
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the zinc-phosphorus alloy coated zinc foil was used as the anode of AZIBs (Zn@ZnP),
in which the P atoms facilitated the reduction of the electrochemical activation energy
and accelerated the rapid transfer of ions during Zn stripping/plating, enhancing the
cycling lifetime of AZIBs under high-rate conditions.’ Guo et al. proposed to synthesis
a biocompatible hydrogel electrolyte from hyaluronic acid. The hydrogel electrolyte
with ample hydrophilic functional groups offers zinc anodes excellent anti-corrosion
ability and regulates zinc nucleation/growth.!® Although all of these strategies can
improve the performance of AZIBs, most of these strategies are still costly and
preparation complicated, which are limited in the commercial production. In
comparison, modification of electrolyte such as electrolyte additives could be an
economical and effective strategy to stabilize the zinc anode.

State of art, numerous electrolyte additives are widely proposed to enhance the
cycling stability of AZIBs, which are mainly acid or organic compounds. These
additives improve the cycling lifetime of AZIBs significantly via PH buffer effect,
constructing a stable SEI or electrostatic shielding layer and improve the migration of
Zn*" in the aqueous electrolyte.!!"!® Nevertheless, it is still challenged for achieving
high-rate AZIBs as the intensive formation of zinc dendrites under the high rate.
Recently, the deposition of Zn?* on Zn (002) crystal plane is widely reported to maintain
electrochemical stability.®!*!> Considering the uncertainty of Zn** deposition on the
surface of metallic zinc, adding electrolyte additives to direct deposition of Zn-ions on
the Zn (002) crystal plane after stripping/plating may be an effective method to stabilize
AZIBs for long cycling under extreme high currents.

Here in, a liquid metal acetate of zirconium acetate (ZA) was added to the original
ZnSOy4 electrolyte of AZIBs. Attributing to the higher electro-positivity of Zr*" than
Zn?", these high valence metal cations can preferentially adsorb onto the Zn anode
surface, shielding the parasitic reaction between zinc and electrolyte, reshaping the
electric filed distribution, and directing the preferential homogeneous deposition of

Zn*" on the Zn (002) crystal plane (Figure 1a). Specifically, the Zr** be adsorbed on the



surface of Zn metal and enhance the energy barrier of Zinc atom diffusion (from 0.037
eV to 0.053 eV), resulting in the resistance of corrosion and manipulation of the Zn**
nucleation configuration. Impressively, with the addition of ZA, the Zn//Zn symmetric
cell was able to cycle for more than 1800 hours under a current density of 5 mA cm™
with an area capacity of 1 mAh cm™ and for more than 400 hours even under the
extreme high current density of 40 mA ¢cm™ and an area capacity of 2 mAh cm™. The
Zn celectrode in the ZA modified electrolyte has an excellent plating/stripping
reversibility and an average Coulombic efficiency of 99.21 % after 400 cycles. The
MnO,//Zn full cell still had a capacity of 81.7 mAh g™ (85 %) after 850 cycles under a
high current density of 1 A g!. The study verifies the introduction of Zr** ions into the
electrolyte can effectively inhibit the dendrite growth by contributing to a uniform
deposition of Zn?*. This strategy paving a new pathway for developing aqueous
electrolyte used in high rate AZIBs.
Results and discussion

Liquid metal acetate (ZA) was chosen as electrolyte additives in 2 M ZnSO4
original electrolyte of AZIBs. Density functional theory (DFT) calculations was used
firstly to verify the absorption ability of Zr*" on the surface of metallic zinc surface,
where the adsorption energy of Zr*" on Zn (002) crystal plane (-4.8 eV) was much
higher than H>O and Zn?"(-0.08 eV and -0.24 eV) (Figure 1b, S1), suggesting that Zr*"
would be preferentially adsorbed on the surface of the metallic zinc anode than water
molecules. Furthermore, the adsorption energy of Zr*" on different crystal plane of Zn
metal were also compared and the adsorption energy on the Zn (002) crystal plane was
lowest than that on the Zn (001) crystal plane and Zn (101) crystal plane (-4.8 eV, -6.3
eV and -5.44 eV) (Figure lc, S2). This suggests that Zr*" is preferentially adsorbed on
the Zn (100) and Zn (101) crystal planes, guiding the deposition on the Zn (002) crystal
plane.'® The results indicated that Zn>" tends to be preferentially deposited on the
Zn(002) crystal plane with the addition of Zr*', which can subsequently promote the

uniform deposition of zinc-ions during the cycling.'*!” Furthermore, the as-formed Zn-



Z1*" interface will shield the water molecules from the Zn surface and protect it from

the further side reaction.'® The effect of ZA additives also changes properties of 2 M

ZnSO0y electrolyte, which were examined by experimental methods.

To begin with, different volume of liquid ZA was added to 2 M ZnSO4 electrolyte

(Figure S3), which were then used to fabricate Zn//Zn symmetric cells and test the rate

performance (from 1 to 15 mA cm). The results show that the lower the ZA content,
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Figure 1 Schematic diagram electrolyte additives for ZA and theoretical calculations for Zr** on Zn

deposition and diffusion behaviors. a) Schematic of Zn*" deposition in the ZnSOs electrolyte and
the ZA electrolyte (ZnSO4 +25 pL). b) Adsorption energy of H>O, Zn?" and Zr*" on Zn (002) crystal
plane. ¢) Absorption energy comparison of Zr** on different Zn crystal planes. d) FT-IR spectra for
ZA and ZnSOqelectrolytes of O-H blending. e) Raman spectra for ZA and ZnSO4electrolytes within
the region of O-H stretching vibration. d) Corresponding the proportions of strong, medium, and

weak H-bond in different electrolytes. g) Contact angle test of different electrolytes.
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the lower overpotential in the rate curve (Figure S4). Therefore, 2 M ZnSO4 electrolyte
with addition of 25 pLL ZA (ZA) was assumed to be the optimal formulation and taken
as an example to be compared with the original electrolyte (ZnSOj4) in the following
characterization and electrochemical tests. The addition of ZA optimizes the solvation
structure of Zn?" during the transportation and inhibit the side reaction between zinc
and electrolyte. The transformation of -OH bonds in the mixed solution after the
addition of ZA additive to the ZnSO4 electrolyte was experimentally investigated using
Fourier transform infrared (FT-IR) and Raman spectral.!” With the addition of the ZA
additive, the vibration bands of O-H stretching shows a shift from 1634.53 to 1634.56
cm’' while the O-H blending vibration bonds shows a sightly increase 3226.62 to
3227.46 cm™(Figure 1d, S5 and S6)*° 2. The variation is resulting from the destruction
of the H-bond network of H>O due to the weak interaction between lone pair electrons
on O of OH groups and ZA molecules.!” The same shift vibrations were verified in
Raman spectra, which shows typical strong, medium, and weak hydrogen bonding
peaks at 3250 cm™!, 3500 cm™ and 3600 cm™, respectively (Figure 1e). Based on Raman
spectra to calculate the hydrogen bonding content of different electrolytes (Figure 1f),
the ZA additive significantly enhanced the content of strong hydrogen bonding (58.88
% vs. 53.89 %) and the content of weak hydrogen bonding remained basically stable
compared to the ZnSOy electrolyte, suggesting that the addition of the ZA can release
the bound H>O fraction into the electrolyte, reduce the H>O activity and inhibit the
active side reaction between H,O and zinc electrode.®*">3 The wettability between the
electrolyte and the metallic zinc foil was evaluated by contact angle experiments, where
the contact angle was increased from 83.4 © to 43.7 © with the addition of the ZA

additive (Figure 1g), indicating a better diffusion of Zn** from electrolyte to zinc foil.>*



Apart from the adjusting the solvation structure of Zn in the electrolyte, the
addition of ZA in ZnSO4 electrolyte is also beneficial to Zinc deposition and
anticorrosion as the as-absorbed Zr*" could reshaping the electric filed distribution and

directing

the preferential homogeneous deposition of Zn>" on the Zn (002) crystal
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Figure 2. Zn deposition morphologies in the ZA and ZnSOj4 electrolyte. In-situ optical microscopy
images of the Zn plating in a) Upper left the ZA electrolyte and b) Lower left ZnSO4 electrolyte at
10 mA cm? 1 mAh cm™. SEM images of Zn deposition with condition of 10 mA cm™ 1 mAh cm-
2 in a) Upper right ZA electrolyte and b) Lower right ZnSOy after 100 cycles. AFM images of the
Zn foil surface after cycled in ¢) ZA electrolyte and ZnSOys electrolyte at 5 mA cm™? I mAh cm™.
d) Zr and e) Zn XPS image of the Zn foil surface after cycled in different electrolytes. f) XRD
patterns of Zn//Zn symmetric cells after cycled in the ZA and ZnSOj electrolytes. g) Zn (002)/Zn
(001) ratio of ZA-cycled and ZnSO4-cycled.



plane.?%?%26 The inhibition effect of Zr*" ions on zinc dendrites was firstly visualized
by in-situ optical microscopy, which can be used to clearly observe the dendrite growth
located at the cross-section of the Zn electrode.?” As shown in Figure 2a and 2b, no
formation of Zn dendrites was detected in the ZA electrolyte after cycling at 10 mA cm’
2 and 1 mAh cm? for 1 hour. The cross-section of the electrode remained flat,
suggesting the homogeneous deposition of Zn deposition. On the contrary, the cross-
section of electrode with ZnSO4 electrolyte was already covered by irregular Zn
dendrites after cycling under the same conditions and the same time. A more distinct
comparison can be obtained by comparing the whole process of zinc deposition.
Scanning electron microscopy (SEM) was then performed to investigate how the
electrolyte affected the Zn plating behavior.?® The electrode taken from ZA electrolyte-
based cell showed a smooth and flat surface. In contrast, the electrode taken from
ZnSOy4 electrolyte-based cell shows a rough and uneven surface, with visible Zn
dendrites formed. The similar phenomenon can also be obtained from the electrode
cycled for other conditions (Figure S7). Moreover, atomic force microscopy (AFM)
images also showed that the surface roughness of the Zn electrode cycled in ZA
electrolyte was much less than that of the ZnSOj electrolyte. (Figure 2¢). Furthermore,
the composition of the zinc foil surface was investigated by X-ray photoelectron
spectroscopy (XPS) and X-ray diffraction patterns (XRD). The XRD pattern proved
that the addition of ZA can significantly inhibit the formation of side-products (ZHS)
(Figure 2f). Electrodes after cycled in ZA electrolyte shows a higher ratio of Zn (002)
to (100) than ZnSO4 one (0.992 vs. 0.590), indicating the additive also contribute to the
uniform deposition of zinc along 002 crystal plane (Figure 2g). The appearance of Zr
3dsp, 3dsn peaks proves that Zr*" exists on the surface of zinc foils (Figure 2d),
Meanwhile, the peaks of Zn 2p1. is shifted left obviously (from 1045.4 ev to 1046.1
ev), suggesting Zinc was slightly oxidized and could be evidence that Zr*" was adsorbed
on the Zn metal surface. It can be concluded that the introduction of high-valent metal

Zr** ions can significantly promote the unform deposition of zinc and prohibit the



formation of zinc dendrites. Energy Dispersive X-ray Spectroscopy (EDS) mapping
similarly demonstrated that Zr*" was not inserted into the zinc anode, but rather
adsorbed on the surface (Figure S8, Table S1).

Such signification improvement on dendrites inhibition was subsequently
explained by chronoamperometry (CA) tests (Figure 3a). With the addition of Zr**, the
CA curve shows a short two-dimensional diffusion and followed by a much stabler
three-dimensional diffusion, leading to a uniform deposition.!” In comparison, the
original ZnSOy4 electrolyte always exhibits a two- dimensional diffusion, which induce

the Zn dendrites and requires more time and higher current density to be stabilized for
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Figure 3 Characterization of properties of different electrolytes. a) The CA curves for Zn//Zn
symmetrical with various electrolytes. b) Nucleation overpotential of Zn//Ti asymmetrical cells in
the ZA and ZnSO electrolytes with a scan rate of 10 mV S-!. ¢) Linear polarization curves of the
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Zr*" and (f) with Zr*". g) Coulombic efficiency of Zn//Cu symmetric cells under condition 2 mA
cm? and 1 mAh cm2 in different electrolytes. The corresponding charge/discharge curves of Zn//Cu
cells in h) the ZA electrolyte and i) the ZnSO4 electrolyte.
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Zn even growth.?’! Linear scanning voltammetry (LSV) was performed to examine
the process of improved charge transfer and homogeneous deposition. The onset of Zn
plating in ZA electrolyte was higher than that of ZnSO4 (Figure 3b), suggesting that the
addition of ZA lowered the Zn nucleation barrier. In order to test the activity of the
HER, different electrolytes were employed in a three-electrode system (Pt electrode as
the working and counter electrode and Ag/AgCl electrode as the reference electrode).
The onset potential for the HER was found to be higher than that of ZnSO4 in ZA
electrolyte (-1.03872 V vs. -1.02953 V), which had a significant inhibitory effect on the
HER (Figure S9).>'"3 To investigate the effect of ZA additive on the reversibility of Zn
plating/stripping, asymmetric Zn//Cu cells based on both electrolytes were fabricated
and tested under a current density of 2 mA cm with a capacity of 1 mAh cm?2,193433
Zn//Cu in ZnSOs electrolyte was only cycled for less than 100 cycles and had a
relatively lower coulombic efficiency, which was attributed to the growth of dendrites
on the surface of the Zn anode and the generation of by-products (eg. ZHS).*® In
opposite, the ZA electrolyte cycled up to 400 cycles under the same conditions and
achieved an average coulombic efficiency of 99.21 % (Figure 3g). Meanwhile,
Comparing the overpotentials of Zn//Cu cells at different number of cycles of the two
electrolytes, the overpotential of ZA electrolyte remained stable from 26.5 mV in the
5" t0 31.9 mV in the 400" cycle, which is much lower than that of ZnSOs electrolyte
(36.9 mV in the 5" to 13.1 mV in the 100'™), it was already shorted out at the 100", And
the voltage hysteresis of the different cycles of Zn//Cu cells based on the ZA electrolyte
is always lower than that of the ZnSO4 electrolyte, demonstrating significantly more
uniform Zn deposition, suppressed side reactions and thus excellent reversibility
(Figure 3h, 3i).%7

These properties of Zn electrochemical deposition suggest the significant
inhibition contributed by Zr*". In addition to the shield of side reaction discussed above,
the significant improvement can also be attributed to absorption of Zr** in zinc electrode

during the cycles, which has been proved in XPS results (Figure 2d and e). DFT
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calculation was performed to compare the diffusion barrier of Zn atom on the zinc
surface with and without Zr**, where the front shows a higher energy barrier of 0.053
eV than that of later one, which is 0.037 eV. (Figure 3e and f). Such effect will provide
zinc anode the resistance of corrosion. The DFT calculations are consistent with our
electrochemical results shown above. Additionally, the Tafel currents of ZA and ZnSO4
electrolytes were measured using the three-electrode system to verify the corrosion
resistance of zinc foil in two electrolytes (Figure 3c). The corrosion current of zinc
electrode in ZA electrolyte (1.549 mA cm) is much lower than that of ZnSOs (2.155
mA cm), indicating that the introduction of ZA inhibits the corrosion of zinc electrode
significantly.>"*® The promotional effect of ZA additives on the deposition of Zn** was
examined by comparing the zeta potentials of the zinc metal after plating Zn with
different electrolytes. As shown in Figure 3d, the addition of ZA in ZnSO4 electrolyte
increased the zeta potential of zinc electrodes from -1.44889 mV to 4.55197 mV. The
higher positive potential can provide the Zn surface a strong electrostatic shielding
effect and induce the uniform Zn deposition, which is consistent with our DFT
calculation (Figure 1b).

The electrochemical stability of Zn electrodes in ZnSO4 and ZA electrolytes was
further compared in a Zn//Zn symmetric cell. As expected, the cycle life of Zn//Zn of
ZA electrolyte at different current densities is much higher than that of ZnSOg4
electrolyte. The cell with ZA electrolyte reached a cycle life of over 1800 h at current
density of 5 mA ¢cm™ and area capacity of 1 mAh cm™, while the cell based on the
ZnSO0s electrolyte short-circuited after only less than 280 h of cycling under the same
conditions (Figure 4a).*** By comparing the cycle voltage distributions of the 1%,
500, 1000™, 1500 and 2000'" cycles of the ZA electrolytes, it can be clearly observed
that the overpotential of the Zn//Zn symmetric cell with ZA electrolyte deliver excellent
stability throughout such long cycles. However, the cell with ZnSO4 electrolyte has
already soft short-circuited at the 725" cycle (Figure 4c). In order to investigate the

high-rate capability provided by ZA additives, an extreme high current density of 40
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mA cm with an area capacity of 2 mAh cm™ was applied. It is noteworthy that the
cell with ZA additives exhibits a prolonged cycling time of 400 hours, whereas the
original electrolyte cell only survived for less than 100 hours. This highlights the
potential of the additives in high-rate batteries. Furthermore, the cycle life of the Zn//Zn
symmetric cell is found to be significantly shorter than that of the 25 uL ZA electrolyte,

with a duration of only 230 h and 120 h, respectively. This evidence directly

300
(i:‘ 250 ZnS0O,
& 200 —— 25 uLZA
N 150~ — 50 pLZA
N 100 100 uLZA
g 50
> 0
E 50
& -100}—
£ 150
S ook Current density: 5mA cm?
_250F Area capacity: 1mAh cm?
-300
200 400 600 800 1000 1200 1400 1600 1800
Time (h)
1200
(b) L ZnS0,
%> 800— — 25 uLZA
IS - —— 50 LZA
E 400— 100 uLZA
v
>
2 0
E
g 400 MT
‘_.3 -800 [ Current density: 40mA cm?
> L Area capacity: 2mAh cm2
1200y 50 100 150 200 250 300 350 400
Time (h)
(c) 150 (d) 300 (e) s00
—~ 1st Fitted circuit: ZnsSO
& 100 500 th 250 R -
S g 1000 th VY A &
g 50 1500 th 200 N
@ 2000 th § N
> 0 £ 150] 2
£ 5 >
50 =100 £
g N % .
£ 100 Current density: 5mA cm? 50| % % -300[ Unit : mA ¢cm?
Area capacity: TmAh cm? > -400[ Area capacity: TmAh cm?
150 . 1 N . A )
0.0 0.1 0.2 03 0.4 =0 0o 150 200 250 300 5005 10 15 20 25 30
50 Time (h) Z' (ohm cm?) Time (h)
(f) 5 40 40 B This work I NH,OH(Nanomicro Lett 2023) La(NO,),(Nat. Commun 2022) "é
< 39
i gg__ N TMA(Adv. Energy Maler 2022) TFA(Energy Environ. Sci.2023) %
2L 10 =
2 10— 1 >
3 of g
- - o
& 1200 1500 2300 —5000 8
5 — [
3 7000 9000 J1ooco 2
13000 —]15000 %
16000 —poooo E
5000 ©
0 250 500 750 1000 1250 1500 1750 2000 2250 2500
Cycling time (h)

Figure 4. Electrochemical performance of the Zn//Zn symmetric cell in the ZnSO4 and ZA
electrolyte. a) Long cycling performance of Zn//Zn cell in various electrolytes under cycle condition
of 5 mA cm? 1 mAh cm™. b) Long cycling performance of Zn//Zn cell in various electrolytes under
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electrochemical performance with other reported literatures.
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substantiates the assertion that 25 plL ZA is the optimal electrolyte (Figure 4b).
Meanwhile, other testing conditions were used to verify the reliability of the
improvement, in which the same conclusion were obtained (Figure S10, S11 and S12).
To demonstrate that the battery based on additives can function under higher area
capacity conditions, it was raised to 5 mAh cm™. Gradually increasing the current
density from 10 mA cm? to 40 mA cm?, the cycle life of Zn//Zn symmetric cells
containing ZA additives were all higher than that of the ZnSOs electrolyte. It is
demonstrated the wide practical range of ZA additives, which can be effective at both
high current densities and area capacities (Figure S13). In addition, the rate
performance of Zn//Zn symmetric cells with different electrolytes was compared by
gradually increasing the current density from 1 to 40 mA cm™ at a fixed area capacity
of 1 mAh cm™. At all current densities, the cells with ZA electrolyte exhibited lower
overpotentials and the reduced internal resistance (Figure 4e). The stabilizing effect of
the two electrolytes on the zinc anode was tested by setting the maximum current
density of the Zn//Zn symmetric cell to 50 mA cm™ and the area capacity to 2 mAh cm’
2. The cell based on ZA electrolyte cycle life up to 70 hours, in contrast to less than 30
hours for the ZnSOs4 electrolyte (Figure S14). It is also consistent with the
electrochemical impedance spectrum (EIS) (Figure 4d).*! The electrolyte additive in
this work is compared with other reported electrolyte additives considering current
density, cycle life and the area capacity, showing the outstand improvement of ZA

additives (Figure 4f , Table S4 ),1:15:48.:49.24.25.42-47
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To demonstrate the feasibility of ZA in practical applications, MnO>//Zn full cells
were assembled according to Figure S15. The XRD patterns of commercial MnO> are
shown in Figure S16. The cyclic voltammetry (CV) curves of MnO»//Zn full cells in
different electrolytes (Figure 5a) with a scan rate of 0.5 mV S show similar redox

peaks, indicating that the ZA additive does not affect the electrochemical charge storage
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Figure 5. Electrochemical performance of the MnO»//Zn full cell in the ZnSO4 and ZA electrolytes.
a) The CV curves of MnO»//Zn full cell at 0.5 mV S in different electrolytes. b) Rate performance
of MnO»//Zn full cell at densities from 0.1 to 5 A g'! in various electrolytes. ¢) Nyquist plots of the
MnQO»//Zn full cell in the ZnSO4 and ZA electrolyte. The insert figure is fitted circuit of MnO»//Zn
full cell. d) Long cycling performance of MnO,//Zn full cell in various electrolytes at 1 A g-'. The
charging/discharging curves obtains from the cycling tests at different cycles in ) ZA and f) ZnSO4
electrolyte. g) Practical application of pouch cells to light up LEDs. h) Cycling performance of
MnO,//Zn pouch cells with different electrolyte.
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mechanism of MnO,.° Furthermore, the rate performance of the full cells was
investigated in the range of 0.1 A g to 5 A g, where the specific capacity of the
MnO,//Zn full cells based on the ZA electrolyte was higher than that of the ZnSO4
electrolyte at all current densities, especially at high current densities. Such
improvement can be attributed to the better diffusion kinetics provided by ZA additives.
The better kinetics can also be indicated by impedance spectroscopy, which
demonstrated the resistance of the MnO»//Zn full cell based on the ZA electrolyte was
lower than that of the ZnSOj4 electrolyte (Figure 5c¢).

Subsequently, a comparison of the long-cycle stability of cells based on different
electrolytes was performance under a current density of 1 A g™ (Figure 5d), in which
the cell with ZA electrolyte was able to deliver a reversible capacity of 96.1 mAh g™!,
with a capacity retention rate of 85 % (81.7 mAh g!) after 850 cycles. In contrast, the
cell with ZnSOs electrolyte only exhibited a low capacity of 49.76 mAh g™! after 850
cycles. The galvanostatic charge-discharge (GCD) curves of the two electrolytes were
compared at the 1%, 10", 25% 50™ and 100" cycles (Figure Se and 5f). The specific
capacity of the cell with ZA electrolyte was showing a flatter discharge and charge
plateau and a better reversibility than that with ZnSOys electrolyte. Similar results were
also obtained when current density was changed to 0.5 A g™ (Figure S17). In addition,
the electrochemical performance of the MnO//Zn full cell was tested under more
practical conditions (high mass loading of MnQO>). By increasing the mass of the active
substance at the cathode to 6 mg cm™, the capacity of the full cell with ZA electrolyte
was still 93.62 mAh g™! after 200 cycles, with a capacity retention of 90.6 %. In contrast,
the capacity retention of the ZnSOy electrolyte was only 77.5 % (Figure S18). The CV
of MnO»//Zn full cells assembled with different electrolytes at different scanning speeds
are shown in Figure S19a and c. The Zn*" diffusion coefficients for different systems
can be calculated by the Randles-Sevcik formula (Equation S1). The electrochemical
kinetics in different electrolytes were described by showing the linear relationship

between Ip and V2 (Figure S19b and d). The calculations showed that the Zn**
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diffusion coefficient was enhanced after the addition of ZA additive (Figure S19e).
These results demonstrate the introduction of the ZA additive can promotes the Zn>*
reaction kinetics in full cells, enhancing the reversible capacity and long-term cycling
stability of the full cell. The possibility of practical application was further evaluated
by assembling a MnO2 pouch cell.’! Two pouch cells based on ZA electrolyte
successfully lit up an LED light sign with a voltage of 3V (Figure 5g). The pouch based
on ZA electrolyte provided higher specific capacity and close to 100% CE in the long
cycle test of the pouch batteries with both electrolytes. Compared to the ZnSO4
electrolyte, the capacity retention is improved, although the specific capacity
improvements are not significant. (Figure 5h), indicating that the addition of ZA
electrolyte has great potential for practical applications.
Conclusions

In summary, high valence metal ions of Zr*" were introduction into ZnSOy4 electrolyte
for aqueous zinc ion batteries. Both experiments and theoretical calculations show that
the electro-positivity metal Zr*" ions are preferentially adsorbed on the Zn (002) crystal
plane, which shields the side reaction between zinc and electrolyte, reshapes the electric
filed distribution, and directs the preferential homogeneous deposition of Zn?* on the
Zn (002) crystal plane. In addition, Zr*" was adsorbed on the zinc metal surface during
the cycles, which raises the diffusion energy barrier of zinc atoms (from 0.037 eV to
0.053 eV), improving the corrosion resistance of the zinc foil and further inhibiting the
growth of zinc dendrites. Owing to these characteristics provided by ZA additives, the
Zn//Zn symmetric cell was able to cycle for more than 1800 hours at a current density
of 5 mA ¢cm™ with an area capacity of 1 mAh ¢cm and for more than 400 hours even
under the extreme high current density of 40 mA cm™ and an area capacity of 2 mAh
cm™. The Zn electrode in the ZA modified electrolyte has an excellent plating/stripping
reversibility and an average Coulombic efficiency of 99.21 % after 400 cycles. The

MnO>//Zn full cell still had a capacity of 79.4 mAh g (82.6 %) after 850 cycles under
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a high current density of 1 A g’!. The strategy paving a new pathway for developing

aqueous electrolyte used in high rate AZIBs.
Supporting Information

Details on preparation of the electrolyte, cathode, electrochemical testing and various
characterizations. Calculations method and long cycles at different current densities. A
table of electrochemical performance comparison with other electrolytes in reported
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