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HIGHLIGHTS

e Design principle of a reliable electrolyte based on chelation strength is proposed for high-performance aqueous batteries.

® The addition of penta-sodium diethylene-triaminepentaacetic acid salt is effective in dynamically modulating anode/electrolyte inter-

face, inhibiting water-related side reactions, and mitigating dendrite generation on zinc anodes.

e Symmetrical, ZnlICu half and ZnlINH,V,0,, full cells using the new electrolyte exhibit improved electrochemical performance.

ABSTRACT Aqueous zinc-ion batteries are promising due to inherent safety, low

cost, low toxicity, and high volumetric capacity. However, issues of dendrites and .
side reactions between zinc metal anode and the electrolyte need to be solved for Oszn(HZO);endmes zﬁ,"e“f::cnon, s 18 O
extended storage and cycle life. Here, we proposed that an electrolyte additive with 3‘ | B (HiR »l/ A"

. . . .. -6 b Adsorbed
an intermediate chelation strength of zinc ion—strong enough to exclude water c‘:rrosmn ¢ /é,y ‘pr;?m‘si o i B
molecules from the zinc metal-electrolyte interface and not too strong to cause a f
significant energy barrier for zinc ion dissociation—can benefit the electrochemical Introduce Chelating Agent to Electrolyte
stability by suppressing hydrogen evolution reaction, overpotential growth, and den- Weak Chelation | v Intermediate Chelation Strength | Strong Chelation
drite formation. Penta-sodium diethylene-triaminepentaacetic acid salt was selected o > M ( &%
for such a purpose. It has a suitable chelating ability in aqueous solutions to adjust TR oo - —

solvation sheath and can be readily polarized under electrical loading conditions to

further improve the passivation. ZnllZn symmetric cells can be stably operated over 3500 h at 1 mA cm™2. ZnlINH,V O, full cells with
the additive show great cycling stability with 84.6% capacity retention after 500 cycles at 1 A g~!. Since the additive not only reduces H,
evolution and corrosion but also modifies Zn>* diffusion and deposition, highlyreversible Zn electrodes can be achieved as verified by
the experimental results. Our work offers a practical approach to the logical design of reliable electrolytes for high-performance aqueous

batteries.
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1 Introduction

As renewable energy sources (e.g., solar and wind) continue
to grow, the use of lithium-ion batteries (LIBs) is limited by
resources and safety issues. It is urgent to search for inex-
pensive batteries that are based on earth-abundant elements
and can safely store large amounts of energy for intermittent
power generation [1-3]. Aqueous zinc-ion batteries (AZIBs)
with non-flammable aqueous electrolytes have the advan-
tages of environmental friendliness, low cost, and superior
safety [4-6]. Since metallic zinc can be directly used as
the anode, it has the potential for large-scale applications
considering its high abundance and theoretical capacity
(820 mAh g~! and 5854 Ah cm™2) [7, 8].

Despite these unique advantages, AZIBs currently face
several issues, especially poor cycling performance due to
the instability of zinc metal anodes [9-12]. Because metallic
zinc is not thermodynamically stable against conventional
aqueous electrolytes, side reactions such as hydrogen evo-
lution reaction (HER) and zinc corrosion are inevitable at
the electrode/electrolyte interface. It lowers the reversibility
and long-term stability of the cell [11, 13]. Meanwhile, Zn**
tends to form hydrated zinc ions Zn(HZO)é2+ in aqueous
solutions. It leads to strong interactions between Zn>* and
water molecules that set a high energy barrier for Zn** dehy-
dration and increase charge transfer resistance. As a result,
a large number of water molecules are carried to the zinc
metal surface, intensifying water-related side reactions [10,
14, 15]. In addition, morphological changes in the zinc metal
anode during cyclic charging/discharging process eventually
result in dendrite formation, which disrupts the electrode
structure and short-circuits the cell. The enlarged surface
area from morphological instability may further promote
undesired side reactions [16-18].

To solve the above problems in AZIB, researchers have
developed modification strategies in recent years, such as
artificial coatings on anode [19-22], design of 3D-structured
electrodes [23-25], and novel electrolyte systems [26-32].
Among them, the electrolyte modification plays an important
role in alleviating the side reactions and promoting uniform
deposition of the Zn** on the anode owing to the avoiding
of complicated preparation process and excessive invalid
weight. For example, the highly concentrated “water-in-
salt” strategy of 1 m Zn(TFSI), +20 m LiTFSI [32] or 30 m
ZnCl, [33], and molecular crowding electrolytes were used
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to reduce the number of free water molecules in the elec-
trolyte to suppress the activity of water, which also effec-
tively broadens the electrochemical window of the elec-
trolyte. However, the high cost and lowered conductivity
make this strategy difficult to be applied to a large scale.
On the other hand, the in-situ formation of the solid electro-
lyte interphases (SEIs) on the anode surface was promoted
by the introduction of additives such as Zn(H,PO,), [34]
and Zn(BF,), [35]. However, since the electrolyte additives
are continuously consumed during repeated cycles due to
the unstable SEISs, the long-term stability remains an issue.
Some researchers have also reported that introducing addi-
tives of dimethyl sulfoxide (DMSO) [27], sodium dodecyl
benzene sulfonate (SDBS) [36], and ethylene glycol [37] can
replace H,O in the Zn**-solvation sheath, thus inhibiting the
side reactions related to H,O. In spite of this, a more rational
exploration and better understanding of how to optimize the
deposition process on anode surface in a long-term cycle is
still needed.

From the above, one may conclude that the ideal addi-
tive should be able to effectively regulate the Zn>*-solvation
sheath, inhibit the reaction that occurs when free water
comes in contact with the anode surface, and mitigate the
dendrite generation on zinc anodes. In this case, we turned
our attention to penta-sodium diethylene-triaminepentaacetic
acid salt (denoted as DTPA-Na), a widely-used and cheap
chelating agent with strong affinity for various metal ions
such as Cu** and Ca?* [38, 39]. Meanwhile, analogous to
the Sabatier principle about intermediate compound for cata-
lyst design, the chelation strength with Zn>* of DTPA-Na is
found to be proper, which is able to adjust solvation sheath
without causing significant energy barrier for zinc ion dis-
sociation [40, 41].

We added DTPA-Na to 2 M ZnSO, baseline electrolyte
and explored the suitable concentration for optimal elec-
trochemical performance. Through the strong interaction
between DTPA anion and Zn**, the H,O molecules are
removed from the solvation sheath of Zn** and improve elec-
trolyte structure. Meanwhile, because the DTPA anions have
a higher adsorption capacity than the H,O molecules, they
are easily adsorbed on the Zn surface to cover the active site
of H, reduction, thus not only inhibiting the side reactions
such as HER but also facilitating the uniform nucleation of
Zn by limiting the disordered two-dimensional diffusion [42,
43]. Taking it a step further, we proposed a logical design
principle of a reliable electrolyte based on chelation strength
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for aqueous zinc-ion batteries. With the appropriate amount
of the selected DTPA-Na additives, an ultra-long-term sta-
bility of Zn electrode with a lifespan of up to 3500 h can be
achieved at 1 mA cm™2. More importantly, the high Cou-
lomb Efficiency (CE) as well as the long stability achieved
in the half-cell studies of both ZnlICu and ZnllTi, demon-
strating the good reversibility of the Zn plating/stripping
process promoted by the introduction of DTPA-Na. Finally,
the positive effect of DTPA-Na was further demonstrated in
full cells matched with a variety of cathodes. Based on these
results, the feasibility of the proposed design principle of
electrolyte is verified, which can be further generalized for
high-performance aqueous batteries.

2 Experiments and Simulations

2.1 Preparation of Electrolytes for Aqueous Zinc-ion
Batteries

Zinc sulfate (ZnSO,-7H,0, Macklin, 99%) was dissolved into
the deionized water to obtain the 2 M ZnSO, baseline elec-
trolyte. Then various concentrations of penta-sodium dieth-
ylenetriaminepentaacetic acid (C;4,H;gN;NasO,,, DTPA-Na,
Macklin) as the additive were added into the baseline electro-
lyte. The as-prepared baseline electrolyte and the improved
electrolytes were used in the coin cells, H-type cells, the trans-
parent-molds cell for in-situ optical microscopy observations,
and full cells.

2.2 Synthesis of NH,V,0,, Cathode

NH,V,0,, cathode was synthesized by a hydrothermal method
[44]. Typically, 1.17 g commercial ammonium vanadate
(NH,VO;, Meryer, 99%) powders were dissolved in 70 mL
deionized (DI) water at room temperature. Then 1.891 g oxalic
acid (H,C,0,-2H,0, Meryer, 99%) was added into the solution
under vigorous stirring. Later, the mixed solution was trans-
ferred into a 100 mL Teflon-lined stainless-steel autoclave.
The autoclave was heated at 140 °C for 12 h and then cooled
to room temperature naturally. The obtained products were
washed with deionized water for 3 times, followed by drying
under vacuum at 60 °C overnight to get the final NH,V,0,,
powders.

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

2.3 Synthesis of NaV,0O,; Cathode

NaVO,5 cathode was also synthesized by a hydrother-
mal method [45]. Typically, 727.5 mg vanadium pentoxide
(V,05, Macklin, 99%) powders and 160 mg sodium hydroxide
(NaOH, Greagent, 96%) were dissolved in 70 mL of DI water.
The mixed solution was transferred into a 100 mL Teflon-lined
stainless-steel autoclave, which was heated at 180 °C for 24 h.
After natural cooling, the products were filtered, washed, and
dried.

2.4 Characterizations

Morphology and microstructure of the samples were
examined by field emission scanning electron micros-
copy (FE-SEM, Hitachi, S-4800, Japan) equipped with
an energy-dispersive X-ray spectrometer (EDX). Fourier
transformed infrared (FTIR) spectra were measured using
a spectrophotometer (VERTEX 70 V) by pressed KBr pel-
lets. Raman spectra were measured using a Raman spec-
trophotometer (Horiba JobinY von, HR800, France) with
633 nm laser radiation in the range of 200—2000 cm™".
X-ray diffraction (XRD) data were measured using a
Bruker X-ray diffractometer (D8 ADVANCE A25) with Cu
Ka (1=0.154178 nm) radiation. X-ray photoelectron spec-
troscopy (XPS) data were measured with an ESCALAB
250 Xi electron spectrometer from VG Scientific using
300 W Al Ka radiation.

2.5 Electrochemical Measurements

The composite cathodes were prepared by the following
procedure. Typically, the cathode slurry was prepared by
mixing 70 wt% active material, 20 wt% carbon black, and
10 wt% polyvinylidene difluoride (PVDF) in N-methyl-
pyrrolidone (NMP), and then coated on stainless-steel
foils and dried at 60 °C in vacuum for 12 h. Both the
cathode and zinc metal anode foils were punched into
disks (@ =12 mm for coin cells and ® =8 mm for H-type
cells). CR2032 coin-type cells were assembled using a
glass fiber separator with a diameter of 19 mm. A fixed
amount of electrolyte (60 pL for symmetric cell and half-
cell, and 100 pL for full cell) was added to each coin cell.
Charge/discharge tests were conducted using a Land cell
test system (Land CT2001A, China). Cyclic voltammetry
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(CV) measurements were conducted on an electrochemical
workstation (CHI614E, China) between 0.2 and 1.6 V at a
sweep rate of 0.1 mV s~!. The electrochemical impedance
(EIS) data of the cells were collected on an electrochemi-
cal workstation over a frequency range from 10° to 0.1 Hz

with an amplitude of 5 mV,,.. Linear scanning voltam-

rms*
metry (LSV) and Tafel tests were also measured on the

electrochemical workstation.

2.6 Atomistic Simulations

Spin-polarized density functional theory (DFT) calcu-
lations were performed according to the first principles
[46] within the generalized gradient approximation (GGA)
using the Perdew-Burke-Ernzerhof (PBE) formulation
[47]. Projected augmented wave (PAW) potentials [48]
were used to describe the ionic cores and valence electrons
were taken into account using a plane wave basis set with
a kinetic energy cutoff of 450 eV. Van der Waals interac-
tions have been considered using the DFT-D3 method of
Grimme [49]. A geometry optimization was considered
convergent when the energy change was smaller than
0.02 eV A1, During the relaxation, the Brillouin zone
was sampled using a 1 X 1 X 1 Gamma centered grid for
geometric optimization and transition state searching. A
15 A-thick vacuum layer was added to the surface to elimi-
nate the artificial interactions between periodic images.

3 Results and Discussions
3.1 Chelation Strength Design

The chemical and electrochemical interactions between
the zinc electrode and the electrolyte are schematically
shown in Fig. 1a. In the control electrolyte, 2 M ZnSO,
without any electrolyte additives (denoted as blank elec-
trolyte), the uneven deposition on the surface of the zinc
anode leads to the formation of dendrites. Such dendrite
growth increases the surface area of zinc metal anode,
which promotes HER in weakly acidic solution. As a
result, HER happens as evidented by continuous bubbling
during zinc plating. To solve the problem and inspired by
the Sabatier principle for catalyst design [50], we proposed
to use a chelating agent DTPA-Na, with intermediate

© The authors

chelation strength to zinc ion, to suppress HER while
allowing for stable zinc stripping/plating. The stability
constants of zinc ion-coordination compounds are used
to reflect the stability of the chelating agent in forming
complexes with zinc ions, which can serve as a reference
value for the chelation strength (Table S1). The stabiliza-
tion constant of DTPA-Na is 18.2 which is stronger than
most chelating agents such as NTA (Nitrilotriacetic acid)
and is relatively weaker than chelating agents like DOTA
(1,4,7,10-tetraazacyclododecane-N,N',N,N'-tetraacetic
acid, another widely known strong chelating agent). The
chelation strength of DTPA-Na is strong enough to exclude
water molecules from the zinc metal-electrolyte interface
(thus suppressing HER and zinc metall corrosion) and not
too strong to cause a significant energy barrier for zinc ion
dissociation (thus suppressing dendrite formation). The
performance of the different additives will be compared
later.

Since the structure of the additive plays a key role in this
action, FTIR spectra were first obtained for the DTPA-Na
solution. As shown in Fig. 1b, the peak at 3429 cm~!is
assigned to symmetric stretching vibrations of O—H. The
peaks at 1595 and 1407 cm™! correspond to the antisym-
metric and symmetric stretching vibrations of C=0 in
the carboxylate, respectively. The band at 1331 cm™! cor-
responds to the vibration of C-N, whereas the adsorption
band at 717 cm™" is associated with Na—O bond [51, 52].
At the same time, the FTIR characterization results of the
2 M ZnSO, blank electrolyte shown in Fig. S1 revealed lit-
tle signal besides the O—H alluding to water. The elemental
composition of DTPA-Na was investigated by XPS (Fig. S2).
The de-convoluted peaks of the C 1s binding energies are
consistent with the C—C, C-N, and O-C=0 frequencies at
284.4,285.2, and 288.1 eV, respectively, and the deconvolu-
tion of O 1s spectra revealed two peaks, representing C—O
(530.8 eV) and C=0 (535.2 eV) [53, 54]. The abundance of
oxygen-containing functional groups in the DTPA-Na leads
to its strong chelating capabilities and enhances its adhesion
on the anode surface [55].

To investigate the optimal additive concentration, different
amounts of DTPA-Na were dissolved in 2 M ZnSO, electro-
lyte. As shown in Fig. 1c, the solutions with 1 and 1.5 wt%
DTPA-Na were homogeneous and clear, while those with
2.0 and 2.3 wt% DTPA-Na showed precipitation. The pre-
cipitates were characterized by SEM, FTIR, and XPS, attrib-
uting to the chelate product of DTPA with Zn (Figs. S3-S5).
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Fig. 1 a Schematics showing the effect of electrolyte additives with various chelation strengths on the stability of Zn/electrolyte interface. b
FT-IR spectra of DTPA-Na solution. ¢ Digital photographs of electrolytes with different DTPA-Na concentrations. d pH value and e LSV curve

of electrolytes with different DTPA-Na concentrations

Then the pH values of the electrolytes with various DTPA-
Na concentrations were tested to examine the impact of the
additional DTPA-Na on the side reactions occurring at the
electrode (Fig. 1d). For the blank electrolyte, the pH value of
3.44 indicates an acidic condition that would make hydrogen
evolution reactions more likely and lessen the stability of the
anode during the battery cycle. After the addition of DTPA-
Na, the pH of the electrolyte increased due to the hydrolysis
of the DTPA anions. With 1, 1.5, 2.0, and 2.3 wt% DTPA-
Na added into the 2 M ZnSO, electrolyte, the pH values
evolved to, respectively, 5.41, 5.50, 5.54, and 5.56, gradu-
ally approaching the neutral environment, which is more
unfavorable for HER reactions [56]. The current densities of
hydrogen and oxygen evolution reactions on the zinc elec-
trode were measured by linear scanning voltammetry (LSV)
to demonstrate the intensity of the water splitting in various
electrolytes. As shown in Fig. le, the addition of DTPA-Na
reduced the current densities of hydrogen evolution reac-
tions in the voltage range of —1.0 to — 1.5 V (relative to
Ag/AgCl) and oxygen evolution reactions in the range of

SHANGHAI JIAO TONG UNIVERSITY PRESS

1.6-2.0 V, demonstrating that the additive had an impact
on preventing the decomposition of water. The best effect
was observed for the group with 1.5 wt% additives, whereas
the current density controversially increased for the 2.0 and
2.3 wt% groups, since the precipitates produced with too
high concentrations instead reduced the salt concentration
and the amount of DTPA anion in solution, resulting in a
weaker optimization effect. The strong adsorption role of
the DTPA anions in competing with H,O is responsible for
the ability of DTPA-Na to prevent these adverse responses.
The Tafel curves were also measured with the Pt wire as the
counter electrode (Fig. S7). The corrosion current of the
electrode in the 1.5 wt% additive-containing electrolyte was
calculated to be lower (2.465 mA cm™2) than in the blank
electrolyte (2.973 mA cm™?), indicating the electrode cor-
roded at a lower rate in the modified electrolyte, both due to
the weaker acidity of the electrolyte as a result of the addi-
tive addition, and the adsorption of the DTPA anion on the
electrode surface. Such weaker corrosion was beneficial to
the stability of the electrode.

@ Springer



82 Page 6 of 15

Nano-Micro Lett. (2024) 16:82

3.2 Electrochemical Performance with Different
DTPA-Na Concentrations

ZnllZn symmetric cells were assembled to evaluate the
cycling stability of the cell with or without DTPA-Na addi-
tives. At a constant current of 1 mA cm™ and an areal
capacity of 0.5 mAh cm™2, as shown in Fig. 2a, the cells
containing DTPA-Na exhibited more stable reversible zinc
plating/stripping processes, while the cell in the blank elec-
trolyte experienced an abrupt voltage drop at the 240th
cycle, indicating the occurrence of short circuit that led to
cell failure. To be more specific, the symmetrical cell with
1.0 wt% DTPA-Na in the electrolyte had improved cycling
stability and was able to run for 2000 h, but the succeeding
cycles encountered large voltage variations. The ultra-long
cycling stability of 3500 cycles could be attained with an
increase in additive content to 1.5 wt%, but further increases
in additive content did not imply better cycle stability. This
fact is also consistent with the LSV results, further illustrat-
ing the beneficial effect of the proper addition of DTPA-Na
on improving cell performance. Figure 2b shows the voltage
profile amplified during the 20th cycle. With the addition of
1.0, 1.5, 2.0, and 2.3 wt% DTPA-Na, the overpotentials of
the Zn symmetric cell were found to increase sequentially
from 40.1 mV for the blank electrolyte to 53.7, 47.2, 70.1,
and 82.1 mV, respectively (Fig. S9). The adsorbed DTPA
layer on the electrode surface results in an appropriate level
of high overpotential. The solvation sheath creates a high
energy barrier to cause unexpected charge transfer resist-
ance. But the sufficient chelating agents can make it easier
for the water molecules to leave the solvation sheath, result-
ing in the lower overpotential in the 1.5 wt% content group
than in the 1.0 wt% content group. On the other hand, the
larger additive content of 2.0 and 2.3 wt% will produce pre-
cipitates, which may led to higher overpotentials. Taking
into account the ion conductivity and cycling stability of
symmetric cells, the appropriate concentration for further
investigation was chosen to be 1.5 wt%.

In order to determine the effect of the DTPA-Na addi-
tives on the Zn plating/stripping behavior, coin cells were
disassembled for morphological characterizations. The SEM
images of the Zn electrode after 100 cycles in the blank
electrolyte demonstrated uneven Zn cluster growth, and the
surface of the electrode was filled with flaky Zn deposits,
corrosion pits, and by-products, which eventually led to
cell failure (Fig. S10). However, the addition of 1.5 wt%
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DTPA-Na led to the observation of a smoother surface with
grain-fine Zn deposition, which aided in the formation of a
dendrite-free electrode surface. The rate performance test
was carried out for the electrolytes with or without the addi-
tion of 1.5 wt% DTPA-Na. Figure 2¢ shows the voltage pro-
files of the symmetric cells at current densities ranging from
1 to 5 mA cm™2 for 20 h of each cycle with the current den-

sity subsequently gradually decreasing back to 1 mA cm™2.

As current densities increased to 2, 3, 4, and 5 mA cm™2,
the overpotentials of the cell with additives reached 40.9,
45.6, 62.3, and 73.8 mV, respectively (Fig. S11). When the
current density was returned to 1 mA cm~2 again, it dropped
to approximately 30 mV, indicating good cycling stability.
Comparatively, the cell assembled with the blank electrolyte
displayed instabilities in overvoltage fluctuations when the
current density was changed, which may have been caused
by the generation and shedding of “dead zinc” following
uneven deposition/exfoliation. The subsequent overpoten-
tials were in turn higher than those of the modified cell,
originating from considerable Zn corrosion and passivated
by-products. Additionally, the cell then quickly experi-
enced a short circuit. Compared to unmodified cells, which
failed after 330 cycles at 2 mA cm~2and 1 mAh cm™2, cells
containing 1.5 wt% DTPA-Na cycled steadily for a longer
period of time without experiencing substantial overpo-
tential changes (Fig. 2d). The enlarged voltage—time graph
for the selected cycles provided additional evidence of the
impact of the addition on the stability of the cell (Figs. 2e
and S12). The modified symmetrical cell also outperformed
the original one at a current density of 5 mA cm™2, which
could run for over 450 h (Fig. S13). These results are also
very competitive with the cutting-edge studies as summa-
rized in Table S2.

In order to observe the electrode morphology more clearly
and confirm the protective effect of the DTPA-Na additive,
symmetrical cells were assembled using the H-shaped mold
(Fig. S14). Two zinc electrode foils were sandwiched oppo-
site each other in tubes on either side, and the backsides of
the foils were covered with insulating tape to maintain a
uniform effective surface. The surface morphology of the
electrodes was examined by electron microscopy after 100 h
of cycling at a current of 2 mA cm~2 with a capacity of
1 mAh cm™2. Due to corrosion side reactions and uneven
zinc deposition, many visible protrusions and holes appeared
on the surface of the zinc foil tested in the blank electrolyte
(Fig. 2f). According to previous studies, the presence of the

https://doi.org/10.1007/s40820-023-01305-0
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Fig. 2 a Long cycle performance and b the related voltage—time profiles of symmetric cells assembled with different concentrations of DTPA-
Na electrolyte at 1 mA cm™ and 0.5 mAh cm™2. ¢—d Plating/stripping cycling stability of symmetric cells in the electrolyte at different current
densities. e Voltage-time profiles comparison of ZnliZn symmetric cells at 2 mA cm™ and 1 mAh cm~2 for selected cycles. SEM images of Zn

foils after 100 cycles f in the baseline electrolyte and g the designed electrolyte at 2 mA cm™2 with an areal capacity of 1 mA h cm.

“tip effect” leads to preferential deposition of zinc on the
dendrites [57, 58]. As a result, tiny protrusions gradually
grow until being able to puncture the separator and eventu-
ally leading to short-circuiting of the cells. During cycling,
bubbles caused by side reactions like HER are constantly
present, and the growth of dendrites exposes additional sites
for corrosion and side reactions. All of the above will lead to
a reduction in coulombic efficiency (CE) as well as cycling
performance. In sharp contrast, the zinc foil in the 1.5 wt%
DTPA-Na-containing electrolyte showed a flat surface with
fine grains and uniform deposition without discernible pro-
trusions (Fig. 2g), indicating the added DTPA-Na effectively

SHANGHAI JIAO TONG UNIVERSITY PRESS

-2

protected the zinc electrode by suppressing side reactions
and uneven deposition, which further inhibits the formation
of dendrites.

3.3 Mechanisms of Stabilized Electrode/Electrolyte
Interface

To further validate the mechanism of action of DTPA-Na,
the plating process of the transparent symmetric cell was
observed by in situ optical microscopy at a current density
of 10 mA cm™2. For the unmodified cell, a hydrogen bubble
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appeared on the surface of the electrode after 60 min of plat-
ing, and the deposited zinc layer started to become uneven.
As this bubble continued to grow, more dense bubbles were
created one after another. Impressively, after 90 min, multi-
ple distinct Zn dendritic crystals rapidly formed next to the
bubbles (Fig. 3a). In contrast, no bubbles were detected on
the electrode with the addition of 1.5 wt% DTPA-Na, and the
surface of the electrode maintained a smooth morphology
during the plating process (Fig. 3b). Such monitored phe-
nomena suggested H, evolution corrosion can be well miti-
gated by the introduction of the DTPA-Na additive. DTPA
was adsorbed on the surface of Zn foil after cycling veri-
fied by Raman spectra (Fig. S15). Meanwhile, since DTPA
could be readily polarized under electrical loading condi-
tions, the concentration gradient of the electrolyte approach-
ing the zinc electrode surface during the deposition process
could also be detected in Fig. 3b. The polarizable chelate
ions reached the surface of the zinc electrode with the pres-
ence of an electric field, and the complex layer located on
the interface formed a dynamically regulated channel that
could modify the original water clusters in the electrolyte

solution. With the cooperation of the dynamic layer, the
contact between water molecules and the electrode surface
is somehow hindered, further improving the passivation and
reducing the corrosion as well as by-products. It is worth
noting that, unlike the artificial surface coatings in some
research methods which are prone to structural damage after
long cycles, such dynamic layer will not be affected by zinc
plating/stripping but can be self-shaped and adjusted with
changes in the electric field, which is more conducive to the
long cycle stability of the cell.

Even at rest, the DTPA ions adsorbed on the interface
also help mitigate the self-corrosion of the zinc electrode,
which was investigated by immersing the Zn foil in the 2 M
ZnSO, electrolyte solution with/without DTPA-Na. The
Zn foil in the blank electrolyte turned gray after 1 month
of immersion, which was caused by severe interfacial side
reactions between Zn and the electrolyte. SEM images
in Fig. 3¢ show a large number of irregular flakes of by-
products loosely accumulated on the surface of the foil,
which was identified to be Zn,SO,(OH)4-4H,0 (JCPDS
No. 44-0673) via EDS element mapping and XRD patterns

S st e B S L

H, bubbles

after 1 month

1.5 wt% DTPA-Na
after 1 month

All |

Intensity (a.u.)
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Zn foil

L

PRI —

l 2n,S0,(OH),4H,0 PDF#44-0673

|I| !

Zn PDF#04-0831

1.5 wt% DTPA-Na
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|e}SIN Uz

O
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Fig. 3 In situ optical microscopy images of the cross-sectional Zn deposition morphology a in the blank electrolyte and b the modified elec-
trolyte in symmetrical cells at a current density of 10 mA cm™2. Surface morphology of Zn foils immersed in ¢ the blank electrolyte and d the
modified electrolyte for 1 month. The corresponding (e) XRD patterns and f the high-resolution XPS spectra for N1s of the immersed Zn foils. g
Schematic illustration of the effect of DTPA on the desolvation process in the electrolytes
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with new diffraction peaks at 9.5° (Figs. S16 and 3e). Such
corrosion by-products could severely affect the ion diffu-
sion at the interface. In contrast, the Zn foil immersed in
the electrolyte containing 1.5 wt% DTPA-Na displayed lit-
tle visible morphological changes as well as by-products
(Fig. 3d), indicating its excellent self-corrosion protection.
To further explore the dendritic inhibition mechanism of
the modified electrolyte, measurements including XPS and
Raman were conducted. Note that a significant N 1s signal
was observed on the surface of the immersed Zn foil with
the addition of DTPA-Na compared to that with the blank
electrolyte as shown in Fig. 3f, suggesting the adsorption
of DTPA-Na on the Zn foil during the immersion which is
consistent with the previous observations. Also, for the C
1s spectrum of the Zn foil placed in the additive-containing
electrolyte shown in Fig. S17, the two deconvoluted peaks
were attributed to O—-C=0 and C-N, respectively. The abun-
dance of oxygen-containing functional groups in the DTPA
anion enhanced its adhesion to the electrode surface. The
preliminary DFT computations also indicated that DTPA
anion exhibits stronger adsorption energy of —0.81 eV on
the Zn surface compared to that of —0.29 eV for free water
(Fig. S18). The addition of DTPA-Na had the function of
weakening the dissolution interaction between Zn>* and
water molecules, which can be confirmed by Raman results
(Fig. S19). Compared to the original 2 M ZnSO, electrolyte,
the v-SO,>~ band centered at 984-986 cm™! in the solu-
tion containing the additive showed a clear shoulder shift
to higher frequencies [59], implying a tighter association of
polymeric ions, which resulted from the DTPA-Na facilitat-
ing the stripping of water molecules from the Zn(H20)62+.
Meanwhile, we selected four chelating agents, DOTA,
DTPA, EDTA, and NTA, and added the same molar ratio
(38.75 mM, which is equivalent to 1 wt% for DTPA) as addi-
tives in 2 M ZnSO, (Fig. S20). The cycling performance of
DTPA is optimal, followed by that of EDTA. Such results
demonstrate that the chelating agents with stability constants
around 18.2 are suitable for use in this application scenario
of aqueous zinc-ion batteries.

Combining the above experimental and theoretical explo-
ration, Fig. 3g summarized the overall mechanism of Zn
dendritic inhibition with the DTPA-Na additive. During
the plating/striping of Zn in the original ZnSO, electro-
lyte, the Zn(H,0)¢*" approaching the interface generates
many reactive H,O molecules, causing corrosion, hydrogen
evolution, and passivation that ultimately lead to severe

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

inhomogeneous deposition and dendritic growth, which has
a serious negative impact on the Zn/Zn** reversible conver-
sion process. However, by introducing DTPA-Na into the
electrolyte, since the five carboxylated oxygens and the three
nitrogens of the amine all have lone pair electrons that can
be coordinated to Zn**, the H,0 molecules in the solvation
sheath layer can be replaced by the chelate agents and left
in the outer layer. The moderate chelating strength can also
avoid a significant energy barrier to the dissociation of zinc
ions. Then the DTPA anion adsorbed on the Zn surface fur-
ther isolates the free water molecules from the Zn foil and
thus the water-related side effects are inhibited. Meanwhile,
the dynamic channels formed by polarizable DTPA-Na on
the interface allow a more uniform flux of Zn>* to reach the
interface. Together with the electrostatic shielding effect of
Na™, all of these contribute to the homogeneous deposition
of Zn, thus allowing the cell to proceed stably over a long
period of time.

3.4 Electrochemical Performance of Half/Full Cells
with Optimized DTPA-Na Concentration

Having demonstrated the effective function of the DTPA-Na
additive in inhibiting Zn dendrite growth, further revers-
ible plating and stripping measurements were next carried
out to further evaluate the sustainability of the addition.
Firstly, tests were conducted by assembling ZnlITi half-cells
with various concentrations of additives, from where the
obtained coulombic efficiency can reveal the efficiency of
the Zn plating/stripping process and is considered a signifi-
cant parameter for measuring battery performance (Fig. S21
and Table S3). The ZnlITi half-cell cycled in the 2 M ZnSO,
blank electrolyte exhibited an initial low CE followed by
a slow ascent process. After only 40 cycles, it displayed a
sudden reduction in CE, indicating an internal short circuit,
whereas the average coulombic efficiency before cell failure
was 92.4%. In contrast, the stable operation of the half-cell
containing DTPA-Na can be extended to over 250 cycles,
and the 1.5 wt% content group exhibited the highest average
coulombic efficiency of 97.8%, indicating 1.5 wt% content
also remains the better choice. In addition, to verify the role
of precipitates, we removed the precipitates in the electro-
lyte with 2.3 wt% DTPA-Na, and the coulombic efficiency
showed that the few precipitates did not have a significant
effect on the performance of the cell (Fig. S22). Also, we
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further adjusted the pH of the electrolyte to the same value
of 5.5 as that of the DTPA-Na additive with NaOH and com-
pared the performance, and the results of the symmetric cell
and the half-cell showed that the performance of the battery
was not improved with the addition of NaOH, which also
proved that in addition to adjusting the pH, the additive’s
role is more important in the chelating ability (Figs. S23
and S24).

Then Cu foil was used as a counter electrode with a
cut-off voltage of 1.0 V (vs. Zn/Zn>") as shown in Fig. 4a.
ZnlICu assembled with the blank electrolyte encountered a
sudden drop in CE values after 120 cycles due to dendrite
growth or other side reactions. But for ZnlICu cells using
electrolytes containing 1.5 wt% DTPA-Na additive, high and
stable CE values were maintained for more than 350 cycles.
The voltage curve of the ZnllCu half-cell in the blank elec-
trolyte zigzagged down at the 120th cycle (Fig. 4b), which
corresponds to the abnormal short circuit of the cell. In the
meantime, the modified cell has a high overlap of the volt-
age curve for 300 cycles (Fig. 4c). Another set of ZnllCu
half-cells was disassembled after 100 cycles to observe the
morphology of the deposited Zn on the Cu foils. For the Cu
foil cycled in the blank electrolyte, the deposited Zn was
in large, disorganized sheets, where the deposited surface
was uneven to the naked eye (inset), and the cross-sectional
view showed that the deposited Zn was poorly bonded to the
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base. As shown in Fig. 4d, e, the unrestricted and arbitrary
plating and stripping process lead to the accumulation of
"dead zinc" during repeated cycles that dramatically weak-
ened the stability of the cell [60]. For the modified cell, the
zinc grains deposited on the Cu foil with 1.5 wt% DTPA-Na
in the electrolyte were small and uniform (Fig. 4f, g). These
results are consistent with the long-lasting and high values
of CE, again verifying that cells using DTPA-Na-containing
electrolytes could exhibit better cycling stability.
Considering the outstanding electrochemical perfor-
mance of the additive DTPA-Na in both the symmetric cells
and the half-cells, the full zinc-ion cells coupled with the
NH,V,0,, cathodes were assembled and tested further. The
cathode active material was prepared according to the previ-
ous literature that was verified to match with the NH,V,0,,
phase (JCPDS. No. 24-1155) (Figs. S18 and S19). Figure 5a
presents the first three CV curves for ZnlINH,V,O,, with
1.5 wt% DTPA-Na-added electrolyte within the poten-
tial window of 0.2-1.6 V (vs. Zn?*/Zn) at a scan rate of
0.1 mV s~!, where the high overlapping shapes of the cycles
showed the reversibility of the reaction. The rate perfor-
mance of ZnlINH,V,0,, devices with the additive present
effective enhancement compared to that of the original 2 M
ZnSO, electrolyte. To be specific, the modified full cell
exhibited impressive discharge specific capacities of 405.4,
364.1,332.9, 316.0, 296.3, 279.7, 220.8, and 148.5 mAh g~!

Fig. 4 a Coulombic efficiency of Zn plating/stripping on Cu in the baseline and designed electrolytes. Corresponding voltage profiles of the
ZnlICu cells in b the baseline electrolyte and ¢ the designed electrolyte at different cycles. Surface and cross-section morphology of Cu foils after

100 cycles in d—e the blank electrolyte and f—g the designed electrolyte
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at0.1,0.2,0.4,0.6,0.8, 1.0, 2.0, and 4.0, respectively, all of
which are higher than that of the blank electrolyte (Figs. Sb
and S20). It is worth noting that the cell with 1.5 wt%
DTPA-Na could reversibly release 103.2 mAh g~! even at
an ultra-high current density of 6 A g~!, while the discharge
capacity of the original cell is only 24.0 mAh g~! under
the same conditions, which proved the superior kinetic

properties of the modified electrolytes. After high-rate dis-
charge/charge, the average capacity of the modified cell can
still recover rapidly and tend to be around 336 mAh g~!
when the current density drops to 0.1 A g~! again, dem-
onstrating its superior Zn>* plating/stripping reversibility.
The cycling stability was evaluated at the current density of
1 Ag™' (0.1 A g! for the first three cycles), as displayed
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Fig. 5 a CV profiles of ZnlINH,V,0,, cell in the designed electrolyte at 0.1 mV s~!. b Rate capability from 0.1 to 6 A g~'. ¢ Cycling perfor-
mance at 1 A g~! in the voltage range of 0.2-1.6 V (vs Zn/Zn**) and d corresponding discharge/charge profiles for selected cycles. e Long-span

cycling performance of ZnlINH,V,0,, cells at 3 A g~
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in Fig. 5c. The capacity of the full cell assembling with the
blank electrolyte decreases rapidly during the cycling, with
capacity retention already below 50% (vs. the 4th cycle) after
200 cycles, and only remaining with a negligible discharge
capacity of 30 mAh g~! after 500 cycles, which is mainly
contributed by the capacitance. Simply by adding 1.5 wt%
DTPA-Na to the electrolyte, however, the ZnlINH,V ,0,, full
cell could still exhibit 249.9 mAh g~! capacity after 500
cycles, corresponding to 84.6% capacity retention (Fig. 5d).
Moreover, the ZnlINH,V,O,, cell also delivers excellent
long-span cycling stability at 3 A g~! (Fig. 5e). Such long-
term cycling stability once again confirms the effectiveness
of the additive. Another Na-containing cathode, NaV(O;s,
(Figs. S21 and S22) was also introduced as the cathode for
comparison, and the full cell performance still demonstrated
superior cycling performance over the original 2 M ZnSO,
electrolyte due to the effectiveness of the DTPA anion and
the presence of Na™ contained in the additive analyzed pre-
viously, as shown in Fig. S23. These findings demonstrate
once more that the DTPA-Na additive can achieve high cycle
reversibility by reducing both dendrite-growth and unantici-
pated side effects.

4 Conclusions

In summary, we proposed to select effetive electrolyte addi-
tives for AZIBs using intermediate chelation strength. The
selected DTPA-Na additive can effectively modify the elec-
trolyte for dendrite-free and highly reversible AZIBs. By
dynamically modulating the anode/electrolyte interface and
tuning the solvation sheath of zinc ions, the electrolyte with
DTPA-Na suppresses HER and zinc-metal corrosion and
regulates Zn" diffusion and deposition, leading to a highly
reversible Zn anode. Over 3500 h of steady operation of the
ZnllZn symmetric cells can be achieved with stable over-
potential at moderate current densities (I mA cm™2 with
0.5 mAh cm~?. Stable Zn plating/stripping processes on Cu
foils can be obtained for > 500 cycles with stable CE close to
100%. When applied in ZnlINH,V,0,, full cells, it enables a
high capacity retention of 84.6% after 500 cycles. This work
opens a new door for addressing the corrosion and dendrite
problems in AZIBs and offers a practical approach to the
logical design of reliable aqueous electrolytes.

© The authors

Acknowledgements This work is financially supported by
National Natural Science Foundation of China (NSFC-No.
52173257 and 52372064).

Declarations

Conflict of interest The authors declare no interest confict. They have
no known competing financial interests or personal relationships that
could have appeared to influence the work reported in this paper.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons license, and
indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Com-
mons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of
this license, visit http://creativecommons.org/licenses/by/4.0/.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/
$40820-023-01305-0.

References

1. M. Armand, J.-M. Tarascon, Building better batteries. Nature
451, 652-657 (2008). https://doi.org/10.1038/451652a

2. E.A. Olivetti, G. Ceder, G.G. Gaustad, X. Fu, Lithium-ion
battery supply chain considerations: analysis of potential bot-
tlenecks in critical metals. Joule 1, 229-243 (2017). https://
doi.org/10.1016/j.joule.2017.08.019

3. V.Blay, R.E. Galian, L.M. Muresan, D. Pankratov, P. Pinyou
et al., Research frontiers in energy-related materials and appli-
cations for 2020-2030. Adv. Sustain. Syst. 4, 1900145 (2020).
https://doi.org/10.1002/adsu.201900145

4. J. Huang, X. Qiu, N. Wang, Y. Wang, Aqueous rechargeable
zinc batteries: challenges and opportunities. Curr. Opin. Elec-
trochem. 30, 100801 (2021). https://doi.org/10.1016/j.coelec.
2021.100801

5. G.Zampardi, F. La Mantia, Open challenges and good experi-
mental practices in the research field of aqueous Zn-ion bat-
teries. Nat. Commun. 13, 687 (2022). https://doi.org/10.1038/
s41467-022-28381-x

6. D. Chao, W. Zhou, C. Ye, Q. Zhang, Y. Chen et al., An elec-
trolytic Zn-MnO, battery for high-voltage and scalable energy
storage. Angew. Chem. Int. Ed. 58, 78237828 (2019). https://
doi.org/10.1002/anie.201904174

7. J.Zheng, Q. Zhao, T. Tang, J. Yin, C.D. Quilty et al., Revers-
ible epitaxial electrodeposition of metals in battery anodes.

https://doi.org/10.1007/s40820-023-01305-0


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-023-01305-0
https://doi.org/10.1007/s40820-023-01305-0
https://doi.org/10.1038/451652a
https://doi.org/10.1016/j.joule.2017.08.019
https://doi.org/10.1016/j.joule.2017.08.019
https://doi.org/10.1002/adsu.201900145
https://doi.org/10.1016/j.coelec.2021.100801
https://doi.org/10.1016/j.coelec.2021.100801
https://doi.org/10.1038/s41467-022-28381-x
https://doi.org/10.1038/s41467-022-28381-x
https://doi.org/10.1002/anie.201904174
https://doi.org/10.1002/anie.201904174

Nano-Micro Lett.

(2024) 16:82

Page 13 of 15 82

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Science 366, 645-648 (2019). https://doi.org/10.1126/scien
ce.aax6873

J. Yan, E.H. Ang, Y. Yang, Y. Zhang, M. Ye et al., High-
voltage zinc-ion batteries: design strategies and challenges.
Adv. Funct. Mater. 31, 2010213 (2021). https://doi.org/10.
1002/adfm.202010213

. L. Yuan, J. Hao, C.-C. Kao, C. Wu, H.-K. Liu et al., Regulation

methods for the Zn/electrolyte interphase and the effectiveness
evaluation in aqueous Zn-ion batteries. Energy Environ. Sci.
14, 5669-5689 (2021). https://doi.org/10.1039/D1EE02021H

H. Li, S. Guo, H. Zhou, Recent advances in manipulating
strategy of aqueous electrolytes for Zn anode stabilization.
Energy Stor. Mater. 56, 227-257 (2023). https://doi.org/10.
1016/j.ensm.2023.01.027

Z.7Zhao,J. Zhao, Z. Hu, J. Li, J. Li et al., Long-life and deeply
rechargeable aqueous Zn anodes enabled by a multifunctional
brightener-inspired interphase. Energy Environ. Sci. 12, 1938—
1949 (2019). https://doi.org/10.1039/CI9EE00596]

L.E. Blanc, D. Kundu, L.F. Nazar, Scientific challenges for the
implementation of Zn-ion batteries. Joule 4, 771-799 (2020).
https://doi.org/10.1016/j.joule.2020.03.002

Y. Cui, Q. Zhao, X. Wu, X. Chen, J. Yang et al., An inter-
face-bridged organic-inorganic layer that suppresses den-
drite formation and side reactions for ultra-long-life aqueous
zinc metal anodes. Angew. Chem. Int. Ed. 59, 16594-16601
(2020). https://doi.org/10.1002/anie.202005472

J.Y. Kim, G. Liu, R.E.A. Ardhi, J. Park, H. Kim et al., Stable
Zn metal anodes with limited Zn-doping in MgF, interphase
for fast and uniformly ionic flux. Nano-Micro Lett. 14, 46
(2022). https://doi.org/10.1007/s40820-021-00788-z

X. Xie, S. Liang, J. Gao, S. Guo, J. Guo et al., Manipulat-
ing the ion-transfer kinetics and interface stability for high-
performance zinc metal anodes. Energy Environ. Sci. 13,
503-510 (2020). https://doi.org/10.1039/C9EE03545A

Y. Yin, S. Wang, Q. Zhang, Y. Song, N. Chang et al., Den-
drite-free zinc deposition induced by tin-modified multi-
functional 3D host for stable zinc-based flow battery. Adv.
Mater. 32, €1906803 (2020). https://doi.org/10.1002/adma.
201906803

H. Tian, Z. Li, G. Feng, Z. Yang, D. Fox et al., Stable, high-
performance, dendrite-free, seawater-based aqueous batter-
ies. Nat. Commun. 12, 237 (2021). https://doi.org/10.1038/
s41467-020-20334-6

Y. Song, P. Ruan, C. Mao, Y. Chang, L. Wang et al., Metal-
organic frameworks functionalized separators for robust
aqueous zinc-ion batteries. Nano-Micro Lett. 14, 218 (2022).
https://doi.org/10.1007/s40820-022-00960-z

L. Kang, M. Cui, F. Jiang, Y. Gao, H. Luo et al., Nanoporous
CaCOj coatings enabled uniform Zn stripping/plating for
long-life zinc rechargeable aqueous batteries. Adv. Energy
Mater. 8, 1801090 (2018). https://doi.org/10.1002/aenm.20180
1090

C. Guo, J. Zhou, Y. Chen, H. Zhuang, Q. Li et al., Synergis-
tic manipulation of hydrogen evolution and zinc ion flux in
metal-covalent organic frameworks for dendrite-free Zn-based

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

aqueous batteries. Angew. Chem. Int. Ed. 61, €202210871
(2022). https://doi.org/10.1002/anie.202210871

Y. Xia, H. Wang, G. Shao, C.-A. Wang, Realizing highly
reversible and deeply rechargeable Zn anode by porous zeolite
layer. J. Power. Sources 540, 231659 (2022). https://doi.org/
10.1016/j.jpowsour.2022.231659

H. Ying, P. Huang, Z. Zhang, S. Zhang, Q. Han et al., Free-
standing and flexible interfacial layer enables bottom-up Zn
deposition toward dendrite-free aqueous Zn-ion batteries.
Nano-Micro Lett. 14, 180 (2022). https://doi.org/10.1007/
s40820-022-00921-6

J.FE. Parker, C.N. Chervin, I.R. Pala, M. Machler, M.F. Burz
et al., Rechargeable nickel-3D zinc batteries: an energy-dense,
safer alternative to lithium-ion. Science 356, 415-418 (2017).
https://doi.org/10.1126/science.aak9991

S. Khamsanga, H. Uyama, W. Nuanwat, P. Pattananuwat,
Polypyrrole/reduced graphene oxide composites coated zinc
anode with dendrite suppression feature for boosting perfor-
mances of zinc ion battery. Sci. Rep. 12, 8689 (2022). https://
doi.org/10.1038/s41598-022-12657-9

G. Qian, G. Zan, J. Li, S.-J. Lee, Y. Wang et al., Structural,
dynamic, and chemical complexities in zinc anode of an oper-
ating aqueous Zn-ion battery. Adv. Energy Mater. 12, 2270084
(2022). https://doi.org/10.1002/aenm.202270084

X. Zhao, X. Zhang, N. Dong, M. Yan, F. Zhang et al.,
Advanced buffering acidic aqueous electrolytes for ultra-long
life aqueous zinc-ion batteries. Small 18, €2200742 (2022).
https://doi.org/10.1002/sml1.202200742

L. Cao, D. Li, E. Hu, J. Xu, T. Deng et al., Solvation structure
design for aqueous Zn metal batteries. J. Am. Chem. Soc. 142,
21404-21409 (2020). https://doi.org/10.1021/jacs.0c09794

X. Xie, J. Li, Z. Xing, B. Lu, S. Liang et al., Biocompatible
zinc battery with programmable electro-cross-linked electro-
Iyte. Natl. Sci. Rev. 10, nwac281 (2023). https://doi.org/10.
1093/nsr/nwac281

J. Hao, L. Yuan, C. Ye, D. Chao, K. Davey et al., Boosting
zinc electrode reversibility in aqueous electrolytes by using
low-cost antisolvents. Angew. Chem. Int. Ed. 60, 7366-7375
(2021). https://doi.org/10.1002/anie.202016531

Q. Ma, R. Gao, Y. Liu, H. Dou, Y. Zheng et al., Regulation of
outer solvation shell toward superior low-temperature aqueous
zinc-ion batteries. Adv. Mater. 34, €2207344 (2022). https://
doi.org/10.1002/adma.202207344

T. Sun, S. Zheng, H. Du, Z. Tao, Synergistic effect of cat-
ion and anion for low-temperature aqueous zinc-ion battery.
Nano-Micro Lett. 13, 204 (2021). https://doi.org/10.1007/
s40820-021-00733-0

F. Wang, O. Borodin, T. Gao, X. Fan, W. Sun et al.,
Highly reversible zinc metal anode for aqueous batteries.
Nat. Mater. 17, 543-549 (2018). https://doi.org/10.1038/
$41563-018-0063-z

L. Zhang, I.A. Rodriguez-Pérez, H. Jiang, C. Zhang, D.P.
Leonard et al., ZnCl, “water-in-salt” electrolyte transforms
the performance of vanadium oxide as a Zn battery cathode.
Adv. Funct. Mater. 29, 1902653 (2019). https://doi.org/10.
1002/adfm.201902653

@ Springer


https://doi.org/10.1126/science.aax6873
https://doi.org/10.1126/science.aax6873
https://doi.org/10.1002/adfm.202010213
https://doi.org/10.1002/adfm.202010213
https://doi.org/10.1039/D1EE02021H
https://doi.org/10.1016/j.ensm.2023.01.027
https://doi.org/10.1016/j.ensm.2023.01.027
https://doi.org/10.1039/C9EE00596J
https://doi.org/10.1016/j.joule.2020.03.002
https://doi.org/10.1002/anie.202005472
https://doi.org/10.1007/s40820-021-00788-z
https://doi.org/10.1039/C9EE03545A
https://doi.org/10.1002/adma.201906803
https://doi.org/10.1002/adma.201906803
https://doi.org/10.1038/s41467-020-20334-6
https://doi.org/10.1038/s41467-020-20334-6
https://doi.org/10.1007/s40820-022-00960-z
https://doi.org/10.1002/aenm.201801090
https://doi.org/10.1002/aenm.201801090
https://doi.org/10.1002/anie.202210871
https://doi.org/10.1016/j.jpowsour.2022.231659
https://doi.org/10.1016/j.jpowsour.2022.231659
https://doi.org/10.1007/s40820-022-00921-6
https://doi.org/10.1007/s40820-022-00921-6
https://doi.org/10.1126/science.aak9991
https://doi.org/10.1038/s41598-022-12657-9
https://doi.org/10.1038/s41598-022-12657-9
https://doi.org/10.1002/aenm.202270084
https://doi.org/10.1002/smll.202200742
https://doi.org/10.1021/jacs.0c09794
https://doi.org/10.1093/nsr/nwac281
https://doi.org/10.1093/nsr/nwac281
https://doi.org/10.1002/anie.202016531
https://doi.org/10.1002/adma.202207344
https://doi.org/10.1002/adma.202207344
https://doi.org/10.1007/s40820-021-00733-0
https://doi.org/10.1007/s40820-021-00733-0
https://doi.org/10.1038/s41563-018-0063-z
https://doi.org/10.1038/s41563-018-0063-z
https://doi.org/10.1002/adfm.201902653
https://doi.org/10.1002/adfm.201902653

82 Page 14 of 15

Nano-Micro Lett. (2024) 16:82

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

X. Zeng,J. Mao, J. Hao, J. Liu, S. Liu et al., Electrolyte design
for in situ construction of highly Zn?*-conductive solid elec-
trolyte interphase to enable high-performance aqueous Zn-ion
batteries under practical conditions. Adv. Mater. 33, €2007416
(2021). https://doi.org/10.1002/adma.202007416

F. Santos, A.J. Fernandez Romero, Hydration as a solution to
zinc batteries. Nat. Sustain. 5, 179-180 (2022). https://doi.org/
10.1038/s41893-021-00834-z

Z. Hou, X. Zhang, X. Li, Y. Zhu, J. Liang et al., Surfactant
widens the electrochemical window of an aqueous electrolyte
for better rechargeable aqueous sodium/zinc battery. J. Mater.
Chem. A 5, 730-738 (2017). https://doi.org/10.1039/C6TAO
8736A

A. Wang, W. Zhou, A. Huang, M. Chen, Q. Tian et al., Devel-
oping improved electrolytes for aqueous zinc-ion batteries to
achieve excellent cyclability and antifreezing ability. J. Colloid
Interface Sci. 586, 362—-370 (2021). https://doi.org/10.1016/j.
j€is.2020.10.099

J. Liu, X. Wang, Y. Zhu, Y. Han, Flotation separation of
scheelite from fluorite by using DTPA as a depressant. Miner.
Eng. 175, 107311 (2022). https://doi.org/10.1016/j.mineng.
2021.107311

A. Eivazihollagh, J. Bickstrom, M. Norgren, H. Edlund,
Electrochemical recovery of copper complexed by DTPA
and C;,-DTPA from aqueous solution using a membrane
cell. J. Chem. Technol. Biotechnol. 93, 1421-1431 (2018).
https://doi.org/10.1002/jctb.5510

S. Watanabe, K. Hashimoto, N.S. Ishioka, Lutetium-177
complexation of DOTA and DTPA in the presence of com-
peting metals. J. Radioanal. Nucl. Chem. 303, 1519-1521
(2015). https://doi.org/10.1007/s10967-014-3590-3

M. Maftoun, H. Haghighat Nia, N. Karimian, A.M. Ronaghi,
Evaluation of chemical extractants for predicting lowland
rice response to zinc in highly calcareous soils. Commun.
Soil Sci. Plant Anal. 34, 1269-1280 (2003). https://doi.org/
10.1081/css-120020443

Z.Hu, F. Zhang, Y. Zhao, H. Wang, Y. Huang et al., A self-
regulated electrostatic shielding layer toward dendrite-free
Zn batteries. Adv. Mater. 34, €2203104 (2022). https://doi.
org/10.1002/adma.202203104

J.-L. Ma, F.-L. Meng, Y. Yu, D.-P. Liu, J.-M. Yan et al.,
Prevention of dendrite growth and volume expansion to give
high-performance aprotic bimetallic Li-Na alloy-O, batter-
ies. Nat. Chem. 11, 64-70 (2019). https://doi.org/10.1038/
$41557-018-0166-9

B. Tang, J. Zhou, G. Fang, F. Liu, C. Zhu et al., Engineering
the interplanar spacing of ammonium vanadates as a high-
performance aqueous zinc-ion battery cathode. J. Mater.
Chem. A 7, 940-945 (2019). https://doi.org/10.1039/C8TAO
9338E

P. Hu, T. Zhu, X. Wang, X. Wei, M. Yan et al., Highly durable
Na,V¢O,4-1.63H,0 nanowire cathode for aqueous zinc-ion
battery. Nano Lett. 18, 1758-1763 (2018). https://doi.org/10.
1021/acs.nanolett.7b04889

© The authors

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

G. Kresse, J. Furthmiiller, Efficiency of ab-initio total energy
calculations for metals and semiconductors using a plane-wave
basis set. Comput. Mater. Sci. 6, 15-50 (1996). https://doi.org/
10.1016/0927-0256(96)00008-0

J.P. Perdew, K. Burke, M. Ernzerhof, Generalized gradient
approximation made simple. Phys. Rev. Lett. 77, 3865-3868
(1996). https://doi.org/10.1103/PhysRevLett.77.3865

G. Kresse, D. Joubert, From ultrasoft pseudopotentials to the
projector augmented-wave method. Phys. Rev. B 59, 1758—
1775 (1999). https://doi.org/10.1103/physrevb.59.1758

S. Grimme, S. Ehrlich, L. Goerigk, Effect of the damping
function in dispersion corrected density functional theory.
J. Comput. Chem. 32, 1456-1465 (2011). https://doi.org/10.
1002/jcc.21759

Z.-]. Zhao, J. Gong, Catalyst design via descriptors. Nat.
Nanotechnol. 17, 563-564 (2022). https://doi.org/10.1038/
s41565-022-01120-5

C. Yuan, D. Zhao, B. Zhao, Y. Wu, J. Liu et al., 2D NMR and
FT-raman spectroscopic studies on the interaction of lantha-
nide ions and In-DTPA with phospholipid bilayers. Langmuir
12, 5375-5378 (1996). https://doi.org/10.1021/1a950437y

R. Jenjob, N. Kun, J.Y. Ghee, Z. Shen, X. Wu et al., Enhanced
conjugation stability and blood circulation time of macromo-
lecular gadolinium-DTPA contrast agent. Mater. Sci. Eng. C
Mater. Biol. Appl. 61, 659—664 (2016). https://doi.org/10.
1016/j.msec.2016.01.008

B. Erdem, R.A. Hunsicker, G.W. Simmons, E.D. Sudol, V.L.
Dimonie et al., XPS and FTIR surface characterization of
TiO, particles used in polymer encapsulation. Langmuir 17,
2664-2669 (2001). https://doi.org/10.1021/1a0015213

S. Ravi, S. Zhang, Y.-R. Lee, K.-K. Kang, J.-M. Kim et al.,
EDTA-functionalized KCC-1 and KIT-6 mesoporous silicas
for Nd** ion recovery from aqueous solutions. J. Ind. Eng.
Chem. 67, 210-218 (2018). https://doi.org/10.1016/].jiec.
2018.06.031

P. Sun, L. Ma, W. Zhou, M. Qiu, Z. Wang et al., Simultane-
ous regulation on solvation shell and electrode interface for
dendrite-free Zn ion batteries achieved by a low-cost glucose
additive. Angew. Chem. Int. Ed. 60, 18247-18255 (2021).
https://doi.org/10.1002/anie.202105756

R. Chen, W. Zhang, Q. Huang, C. Guan, W. Zong et al., Trace
amounts of triple-functional additives enable reversible aque-
ous zinc-ion batteries from a comprehensive perspective.
Nano-Micro Lett. 15, 81 (2023). https://doi.org/10.1007/
s40820-023-01050-4

S. Qian, J. Zhou, M. Peng, Y. Qian, Y. Meng et al., A Lewis
acidity adjustable organic ammonium cation derived robust
protecting shield for stable aqueous zinc-ion batteries by
inhibiting the tip effect. Mater. Chem. Front. 6, 901-907
(2022). https://doi.org/10.1039/D1QMO01604K

J. Zheng, Z. Huang, Y. Zeng, W. Liu, B. Wei et al., Electro-
static shielding regulation of magnetron sputtered Al-based
alloy protective coatings enables highly reversible zinc anodes.
Nano Lett. 22, 1017-1023 (2022). https://doi.org/10.1021/acs.
nanolett.1c03917

https://doi.org/10.1007/s40820-023-01305-0


https://doi.org/10.1002/adma.202007416
https://doi.org/10.1038/s41893-021-00834-z
https://doi.org/10.1038/s41893-021-00834-z
https://doi.org/10.1039/C6TA08736A
https://doi.org/10.1039/C6TA08736A
https://doi.org/10.1016/j.jcis.2020.10.099
https://doi.org/10.1016/j.jcis.2020.10.099
https://doi.org/10.1016/j.mineng.2021.107311
https://doi.org/10.1016/j.mineng.2021.107311
https://doi.org/10.1002/jctb.5510
https://doi.org/10.1007/s10967-014-3590-3
https://doi.org/10.1081/css-120020443
https://doi.org/10.1081/css-120020443
https://doi.org/10.1002/adma.202203104
https://doi.org/10.1002/adma.202203104
https://doi.org/10.1038/s41557-018-0166-9
https://doi.org/10.1038/s41557-018-0166-9
https://doi.org/10.1039/C8TA09338E
https://doi.org/10.1039/C8TA09338E
https://doi.org/10.1021/acs.nanolett.7b04889
https://doi.org/10.1021/acs.nanolett.7b04889
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/physrevb.59.1758
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1038/s41565-022-01120-5
https://doi.org/10.1038/s41565-022-01120-5
https://doi.org/10.1021/la950437y
https://doi.org/10.1016/j.msec.2016.01.008
https://doi.org/10.1016/j.msec.2016.01.008
https://doi.org/10.1021/la0015213
https://doi.org/10.1016/j.jiec.2018.06.031
https://doi.org/10.1016/j.jiec.2018.06.031
https://doi.org/10.1002/anie.202105756
https://doi.org/10.1007/s40820-023-01050-4
https://doi.org/10.1007/s40820-023-01050-4
https://doi.org/10.1039/D1QM01604K
https://doi.org/10.1021/acs.nanolett.1c03917
https://doi.org/10.1021/acs.nanolett.1c03917

Nano-Micro Lett. (2024) 16:82 Page 15 of 15 82

59. H. Yang, Y. Qiao, Z. Chang, H. Deng, P. He et al., A metal- 60. R.Zhao, H. Wang, H. Du, Y. Yang, Z. Gao et al., Lanthanum

organic framework as a multifunctional ionic sieve membrane nitrate as aqueous electrolyte additive for favorable zinc metal
for long-life aqueous zinc-iodide batteries. Adv. Mater. 32, electrodeposition. Nat. Commun. 13, 3252 (2022). https://doi.
€2004240 (2020). https://doi.org/10.1002/adma.202004240 org/10.1038/541467-022-30939-8

@ Springer



https://doi.org/10.1002/adma.202004240
https://doi.org/10.1038/s41467-022-30939-8
https://doi.org/10.1038/s41467-022-30939-8

	Polarizable Additive with Intermediate Chelation Strength for Stable Aqueous Zinc-Ion Batteries
	Highlights
	Abstract 
	1 Introduction
	2 Experiments and Simulations
	2.1 Preparation of Electrolytes for Aqueous Zinc-ion Batteries
	2.2 Synthesis of NH4V4O10 Cathode
	2.3 Synthesis of NaV6O15 Cathode
	2.4 Characterizations
	2.5 Electrochemical Measurements
	2.6 Atomistic Simulations

	3 Results and Discussions
	3.1 Chelation Strength Design
	3.2 Electrochemical Performance with Different DTPA-Na Concentrations
	3.3 Mechanisms of Stabilized ElectrodeElectrolyte Interface
	3.4 Electrochemical Performance of HalfFull Cells with Optimized DTPA-Na Concentration

	4 Conclusions
	Acknowledgements 
	Anchor 19
	References


