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1 | INTRODUCTION

Rechargeable aqueous Zn batteries (RAZBs) are highly
attractive in the field of grid-scale energy storage owing
to their advantages of cost-effectiveness, eco-friendliness,
and high safety.'® Nevertheless, Zn metal anode faces

Rechargeable aqueous Zn batteries (RAZBs) are highly promising for grid-scale
energy storage systems. Nevertheless, strong water molecule adsorption on Zn
electrode provokes undesired corrosion reactions and electrode polarization/
dendrite growth, restricting the reversibility of Zn anode and the commerciali-
zation of RAZBs. Herein, ethylenediamine tetraacetic acid (EDTA), a typical
compounding ingredient, was applied in aqueous ZnSO, electrolyte to replace
the adsorbed water molecules on Zn surface and enabled a stable complexation
adsorbent interface. The chemically adsorbed EDTA layer reduced the direct
contact between H,O molecules and metallic Zn, and reduced the corrosion
rate to more than a half. Moreover, such adsorbent interface featuring abun-
dant oxygen/nitrogen-based functional groups regulated Zn deposition kinetics
and promoted the uniform Zn plating. As consequence, the stable complexa-
tion adsorbent interface enabled highly-reversible Zn stripping/plating behav-
ior for 5000 h under a harsh dynamic measurement that combining
eletrochemical cycling at 1 mA cm ™2 and 0.5 mAh cm ™2 for 72 h and resting
for 24 h. The effectiveness of such complexation adsorbent interface was also
verified in MnO,||Zn full cells. The complexation interface chemistry demon-
strated in this study opened up new avenues for the design of low-cost and
highly reversible Zn metal electrodes towards next-generation RAZBs.
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challenges in stability and reversibility in aqueous elec-
trolyte, as exemplified by the uncontrolled dendritic-zinc
growth and undesired corrosion side reactions, which
have hindered the practical popularization of RAZBs.”™**
To meet these challenges and enhance the electrochemi-
cal performance of Zn metal electrode, various methods,
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including structure  design,
employing stable host, surface protection,’®** and
electrolyte engineering,”> > have been proposed for the
recent years. Despite these exciting advances, it is still
eagerly needed yet challenging to develop approaches
with simple operation procedures and low-cost for practi-
cal aqueous Zn electrodes with satisfied reversibility.

Electrolyte engineering is a facile way with easy
manipulation merit to improve the stability and revers-
ibility of aqueous Zn electrodes.’**® Regulating the
electrolyte formula, such as “water-in-salt” or hydrated
eutectic electrolytes,***' to alter the solvation struc-
ture of Zn>"-ions or in-situ built solid electrolyte inter-
phase, has provided plenty of opportunity for the
development of highly reversible Zn electrodes. How-
ever, the use of these approaches may significantly
increase the costs, which is undesirable for low-cost
applications. This is because, the functional salts or sol-
vents can hardly be accumulated at the electrode/
electrolyte interface so that an excess of functional
materials need to be involved,>® which has severely
restricted their potential for practical applications.
Therefore, it is urgent to develop efficient electrolyte
additive that can be enriched at the interface and
uncover the underlying mechanism for the improve-
ment and practicality of long-cycling RAZBs.

In this study, we employed a tiny amount of eth-
ylenediamine tetraacetic acid (EDTA, 0.2 wt%) as elec-
trolyte additive in aqueous ZnSO, electrolyte that
constructed a stable complexation adsorbent interface
and helped to enable highly reversible aqueous Zn
metal electrode. The introduced EDTA instead of
water molecules were chemically adsorbed onto Zn
electrode, suppressing the corrosion reaction rate
down to 43.5%. Moreover, the adsorbed EDTA layer
at the interface coordinated with Zn*"-ions, regulated
the Zn deposition kinetics, and promoted the uniform
Zn plating. The Zn||Zn symmetric cells employing
ZnSO, + EDTA electrolyte displayed a stable electro-
chemical performance for 5000 h under a dynamic
measurement that combining plating/stripping cycling
at 1 mAcm 2 and 0.5 mAh cm 2 for 72 h with rest-
ing for 24 h, far better than the Zn||Zn counterpart
with ZnSO, electrolyte (198 h). The MnO,||Zn full
cells with ZnSO, + EDTA electrolyte exhibited a high
capacity retention of 71.6% after 500 cycles at a cur-
rent density of 1 mA cm ™2, which outperformed that
with ZnSO, electrolyte (25.5% after 500 cycles). The
findings in this study not only put forward a stable
complexation interface chemistry for high-performance
Zn anode materials, but also suggest a facile and effi-
cient strategy for improving the stability and revers-
ibility of Zn metal electrodes and RAZBs.

2 | EXPERIMENTAL SECTION

2.1 | Materials Synthesis

The aqueous electrolyte in this work was prepared by dis-
solving 5.75g ZnSO4+7H,0 and 0.03g EDTA with
deionized water to 10 ml (i.e., 0.02wt% EDTA, 2M
ZnSO,4 + 0.01M EDTA electrolyte). The mixture was
stirred under sonication at room temperature until a
clear and transparent solution was obtained. The mass
concentration of EDTA was calculated by the equation: C
% = Mgpra/Melecirolytes Where mepra was the mass of
EDTA employed, and mgjecirolyte Was the total mass
of electrolyte. Zn metal foil electrode with a diameter of
12 mm and a thickness of 200 pm was washed with
diluted hydrochloric acid (6 vol%) and deionized water
for several times to remove the surface passivation layer.
The Zn electrodes after cycling were washed with Ar-
saturated deionized water and ethanol for several times,
dried by Ar blowing and preserved in an Ar-filled glove
box to avoid oxidation before using or characterization.

2.2 | Materials characterizations

X-ray diffraction analysis (XRD) measurements were per-
formed on an Empyrean X-ray diffractometer with Cu Ko
radiation (40 kV, 30 mA) and a 20 ranging from 5° to
45°. Scanning electron microscope (SEM) images were
obtained on a Gemini SEM 300 field-emission SEM
instrument. The electron probe microanalysis (EPMA)
was conducted by an EPMA-8050G electron probe micro-
analyzer. Optical microscopy (OM) studies were carried
out on an Olympus BX53M OM with a DP27 CMOS
detector. Raman characterization was carried out on a
Horiba LabRAMHRS800 confocal Raman micro-
spectrometer with 532 nm of excitation.

2.3 | Electrochemical measurements

The reversibility of Zn electrodes was examined by
assembling symmetric cells using CR2032-type coin
cells with GF/A glass fiber separator from WHATMAN
and 2M ZnSO, or 2M ZnSO,4+ 0.0IM EDTA
electrolyte (200 pl). The as-assembled cells were tested at
1-10 mA cm 2 and 0.5-10 mAh cm 2 on a NEWARE
battery tester instrument. Potentiodynamic polarization
curves were obtained by linear sweep voltammetry on a
Biologic VMP3 electrochemical workstation at a scan rate
of 20 mV s~ ! with a three-electrode system, where a satu-
rated calomel electrode was employed as the reference
electrode, a Pt wire was emplyed as the counter electrode,
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and the Zn electrode was employed as the working elec-
trode. MnO, cathode was prepared by electrodepositing
MnO, on carbon cloth substrate in 2M ZnSO, + 0.2M
MnSO, electrolyte under a constant voltage of 1.8 V for
8 h.*> MnO,||Zn full cells were assembled in CR2032
coin-type cells with GF/A glass fiber separate from
WHATMAN and 2M ZnSO, or 2M ZnSO, + 0.01M
EDTA electrolytes (200 pl).

2.4 | Theoretical calculations

The quantum chemical calculation in this study was per-
formed by density functional theory under the general-
ized gradient approximation. The detailed setup is in
consistency with our previous work.**>® Briefly, the
Perdew-Burke-Ernzerhof form of exchange correlation
functional was chosen. The plane-wave energy cut-off
was set as 520 eV for the calculation of adsorption energy
while for ab initio molecular dynamics (AIMD) this value
was lowered to 340 eV for efficiency. The Brillouin zone
was sampled on a Monkhorst-Pack grid with a density no
lower than 1000/(number of the atoms in the cell). The
convergence criteria of the energy and force calculations
were set to 10> eV atom ' and 1072 eV A", respec-
tively. For AIMD studies, the temperature was kept at
300 K by a Nose-Hoover thermostat and the simulation
timestep was selected as 1 fs. The total simulation length
of each case was 50 ps.

3 | RESULTS AND DISCUSSIONS

Figure 1A demonstrates the plating/stripping cycling
behavior of metallic Zn electrode in aqueous ZnSO, elec-
trolyte. Water molecules are absorbed to the surface of
aqueous Zn electrode, which triggers corrosion reactions
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(B) ZnSO, electrolyte with ethylenediamine tetraacetic acid additive
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between active Zn metal and water molecules, producing
non-conductive zinc hydroxide sulfate (ZHS) sheets.
These non-conductive ZHS would increase the electrode
polarization, leading to non-uniform plating of metallic
Zn, and Zn dendrites formation after repeated cycling. To
stabilize the electrode/electrolyte interface, EDTA elec-
trolyte additive was introduced in this work. As shown in
Figure 1B, EDTA would be absorbed instead of water
molecules, thus reducing the direct contact between
active Zn and water molecules, and inhibiting corrosion
side reactions. Moreover, EDTA, as a typical coordination
agent with abundant oxygen/nitrogen functional groups,
would be coordinated with Zn**-ions and regulate the
Zn nucleation and growth to enable uniform Zn plating
and consequent uniform stripping.*’** Taking the
suppressed corrosion reaction and uniform Zn plating
together, improved reversibility of Zn metal electrode can
be expected in EDTA-containing electrolyte.

To investigate the chemisorption of water and EDTA
molecules over Zn metal, first-principles study was first
performed. The structure of absorbed water/EDTA mole-
cules on Zn metal was demonstrated in Figure 2A-D, the
adsorption energy of EDTA on Zn was turned out to be
—0.73 eV, 30 meV per molecule lower than that of water
(Figure 2E), suggesting a stronger adsorption ability of
EDTA. Moreover, AIMD simulations were carried out on
aqueous ZnSO, electrolyte near the Zn surface, as shown
in Figure 2F, water molecules were absorbed on the Zn
surface through chemical Zn—O bond. After 20 ps of
EDTA introduction, EDTA molecule would be absorbed
instead of water (Figure 2G), suggesting the thermody-
namic tendency of EDTA being attached to the Zn sur-
face in aqueous ZnSO, electrolyte. Therefore, EDTA is
expected to be able to replace the absorbed water on
aqueous Zn electrode. To experimentally confirm the
absorbed EDTA on aqueous Zn electrode, a Zn metal
electrode was immersed in a 2M ZnSO, + 0.01M EDTA
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Schematic illustrations of electrochemical Zn plating/stripping cycling on Zn electrode in (A) typical ZnSO, electrolyte and
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surfaces after (F) 0 ps and (G) 20 ps,

(A) (E) FIGURE 2 Top-view atomic
o -0.74 configurations of (A) H,O and
oZn 7% -0.73 eV (B) EDTA molecules adsorbed on Zn
5 surfaces. Cross-section atomic
5 -0.72- configurations of (C) H,O and
s (D) EDTA molecules adsorbed on Zn
= surfaces. (E) Adsorption energies of H,O
(©) E 0.70- and EDTA molecules on Zn surface.
2 v Snapshots of AIMD simulations of
v E aqueous ZnSO, electrolyte with EDTA
% addition in the vicinity of the Zn
< -0.68-

Water

EDTA
20 ps

s

suggesting the rapid adsorption of
EDTA on aqueous Zn surfaces.

(H) Raman spectrum of Zn electrode,
EDTA powder, and Zn electrode after
soaking in ZnSO, electrolyte with EDTA
additives (Zn-EDTA). (I) EPMA results
of the Zn electrode after soaking in
ZnSO0, electrolyte with EDTA additive,
suggesting the successful adsorption of
EDTA on Zn electrode. AIMD, ab initio
molecular dynamics; EDTA,
ethylenediamine tetraacetic acid;
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solution (denoted as “Zn-EDTA”) and Raman spectro-
scopic study was carried out. Pristine Zn electrode and
EDTA powder were also studied as references. As dem-
onstrated in Figure 2H, the Raman vibrations of C—N,
C—0O, C—H of EDTA molecules for Zn-EDTA were red-
shifted compared to that for EDTA powder reference.'”
0 Notably, a new Raman mode at 474 cm ' was found
for Zn-EDTA, which was assigned to the Zn—O
vibration,*® suggesting the chemical adsorption of EDTA
on Zn metal, in agreement with the calculation findings
(Figure 2A-G). EPMA of Zn-EDTA electrode showed dis-
tinct O and N elemental signals (Figure 2I), further con-
firming the successful adsorption of EDTA on Zn metal
surface.

The adsorption of EDTA could reduce the direct con-
tact between active Zn and water, thus suppressing the
corrosion side reactions. We studied the corrosion behav-
ior of Zn electrode in 2M ZnSO, and 2M ZnSO, + 0.01M
EDTA electrolyte by SEM, respectively. In contrast to a
flat and clean surface for the pristine Zn metal electrode

(Figure S1), the Zn metal electrode after resting in 2M
ZnSO, electrolyte for 3 days exhibited a rough surface
with a large number of hexagonal mircosheet corrosion
products (Figure 3A and Figure S2A). Impressively, the
Zn metal electrode resting in 2M ZnSO, + 0.01M EDTA
electrolyte for 3 days showed a relatively flat surface with
similar morphology to the pristine Zn electrode
(Figure 3B, Figures S2B and S1), indicating the
suppressed corrosion behavior. The different corrosion
behaviors of Zn metal electrode in 2M ZnSO, and 2M
ZnSO, + 0.01M EDTA electrolytes were also confirmed
by XRD, the Zn metal electrode after resting in 2M
ZnSO0, electrolyte for 3 days showed significant diffrac-
tion of layered ZHS corrosion products (Figure 3C), fol-
lowing the sheet-like products in SEM (Figure 3A). On
the contrast, the Zn metal electrode after resting in 2M
ZnSO, + 0.01M EDTA electrolyte for 3 days showed no
obvious diffraction peak of such ZHS corrosion products.
To quantitatively analyze the corrosion rate of Zn metal
in different electrolyte, linear polarization measurements
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FIGURE 3 SEM images of Zn
electrode after resting in (A) 2M ZnSO,
electrolyte and (B) 2M ZnSO,4 + 0.01M
EDTA electrolyte for 3 days. (C) XRD
results of Zn electrode after resting in
2M ZnSO, or 2M ZnSO, + 0.01M EDTA
electrolyte for 3 days. (D) Corrosion
potentials and current densities of the
Zn electrode in 2M ZnSO, and 2M
ZnSO, + 0.01M EDTA electrolyte. (E)
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were applied. As indicated in Figure 3D, the Zn metal
electrode in 2M ZnSO,+ 0.01M EDTA electrolyte
showed a higher corrosion potential of —0.989 V than
that in 2M ZnSO,4 (—0.996 V). Furthermore, the corrosion
current density of Zn metal electrode in 2M
ZnSO, + 0.01 M EDTA electrolyte (1.18 mA cm %) was
lower than one-half of that in 2M ZnSO, (2.71 mA cm 2),
demonstrating a significant lower corrosion rate of Zn
electrode in ZnSO, + EDTA electrolyte.

It is noted that the EDTA adsorbent layer is rich in
oxygen/nitrogen-based functional groups that can be
coordinated with Zn*"-ions, thus regulating the Zn depo-
sition kinetics and promoting the uniform Zn plating.
The exchange current density was evaluated to investi-
gate the Zn deposition kinetics. As demonstrated in
Figure 3E and Figure S3, the Zn electrode in 2M
ZnSO,4 + 0.01M EDTA electrolyte showed a lower
exchange current density of 4.811 mA cm “ than that in
2M ZnSO, electrolyte (5.262 mA cm ?), suggesting a
lower deposition kinetic in ZnSO, electrolyte with EDTA
additive, which should be beneficial for uniform Zn plat-
ing.*! We further studied the Zn plating process in differ-
ent electrolytes using both OM and SEM. The Zn

electrode after plating 10 mAh cm™? of metallic Zn in 2M
ZnSO, electrolyte showed a dark and rough surface
under OM, implying the porous Zn deposits (Figure 3F).
The SEM image of such electrode verified the non-
uniform deposition (Figure 3H, Figures S4 and S5A),
from which porous Zn spherical deposits with a diameter
of 30 pm were observed. However, the Zn deposits in 2M
ZnSO, + 0.01M EDTA electrolyte showed a flat surface
with metallic luster under OM (Figure 3G), and a dense
and uniform Zn plating morphology under SEM
(Figure 3I and Figure S5B). It should be noted that the
proportion of intensity for the (002) and (101) diffraction
peaks for Zn electrodes after plating 10 mAh cm 2 of
metallic Zn in 2M ZnSO, + 0.01M EDTA electrolyte was
0.18, which was quite different from that in 2M ZnSO,
electrolyte and the pristine Zn electrode (Figure S6 and
Table S1), suggesting the (101)-oriented Zn deposition in
2M ZnSO4 + 0.01M EDTA electrolyte, as well as the
important role of the adsorbed EDTA layer in regulating
the Zn deposition behavior of Zn metal electrode. These
microscopic and XRD results suggested the uniform Zn
plating behavior guided by the EDTA complexation
adsorbent layer.
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The suppressed corrosion and uniform Zn plating
behavior in ZnSO, + EDTA electrolyte should improve
the stability and reversibility of Zn electrode. The effect
of EDTA concentration on the overpotential and cycling
stability of Zn electrode in ZnSO, electrolyte was studied.
As indicated in Figures S7 and S8, at 1 mA cm~2 and 0.5
mAh cm 2, the Zn metal electrode in 2M ZnSO, + 0.01M
EDTA electrolyte exhibited a relatively low overpotential
of 25 mV and the longest cycle life of 5000 h among the
most of Zn metal electrodes in recent publications
(Table S2). In contrast, the Zn electrode in 2M ZnSO,
electrolyte showed a short cycle life of ~200h at
1 mA cm 2 and 0.5 mAh cm 2 (Figure S9), which in turn
demonstrated the advantages of EDTA additives. There-
after, 2M ZnSO4 + 0.01M EDTA electrolyte was
employed in this work. Zn||Zn symmetric cells were fur-
ther cycled at higher current densities and areal capaci-
ties. As demonstrated in Figure S10, at 2 mA cm 2 and
2 mAh cm 2, the Zn electrode in 2M ZnSO, + 0.01M
EDTA electrolyte exhibited stable cycling behavior with
an average overpotential of 30 mV for 600 h, far better
than the Zn electrode in 2M ZnSO, electrolyte (28 mV,

20 h). Even at ultrahigh current density of 10 mA cm 2

and areal capacity of 10 mAh cm ™2, the Zn electrode in
2M ZnSO, + 0.01M EDTA electrolyte (58 mV, 100 h) also
outperformed that in 2M ZnSO, electrolyte (50 mV, 25 h,
Figure S11). Considering the actual usage situation of
battery anodes, we performed dynamic measurement
combining stripping/plating cycling at 1 mA cm > and
0.5 mAh cm 2 for 72 h and resting for 24 h, and looping.
As shown in Figure 4A, the Zn electrode in 2M
ZnSO, + 0.01M EDTA electrolyte exhibited excellent
electrochemical stability for 5000 h, whereas that in 2M
ZnS0O, electrolyte showed a significant shorter cycle life
of 198 h. The Zn electrodes after 198 h of cycling in dif-
ferent electrolytes were examined by SEM. As demon-
strated in Figure 4B, the Zn electrode in 2M ZnSO,
electrolyte showed a rough and non-uniform surface with
significant hexagonal ZHS sheet corrosion products, indi-
cating a low stability and reversibility. As a comparison,
the Zn electrode in 2M ZnSO, + 0.01M EDTA electrolyte
showed a homogeneous surface with little ZHS
(Figure 4C), suggesting the improved reversibility of such
electrode. Moreover, the Zn electrode after 198 h of
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FIGURE 4 (A) Dynamic
measurement combining plating/
stripping cycling at 1 mA cm™2 and 0.5
mAh cm ™ for 72 h and resting for 24 h
for Zn||Zn symmetric cells with 2M
ZnSO0, electrolyte or 2M

ZnSO, + 0.01M EDTA electrolyte.
SEM images of Zn electrode after
cycling at 1 mA cm 2 and 0.5 mAh
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cm 2 for 198 h in (B) 2M ZnSO,
electrolyte and (C) 2M ZnSO,4 + 0.01M
EDTA electrolyte. (D) Cycling
performance and (E) charge/discharge
curves of the MnO,||Zn full cells with
2M ZnSO, electrolyte or 2M
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cycling exhibited significant diffraction peaks of ZHS cor-
rosion products (Figure S12), while the Zn metal elec-
trode in 2M ZnSO, + 0.01M EDTA electrolyte showed no
such ZHS diffraction peaks, in accord with the SEM stud-
ies in Figure 4B,C. The excellent electrochemical revers-
ibility of Zn in ZnSO, + EDTA electrolyte was also
verified in full cells with MnO, cathodes. As demon-
strated in Figure 4D,E, both the MnO,||Zn full cells with
2M ZnSO, and 2M ZnSO, + 0.01IM EDTA electrolyes
delivered an initial capacity of 130 mAh g ' at
1 mA cm ™% However, the MnO,||Zn full cell with 2M
ZnSO,4 + 0.01M EDTA electrolyte showed a capacity
retention of 71.6% after 500 cycles, which was significant
higher than that with 2M ZnSO, electrolyte (only 25.5%
under the same test conditions), demonstrating high
practicability of EDTA electrolyte additive for aqueous
Zn battery anodes.

4 | CONCLUSIONS

In summary, a highly reversible Zn metal electrode was
realized by constructing a stable complexation adsorbent
interface using 0.2 wt% EDTA additive in ZnSO, electro-
lyte. The chemically adsorbed EDTA not only reduced
the corrosion rate of aqueous Zn electrode from
2.71 mA cm 2 to 1.18 mA cm 2, but also facilitated the
dendrite-free Zn plating by regulating the Zn deposition
kinetics. The complexation adsorbent interface therefore
ensured an improved reversibility of aqueous Zn metal
electrode in both Zn||Zn symmetric cell and MnO,||Zn
full cell configurations. This work not only demonstrated
the importance of constructing stable complexation
adsorbent interface for high-performance Zn metal
anodes, but also suggested a scalable, cost-effective, easy
manipulating way to improve the reversibility of aqueous
Zn electrodes, shedding light on the target development
of long-cycling RAZBs.
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