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The Zn metal anode in aqueous Zn batteries faces a number of challenges including instable deposition and
corrosion issues. Here, we present an interface environment regulation for a Zn electrode with a low
concentration electrolyte additive of 0.1 m 3-aminobenzenesulfonic acid (ASA). ASA prefers to adsorb on
the Zn surface over water and creates an ASA-rich interface. It further enters the Zn?* solvation sheath
locally, which shifts the lowest unoccupied molecular orbital from solvated water to ASA. The hydrogen
evolution reaction from solvated water reduction is inhibited, and the reduction of solvated ASA
generates a stable solid-electrolyte interphase composed of the ion conductor ZnS covered by organic—
inorganic mixed components. With the resulting homogenized Zn deposition, continuous Zn stripping in
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Introduction

Rechargeable aqueous zinc batteries have received great atten-
tion recently for their outstanding benefits of intrinsic high
safety and low cost.*® The metallic Zn anode provides high
theoretical specific capacity (820 mA h g~" or 5855 mA h cm™?)
and low redox potential (—0.76 V vs. S.H.E.). However, it also
faces a number of challenges such as Zn dendrite formation and
corrosion reactions.”*® They seriously hinder the coulombic
efficiency and cycle life of zinc batteries. Numerous strategies
have been proposed to address the issues with Zn metal anodes.
Among them, electrolyte additive engineering is of great
importance for its simplicity and good efficiency. Additives can
alter the Zn*>* solvation sheath, modify the hydrogen bonding
network and induce solid-electrolyte interphase (SEI) forma-
tion, which helps to regulate Zn deposition behavior and inhibit
side reactions such as the hydrogen evolution reaction (HER).
Dimethyl carbonate (DMC),** 1,2-dimethoxyethane (DME),*
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and propylene carbonate (PC)* additives are good examples to
effectively enhance the stability of Zn anodes. Nevertheless, an
important requirement for an additive is a relatively low
concentration, in order to not affect the cost, safety, and the
excellent physical properties such as viscosity and ionic
conductivity of aqueous electrolytes.

Since any plating/stripping or side reactions take place at the
interface between the Zn electrode and electrolyte, molecules
that are able to replace water at the Zn interface would create
a locally additive-rich environment and provide an effective
regulation of Zn anode behavior even with low overall content.
The bulk electrolyte properties are retained. Following this
consideration, we herein apply 3-aminobenzene sulfonic acid
(ASA) as the additive in the 2 m (mol kg™') ZnSO, aqueous
electrolyte. A low optimized concentration of 0.1 m is identified.
Theoretical calculations and experimental analysis confirm that
ASA preferentially adsorbs on the Zn surface and participates in
the Zn>" inner solvation sheath at the interface. In comparison
to the reduction of solvated water in the typical Zn(H,0)s>"
solvation structure and the resulting HER, the lowest unoccu-
pied molecular orbitals (LUMOs) dominate on ASA after it
enters Zn>" solvation shells. This not only inhibits the HER, but
also generates a gradient SEI on the Zn electrode. Therefore, the
cycle life of a Zn//Zn symmetric cell extends from 110 h to
1100 h at 2 mA cm ™2 with the help of an ASA additive. The ASA
containing electrolyte also provides a stabilized coulombic
efficiency of 99.45% for 500 cycles at 10 mA cm ™ >,
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Results and discussion

The effect of the ASA electrolyte additive on the electrochemical
performance of the Zn electrode is first studied. Repeated
stripping/plating of Zn is evaluated in symmetric cells, with the
2 m ZnSO, solution used as the benchmark electrolyte. Fig. 1a
shows the lifespans at a current density of 2 mA cm > and
capacity of 2 mA h cm . The cell with the neat ZnSO, electrolyte
(labeled as no-ASA) experiences short circuit after 110 h. With
the addition of 0.01 m and 0.05 m ASA (labeled as 0.01-ASA and
0.05-ASA, respectively), the cycle life extends to 793 h and 854 h,
respectively. A long-term cycling stability over 1100 h is finally
achieved with the electrolyte containing the 0.1 m ASA additive
(labeled as 0.1-ASA). Further increasing the ASA concentration
to 0.15 m leads to precipitation in the solution (Fig. S17), and
0.1 m is identified as the optimal additive concentration. It is
worth noting that a low addition of 0.1 m ASA has almost no
effect on the ionic conductivity of the electrolyte (Fig. S27).
Fig. S31 compares the voltage curves of Zn stripping/plating
with the neat ZnSO, and 0.1-ASA electrolytes at current densi-
ties from 1 mA ecm > to 20 mA cm > and a capacity of
2 mA h cm ™2 The cell short circuits at 10 mA cm ™2 in ZnSO,. In
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contrast, the cell with the 0.1-ASA electrolyte functions properly
at all current densities. Repeated stripping/plating in symmetric
cells is further carried out at higher current densities of 5 mA
ecm 2 and 10 mA cm ™2 (Fig. 1b and c). The cells with 0.1-ASA
stably function for over 600 h and 400 h, respectively, whereas
cell short-circuits take place at 48 h and 50 h in the neat ZnSO,
electrolyte. Symmetric cells are further assembled with thin Zn
electrodes (~20 pum), and stripping/plating is carried out at 2
mA cm > and 4 mA h em ™%, which corresponds to a 35% depth
of discharge (DOD, Fig. 1d). In ZnSO,, the voltage of the cell
fluctuates greatly from the 3rd cycle. By contrast, an extended
cycle life of 200 h is achieved in the 0.1-ASA electrolyte.

Single stripping/plating is then carried out at different
current densities in symmetric cells (Fig. 1e-h). With the ZnSO,
electrolyte, cell short circuits take place after the capacity rea-
ches 11.06 mA h cm ™2, 12.55 mA h em 2 and 12.30 mA h cm ™
with a current density of 2 mA cm %, 5 mA cm ? and 10 mA
cm™?, respectively. They correspond to the DOD of 11.4%,
12.9% and 12.7% of the stripping electrode. With the intro-
duction of 0.1 m ASA in the electrolyte, in contrast, much higher
DOD values of 99.7%, 58.3% and 34.3% are achieved at the
corresponding current densities. Notably, the voltage increase
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Fig. 1

Additive content (% relative to H,0)

(a) Long-term cycling of Zn//Zn symmetric cells in the ZnSO, electrolytes without and with different concentrations of the ASA additive at

2 mA cm~2and 2 mA h cm~2. Long-term cycling of symmetric cells in ZnSO,4 without and with the 0.1 m ASA additive at (b) 5 mA cm~2 and
5mAhcm™2, (c) 10 mAcm™2 and 2 mA h cm™2, and (d) 35% DOD with thin Zn electrodes. Continuous stripping/plating in symmetric cells with
the ZnSO, electrolytes without and with 0.1 m ASA at (€) 2 mA cm™2, (f) 5 mA cm™2, and (g) 10 mA cm™2 and (h) the corresponding DOD. (i)
Coulombic efficiencies of Zn plating—stripping in Zn//Cu cells in the two electrolytes. (j) Comparison of cycle life, additive content, current
density and areal capacity of 0.1 m ASA with the reported electrolyte additives.
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at 99.7% DOD with 2 mA cm ™ current density results from the
complete consumption of the stripping electrode. The Zn
plating-stripping coulombic efficiencies (CEs) are evaluated in
Zn//Cu cells (Fig. 1i and S47). The 0.1-ASA electrolyte delivers
a stabilized CE of 99.69% for 700 cycles at 1 mA cm > and
99.45% for 500 cycles at 10 mA cm 2. By contrast, the cell
without ASA fails at the 95th and 18th cycles, respectively. In
Fig. 1j and Table S1, we summarize and compare the cycling
stability of Zn anodes with representative electrolyte
additives.>** A low additive content of 0.1 m ASA (1.7 wt%
relative to H,O) presents superior effects on Zn under various
testing conditions.

The results confirm that the ASA additive, with only 0.1 m
concentration in the ZnSO, electrolyte, is able to significantly
enhance the electrochemical performance of the Zn electrode.
Considering the multiple functional groups on the ASA mole-
cule, various interactions with the Zn electrode and Zn>* cations
in the electrolyte can be formed, through coordination or elec-
trostatic attractions. The ASA adsorption behavior on the Zn
surface is first studied. The binding energy of ASA on the Zn
(002) surface is calculated by density functional theory (DFT)
calculations, which results in a value of —0.283 eV (Fig. 2a). This
is stronger than the binding energy of —0.249 eV for water
molecule adsorption on Zn. This suggests that the ASA additive
tends to replace water and accumulate at the Zn surface. Fig. 2b
and c show the charge density difference and 2D contour map of
electron density statistics at the interface between Zn and ASA.
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This reveals the high tendency of electron exchange between the
Zn surface and the amino and sulfo sites of ASA, confirming the
strong interactions. The interface environment at the Zn elec-
trode is further studied experimentally. The electric double-
layer capacitance (EDLC) of the Zn electrode in the two elec-
trolytes is measured by cyclic voltammetry (CV) in the non-
faradaic voltage range (Fig. S5T). According to linear fits, Zn
exhibits an EDLC of 132 pF cm ™2 in ZnSO,, whereas a decreased
value of 73 uF cm ™2 is obtained after ASA addition (Fig. 2d). This
suggests the replacement of water by ASA in the inner Helm-
holtz plane layer of Zn and thus the increased distance of the
stern layer.>*** Fig. 2e shows the contact angles of the two
solutions on the Zn electrode. The angles of the ZnSO, solution
change from 91.5° to 89.7° after 120 s. In comparison, the
angles of the ASA containing electrolyte decrease from 85.4° to
78.2°. The smaller angles of the latter are attributed to the
adsorption of ASA molecules on Zn.* The above results illus-
trate that ASA can replace water molecules in the inner Helm-
holtz plane layer and construct an ASA-rich interface. Therefore,
it is able to significantly affect the electrochemical properties of
the Zn electrode despite the low overall concentration of 0.1 m.

The effect of the ASA additive on the solvation structure of
Zn*" is investigated by molecular dynamics (MD) simulation
(Fig. 2f, g and S67). In the neat ZnSO, solution, the inner
solvation shell of Zn*" is composed of H,O and S0,>~ at around
2 A, with major contribution from the former. Following ASA
addition, a Zn*'-N distance of around 2.5 A is revealed by the
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(a) Adsorption energies of water and ASA molecules on the Zn (002) surface. (b) Charge density difference and (c) sliced 2D contour map

reflecting the interactions between ASA and Zn at the interface. (d) Linear fits to calculate the EDLC of Zn in the ZnSO, electrolytes without and
with a 0.1 m ASA additive. (e) Contact angle measurements of Zn foil in the two solutions before and after 120 s. (f) and (g) Snapshots of MD
simulation boxes (left), enlarged figures representing Zn>* solvation structures (right), and (h) and (i) RDFs for the ZnSO, electrolytes (f) and (h)
without and (g) and (i) with a 0.1 m ASA additive. (j) ’Zn NMR of the two solutions. (k) Binding energies of Zn®* with water and ASA.
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radial distribution function (RDF). This suggests that ASA is
also able to enter the inner solvation shell with N as the coor-
dination site. Specifically, a [Zn(H,0);(ASA)(SO,),]*~ solvation
structure is identified. Fig. 2j compares the ®’Zn NMR of ZnSO,
solution without and with a 0.1 m ASA additive. The Zn peak
shifts down-field after introducing ASA, which confirms the
replacement of some water by ASA in the Zn>" inner solvation
sheath.*® The calculated binding energies of Zn®>'-ASA and
Zn**-H,0 suggest the stronger interaction of the former
(Fig. 2k), which explains the preferential entrance of ASA in Zn>*
inner solvation shells. The mean-squared displacement (MSD)
versus time plot is obtained to evaluate the diffusion rate of Zn>*
in different electrolyte systems. The diffusion coefficient of
Zn>", which is directly proportional to the slope of the MSD vs.
time curve, increases from 1.37 x 10 ° em? s~ ' to 1.98 x 10~°
em? s~ with the addition of ASA (Fig. S71). This facilitated Zn>*
transport is also attributed to the regulation of its solvation
structures by ASA.

With an ASA-rich Zn-electrolyte interface and preferential
entrance of ASA in the Zn>" solvation shell, the electrolyte
environment can be illustrated as shown in Fig. 3a. The
[Zn(H,0)s]*" structure still dominates in the bulk electrolyte
considering the low overall ASA concentration, whereas it tends

Chemical Science

to convert to the ASA containing solvation structure at the ASA-
rich interface. This transition is further confirmed by DFT
calculations. As shown in Fig. 3b, the relative energy to form the
[Zn(H,0),]*" solvation structure is —24.03 €V, which is 22.82 eV
higher than that for the formation of [Zn(H,0);(ASA)(SO,),]* "
This suggests a thermodynamically spontaneous trans-
formation process,*” and the latter is favorable at the ASA-rich
interface. Fig. 3c compares the LUMO energy levels of
[Zn(H,0)¢]*" and [Zn(H,0);(ASA)(SO4),]*". They exhibit close
values of —1.83 eV and —1.69 eV, respectively. Notably, the
location of LUMOs represents the sites with a higher tendency
of reduction.®® These orbitals stay on the solvated water mole-
cules in [Zn(H,0)s]*", suggesting that they tend to be reduced
during Zn deposition in the ZnSO, electrolyte. This leads to the
widely observed HER issue.* With the [Zn(H,0);(ASA)(SO.),]*~
structure, on the other hand, the LUMOs dominate on ASA
instead of water. This would not only enhance the HER resis-
tivity of solvated water, but also generate an SEI after ASA
decomposition on Zn, which further regulates the electro-
chemical performance of the Zn electrode.

The surface composition of electro-deposited Zn
(15 mA h em™2) from the 0.1-ASA electrolyte is studied by X-ray
photoelectron spectroscopy (XPS, Fig. 3d). The components
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Fig. 3 (a) Schematic illustrations of Zn?* solvation structures in the bulk electrolyte and at the interface. (b) The relative energies for the
formation of [Zn(H,O)gl?>* and [Zn(H,0)3(ASA)(SO.4),1%~. (c) The LUMO energy levels and orbitals of [Zn(H,0)6]?* and [Zn(H,0)5(ASA)(SO.),12 . (d)
The C1s, N 1s, S 2p and Zn 2p XPS with different sputtering depths of the electro-deposited Zn from the 0.1-ASA electrolyte.
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derived from ASA are evidenced in the C 1s, N 1s and S 2p
spectra. In the spectra of the un-sputtered electrode, which
reflects the top surface environment, C-N, C-S, CO;>~, Zn-N, -
SO;~ and Zn-S peaks are revealed. Together with Zn" peaks in
the Zn 2p spectrum, it suggests that the outer SEI is composed
of organic species as well as ZnCO; and ZnS inorganic compo-
nents. The absence of Zn® signals suggests complete coverage
on the Zn electrode. As the Ar' sputtering depth increases, most
C, N and S peaks diminish except for the increase in the ZnS
peak. This demonstrates that the inner SEI is mainly composed
of Zn$, which is beneficial for Zn** transport.*® The increase of
Zn° peaks in the Zn 2p spectra results from the detection of
underlying Zn metal after gradual removal of SEI coverage. The
analysis suggests that the top surface of the SEI mainly contains
ZnCOg3, ZnS and organic species, whereas ZnS dominates in the
inner SEI This gradient SEI layer not only provides excellent
protection for the underlying Zn to avoid direct contact with
electrolyte and ensure good mechanical strength, but also
provides Zn>" diffusion paths and homogenizes Zn*" flux.

The effects of the ASA additive on the stability and deposition
behavior of Zn are studied. Fig. 4a shows the X-ray diffraction
(XRD) patterns of Zn foil after soaking in the ZnSO, solutions
without and with an ASA additive for 24 h. From the neat ZnSO,
solution, an extra diffraction peak of Zn,(OH)sSO, -H,O is
observed. It is attributed to the chemical reaction between Zn
and the mildly acidic ZnSO, solution, which causes local pH
increase and the precipitation of basic zinc salts. A corroded Zn
surface is also observed in the scanning electron microscopy
(SEM) image (Fig. 4b). In comparison, no extra diffractions are
found on the Zn electrode soaked in the ASA containing elec-
trolyte, and the surface remains flat. This suggests the
enhanced chemical stability of the Zn electrode with the help of
ASA. Fig. 4c compares the Tafel plots of the Zn electrode in the
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two electrolytes. With the addition of ASA, the corrosion current
density significantly decreases from 643 pA cm™> to 8 uA cm ™2,
which suggests much suppressed corrosion on the Zn elec-
trode.*** The above promoted chemical and electrochemical
stabilities of the Zn electrode are attributed to the replacement
of interface water by ASA and the regulated LUMOs of solvated
structures.

Fig. 4d compares the chronoamperometry (CA) curves of the
Zn electrode in the two electrolytes at —150 mV vs. Zn. In the
neat ZnSO, electrolyte, the current density continuously
increases for more than 5 min. This corresponds to the rapid
formation of active sites that lead to uneven Zn deposition. In
comparison, the current density exhibits negligible change after
the initial 3 s in the 0.1-ASA electrolyte, which suggests the
reduced surface activity and steady deposition of Zn.***> The
electrochemical deposition is further carried out by the galva-
nostatic process at 15 mA cm > for 1 h on a Cu substrate. As
shown in Fig. 4e, loosely packed particles are found on the
surface from the ZnSO, electrolyte, whereas the one from 0.1-
ASA exhibits densely packed plates. The uniform deposition of
the latter is realized by the non-corroded surface to start with as
well as the homogeneous Zn”* flux, which are provided by the
ASA-rich interface, regulated Zn>" solvation structures and
stable SEI. They overall ensure the extended DOD and cycle life
of the Zn electrode in the 0.1-ASA electrolyte.

To investigate the feasibility of the 0.1-ASA electrolyte for
cathode materials, it is applied to a V¢O,3-H,O cathode (Fig. S87)
in zinc cells. Fig. 5a shows the cyclic voltammogram at 0.5 mV
s~ ', which exhibits stable redox peaks after several cycles. The
electrochemical performance of the Vs0,3-H,O cathode is
further compared in the two electrolytes by galvanostatic charge-
discharge (Fig. 5b and S9t). In the ZnSO, electrolyte, the cathode
delivers 374 mAh g " capacityat 0.5A ¢ ' and only 209 mAh g *
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(a) XRD patterns and (b) SEM images of Zn after soaking in the two solutions for 24 h. (c) Tafel plots and (d) CA curves at —150 mV vs. Zn

constant potential in the two electrolytes. (e) SEM images of the electro-deposited Zn (at 10 mA cm™2 for 1.5 h) in the two electrolytes.
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capacity is left at 10 A g~'. A poor capacity preservation of
333 mA h g' is obtained when the current density returns to
0.5 Ag~'. With the addition of 0.1 m ASA, in contrast, the cathode
realizes higher capacity and better rate performance. It delivers
a capacity of 440 mAh g ' at0.5A g ', and 291 mA h g~ capacity
is obtained with the increase of current density to 10 A g ", A
good capacity of 428 mA h g~ is also preserved when the current
density returns to 0.5 A g~ . Electrochemical impedance spec-
troscopy (EIS) reveals a smaller charge-transfer resistance in the
0.1-ASA electrolyte (Fig. S107), which suggests enhanced electro-
chemical kinetics and ensures better rate performance.*® Long-
term cycling is carried out at 5 A g~ '. The ASA free cell suffers
a soft short circuit at the 454th cycle, whereas the cathode
maintains 270 mA h g~ capacity after 650 cycles with the help of
ASA (Fig. 5c-e). The results confirm that the ASA electrolyte
additive not only effectively enhances the cycling stability of the
Zn electrode but also ensures the desired electrochemical
performance of full cells.

Conclusions

In conclusion, we present a low concentration electrolyte
additive, 0.1 m ASA, for aqueous Zn batteries. Thanks to its
preferential adsorption on the Zn surface over water, a locally
ASA-rich environment is created despite the low overall
concentration. The water-rich Zn** solvation sheath in the bulk
electrolyte spontaneously transforms into an ASA-participated
structure at the interface, which shifts the LUMOs from
solvated water to solvated ASA. This not only suppresses the
HER but also generates a gradient SEI composed of inner ZnS
covered with organic-inorganic mixed components. With the
help of the ASA additive, the highest DOD for Zn stripping in
symmetric cells increases from 11.4% to 99.7%, and the cycle

© 2024 The Author(s). Published by the Royal Society of Chemistry

life of repeated stripping/plating extends from 110 h to 1100 h at
2 mA cm™ . The ASA additive also enables a longer cycle life for
the V40;5-H,0 cathode in aqueous Zn batteries. Our results
confirm that interface regulation is an efficient way to promote
the electrochemical behavior of the Zn anode, which allows the
reduction of additive concentration to retain the aqueous
nature of bulk electrolytes. This would put forward promising
approaches for high-safety aqueous Zn batteries.
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