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The Zn metal anode in aqueous Zn batteries suffers a number of challenges, including dendritic deposition
and parasitic reactions. Here, we present a facile interface regulation strategy using a low concentration of
electrolyte additive of 0.5 wt% tris(3-aminopropyl)amine (TAA). The TAA molecule exhibits a claw structure
with an electronegative amino site at each end. It allows a strong anchorage on the surface of Zn and
regulation of Zn?* solvation structures near the interface. This allows easier removal of solvated water,
but makes final TAA removal more difficult, thereby suppressing side reactions and controlling
deposition kinetics. Furthermore, the TAA molecule exhibits strong affinity on the (100) plane of Zn
which is twice of the one on (002). It promotes a preferred growth orientation and generates uniform
deposits. Benefitting from the above positive effects of the TAA additive, the cycle life of a Zn symmetric
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Introduction

Aqueous Zn batteries are considered promising competitors
for grid-scale energy storage thanks to their high safety and low
cost."™ The Zn metal anode delivers low redox potential
(—0.76 V vs. standard hydrogen electrode) and high theoretical
capacity (820 mA h g~ /5855 mA h cm™®). Unfortunately, it
suffers inevitable parasitic reactions in aqueous electrolytes
and rampant dendritic growth.'*** They seriously damage the
stability of the Zn electrode and hinder the applications of Zn
batteries. To solve the above issues, researchers have recently
carried out a series of modification strategies, mainly
including artificial interface layer protection and electrolyte
modification. The former enables a more stable electrode/
electrolyte interface by blocking their physical contact and
homogenizes Zn>* transport within the interface layer. Never-
theless, the adhesion properties and tolerance to volume
change need to be carefully controlled. Conversely, the elec-
trolyte modification strategy provides a self-adapted dynamic
protection effect. For instance, electrolyte additives/co-
solvents of NTE,” TU,*® Ace,” DEC?**> and SL*>* have been
shown to regulate the Zn surface environment, enter Zn>*
solvation structures, and/or modify the hydrogen bonding
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a commercial V,Os cathode is also effectively increased.

network, which endows the Zn electrode with enhanced
cycling stability. Notably, the content of additives needs to be
controlled at a low level to maintain the bulk aqueous nature
and its associated advantages.

As electrochemical reactions take place at the Zn electrode
and electrolyte interface, additives that are able to accumulate
at the interface and modify the local environment would help
to reduce the required amount of additives. Based on this
consideration, we herein present an additive of 0.5 wt% tris(3-
aminopropyl)amine (TAA) as an interface regulator for the Zn
electrode in conventional 2 mol kg™ ' (m) ZnSO, electrolyte. In
the TAA molecule, the central nitrogen connects with three
aminopropyl chains with electronegative nitrogen ends, pos-
sessing up to four active sites. It allows strong anchorage on
the Zn surface as well as the participation in Zn** solvation
structures at the nearby interface. It not only homogenizes
cation flux towards the electrode but also modifies the subse-
quent desolvation process. As a result, the removal of solvated
water is facilitated in TAA-containing structures, which
inhibits the hydrogen evolution reaction (HER). Additionally,
the final desolvation of TAA requires a higher energy barrier,
and the deposition kinetics are modulated. Meanwhile, the
TAA molecule exhibits greater affinity on the (100) plane of Zn,
which promotes a preferred deposition orientation and
generates uniform deposits. Benefitting from these effects of
the 0.5 wt% TAA additive, the cycle life of a Zn symmetric cell
extends to 8.6 times that of the baseline electrolyte. The cycle
life of a full battery using a commercial V,05 cathode is also
effectively improved.
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Results

Fig. 1a shows the molecular structure and calculated electro-
static potential (ESP) of the TAA molecule. The central nitrogen
is connected with three aminopropyl chains. Negative ESP
regions are located at the three ends as well as the central
nitrogen atoms, indicating their ability to coordinate with Zn
and Zn>*. The adsorption behavior of the TAA molecule on Zn
foil is first analyzed through experimental characterizations and
theoretical calculations. The electrochemical double layer
capacitance (EDLC) of the Zn electrode in the baseline 2 m
ZnSO, electrolyte and after the addition of 0.5 wt% TAA is
evaluated by cyclic voltammetry (CV) scans in the non-Faraday
range (Fig. S1,T electrolytes labeled as no TAA and 0.5-TAA,
respectively). According to linear fits, the EDLC is 67 uF cm™ 2 in
the 0.5-TAA electrolyte, a value lower than the 128 puF ecm 2 in
the baseline electrolyte (Fig. 1b). This suggests that interface
water molecules are replaced by TAA molecules of larger size,
extending the distance of the Stern layer.>** To further verify
the adsorption ability of TAA molecules on the Zn surface, Zn
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foil is immersed in deionized water and 0.5 wt% TAA solutions,
respectively. The surface becomes corroded after soaking in
water, as shown in the scanning electron microscopy (SEM)
image, and the side-product of ZnO is recognized by X-ray
diffraction (XRD, Fig. 1c and d). This suggests a chemical
displacement reaction between protons and Zn that causes an
increase in pH and ZnO formation. By contrast, the Zn surface
remains flat and no ZnO is detected by XRD with the addition of
0.5 wt% TAA. The additive also suppresses by-product forma-
tion in the 2 m ZnSO, solution (Fig. S2}). In the energy
dispersive X-ray spectroscopy (EDS) mapping of Zn soaked in
0.5 wt% TAA solution, uniform distributions of C and N
elements are observed (Fig. S31). The surface environment is
further characterized by X-ray photoelectron spectroscopy (XPS,
Fig. 1e), which reveals the N-C component in both N 1s and C 1s
spectra. These results suggest the adsorption of the TAA mole-
cule on the surface of Zn. The adsorption behaviors of H,O and
TAA on the Zn surface are studied using density functional
theory (DFT) calculations. As shown in Fig. 1f, TAA exhibits
a much stronger interaction energy of —1.21 eV than the
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Fig.1

(a) Molecular structure and ESP map of the TAA molecule. (b) Linear fits to calculate the EDLC of the Zn electrode in 2 m ZnSO4 without or

with 0.5 wt% TAA additive. (c) XRD patterns and (d) SEM images of Zn immersed in water or 0.5 wt% TAA solution for 48 hours. (e) The C 1sand N
1s XPS of Zn immersed in 0.5 wt% TAA solution for 48 hours. (f) The adsorption energies of H,O and TAA molecules on the surface of Zn and (g)

the corresponding 2D contour map of electron density statistics.
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—0.26 eV for water, suggesting the preferential adsorption of the
former. The adsorption abilities are also shown by the 2D
contour map of electron density statistics, demonstrating
strong electron exchange at the side amino sites of TAA (Fig. 1g).
Therefore, the TAA additive functions as an effective anchorage
on the Zn surface, which creates a locally additive-rich envi-
ronment and suppresses corrosion processes.

Considering the strong electron-donating ability of nitrogen
sites, the adsorbed TAA molecules would also interact with Zn>*
at the nearby interface. Fig. 2a compares the **C nuclear magnetic
resonance (NMR) spectra of 0.5 wt% TAA solutions without and
with the addition of ZnSO, salt. Following the introduction of
ZnSO,, up-field shifts are observed for the C peaks of TAA, sug-
gesting the coordination of adjacent nitrogen sites with the added
Zn**. The solvation structures of Zn>" in the 0.5-TAA electrolyte
are studied using molecular dynamic (MD) simulation (Fig. 2b).
In the resulting radial distribution function (RDF), the Zn**-
N(TAA-side) peak shows up at around 2 A, the distance of which is
close to Zn**-O(H,0). Accordingly, a [Zn(H,0)sTAA]*" solvation
structure is revealed from the simulation box (Fig. 2c), which
presents a stronger relative energy of —17.06 eV compared to
—15.76 €V for [Zn(H,0)e]*". The coordination between Zn** and
TAA also exhibits a higher bond order than Zn**-H,O. These
results demonstrate the preferential entrance of TAA into the
solvation shell of Zn**. Considering the adsorption and accu-
mulation of TAA on the surface of Zn, the Zn(H,0)>" structure in
the bulk electrolyte tends to spontaneously transform to TAA-
participating structures at the TAA-rich interface. Therefore, the
amino groups on TAA provide uniform sites for incoming Zn*",
which homogenizes cation flux at the interface.

The regulated Zn>" solvation structures at the interface
further modify the subsequent desolvation path. Fig. 2d and S47
summarize the energy barriers along the desolvation steps of
[Zn(H,0)e]*" and [Zn(H,0)sTAA]*". In the former, the barriers
gradually increase from 1.20 eV to 4.60 eV upon the release of
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solvated water. In the latter, water is also desolvated first,
though with much lower barriers, ranging from 0.75 €V to
0.97 eV. This easier water removal, together with the higher
energy levels of the lowest unoccupied molecular orbital
(LUMO) at each step in the TAA-containing structure, help to
suppress HER (Fig. 2e). It should be noted that the final des-
olvation of TAA from Zn>* requires three times the energy
relative to that for water. This corresponds to more limited
reduction kinetics. This inhibits uncontrollable nucleation or
facile cation depletion during Zn deposition, which is beneficial
for the formation of uniform deposits.

The detailed Zn deposition behavior is investigated through
experimental methods. Fig. 3a shows the evolution of chro-
noamperometry (CA) curves with an increase in deposition
voltage from 5 mV to 200 mV (60 s at each voltage) in the ZnSO,
electrolyte without or with 0.5 wt% TAA additive. During the
initial periods at low voltages, the differences between the two
curves are relatively small (Fig. S5t). Upon a further increase in
voltage, the current density responses in the baseline electrolyte
exhibit significant changes, especially from 120 mV. In
comparison, the evolution of current remains stable upon the
introduction of 0.5 wt% TAA. This corresponds to controlled
reduction kinetics and stable deposit morphologies under
various conditions in the latter.?®*” Thus, the TAA additive also
results in increased charge transfer resistance at the Zn elec-
trode (Fig. S61). Fig. 3b compares the change in overpotential
with current density under galvanostatic processes in the two
electrolytes. According to the linear fits, the exchange current
density decreases from 2.83 mA cm™ 2 in the baseline electrolyte
to 1.76 mA cm™ > in 0.5-TAA. This also supports the idea of
regulated Zn deposition behavior following the introduction of
TAA.”® Fig. 3c shows the Tafel plots of the Zn electrode. The
corrosion current density is effectively reduced from 349 pA
cm~>to 21 pA cm™ > after the addition of TAA, demonstrating its
anti-corrosion capability.**°
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Fig. 2 (a) 3C NMR of 0.5 wt% TAA without and with ZnSOy salt. (b) RDFs, (c) MD simulation box, together with the structures, relative energies
and bond orders of [Zn(H,0)el?* and [Zn(H,0)sTAAJ?* solvation structures in the ZnSO,4 electrolyte with 0.5 wt% TAA additive. (d) Desolvation
energy barriers at each step and (e) corresponding LUMO energy levels of [Zn(H,O)gl** and [Zn(H,O)sTAAI?*.
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Fig. 3

(a) CA curves at various voltages, (b) exchange current densities, (c) Tafel plots of Zn electrodes in 2 m ZnSO,4 without and with 0.5 wt%

TAA additive. (d) and (e) The XRD patterns and (f) corresponding (100)/(002) peak ratios of Zn plating on the Cu substrate with various capacities
(labelled in the center) in the two electrolytes. (g) GIWAXS patterns of Zn deposits in the two electrolytes. (h) The adsorption energies of the TAA
molecule on the (002) and (100) planes of Zn. (i) The SEM images of Zn deposits in the two electrolytes.

The effect of TAA additive on the evolution of the
morphology of Zn deposits on the Cu substrate is studied.
Fig. 3d and e compare the XRD patterns at deposition capacities
of 5, 10, and 15 mA h cm 2. In the baseline ZnSO, electrolyte,
the intensities of different diffractions grow anisotropically with
an increase in deposition capacity. Upon the addition of
0.5 wt% TAA, a strongly preferred orientation is observed, as
evidenced by the growth of the (100) peak and the negligible
(002) peak. Using the (002) peaks as the benchmark, the
intensity ratio of (100)/(002) peaks is as high as 22.6 at
5 mA h cm™? deposition capacity, which further significantly
increases to 174.4 at 15 mA h cm™? (Fig. 3f). Conversely, the
ratios remain low at around one in the baseline electrolyte.
Grazing-incidence wide-angle X-ray scattering (GIWAXS) is used
to further analyze the texture of the Zn deposits (Fig. 3g). At
a deposition capacity of 15 mA h cm™?, the pattern from the
baseline ZnSO, electrolyte presents two rings corresponding to
the (002) and (100) planes of Zn. In contrast, the pattern ob-
tained from 0.5-TAA electrolyte presents a strong signal from
the (100) plane, whereas the one from (002) is negligible. This

10490 | Chem. Sci, 2025, 16, 10487-10493

strongly preferred orientation is attributed to the doubled
adsorption energy of TAA on the (100) plane of Zn with respect
to (002) (Fig. 3h). The TAA molecules thus have a large shielding
effect on the (100) plane, whereas the Zn nucleation and growth
on the (002) plane is preferred (Fig. S71).*" Fig. 3i shows the SEM
images of Zn deposition morphology with a capacity of
15 mA h cm 2 The deposits from the baseline ZnSO, are
composed of irregular particles. In comparison, a compact
morphology with a (100) preferred orientation is obtained upon
the introduction of TAA, thanks to its effective regulation of
deposition behaviors and inhibition of corrosion processes.
Benefiting from the above effects, the TAA additive enhances
the cycling stability and reversibility of the Zn electrode.
Continuous single plating/stripping is carried out at 2 mA cm™>
in symmetric Zn cells, with the 2 m ZnSO, baseline electrolyte or
the addition of different percentages of TAA (Fig. 4a and S8%). In
2 m ZnSOy,, cell short-circuiting takes place when the capacity
reaches 8.9 mA h em™>. In comparison, the capacity is extended
to 24.4 mA h em™2, 40.8 mA h em ™2, 34.1 mA h cm™? and
20.3 mA h em? following the addition of 0.2 wt%, 0.5 wt%,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Electrochemical performance of the Zn electrode in the 2 m

Cycle number

ZnSO4 electrolyte without and with 0.5 wt% TAA additive: (a) single

deposition capacity with different TAA percentages; (b) rate performance and (c) long-term cycling stability of symmetric Zn cells; (d) coulombic
efficiencies of Zn//Cu cells; (e) rate performance and (f) long-term cycling performance of Zn//V,Os cells.

1.0 wt% and 2.3 wt% TAA, respectively. With the highest
capacity obtained using 0.5 wt% additive, this concentration is
identified as the optimal percentage. Repeated plating/
stripping is further carried out in symmetric cells at different
current densities with a capacity of 2 mA h em™>. As shown in
Fig. 4b, cell short-circuit is observed when the current density
increases to 5 mA cm ™2 in the baseline electrolyte, as a result of
the accumulation of inhomogeneous Zn deposits. In contrast,
stable cycling takes place from 0.5 mA cm > to 10 mA cm™ > in
the 0.5-TAA electrolyte. Long-term cycling is carried out at
a current density of 1 mA ecm™> and capacity of 1 mA h em™>
(Fig. 4c). In comparison to the cycle life of 110 h in the ZnSO,
electrolyte, a 8.6 time extension to 945 h is obtained after the
addition of 0.5 wt% TAA. The Zn plating/stripping coulombic
efficiencies (CEs) are evaluated in Cu//Zn cells (Fig. 4d). The 0.5-
TAA electrolyte delivers a stabilized CE of 99.55% for 150 cycles
at 10 mA cm ™2, which is again superior to cell failure at the 16
cycle in the TAA-free electrolyte.

To investigate the feasibility of the 0.5-TAA electrolyte for
cathode materials, it is applied to a commercial V,05 cathode in
zinc cells. Fig. 4e compares the rate performance in the two

© 2025 The Author(s). Published by the Royal Society of Chemistry

electrolytes by galvanostatic charge-discharge. The V,05 cathode
experiences an activation process for ten cycles at 0.1 A g~ *. After
activation in the baseline ZnSO, electrolyte, the cathode delivers
347 mA h g~ capacity at 0.1 A g~ * but retains only 214 mA h g™*
with an increase in current density to 5 A g~ '. A poor capacity
preservation of 285 mA h g is obtained when the current
density returns to 0.1 A g~ ', Closer examination of the capacity
evolution suggests decay trends within each current density cycle,
resulting in the decrease in capacity. With the addition of 0.5 wt%
TAA, in contrast, the cathode realizes higher capacity as well as
more stabilized retention within the same current density. As
aresult, it delivers a capacity of 343 mAh g 'at 0.1 Ag ', retains
235 mA h g " upon increasing the current density to 5 Ag™*, and
achieves 378 mA h g~' when the current density returns to
0.1 Ag . Long-term cycling is carried outat 5A g~ " after 0.1Ag ™"
activation. As shown in Fig. 4f, the TAA-free cell suffers soft short-
circuit at the 255™ cycle. In 0.5-TAA, in contrast, stable cycling is
achieved for 1000 cycles. This performance is comparable to that
of previously reported Zn full cells (Table S11).

The enhanced cycling stability of Zn//V,0s cells upon the
addition of TAA is studied further. Fig. S91 shows the SEM

Chem. Sci., 2025, 16, 10487-10493 | 10491
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images and EDS mappings of the cycled Zn anode. The one
from the baseline ZnSO, electrolyte exhibits an uneven
morphology with significant volume expansion, together with
strong signals from S and O elements. This corresponds to
inhomogeneous deposition and severe side reactions. In
contrast, the anode from the 0.5-TAA electrolyte exhibits
a uniform surface and weaker S/O signals. Conversely, the
cycled cathodes from the two electrolytes show minimal
differences (Fig. S10 and S11t). Fig. S121 shows the Nyquist
plots at different cycles. The initial semi-circle in the baseline
electrolyte is smaller than that in 0.5-TAA, attributed to the
slower reaction kinetics and lower proton activity in the latter.
The semi-circles decay upon cycling and remain stable after 200
cycles in the 0.5-TAA electrolyte. This is in good accordance with
its stable cycling performance. The results suggest that the
different stabilities of full cells are mainly caused by the anode.
The uneven deposition and side reactions in the baseline elec-
trolyte lead to instability of the Zn anode and early cell short-
circuiting. Upon the introduction of TAA additive, in contrast,
the improved anode stability enables extended cycle life. The
results confirm that the TAA electrolyte additive effectively
enhances the cycling stability of the Zn electrode as well as
full cells.

Conclusions

In conclusion, we propose a 0.5 wt% TAA-based interface
regulator with a claw structure for use in aqueous Zn batteries.
The terminal amino groups on the TAA molecule allow strong
interactions with the Zn surface and Zn*"* cations at the nearby
interface. This provides uniform cation flux toward the Zn
electrode. Meanwhile, the participation of TAA in the interfacial
solvation shells of Zn>* modifies the subsequent desolvation
process. The release of solvated water is facilitated, and corro-
sion reactions are inhibited. The controlled desolvation of final
TAA further modulates the deposition kinetics, allowing the
generation of uniform Zn deposits. In addition, the stronger
affinity of TAA on the Zn (100) plane promotes a preferred
deposition orientation. Benefitting from these positive merits,
the modified electrolyte significantly extends the cycle life of
symmetric cells to 8.6 times compared to the baseline electro-
lyte, and simultaneously enhances the cycling stability of a Zn//
V,0s full battery. This work not only reveals an effective inter-
face regulator for the Zn electrode, the uncovering its operating
mechanisms would also contribute to the exploration of other
electrolyte additives from fundamental molecular design to
achieve highly reversible and stable aqueous Zn batteries.
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