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Aqueous zinc metal batteries (AZMBs) have emerged as an attractive energy storage option due to their
operational safety, low cost, and environmentally friendly nature. However, the hexagonal close-packed
(hcp) Zn anode always exhibits dendritic plating/stripping behavior due to the uncontrollable nucleation
and growth of hexagonal platelets, which severely hinders its further development. Herein, we regulate
both nucleation and Zn/Zn?* redox kinetics to enable a homogeneous plating/stripping mode with fine
grains, significantly improving the stability and reversibility of the Zn anode. Surface overpotential, which
directly determines the nucleation behavior, is prominently amplified by the adsorption of added
cordycepin (Cor) on the Zn anode surface. Therefore, a promoted nucleation process with the
formation of small-sized Zn grains is achieved. The mitigated Zn growth/dissolution rate caused by the
strong steric hindrance effect of Cor further ensures the granular morphology after cycling. Owing to
this dual regulation strategy, the Zn anode delivers superior cycling stability of the Zn|Zn symmetric cell
over 900 h at 5 mA cm™2 and an ultra-high cumulative plating capacity of 3 A h cm~2 at 10 mA cm 2.
The concept also works in Zn|Cu asymmetric cells and Zn||NaVzOg-1.5H,O (NVO) full cells, facilitating
excellent reversibility and cycling performance. This work presents a new mode for Zn plating/stripping,
which will make highly reversible AZMBs achievable.

While rechargeable aqueous zinc metal batteries (AZMBs) have been recognized as one of the most promising batteries for scale-up applications, the insane
dendritic plating/stripping behavior of the Zn metal anode hinders further development dramatically. As is well known, Zn metal exhibits a hexagonal close-
packed (hcp) crystal structure and tends to form large-sized hexagonal platelets. How to completely avoid the formation of dendrites in the long term with
Zn hexagonal characteristics still remains under exploration. In this work, we demonstrate a dual regulation strategy that combines fine nuclei and moderate
Zn/Zn*" redox kinetics to ensure granular Zn plating/stripping, which significantly reduces the propensity of dendrite growth. Specifically, the added Cor
molecule can preferentially adsorb on the Zn anode surface and amplify the surface overpotential, facilitating to refine the Zn nuclei size. On the other hand,
the strong steric hindrance effect of Cor mitigates the Zn growth/dissolution rate, achieving fine Zn grains within the submicron scale. Benefiting from this

strategy, a homogeneous Zn plating/stripping mode with fine grains is established, thus prominently enhancing the reversibility and utilization rate of the Zn
anode. This work sheds light on the in-depth comprehension of Zn plating/stripping behavior and designing highly reversible Zn anodes.

“School of Materials Science and Engineering, Zhejiang University,
Hangzhou 310027, China. E-mail: yzjiang@zju.edu.cn

Introduction

Aqueous zinc metal batteries (AZMBs) exhibit dominant advan-
tages over traditional lithium-ion batteries (LIBs), primarily due
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to the high safety and eco-friendliness offered by aqueous
electrolytes.’ ™ Moreover, metallic zinc exhibits high theoretical
capacity (5855 mA h cm™> or 820 mA h g~'), suitable redox
potential (—0.76 V vs. the standard hydrogen electrode),
abundant reserves, and relatively high stability in aqueous
systems.>*® The plating/stripping processes of the Zn metal
anode play a critical role in AZMBs, since the Zn anode easily
displays a dendritic surface morphology with severe volume
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variation after discharging/charging cycles."" Numerous efforts
focusing on electrolyte additives,”>* electrode modification,">®
and artificial solid electrolyte interphase (SEI) fabrication'” > have
been devoted to guiding uniform Zn deposition. However, thor-
ough inhibition of dendritic Zn formation still remains a challenge
due to the complex electrochemical reaction at the interface.

The Zn deposition process is composed of initial nucleation
and subsequent growth of grains.?*?> The manufacturing-
inducing defects such as cracks and scratches routinely exist
on the Zn anode surface, triggering uneven distribution of local
electric fields and nucleation energy barriers.>® Those selected
sites with low nucleation energy promote preferential Zn
deposition. Zn metal, which exhibits a hexagonal close-
packed (hcp) crystal structure, tends to form hexagonal plate-
lets with a (002) plane mostly exposed.>* Beyond the nucleation
process, small platelets begin to grow and coarsen with the
electrochemical reduction proceeding, resulting in the for-
mation of larger hexagonal plates with sharp edges and corners
lying in random directions. These plates with a large tilt angle
(~90°) to the substrate would develop into rampant dendrites,
which severely induce local inhomogeneity on the surface and
penetrate the separator.”>>° Such dendritic growth is detri-
mental to the battery in numerous aspects: more intense side
reactions (electrode corrosion and hydrogen evolution), higher
propensity of internal short circuits, irreversible capacity loss
and dramatically reduced Coulombic efficiency (CE).'***?'733
During Zn stripping, the intricate surface status will also affect
the localized electrochemical environment such as current
density, electric field, and charge carrier concentration, which
determines different dissolution rates across the electrode
surface.** It is important to note that this kind of reaction rate
variation can be exacerbated by uneven deposition.

According to the classical nucleation theory (CNT), the sur-
face overpotential |ns| acts as a driving force and triggers
electrochemical nucleation on the electrode surface, which
significantly affects the critical nucleus size (r.;;) and critical
nucleation energy barrier (AGq).***?® The relationships
between |#s|, 7erie and AGeri; can be expressed as follows:®

2)Vm

L= m 1
T 2l W

l6nVy2y®  4ny
3(zqlnl)> 3

where V., is the volume of one atom in the cluster, y is the
average specific surface energy, z is the charge of the cation,
and g is the fundamental charge (1.6 x 10~ *° C). As indicated in
eqn (1) and (2), a larger |ys| will lower the energy barrier for
initial nucleation (AG) and reduce the critical nucleus size
(Terit), thereby inducing fine nuclei deposited on the surface
(Fig. 1a). In this case, the deposits are apt to form spherical-like
grains that spread over the electrode surface, which pro-
motes the uniform distribution of current density spatially
and suppresses dendrites formation to some extent.®?7:*®
Recently, some research studies have reported that regulating
the overpotential for uniform nucleation favors stable cycling

(rcrit)2 (2)
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performance of the Zn anode.®*”*° Nevertheless, Zn dendrites
would still occur routinely after repetitive discharging/
charging, which may be ascribed to the disturbed nucleation
and growth behavior with a deteriorated interface. Therefore,
the exploration of achieving long-term dendrite-free Zn anodes
is of great importance for the further development of AZMBs.

In this work, we propose a facile strategy to synchronously
regulate nucleation and Zn/Zn>" redox kinetics to realize a
homogeneous Zn plating/stripping mode with fine grains, by
introducing a trace amount (5 mM, M: mol L") of the large
molecule cordycepin (Cor) into the 2 M ZnSO, electrolyte.
As shown in Fig. 1b, a smaller |y;| in a bare ZnSO, electrolyte
induces the formation of large particles at the initial nucleation
stage, accompanied by serious side reactions. For further plat-
ing, the uncontrollable Zn>" ion reduction promotes the wild
growth of dendrites, simultaneously accelerating side reac-
tions. The dendritic morphology is extremely detrimental to
the subsequent stripping process, resulting in disordered dis-
solution and the formation of “dead Zn”, which eventually
leads to the failure of the battery. In contrast, Cor steadily
adsorbs on the Zn anode surface and enlarges |#;|, resulting in
the formation of submicron nuclei at the initial plating stage.
On account of the strong steric hindrance effect of Cor, the
redox kinetics of Zn/Zn*' is significantly moderated, thus
retarding the growth/dissolution of previous deposits and
ensuring the homogeneous Zn plating/stripping mode, which
prominently enhances the long-term cycling stability and rever-
sibility of the Zn anode under low or high current densities.

Results and discussion
Nucleation regulation by altering the surface overpotential

In order to amplify the surface overpotential (|15|) for favorable
nucleation, Cor is chosen as an electrolyte additive due to
abundant polar groups (amino and hydroxyl) and its large
molecular size (Fig. S1, ESIt), which is supposed to sponta-
neously adsorb on the Zn metal surface and induce a signifi-
cant steric hindrance effect.***> To verify this, we perform
first-principles calculations to analyze the adsorption energy
(Eaa) of Cor and H,O molecules on the Zn metal surface. As
shown in Fig. 2a, whether Cor is perpendicular or parallel to Zn
(002) facet, it displays much lower E,q (—0.809 eV for vertical
state and —1.295 eV for horizontal state) than that of H,O
(—0.227 eV), demonstrating the preferential adsorption propen-
sity of Cor. In addition, the horizontally adsorbed Cor on the
Zn substrate is under the most stable state (the lowest E,4) due
to sufficient surface coverage,”” which may be conducive to
increasing the polarization on the Zn anode. The average
differential capacitance (C) of the Zn anode surface with
different concentrations of Cor is identified using cyclic vol-
tammetry (CV) tests (Fig. S2, ESIf), where the 2 M ZnSO,
electrolyte is denoted as BE and the addition of » mM Cor
are denoted as BE/nCor (n = 1, 5, 10), respectively. Notably, the
Zn anode exhibits reduced C with the increase of Cor concen-
tration (Fig. S3 and S4, ESIY), attributed to the shrunken surface

This journal is © The Royal Society of Chemistry 2024
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area and the formation of a thicker electric double layer (EDL)
structure caused by the Cor adsorption.*®*” Furthermore, com-
bined with the scanning electron microscope (SEM) and X-ray
diffraction (XRD) analysis, the Zn foil immersed in the BE/5Cor
electrolyte displays a flat and neat surface with no irregular
flake-like by-products (Fig. S5, ESIT), mainly ascribed to adsorbed
Cor suppressing the side reaction of H,O decomposition.

We next perform Fourier transform infrared (FTIR) spectro-
scopy to inspect the interaction between Cor and Zn foil (Fig. 2b).
The absorbed signals at 3650-3590, 3500-3300, 3060-3010,
1210-1050, and 1657 cm™ ' correspond to the stretching vibra-
tions of O-H, N-H, —C-H from the pyrimidine ring, C-O-C
and the bending vibration of N-H in Cor molecule, respectively.
These observations explicitly indicate that Cor molecules can
spontaneously adhere to the Zn anode in an aqueous system.
Moreover, the adsorption type is identified as a chemical
interaction according to the distinct charge transfer between
Zn and O atoms from the charge density difference distribution
map in Fig. 2¢c. Such a large molecule (10.1 A, Fig. $1, ESIt) as
adsorbate would inevitably incur a strong steric hindrance
effect at the interface,***°
transfer resistance (R.) in the electrochemical impedance
spectroscopy (EIS) shown in Fig. 2d. This result also indicates

as confirmed by enlarged charge
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that the Zn/Zn*" redox kinetics is moderated, which will be
discussed later. It is noteworthy that the significantly increased
R, in the BE/10Cor electrolyte may be attributed to the inte-
grated effect of the natural oxidation layer on the Zn metal
surface and excess additive molecules from the supersaturated
solution (Fig. S6 and S7, ESIt).*® In addition, the solvation
structure of electrolytes with different concentrations of Cor
is identified by performing Raman spectroscopy. As shown in
Fig. S8 (ESIY), the characteristic peaks present no significant
shift with the increase of Cor, suggesting that Cor would not
change the coordination environment of Zn>" ions, which is
mainly related to the trace amount and large molecular size of
added Cor.

The chemically adsorbed Cor is supposed to alter the ||
due to the reconstructed interface of the Zn anode. According
to the galvanostatic charge-discharge (GCD) testing results
(1 mA cm 2, 1 mA h em™?) in Zn|Zn symmetric cells, the Zn
anode presents a voltage hysteresis of 50 mV in BE (Fig. 2e).
With the addition of Cor, the voltage hysteresis of symmetric
cells is significantly amplified, which demonstrates larger
polarization on the Zn anode surface under Cor adsorption.
Notably, when the Cor concentration further increases from
5 to 10 mM, the voltage hysteresis of the symmetric cell is

Energy Environ. Sci., 2024,17, 6787-6798 | 6789
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cells. (g) Voltage profiles of three-electrode beaker cells at 1 mA cm™2 and 1 mA h cm™2. Zn foils were used as the working electrode and counter

electrode, and the Ag/AgCl electrode was used as the reference electrode.

mildly increased from 131 to 148 mV, implying the optimum
adsorption status of Cor on the Zn anode surface, which is
consistent with the results in Fig. S4 (ESIt) and Fig. 2b. This
phenomenon is also observed in some reported literature
studies using other electrolyte additives.*>***° Furthermore,
the BE/5Cor solution is determined as the optimum electrolyte
for its superior long-term cycling stability (Fig. S9, ESIt) and
higher Zn reversibility (Fig. S10, ESIt), which is utilized in the
following investigation of the Zn plating/stripping behavior.
From the CV results in Fig. 2f, the onset potentials of both
Zn deposition and stripping reaction are postponed in Zn|/Ti

6790 | Energy Environ. Sci., 2024,17, 6787-6798

asymmetric cells with the BE/5Cor electrolyte. This result reaffirms
that the Cor molecule can arouse significant polarization on the Zn
anode by impeding charge transfer. Since it is difficult to decouple
the Zn plating and stripping process in a symmetric cell, we utilize
a three-electrode beaker cell to conduct the GCD test, where Zn
foils are used as the working electrode and counter electrode, and
the Ag/AgCl electrode is used as the reference electrode (Fig. 2g).
The origin of the total overpotential (|#q|) for the Zn plating/
stripping process is expressed as follows:

|775| + |7In| + |7lohm| = Mtotall (Platlng)

This journal is © The Royal Society of Chemistry 2024
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|ns| + |770hm| = |77total| (Stripping)

where |n,| and |nonm| represent nucleation overpotential and
ohmic overpotential, respectively. In fact, |fjtral| is the addi-
tional potential required for the deposition/stripping to occur
compared to the equilibrium potential of Zn/Zn”" redox,® which
results from a series of electrochemical processes. For Zn
plating, the typical electrochemical processes for arising |#otai
involve: (1) mass transfer, (2) de-solvation of Zn>" ions, (3) inter-
facial charge transfer, and (4) electro-crystallization.”"*> There-
into, the charge carriers (zZn** ions) inevitably encounter
resistance during the mass transfer process in the bulk electro-
lyte, which is manifested as an ionic resistance and has a
major effect on |fonm|->> Prior to the nucleation of electro-
crystallization, there is an energy barrier that needs to be
overcome for Zn>* ions to form nuclei, conventionally refers
to the potential difference between the initial dip and the
subsequent stable plateau region of the discharging voltage
profile, which is denoted as |,|.****® For Zn stripping, there is
no nucleation process and thus |1,| does not exist anymore.
On this basis, |ys| could be derived by subtracting |n,| and
|lohm| from |#¢otar|. In order to evaluate the role of Cor on |75,
we conduct EIS tests among the electrolytes and calculate their
ionic conductivities. As can be inferred from Fig. S11 (ESIT),
the impedance and ionic conductivity of the bulk electrolyte do
not change significantly after adding Cor; that is, the values of
|7onm | in both two electrolytes are almost the same. Besides, the
Zn anode possesses a smaller |,| in BE/5Cor (Fig. 2g). Given
the nearly unchanged |#onm| and reduced |1y, it is convincing
that the markedly amplified |ys| alters the total overpoten-
tial for Zn plating and stripping in BE/5Cor, thus leading
to the formation of finer grains upon initial nucleation stage
(Fig. S12, ESTY).

Moderate Zn/Zn>* redox kinetics driven by the steric hindrance
effect

Except for the initial nucleation stage, the subsequent growth/
dissolution behavior of Zn nuclei immensely affects the surface
morphology of the Zn anode, which is highly related to Zn/Zn>*
redox kinetics. Therefore, the rate performance of Zn||Zn sym-
metric cells is first investigated (Fig. S13, ESIt). Compared with
BE, the Zn anode in BE/5Cor shows distinct larger voltage
hysteresis at each current density, corresponding to increased
|ns|. The exchange current density (i) can be derived from the
relation between current density (i) and voltage hysteresis ():>®

. . 2F

1= lo il (3)
where 7 is the thermodynamic temperature, and R and F are the
gas and faradaic constants, respectively. As shown in Fig. 3a,
the exchange current density of the Zn anode is reduced from
1.44 to 0.86 mA cm > with the addition of Cor, indicating the
mitigated Zn/Zn>" redox kinetics in BE/5Cor. The chronoam-
perometry (CA) tests are performed to further probe the effect
of Cor on Zn plating/stripping behavior. When an external
overpotential of —150 mV (vs. Zn/Zn*") is applied for Zn

This journal is © The Royal Society of Chemistry 2024
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deposition, Zn** ions in BE follow random 2D diffusion mode
along the Zn anode surface and crystallize to form rampant
dendrites, which is manifested by the consecutive increase of
the polarization current density in the CA curve (Fig. 3b).
Interestingly, as the operation time progresses, the polarization
current density of the Zn anode in BE/5Cor increases expedi-
tiously within 10 s and then reaches a stable state, suggesting
the significantly restrained 2D diffusion and uniform deposi-
tion of Zn>" ions.*>*”*® The CA testing results with an over-
potential of +150 mV (vs. Zn/Zn>") show a similar current trend
to that under plating conditions for both BE and BE/5Cor
(Fig. 3c). This observation further demonstrates that a highly
stable and uniform Zn stripping mode is achieved with the Cor
additive.”” Notably, the stable plating current density is nearly
the same as the stable stripping current density (—3.4 vs.
3.1 mA em?) for BE/5Cor, indicating the highly homogeneous
Zn plating/stripping process.

To provide an in-depth comprehension of the Cor molecule
retarding the Zn/Zn”** redox kinetics, we perform climbing
image nudged elastic band (CI-NEB) calculations and reveal
the diffusion behaviors of the Zn adatom under various condi-
tions. The diffusion pathway of the Zn adatom is selected as
nine steps with fixed distance along the Zn (002) facet (Fig. 3d).
Besides, the diffusion of the Zn adatom beneath two diagonally
aligned water molecules (Fig. 3e) and one horizontally adsorbed
Cor molecule (Fig. 3f) are also simulated. As illustrated in
Fig. 3g, the diffusion energy barriers are relatively low when
the adatom migrates along the Zn surface regardless of whether
there exist H,O molecules (0.16 or 0.68 eV), corresponding to a
mad 2D diffusion in BE. In contrast, a much higher energy
barrier of 1.47 eV should be overcome for Zn adatom to migrate
through beneath the Cor molecule, indicating the strong steric
hindrance effect of Cor.>® Simultaneously, the Zn>" ion transfer
number is also evaluated by a series of EIS and CA analysis. The
BE/5Cor electrolyte exhibits a transfer number of 0.16, which is
much lower than that of BE (0.31) (Fig. S14, ESIt and Fig. 3h).
This anticipative performance further confirms the reduced
cation diffusion rate on the Zn anode surface due to the large
size of adsorbate, which is highly consistent with the CI-NEB
result. Briefly, the adsorbed Cor can induce an intense steric
hindrance effect and notably confine the diffusion of the Zn
adatom, thus resulting in moderate Zn/Zn>" redox kinetics and
unified plating/stripping behavior.

Highly homogeneous Zn plating/stripping mode with fine
grains

To identify the specific surface morphology under dual regula-
tion of nucleation and Zn/Zn”>" redox kinetics, various capaci-
ties of Zn are electro-deposited/stripped on copper foil with the
surface analyzed by SEM. At 1 mA cm™? in BE, the deposits
primarily consist of anisotropic platelets with minor initial
dendrites at the top when the capacity is 0.1 mA h em 2 in
BE (Fig. 4a). When the deposition capacity is increased to
0.5 mA h cm™>, the initial dendrites grow rapidly and develop
into moss-like nanowires. Further augmenting the capacity to
1 mA h cm 2, moss-like deposits occupy the entire field of

Energy Environ. Sci., 2024,17, 6787-6798 | 6791
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within 200 seconds. Overview of the diffusion pathway for the Zn adatom on (d) the bare Zn (002) surface (IS and FS represent the initial state and final
state, respectively); (e) the Zn (002) surface with two diagonally aligned water molecules; and (f) the Zn (002) surface with a horizontal adsorbed Cor
molecule. (g) The energy barriers of the three diffusion pathways for the Zn adatom. (h) The calculated transfer numbers of Zn?* ions in different

electrolytes.

vision. In terms of larger current densities such as 5 and
10 mA cm 2, the ratio of dendrite in deposits contacted with
Cu is reduced to a great extent and these deposits seem to be
denser and smoother in BE (Fig. S15a and S16a, ESIt), because
of the faster kinetics of Zn®" ions diffusion.®® Nevertheless, due
to the difference in atomic activity in each Zn crystal facet, the
rapid growth of Zn platelets breaks the flat deposit surface and
eventually forms the shape of dendrites. To further investi-
gate the underlying relationship between |ys| and Zn growth
behavior, Zn is deposited at different overpotentials for a
certain time in the BE electrolyte (Fig. S17, ESIt). Unlike the
large Zn deposits in BE without external overpotential, much
finer Zn sheets are observed on the Cu substrate lying in
random directions after applying high overpotentials of —200,

6792 | Energy Environ. Sci.,, 2024,17, 6787-6798

—220, and —250 mV for 1 min. This result is also consistent
with those of CNTs in which higher |4| reduces the size of the
nucleus. However, as the deposition time increases to 10 min,
some erect sheets develop into thick platelets with a width of
over 10 pum, which serve as dendrites to pierce the separator or
form ‘““dead Zn”, eventually destroying the battery. As a result,
reducing the nuclei size without controlling subsequent growth
cannot stabilize the Zn plating process. It is worth noting that
the difference in electrodeposition morphology with/without
external overpotential may be attributed to the influence of
surface overpotential on Zn surface diffusion, as confirmed in
Fig. S18 (ESIT). With the increase of overpotential, the time of
inflection point on the CA curve decreases gradually, indicating
that the transition of 2D to 3D diffusion is accelerated.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) SEM images of plating 0.1, 0.5, and 1 mA h cm~2 of Zn on the Cu substrate, respectively (inside the red rectangle), and stripping half of the
pre-deposited Zn with a capacity of 1 mA h cm™2 on the Cu substrate (inside the blue rectangle). The applied current density is 1 mA cm™2. The 3D optical
images of (b) deposited Zn with a capacity of 1 mA h cm™2 on the Cu substrate and (c) then stripping 0.5 mA h cm™2 of Zn at 1 mA cm™2. Cross-sectional

SEM images of (d) deposited Zn with a capacity of 1 mA h cm™ on the Cu substrate and (e) then stripping 0.5 mA h cm™2 of Zn at 1 mA cm™2.

In BE/5Cor, benefitting from amplified |i|, finer Zn deposits
are evenly distributed on the substrate at the initial stage (Fig. 4a
and Fig. S15a and S16a, ESIT). As the deposition capacity increases,
the surface diffusion is significantly restrained by the huge
steric hindrance effect of Cor, thus leading to moderate Zn**
ion reduction and suppressing distinct Zn grain growth, which
achieves uniform electrodeposition with no dendrite or moss-
like nanowires. In Fig. S19 (ESIY), it is clearly seen that the
initial grain size slightly decreases with the increase of the
current density, attributed to the amplified overpotential at
higher current density (Fig. S20, ESIT). Even though the capa-
city increases to 10 times of the original (1 vs. 0.1 mA h em™?),
the expansion of deposit size maintains within the submicron
scale (<1 pm), further confirming that the grain growth is
suppressed by Cor. Fig. 4b and Fig. S21a (ESIt) present the
corresponding 3D optical images of the deposition morphology
at 1 mA em > and 1 mA h em 2. A more uniform surface with

This journal is © The Royal Society of Chemistry 2024

2

a smaller average roughness (R,) of 1.268 pum is observed in
BE/5Cor than that in BE (2.618 pum), which is consistent with
the SEM images in Fig. 4a.

Meanwhile, the stripping process is also investigated by pre-
electrodepositing Zn with a certain capacity of 1 mA h cm ™2 on
Cu substrate and then stripping 0.5 mA h cm ™2 of Zn with the
same current density (Fig. 4a and Fig. S15a and S16a, ESIY).
There are two types of Zn stripping behavior identified in BE.
At a low current density (1 mA cm™?), an amount of fragmented
“dead Zn” remains and intersperses between the adjacent Zn
platelets, which cannot participate in the subsequent stripping
process. This behavior is highly related to the moss-like deposi-
tion under low current density. These moss-like Zn deposits are
inherently polycrystalline and mechanically fragile. Although
increasing the active area of the Zn anode would reduce the
local current density, the reaction inhomogeneity across the
whole surface easily fractures the moss-like deposits, therefore
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exacerbating the uneven stripping. At higher stripping current
densities (5 and 10 mA cm™?), the inconsonant dissolution rate
of Zn platelets along different directions results in the initially
dense deposits becoming loose and separating from each other.
As for BE/5Cor, the residual Zn remains compact and inter-
connecting at either current density, mainly based on the
moderate dissolution rate of submicron grains. Remarkably,
the residual Zn after stripping at 1 mA ¢cm > exhibits high
smoothness with a much lower R, of 0.393 um than that in BE
(1.794 pm) (Fig. 4c and Fig. S21b, ESIt).

In addition, cross-sectional SEM images show that the deposi-
tion layers in BE/5Cor are thinner and tightly attached to the Cu
substrate before and after stripping, whereas the loosely deposited
Zn layers in BE are thicker and rugged, demonstrating the denser
plating/stripping behavior under dual regulation of nucleation and
Zn/Zn** redox kinetics (Fig. 4d, e and Fig. S15b, ¢ and S16b, c,
ESITt). The ratio of the deposition layer thickness after stripping (s)
to that before stripping (J;,) can reflect the reversibility of Zn. Since
the stripping capacity is half of the plating capacity (0.5 vs. 1 mA h
cm %), the ideal value of 04/, is 0.5. Compared to BE, the value of
04/0y, is far closer to 0.5 in BE/5Cor at either current density, which
convincingly verifies the homogeneous plating/stripping mode
(Fig. S22, ESIT).

On the other hand, side reactions including electrode corro-
sion and the hydrogen evolution reaction (HER) that occur on the
surface of the Zn anode, are considered to disturb the Zn plating/
stripping process.'" Since the interfacial chemical environment
directly affects the stability of the Zn anode, we measure the pH
values of different electrolytes. As shown in Fig. S23 (ESIT), the pH
is slightly increased from 3.79 to 4.11 with the addition of Cor,
which is conducive to the better anti-corrosion of the Zn anode in
a mild acid solution. Subsequently, the linear polarization tests
show an increase in corrosion potential and a significant decrease
in corrosion current density for the BE/5Cor electrolyte, further
demonstrating the anti-corrosion properties of the Zn anode with
adsorbed Cor (Fig. S24a, ESIt). Moreover, the linear sweep
voltammetry (LSV) testing results show a reduced current density
under negative overpotential, which indicates that Cor molecules
can slow down the HER rate of the Zn anode and reduce the
production of hydrogen (Fig. S24b, ESIT). To further evaluate the
resistance of the Zn anode to side reactions during cycling, the
Zn foils cycled 10 times at 1 mA cm™” in different electrolytes
with two-electrode beaker cells are characterized by SEM and XRD
(Fig. S25, ESIT). After cycling, some light grey fragments are found
at the bottom of the beaker cell in BE, which are regarded as
“dead Zn” attributed to uneven stripping. The SEM image also
shows the mixture of moss-like dendrites and irregular flakes,
which are identified as by-products (Zn,SO4(OH)s-5H,0) in XRD
patterns (Fig. S25b, ESIf). In sharp contrast, Zn foil cycled in
BE/5Cor displays a smoother surface with no discernible by-
product formed, implying the uniform Zn plating/stripping pro-
cess with inhibited side reactions.

Superior electrochemical performance of the Zn anode

We next evaluate the stability of the Zn anode in BE and
BE/5Cor electrolytes with Zn|Zn symmetric cells. As shown in
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Fig. 5a, the Zn anode displays a much longer stable cycling
lifespan in BE/5Cor together with increased voltage hysteresis
(over 900 h) than that in BE (~51 h) at a current density of
5 mA cm ™2 and an areal capacity of 5 mA h em™2. It is worth
noting that the increased voltage hysteresis in the Zn|Zn
symmetric cell mainly originated from the amplified |ns| with
the addition of Cor, which has been confirmed in Fig. 2e and g.
The stability of the adsorbed Cor upon dynamic plating/strip-
ping is also evaluated by FTIR spectra (Fig. S26, ESIf). Com-
pared with the Zn anode before cycling, the adsorption peaks
corresponding to the chemical bonds from the Cor molecule
still distinctly exist on the Zn anode surface after 10 cycles at
5mA cm > and 5 mA h em™?, and are slightly weakened after
30 cycles, indicating that the adsorbed Cor has superior stabi-
lity during cycling to chronically regulate the plating/stripping
mode of the Zn anode. In addition, there is nearly no new
adsorption peak appears after cycling, which confirms that the
adsorbed Cor would not decompose to form a solid electrolyte
interphase (SEI), consistent with the XRD pattern in Fig. S25b
(ESIt). Despite the concern that higher |s| may do harm to
battery performance, the Zn anode in BE/5Cor can even deliver
an extended operation time for 600 h under harsher cycling
conditions (10 mA cm ™2 and 10 mA h em™?), which is about
15 folds to that in BE (~41 h, Fig. 5b). The cycling stability of
the Zn anode at a high Zn utilization rate of 50% (depth of
discharge, DODy,) is further assessed. As shown in Fig. 5c,
due to the uneven nucleation and uncontrollable Zn/Zn**
redox kinetics in the BE electrolyte, the Zn anode is rapidly
consumed and perforated, leading to the open circuit of the
battery within 30 h. In sharp contrast, the homogeneous
plating/stripping mode with fine grains enables the Zn anode
to be stably cycled for ~120 h in the BE/5Cor electrolyte and
extends the lifespan of the battery to 220 h with an increase in
voltage hysteresis. In fact, the Zn anode undergoes huge
volume change under such a high DOD,,, which would induce
the internal stress accumulating in the bulk electrode.®"** With
the increment of the cycle number (from ~120 to 220 h), the
accumulated internal stress would inevitably destroy the con-
nection of the deposited Zn fine grains and shatter the elec-
trode, thus deteriorating the electric contact and increasing the
voltage hysteresis. Impressively, the cumulative plating capa-
city (CPC) at different current densities (2.25 A h em™> for
5 mA cm % 3 A h em 2 for 10 mA cm™?) distinguishes our
system with superior performance compared to most of the
previous reports with other additives (Fig. 5f and Table S1,
ESIt).

We further assess the reversibility of the Zn anode during
plating/stripping in Zn||Cu asymmetric cells, with the Coulom-
bic efficiencies (CEs) recorded in Fig. 5d and e. When cycling
at 2 mA cm 2 and 1 mA h em 2, the Zn||Cu cell with the BE
electrolyte operates for less than 43 h and reaches a short
circuit at the 45th cycle, as confirmed by the flat stripping curve
with a voltage near 0 V (Fig. S27a, ESIt). In sharp contrast, the
cell with the BE/5Cor electrolyte stably cycles for over 1000
times (~1000 h) with a remarkable average CE of 99.52%,
where the homogeneous plating/stripping can be evidenced

This journal is © The Royal Society of Chemistry 2024
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(f) Comparison of the cumulative plating capacity (CPC) in this work with previous reports (see Table S1, ESIT, for details of the data).

by the reversible and stable voltage curves (Fig. S27b, ESIf).
The larger voltage gap between discharge and charge plateaus
in BE/5Cor is also consistent with the phenomenon of ampli-
fied |ns| on the Zn anode surface. The Zn|Cu cell with the
BE/5Cor electrolyte also delivers superior reversibility with an
ultra-high average CE of 99.54% for 350 cycles under 5 mA cm™>
and 2.5 mA h ecm 2, whereas the cell with BE shows a distinct

This journal is © The Royal Society of Chemistry 2024

fluctuation of the CE after 50 cycles due to rampant dendritic
growth and formation of “dead Zn”.

To envisage the feasibility of dual regulation for nucleation
and Zn/Zn*' redox kinetics in real-life batteries, Zn|NVO full
cells are assembled using NaV;0s-1.5H,0 (NVO) as cathode
material. The SEM image and XRD pattern of NVO powders
illustrate a nanorod morphology with several micrometers in
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(a) CV curves of Zn|INVO full cells. The charge/discharge curves of Zn|NVO full cells at different current densities in (b) BE and (c) BE/5C or

electrolytes. Long-term cycling performance of Zn|[NVO full cells at (d) 1 A g~*and (e) 5A g~

length and a highly crystalline phase that can be assigned with
P2,/m space group (JCPDS: 16-0601, Fig. S28 and S29, ESIT).
The CV profiles of Zn|NVO full cells with different electrolytes
(Fig. 6a) present similar redox peaks in both curves, which
indicates that Cor is prone to work on the Zn anode surface and
does not participate in the redox reactions of the NVO cathode
during discharging/charging. Fig. 6b and c show the discharge
and charge curves of Zn|NVO cells with/without Cor. With the
current density increasing from 0.2 to 5 A g~ ', the battery with
the BE/5Cor electrolyte still exhibits a superior discharge
specific capacity of 140.5 mA h g~ ', implying the better rate
performance of the Zn anode.

The long-term cycling test of Zn | NVO batteries (Fig. 6d, at a
rate of 1 A g ) suggests that the full cell with BE undergoes an
activated process within 50 cycles to reach a peak specific
capacity of 231.8 mA h g%, then rapidly decays to ~35.4% of
that after 500 cycles due to the severe side reactions under low
rate.>>®® Notably, with the adsorbed Cor, the full cell secures
70.6% of its original capacity (125.9 mA h g™ ) after 500 cycles.

6796 | Energy Environ. Sci., 2024, 17, 6787-6798

At a higher rate of 5 A g7, the homogeneous plating/stripping
of the Zn anode in the BE/5Cor electrolyte pledges the full cell
to achieve an outstanding capacity retention of 70.8% (with a
specific capacity of 114 mA h g ' at the 500th cycle, Fig. 6e).
By contrast, the specific capacity in BE is drastically degraded to
57.4% within 500 cycles, suggesting an irreversible capacity loss
with dendritic growth/dissolution of the Zn anode. By assem-
bling a Zn||NVO pouch cell using the BE/5Cor electrolyte and a
mass loading of 3.34 mg cm ™2 for NVO cathode (Fig. S30a,
ESIT), a remarkable capacity retention of 79.3% is achieved at
the rate of 0.5 A g~ over 100 cycles, which demonstrates the
feasibility of implementing Cor additive to homogenize Zn
plating/stripping in highly reversible AZMBs (Fig. S30b, ESI{).

Conclusions

In summary, we describe a facile strategy to achieve homo-
geneous Zn plating/stripping with fine grains by regulating

This journal is © The Royal Society of Chemistry 2024
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both nucleation and Zn/Zn>" redox kinetics. The added Cor
molecules preferentially adsorb on the Zn surface to amplify
|ns| and inhibit side reactions, which significantly reduce the
nuclei size and make them uniformly spread over the entire
substrate. Meanwhile, the prominent steric hindrance effect
caused by Cor retarded Zn surface diffusion alleviates the
Zn/Zn*" redox kinetics for growth/dissolution, limiting the
evolution of Zn grains. As such, a homogeneous Zn plating/
stripping is facilitated to enable a dendrite-free and high-
reversible Zn anode. The Zn||Zn symmetric cell with BE/5Cor
exhibits superior cycling stability under different conditions
(900 h at 5 mA cm ™%, 5 mA h cm ™2 and 600 h at 10 mA cm ™2,
10 mA h em™?). The Zn|NVO coin cell delivers capacity reten-
tion values of 70.6% and 70.8% for 500 cycles at rates of 1 and
5 A g ', respectively. Remarkably, the Zn||NVO pouch cell with
a mass loading of 3.34 mg cm™? can even retain 79.3% of its
original specific capacity over 100 cycles at 0.5 A g~ . This facile
dual regulation strategy opens up another window for the
development of future high-performance AZMBs.
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