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HIGHLIGHTS

e Electric double-layer regulation enabled by an ultrathin multifunctional solid electrolyte interphase layer with zincophilicity and rapid

transport kinetics.
e [owered potential drop over the Helmholtz layer and suppressed diffuse layer.

® Inhibited side reactions and uniform zinc deposition.
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ABSTRACT The practical application of

aqueous zinc-ion batteries for large-grid scale

‘ ©
systems is still hindered by uncontrolled zinc . “:T ™~ Outer Helmholtz Zn?*
dendrite and side reactions. Regulating the elec- Llane ol
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trical double layer via the electrode/electrolyte 2 p »
interface layer is an effective strategy to improve | = = H,0
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the stability of Zn anodes. Herein, we report an E e ;f %
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ultrathin zincophilic ZnS layer as a model regu- |5 & "Diff“se layer S S0
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lator. At a given cycling current, the cell with & & 9 o0
S »
Zn@ZnS electrode displays a lower potential = :(:b} & Hydrated Zn?*

drop over the Helmholtz layer (stern layer) and
a suppressed diffuse layer, indicating the regulated charge distribution and decreased electric double layer repulsion force. Boosted zinc
adsorption sites are also expected as proved by the enhanced electric double-layer capacitance. Consequently, the symmetric cell with the
ZnS protection layer can stably cycle for around 3,000 h at 1 mA ¢cm™ with a lower overpotential of 25 mV. When coupled with an 1,/
AC cathode, the cell demonstrates a high rate performance of 160 mAh g~! at 0.1 A g~! and long cycling stability of over 10,000 cycles
at 10 A g~'. The ZnlMnO, also sustains both high capacity and long cycling stability of 130 mAh g ! after 1,200 cycles at 0.5 A g™\,
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1 Introduction

Aqueous zinc-ion batteries (AZIBs), featuring low cost,
high safety, and satisfactory theoretical capacity (820 mAh
g71/5855 mAh cm™), can be a powerful candidate in future
grid-scale energy storage [1-4]. However, the uncontrolled
zinc dendrite and parasitic side reactions still hinder the
development and practical application of AZIBs [1-3]. The
aforementioned issues are strongly related to the electric
double-layer (EDL) structure since the electrochemical
reaction happens in this minuscule region [1]. Specifically,
during the charging process, the hydrated zinc ions must first
dissociate from the water molecules at the Helmholtz layer
before undergoing reduction [1]. This will leave rich H,O on
the EDL and hydrate the electrode surface, inducing corro-
sion and hydrogen evolution (HER) [2]. Besides, under the
EDL repulsion force, the Zn>* has the propensity to deposit
at protrusions induced by the inhomogeneous electric field,
leading to the formation of a loose deposition layer [1].

Tremendous efforts have been devoted to solving these
issues, such as designing eutectic electrolytes or highly con-
centrated systems [2—-7] and introducing electrolyte addi-
tives [8—13]. However, the efficacy of these strategies greatly
depends on the additive utilized. Chen’s group points out
that for electrolyte additives, the ability to form a solid elec-
trolyte interphase (SEI) other than parameters of adsorption
energy, donor numbers, and dielectric constant, predomi-
nates the EDL structure and influences the anode stability
[14]. Based on this finding, it is expected that building an
SEI will endow uniform zinc flux and deposition.

In theory, three key factors should be considered for
choosing potential SEI candidates [15]. Firstly, high Zn>*
conductivity and electron insulation are required to lower
the concentration polarization and inhibit hydrogen reduc-
tion. Secondly, materials should be tensile enough and show
good adherence to the substrate, enabling their stable struc-
ture and tolerance to drastic volume changes. Finally, a thin
and dense structure is desired to isolate the electrolyte and
reduce unnecessary weight caused by thick coatings. Gener-
ally, the in situ formed SEI layer by electrolyte decomposi-
tion upon cycling [16—18] which concerns the continuous
consumption of electrolytes and uncontrollable thickness,
is not desirable for battery cycling. As a result, building an
artificial SEI layer is a promising alternative. Various metal
oxides like CaCOs, TiO,, and Fe,0; have been studied as
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coating materials for anode protection, but poor adhesion
and stretchability can cause cracks and the detachment of
the coatings from the electrode [19-24]. Metal nanoparti-
cles, such as Au, and Ag with high overpotential for Zn**
reduction, are not suitable for hydrogen evolution (HER)
suppression [25-27]. Currently, some zincophilic semi-
conductors with electronegative elements, like ZnF,, ZnO,
ZnS, and ZnSe, have received a popular application in elec-
trode engineering due to their strong affinity to Zn** and
lowered nucleation barriers [16, 28—-31]. However, most of
these reported SEI layers are synthesized under stringent
conditions, such as a high vacuum or low oxygen-deprived
atmosphere at high temperatures, which challenges mass
production [28, 30]. Additionally, the diffusion of the Zn%t
through the SEI layer must overcome some energy barriers,
making it necessary to control the thickness to minimize the
diffusion path.

Herein, an ultrathin nanoparticle-like ZnS SEI layer is
selected as a model EDL regulator. As shown in Scheme 1,
the zincophilic ZnS layer not only cuts off the electron trans-
fer, eradicating water-induced parasitic reactions but also
redistributes the concentrated electric field and electrolyte
current density [32, 33]. The protective layer also provides
more active sites for Zn>* adsorption. As a result, a dendrite-
free and side reactions suppression performance could be
expected. More encouragingly, both the simulation and elec-
trochemical characterizations confirmed that the presence
of the SEI layer regulates charge distribution and decreases
EDL repulsion force, and induces a compact and dense zinc
deposition. With the optimized EDL, the Zn@ZnS sym-
metric cells sustain ultra-stable cycling of nearly 3,000 h at
1 mA cm™2, accompanied by decreased voltage hysteresis
(43.6 mV). A high average reversibility of 98.9% is obtained
in 2,500 cycles at a high current density of 5 mA cm~2. This
work highlights the importance of EDL regulation on the
behavior of zinc electrodeposition.

2 Results and Discussion

2.1 Construction, Morphology, and Properties of ZnS
Layer

The ultrathin ZnS layer was galvanostatically deposited on

the zinc surface in 0.2 M Na,S solution. Upon the current
flow (2.5 mA cm™?), the zinc metal underwent oxidation

https://doi.org/10.1007/s40820-023-01312-1
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Scheme 1 Schematic of zinc deposition process at the Zn and Zn@ZnS surface

and released Zn*, which then reacted with S~ in the inner
Helmbholtz plane (IHP), forming the uniform ZnS SEI layer
with a thickness of 200 nm over an electrodeposition time of
2 min (Figs. 1a and S1). It should be noted that the thickness
is in the same order but lower than the theoretical value of
380 nm due to the lower current efficiency [34]. Importantly,
the ZnS SEI layer demonstrates a strong adhesion to the
Zn substrate, and even after being twisted, no cracks are
observed on the ZnS surface (Fig. S2). The chemical com-
position of the ZnS film was analyzed by X-ray photoelec-
tron spectroscopy (XPS). Figures 1b, c and S3 indicate the
pristine Zn foil only presents the Zn 2p,,, and Zn 2p;,, signal
with the binding energies of 1045 and 1022 eV, respectively
[35]. In contrast, the Zn@ZnS electrode exhibits distinct S
2py, (162.4 eV) and S 2p5,, (161.3 eV) peaks, indicating
the successful synthesis of ZnS [28]. Besides, the binding
energy of zinc in the Zn@ZnS electrode shifts to a higher
value due to the formation of Zn—S bonds. Good wettability
of the electrolyte to the electrode is a crucial factor in opti-
mizing the zinc nucleation behavior by advancing the Zn>*
diffusion toward the electrode and decreasing the nucleation
energy (Eqgs. S16 and S17) while retaining the nucleation
radius [16, 36]. Figure S4 shows the contact angle for the
Zn@ZnS electrode (71°) is smaller, compared to the bare
Zn electrode (106.5°), confirming a better wettability of the
electrolyte toward Zn@ZnS electrode due to the stronger
interaction with ZnS.

The morphology evolution before and after the ZnS SEI
layer was studied by the scanning electron microscope
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(SEM) images. As depicted in Fig. 1d, e, the pure Zn
surface displays numerous scratches and cracks due to
its rough manufacturing. These imperfections induce the
“tip effects” that unevenly distributed electric field aggra-
vates the uniform deposition of Zn. With the ultrathin ZnS
SEI layer (Fig. 1f, g), the electrode shows a flatter and
smoother surface, and nanoparticle-like morphology can
be observed. Such structure can increase the contact area
of the electrode/electrolyte and guide the uniform diffu-
sion and deposition of Zn. The atomic force microscope
(AFM) images also suggest a smoother surface with the
ZnS SEI layer where the surface average roughness (R,)
decreased from 24.3 nm for the bare Zn surface to 11.9 nm
for ZnS covered surface (Fig. S5). In addition, the energy-
dispersive X-ray spectroscopy (EDX) mapping images in
Fig. 1h verified that S and Zn elements are homogeneously
distributed across the surface, confirming the uniformity
of the ZnS protection layer. The cross-sectional EDX map-
ping results shown in Fig. S6 also display the distribu-
tion of ZnS on the surface of the Zn electrode with an
approximate thickness of 200 nm. The XRD results of the
prepared Zn@ZnS electrode surface show no extra peaks
except the Zn metal signal (Fig. S7). That may be due to
the amorphous state of deposited ZnS. The thickness and
morphology of this ZnS layer can be adjusted by control-
ling the electrodeposition current and time. Lower current
density may cause the poor coating or high impurity of
the deposits while higher current density tends to result in
the severe agglomeration of deposits [37-39]. Besides, at
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Fig. 1 Morphology and properties of ZnS Layer. a Atomic force microscopy image of the electrode (right part: without ZnS; left part: with ZnS
deposition). b, ¢ XPS of Zn and Zn@ZnS electrodes. d, e SEM images of pure Zn electrode. f, g SEM images of Zn@ZnS electrode. h EDX-

mapping of Zn@ZnS surface

a given capacity, a lower electrodeposition current gener-
ally corresponds to a thinner coating thickness due to the
low current efficiency [37, 38]. The SEM images in Fig.
S8 exhibit that at a low current density of 1.25 mA cm_z,
cracks are still obvious on the surface, while with a high

2, small nanoparticles appear

current density of 5 mA cm™
on the surface. However, these particles are not uniform
and tend to aggregate in some areas, which is consistent

with the phenomenon observed in previous reports.

2.2 Regulated Electric Double Layer

As stated by Derjaguin—-Landau—Verwey—Overbeek (DLVO)
theory, the zinc ions in aqueous solutions suffer the electric

© The authors

repulsive force brought from the counterions in EDL as well
as the van der Waals attractive force (VDW) [40]. Under
the repulsive governed force, the zinc ions tend to deposit
at “tips” through a 2D diffusion and form a loose structure,
whereas a compact and dense structure can be obtained with
attractive force. In this regard, a regulated EDL repulsion
force is desired. According to the Poisson—Boltzmann (PB)
equation, the reduced EDL repulsive force can be reflected
in the suppressed EDL thickness, which can be described
by Debye length [40].

To reveal the suppression of EDL by the presence of
the ZnS SEI layer, multiple calculations were performed.
Firstly, the EDL structure with and without the ZnS SEI
layer was modeled by COMSOL Multiphysics based on the

https://doi.org/10.1007/s40820-023-01312-1
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experimental data. As shown in Fig. 2a, the potential differ-
ence over the Helmholtz layer is higher (36.4 mV) for the
Zn electrode than the Zn@ZnS electrode (22 mV), dem-
onstrating that Zn>* suffers a lower energy barrier for the
desolvation and reduction in the presence of ZnS layer. This
weakened EDL repulsive force is conducive to dense zinc
deposition. The cell with Zn@ZnS electrode also shows a
suppressed diffuse layer, indicating a reduced EDL repulsive
force between the charged particles. The reduced EDL repul-
sive force can reduce the diffusion barrier for the hydrated
zinc ions. Figure 2b, c intuitively displays the composition
of EDL without and with the ZnS SEI layer. The hydrated
zinc ions, along with SO,>~ anions, can only approach the
outer Helmholtz layer (OHL) [1, 14]. Subsequently, the
accompanied SO42_ anions, de-solvated Zn?*, and water
molecules taken off from hydrates diffuse toward the zinc
surface through the inner Helmholtz layer (IHL). With a bare
Zn electrode, SO,>~ anions and water molecules can specifi-
cally absorb on the surface and cover the active site for Zn>*
adsorption, leading to side reactions, and the formation of
the by-product. Besides, under the high repulsion force, Zn>*
tends to diffuse and deposit at the protrusions due to the “tip
effects”, forming scattered platelets and potentially induc-
ing zinc dendrite growth (Fig. 2b). With ZnS film, the tips
were covered and a uniform surface with a strong affinity to
the Zn®>* can be obtained (Fig. 2¢). The enhanced desolva-
tion effects via the strong interaction between S and adatom
could exclude water molecules from entering the IHP and
prevent the direct contact of water and Zn substrate, forming
a water-poor environment [14].

To experimentally study the charge state of zinc anode
in an aqueous solution, the zeta potential was tested. The
zeta potential of zinc powder in aqueous solutions exhibits
a negative value, suggesting the zinc surface is negatively
charged (Fig. 2d) [41, 42]. By contrast, the zeta potential of
ZnS powder is positive, with a high average value of 18.4
mV, consistent with the reported value [43]. The high zeta
potential material is conducive to enhancing the electroki-
netic effects of the battery by fastening the mass transport
rate and adjusting ion distribution, which can be evidenced
by the ions’ concentration gradient in the electrolyte (Fig.
S9). Figure 2e shows the zeta potential of zinc deposits in
pure Zn and Zn@ZnS surface. The results indicate both
deposits present negative values, but a high absolute value
of 12.2 mV for Zn@ZnS suggests the deposit is more stable
from aggregating into a large nucleus, leading to uniform
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zinc deposition. The impact of the ZnS SEI layer on the EDL
capacitance evolution was also studied by CV tests. Based
on the equation C=¢A/d, where ¢ is the dielectric constant
of the electrolyte, A is electrode surface area and d is the
EDL thickness, higher capacitance can be obtained with a
higher specific surface area and smaller EDL thickness. As
shown in Figs. S10 and 2f, the symmetric cell with Zn@
ZnS electrodes shows much higher capacitance (156.68 pF
cm™2) than that using bare Zn electrodes (60.30 uF cm™?),
which is attributed to the abundant deposition sites on Zn@
ZnS surface and decreased electric double layer. The higher
capacitance is conducive to homogeneous zinc diffusion and
deposition [1]. The enhanced electrokinetic and rich depo-
sition sites can increase the reaction rate and decrease the
reaction barrier, thus decreasing the potential drop over the
compact layer and suppressing the diffuse layer.

It is well known that the solvation structure dominated
by water is significant in determining the reaction kinet-
ics since the hydrated Zn”>* needs to be de-solvated before
gaining electrons [44]. The activation energy (E,) is cal-
culated based on the electrochemical impedance spectros-
copy (EIS) tests. Figure 2g, h shows that with temperatures
ranging from 50 to 80 °C, the resistance of both electrodes
decreases, and at a given temperature, the R, of the Zn@
ZnS electrode (Fig. 2g) is much lower than that of the pure
Zn anode (Fig. 2h), demonstrating an enhanced charge trans-
fer capability. A semi-circle in a high-frequency area is also
observed for the Zn@ZnS electrode, corresponding to the
resistance associated with Zn>* crossing the SEI layer. The
calculated activation energy (E,) based on the Arrhenius
equation and the fitting results (Table S2) for the Zn elec-
trode is 39.20 kJ mol~!, in comparison to 30.89 kJ mol~! for
the ZnS SEI layer (Fig. 2i). The decreased activation energy
for Zn@ZnS cell can be attributed to the strong interaction
between Zn* and electronegative sulfur elements weakens
the repulsive force. What’s more, the water molecules in
the solvation sheath are being attracted by the ZnS layer
when diffused toward the zinc surface, advancing the des-
olvation process and the charge transfer rate. Additionally,
the Zn>* transference number 7zn°* was studied to illustrate
the Zn>* conductivity in the ZnS SEI layer (Fig. S11). The
symmetric cell with bare Zn electrodes shows a low #zn”* of
only 0.15, while the cell with Zn@ZnS electrodes displays a
high Zn* conductivity of 0.50. That’s because the hydrated
Zn>* moves slower than pure Zn** in an aqueous solution,
and the lower desolvation rate causes the high concentration

@ Springer
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polarization of Zn (H20)62+ near the electrode vicinity.
Meanwhile, SO42‘ anions migrate toward the opposite elec-
trode and result in charge separation, which limits the over-
all operating voltage because of the building of a junction
potential. With the ZnS SEI layer, the decreased diffusion
barrier and the fast de-solvation rate lowered the concentra-
tion gradient, and a fast Zn** conductance can be obtained.

The density functional theory (DFT) simulations were
further performed to study the interaction between the
absorbed Zn atom (adatom) and the Zn or Zn@ZnS elec-
trode. As shown in Fig. 2j, the absorption energy of Zn-
Zn@ZnS is — 2.21 eV (ZnS-Znl and ZnS-Zn2 represent
different adsorption sites, see Fig. S12), much lower than the
Zn-Zn interaction (— 0.26 eV), indicating the strong inter-
action between ZnS and adatom which enables more active
sites for Zn** adsorption. The Bader charge analysis was
then calculated to quantitively evaluate the electron transfer
upon the adatom adsorption (Figs. 2k and S13). The results
indicate with Zn-Zn adsorption, 0.045¢ was transferred from
adatom to Zn in the substrate, while 0.180e was attracted
by S, specifying the preferable and stronger adsorption of
the adatom on the ZnS surface. The charge density differ-
ence in Figs. 21 and S14 intuitively shows the unbalanced
charge distribution across the surface caused by the bonding
interaction between the S and Zn adatom. The unbalanced
charge distribution accelerates the Zn>" diffusion across the
ZnS layer and the deposition process because of the stronger
electrostatic attraction toward Zn>* other than the hydrated
one in the electrical double layer, advancing the desolva-
tion and reaction rate [31]. For zinc deposition at the Zn@
ZnS electrode, there are energy barriers for the Zn>* diffus-
ing through the ZnS SEI layer to the zinc surface, which is
0.035 eV as calculated by DFT (Figs. S15 and S16). There-
fore, shortening the diffusion path is required to achieve
a fast reaction rate. In this regard, the ultrathin ZnS SEI
layer with a thickness of 200 nm can minimize the energy
barrier while ensuring a protective effect. As a result, the
intrinsic affinity of ZnS toward Zn adatom enables more
Zn** to diffuse through the ZnS film due to the decreased
energy barrier and existing abundant nucleation sites, con-
tributing to homogeneous Zn deposition and a dendrite-free
morphology. Besides, to study the electrolyte surface in real-
istic environments, VASPsol was used to study the solva-
tion energy of ZnS and Zn slab in water solvent conditions
[45]. The results in Table S1 show that the Zn slab shows
negligible solvation energy difference between vacuum and
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water environments; By contrast, the ZnS slab shows a more
negative solvation energy of — 3.694 eV over a supercell of
7.62%9.90 A2, implying a higher stabilization of the surface
due to solvation [45].

2.3 Suppressed Side Reactions and Zinc Dendrite

To investigate the impact of regulated EDL on the battery’s
performance, electrochemical characterizations were con-
ducted to examine the suppression of side reactions and
inhibition of zinc dendrite. The HER suppression was veri-
fied by the linear sweep voltammetry (LSV) test (Fig. 3a).
The Zn@ZnS electrode requires higher HER overpotential
(— 1.14 V vs. SCE) than the pure Zn electrode (— 1.0 V
vs. SCE) for achieving the same reduction current density,
indicating the HER is alleviated with the ZnS SEI layer [46].
The relieved zinc corrosion is also evidenced by the Tafel
plot (Fig. 3b). With the SEI layer, the corrosion current
decreases (1.19 vs. 1.33 mA cm™?), and corrosion potential
increases from — 1.04 to — 1.02 V (vs. Ag/AgCl), suggest-
ing the ZnS SEI layer can reduce the corrosion rate. The
inhibited side reactions were further confirmed by XPS,
X-ray powder diffraction (XRD), and SEM images. The XPS
results of Zn@ ZnS after cycling illustrate lower S content
at 168.5 eV, corresponding to the S in Zn,SO,(OH)4-H,0
(Fig. 3c). This implies the formation of the by-product is
diminished with the ZnS protection layer, which is con-
sistent with the XRD result and SEM images. Besides, the
XPS results of Zn@ ZnS after cycling also show the S 2p,
(162.4 eV) and S 2p;;, (161.3 eV) peaks (Fig. S17), which
corresponds to the S in ZnS state, indicating the stable exist-
ence of ZnS in the cycling process. The XRD results in Fig.
S18 display that compared with the bare Zn electrode (0.91),
the peak intensity ratio of the by-products and (002) plane
(Loy-products’(002)) 18 lower for the Zn@ZnS electrode (0.5),
proving limited by-products formation on Zn@ZnS anode
after 100 h’s cycling. Figure S19 suggests that after soaking
in2 M ZnSO, (ZSO) for 5 days, a large flake-like by-product
appears on the pure zinc surface, which was reported to be
the Zn,SO4,(OH)¢-H,O. By contrast, the Zn@ZnS electrode
surface shows a dense structure with only a few small flakes
observed. These results indicate that the side reactions of
HER and Zn corrosion are greatly inhibited with the protec-
tion of the ZnS SEI layer.
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Coulombic efficiency (CE) was further examined in Zn//
Cu asymmetric cells as a key parameter to reflect the revers-
ibility of the battery running. As displayed in Fig. S20 at
typical conditions of 1 mA cm~2 and 1 mAh cm™2, the CE
of the cell using pure Zn anode fluctuates and drops in less
than 90 cycles; by contrast, the Zn@ZnSlIICu cell cycles
more than 220 cycles with an increasing CE, indicating the

© The authors

suppressed side reactions. The reduced voltage polariza-
tion (27.3 vs. 43.8 mV) and nucleation overpotential (44
vs. 56 mV) also confirm the decreased nucleation barrier
enhanced reaction kinetics induced by ZnS. Increasing the
current density to 5 mA cm™2, the cell with Zn@ZnS anode
manifests a high CE of 98.9% on average with good stabil-
ity for more than 2,500 cycles while the CE of ZnlICu cell

https://doi.org/10.1007/s40820-023-01312-1
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fluctuated and failed at~ 600 cycles (Fig. 3d). Besides, the
charge/discharge curves of Zn@ZnSlIICu cell remain stable
with a low voltage polarization of 56.7 mV (Fig. 3e), much
lower than that using the Zn anode (85.97 mV) (Fig. 3f).
This demonstrates that Zn@ZnS could constrain side reac-
tions like the HER and notorious ‘‘dead Zn’’ formation,
sustaining a high CE.

The impact of the ZnS SEI layer on the zinc dendrite sup-
pression is theoretically studied by band structure calculation
and experimentally verified by SEM images. The band struc-
ture of pure Zn, pure ZnS, and Zn@ZnS electrodes is calcu-
lated, as shown in Figs. S21 and 3g. The pure Zn metal shows
no band gap, while the pure ZnS shows a band gap of 2.07 eV,
consistent with the results reported before [47, 48]. Compared
with pure ZnS, the Zn@ZnS electrode interface still shows
a semiconductor property but with a decreased band gap of
1.81 eV, that is because when the metal and the semiconduc-
tor are contacted, electrons from the conduction band of the
semiconductor will flow into the metal until both Fermi lev-
els equilibrate. With a semiconductor SEI layer, the zinc ions
prefer to deposit under the ZnS film since the interface of Zn
and ZnS has a lower potential. This is also proved by our EDX
mapping results (Fig. S22). Figure S22 indicates that after 50
cycles, the Zn content in the surface area is lower than that in
the bulk area because the zinc ions tend to deposit under the
ZnS layer, which is conducive to the uniform deposition of
zinc. The regulated zinc deposition with the ZnS SEI layer
is further observed via the SEM. As depicted in Fig. 3h, i,
the pure zinc surface after 50 cycles shows large flakes that
are vertically oriented, potentially leading to the short-circuit
of the battery. By contrast, the zinc surface with ZnS thin
film presents a flatter surface and horizontally deposited zinc
morphology, suggesting a dendrite-free zinc deposition. The
uniform deposition of zinc is also confirmed by AFM images
depicted in Fig. S23. The pure Zn anode shows a large aver-
age roughness (R,) of 159 nm after 25 cycles, whereas a much
flatter surface with Ra of 31.1 nm is obtained in the presence
of the ZnS SEI layer. The different Zn deposition behavior is
further studied by the chronoamperometry (CA) test (Fig. 3j).
The classical nucleation theory (CNT) [49] suggests that the
zinc nucleus is prone to aggregate during the deposition pro-
cess to minimize the surface energy through the 2-dimension
(2D) diffusion behavior. Then the following Zn** has a strong
propensity to absorb on the preformed tips under the force of
a higher electric field, leading to the zinc dendrite growth. Fig-
ure 3j shows that with an applied overpotential of — 150 mV,
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the Zn anode presents a continuous current density increase
within 200 s, specifying a rampant 2D diffusion and vertical
zinc deposition on the protuberances [50]. By contrast, the
response current of the Zn@ZnS electrode stabilized in less
than 20 s due to the strong interaction between S>~ and Zn?,
demonstrating a fast nucleation rate followed by a suppressed
diffusion behavior.

To further understand the impact of ZnS-regulated EDL on
the behavior of zinc plating, the finite element analysis per-
formed by COMSOL Multiphysics was used to illustrate the
zinc deposition behavior [51]. The zinc deposition and growth
behavior were simulated at 5 mA cm™. Figure 3k illustrates
that the electrolyte current density distribution is highly une-
ven across the Zn surface, with a significantly higher current
near the protuberances than the flat surface area. Additionally,
an intense distribution of the electric field can be observed
near the protuberances (Fig. S22b). Consequently, the subse-
quent Zn>* heavily diffuses and deposits around the nucleus
pre-formed in the initial stage, leading to the formation of the
zinc dendrite. On the contrary, with the SEI layer, the pertur-
bance of the zinc surface was covered by the nanoparticle-like
surface and a large surface area can be obtained. As shown in
Figs. 31 and S24a, the Zn@ZnS electrode presents a uniform
current density and electric field distribution, with a slightly
higher current on the boundary of particles, facilitating the
uniform Zn deposition and the formation of a flat surface. This
is also confirmed by the electrodeposition thickness (Fig. S25).
For the Zn electrode, most Zn deposits at the tips and little
at the bottom flat area, while the Zn@ZnS electrode shows
evenly distributed thickness, demonstrating the ZnS layer
can alleviate the dendrite growth and promote uniform zinc
deposition.

2.4 Electrochemical Evaluation of Ultra-stable Zn@
ZnS Anode

To further demonstrate the enhanced electrochemical perfor-
mance of the Zn@ZnS anode, the galvanostatic charging/dis-
charging process was studied in symmetric cells. Figure 4a
exhibits the rate performance of the cells with a capacity
of 1.0 mAh cm™2. The cell with Zn@Zn$ anode displays
excellent cycling stability over various current densities,
while the cell using pure Zn anode suffers a short circuit at
6.0 mA cm™. Besides, Fig. 4b indicates the cell with the
ZnS protection layer shows much lower voltage hysteresis,
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especially at higher current density. That is because the good
wettability of ZnS film decreases the surface energy and
advances the Zn%* diffusion toward the electrode. Besides,
the zincophilicity ZnS layer can greatly reduce the diffusion
barrier of hydrated zinc ions and promote the desolvation
process. Such low voltage hysteresis induced by the ultrathin
layer outperforms most previously reported coatings or SEI
layers (Fig. 4c), revealing the great potential of the Zn@ZnS
anode to achieve fast and deep energy storage.

The long cycling stability of the symmetric cells at vari-
ous current densities and areal capacities was also carried
out to investigate the suppressed zinc dendrite and side reac-
tions induced by the optimized EDL. At typical conditions
of 1 mA cm~2 and 1 mAh cm™2, the Zn@ZnS cell can stably
cycle for almost 3,000 h, nearly 15 times longer than that of
pure zinc anode (Fig. 4d). Besides, the voltage hysteresis of
Zn@ZnS is more stable and much lower than the Zn anode

© The authors

(43.6 vs 81.1 mV) (Fig. S26). With an elevated current den-
sity of 3 mA cm™2, the battery with Zn@Zn$S anode exhib-
ited long cycling for more than 1,500 h, while the battery
using pure Zn anode failed after 250 cycles resulting from
the internal short circuit caused by zinc dendrite growth
(Fig. 4f). At a high current density of 5 mA cm™ and a
capacity of 2 mAh cm~2 (Fig. S27), the pure Zn cell only
cycles for 70 h before the short circuit; By contrast, the bat-
tery with Zn@ZnS anode presents a stable running state for
more than 350 h along with a lower voltage hysteresis, indi-
cating the faster reaction kinetics and uniform plating of zinc
deposits. To evaluate the performance under harsher practi-
cal conditions, the cycling performance was studied with a
thin zinc foil of 20 pm. At 2 mA cm~2 and 0.5 mAh cm™2,
the battery with ZnS SEI layer can stably cycle for around
600 cycles, in contrast to 150 cycles with pure Zn anode
(Fig. S28). At a high depth of discharge (DOD) of 34.3%, the
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Nano-Micro Lett. (2024) 16:96

Page 11 of 15 96

cell with Zn@ZnS anode still sustains a stable performance
over 200 h, whereas the cell using pure Zn anode displays
a fluctuating voltage and a short working time of 25 cycles
(Fig. 4g). The electrochemical performance of the Zn@ZnS
electrodes prepared at different reaction times and current
densities were also tested at 2 mA cm~2 and 2 mAh cm™2
(Fig. S29). The results indicate the quality of the ZnS SEI
layer largely depends on the charging capacity during the
electrodeposition process, and a moderate charging capacity
is decisive to getting a ZnS film with good protective effects.
2 the
ZnS prepared under a longer deposition time of 8 min shows

For instance, at a low current density of 1.25 mA cm™

the best performance, while for a high current density of
5 mA cm™2, a shorter deposition time of 1 min achieves the
best performance. Overall, the longest lifetime is obtained
at a combination of 2.5 mA cm™2 and 2 min due to the uni-
form distribution of nanoparticle ZnS. Figure 4e compares
the relationship between the lifetime and coating thickness.
Ideally, a long battery life with a thinner coating layer is
always desired since the inactive coating could reduce the
energy density of the battery. Compared with the previously
reported materials, the ultrathin ZnS SEI layer exhibits a
competitive advantage in terms of long cycling perfor-
mance, revealing the great potential of the Zn@ZnS anode
to achieve an ultralong dendrite-free deposition behavior
[19, 28, 30, 36, 37, 40, 52, 53].

2.5 Electrochemical Performance of Zn@ZnS in Full
Cells

To test the practical application of the Zn@ZnS anode in
ZIBs, the full cells with I,/AC and MnO, as cathode materi-
als were assembled. Figure S30a shows the XRD patterns
of I, crystal (JCPDS#72-0012), active carbon (AC), and a
composite of I,/AC. The XRD peaks of the I,/AC compos-
ite generally match with the XRD peaks of active carbon
(AC), both exhibit two broad peaks at around 22° and 43°,
corresponding to the (002) and (100) diffraction patterns
of amorphous carbon materials. However, no evident I,
peaks can be detected in the I,/AC, indicating the forma-
tion of non-crystalline iodine [54]. Figure S30b indicates
the a-MnO, matches with the PDF card of JCPDS#72—-1982.
Figure 5 shows the electrochemical performance of Znlll, @
AC supercapattery and ZnllMnO, battery. The CV curves
in Fig. 5a demonstrate that the zinc-iodine supercapattery
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with Zn@ZnS anode reached a higher current density and
smaller redox overpotential due to the faster desolvation
process and Zn>" migration rate. This is consistent with the
Nyquist plots of the cell at a different resting time shown in
Fig. 5b. With the ZnS protection layer, the cells all displayed
lower charge transfer resistance at the beginning and after
5 I’ resting, further proving the suppressed side reactions
and enhanced interaction of Zn@Zn$ anode with Zn>* ions.
The galvanostatic charging/discharging process was further
conducted to elucidate the impact of the ZnS SEI layer in a
full cell. The rate performance in Fig. 5S¢ shows that the full
cell with Zn@ZnS anode presents better rate performance
and higher specific capacity, and a higher capacity of 160
mAh g~!is reached at 0.1 A g~!. The charge and discharge
curves of Zn@ZnSIII,@AC full cell in Fig. 5d display a wide
working window of 0.2-1.8 V and evident working plateaus
at~ 1.2V, corresponding to the redox potential of I,/I" [55].
Figure S31 shows the long-term cycling stability at 10 A
g~ ! of the cells with and without the ZnS layer. As reported,
the generation of soluble polyiodide intermediates during
the cycling process tends to corrode the zinc anode due to
the “shuttle effect” [56]. Herein, to study the influence of
the ZnS SEI layer on the inhibition of “shuttle effects”, the
cell was subjected to 2,000 cycles followed by a day rest
before restarting. Figure S31 shows that during the whole
cycling process, the cell with Zn@ZnS anode exhibits higher
capacity than the cell using a pure zinc anode. And a high
capacity of 115 mAh g™ is obtained in the first 2,000 cycles.
After 1 day of rest, the cell can still stably cycle for more
than 8,000 cycles, with a high capacity retention of 82%.
By contrast, the cell with pure zinc anode exhibits a faster
capacity decay after one day’s resting, and the capacity drops
to 60 mAh~! after 10,000 cycles. To meet harsh operating
conditions, the long cycling performance of full cells with a
low N/P ratio of 3 (ultrathin zinc foil of 20 pm) was further
studied at a current density of 1A g~! (Fig. 5e). With the
ZnS protection layer, the full cell sustains stable cycling for
more than 900 cycles, with a capacity retention of 63%. In
comparison, the cell with pure zinc anode manifests lower
specific capacity than the Zn@ZnS anode in the first 400
cycles and then suffers drastic capacity decay to zero. These
results suggest that the side reactions and zinc dendrite are
greatly suppressed with ZnS coating.

The electrochemical performances of Zn/MnO, full cells
were further studied. The cell with Zn@ZnS anode shows a
better rate performance with a higher specific capacity over
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various current densities (Fig. 5f), and a higher capacity of
250 mAh g~! is obtained at 0.1 A g~!, compared to 220 mAh
g~ ! for the bare Zn. This is consistent with the results obtained
with I,/AC cathode. The higher capacity of full cells in the first
few cycles with Zn@ZnS anode can be attributed to the fast
reaction kinetics and suppressed side reactions. The charge
and discharge curves in Fig. S32 display two typical discharge
plateaus caused by consequent H*/Zn* intercalation [57].
Importantly, with Zn@ZnS anode, the cell sustains both higher
capacity and long cycling stability of 130 mAh g~ after 1,200
cycles at 0.5 A g~!, while the cell with bare Zn under a fast
capacity decay within 600 cycles (Fig. 5g). The enhanced per-
formance can be attributed to the following aspects. Firstly, the
suppressed side reactions caused by the ZnS SEI layer protect
the anode from corrosion and alleviate the cathode dissolution
due to the inhibition of water decomposition. Secondly, the
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good wettability and the enhanced zinc ions migration contrib-
ute to the low-concentration polarization and high reactivity in
the ZnS-modified battery.

3 Conclusion

In this work, we introduced an ultrathin nanoparticle-like
ZnS film on the Zn substrate via a facile and controllable
electrodeposition method. SEM, DFT, and COMSOL study
results verify that this ultrathin ZnS SEI layer with strong
adherence to Zn substrate and good wettability is effective
in EDL regulation, which provides decreased EDL repul-
sion and compact zinc deposition. Besides, the electrode
with this multifunctional ZnS protective layer shows highly
suppressed side reactions of HER and corrosion. Specifi-
cally, a high CE of 98.9% and a long cycling hour of 2,500
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cycles is achieved in a Zn/Cu symmetric cell at 5 mA cm™2,
and an ultralong lifetime of around 3,000 h is obtained at
1 mA cm~2 and ImAh cm™2. Furthermore, the feasibility of
the Zn@ZnS electrode is tested in the Znlll,@ AC superca-
pacitor as well as in the ZnlIMnO, battery. When coupled
with an I, @ AC cathode, the cell exhibits stable cycling for
more than 10,000 cycles, with a higher capacity and sup-
pressed “shuttle effects.” The ZnlIMnO, battery with the ZnS
SEI layer also sustains both higher capacity and long cycling
stability of 130 mAh g~! after 1,200 cycles at 0.5A g~'.
This work offers a simple and easily scalable approach for
fabricating a highly efficient controllable SEI layer, aimed at
regulating the EDL for high-performance zinc-ion batteries.
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