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ABSTRACT

Aqueous Zn-ion battery has been considered as one of the most promising
large-scale energy storage systems, owing to the advantages of raw materials
abundance, low cost, and eco-friendliness. However, the severe growth of Zn
dendrites leads to poor stability and low coulombic efficiency of aqueous Zn-ion
battery. Herein, to effectively inhibit the growth of Zn dendrites, a new strategy has
been proposed, i.e., tuning the surface energy of Zn anode. This strategy can be
achieved by in-situ doping of Sn heteroatom in the lattice of metallic Zn via
co-deposition of Sn and Zn with a small amount of SnCl, electrolyte additive. DFT
calculations have suggested that Sn heteroatom doping can sharply decrease the
surface free energy of Zn anode. As a consequence, driven by the locally strong
electric field, metallic Sn tends to deposit at the tips on Zn anode, thus decreases the
surface energy and growth of Zn at the tips, resulting in a dendrite-free Zn anode. The
positive effect of SnCl, additive has been demonstrated in both ZnlZn symmetric
battery and Zn/LFP, Zn/HATN full cell. This novel strategy can light a new way to

suppress Zn dendrites for long-lifespan Zn-ion batteries.

KEYWORDS: aqueous Zn-ion battery, dendrite-free Zn anode, surface energy,

electrolyte additive, ultralong lifespan
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INTRODUCTION

Rechargeable metal-ion batteries have been developed rapidly due to the
ever-increasing demand in electric vehicles and portable electronics. Li-ion battery,
with high energy density and long lifespan, has dominated the market of energy
storage for several years.!”> Nevertheless, the drawbacks including the high price and
uneven distribution of lithium resources as well as the flammability and toxicity of
organic electrolytes have severely hampered the broad applications of Li-ion
batteries.>* Recently, aqueous Zn-ion battery has attracted intensive attentions, owing
to the advantages of low cost, environmental friendliness, raw material abundance,
and high theoretical capacity (820 mAh g1).>*

Different from traditional alkaline Zn metal battery, aqueous Zn-ion battery
(AZB) uses weak acid solution as electrolyte and presents much better reversibility
and higher capacity retention.! Several Zn?" salts have been reported as the
electrolyte of AZB. Among them, ZnCl,, Zn(NOs),, and Zn(ClOy,), are considered to
be not suitable as the electrolyte for high-performance AZBs because of their intrinsic
deficiencies such as narrow anodic potential window (ZnCl,), strong oxidizing
(Zn(NOs), and Zn(ClQy),), as well as relatively high overpotential (Zn(Cl10,),).!'13 In
contrast, Zn(CF3SO;), and Zn(TFSI), aqueous electrolyte solutions exhibit
remarkable electrochemical performances by facilitating the kinetic of Zn?>* transfer
and enhancing the stability of Zn anode.'*!> However, the high expense of these
electrolytes will limit their large-scale application in commercial AZBs. ZnSO,
electrolyte solution, with the advantages of low cost, good stability, and acceptable
performances for most cathodes,'®!® holds great application potential and has been
widely used in AZBs.

Despite the exciting superiorities and promising prospect of AZBs based on
ZnSOy electrolyte solution, the severe dendrite issue caused by the uneven deposition
of metallic Zn, which leads to poor reversibility and low coulombic efficiency of

Zn-ion battery, is urgently demanded to be addressed.?®?! The nucleation and growth

3
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of Zn dendrite are driven by locally strong electrical field, partially high concentration
of Zn** ions, and high surface energy of protuberances on Zn anode.?> Therefore, the
growth of Zn dendrite is able to be inhibited by regulating the electrical field on Zn
anode, the Zn?" ion transmission between electrolyte and the electrode, and the
surface energy of Zn anode. The 3D structure can lead to a uniform distribution of the
electric field on Zn anode, resulting in homogeneous deposition of Zn particles and
improving the stability of aqueous Zn-ion battery. Therefore, Zn anodes with 3D
structural substrate like CNT,?> MXene,>* MOF,?5 and foam Cu etc.2® have been
designed. In the case of controlling Zn?" ion concentration on Zn anode, several
strategies have also been proposed: (i) Accelerating the transmission of Zn”>" ion by
covering a coating layer with high ionic conductivity and good affinity with
electrolytes on the surface of Zn electrode, such as ultrathin TiO, film,?’ nano-ZrO
coating,”® MXene,”® kaolin coating®® and ZIF-8 coating,>! which promotes the
extensive nucleation of metallic Zn on Zn anode; (ii) Uniformizing Zn?>' ion
transference on the surface of Zn electrode through adding organic additives such as
polyacrylamide (PAM),3? dicthyl ether (Et,0),>3 tetrabutylammonium sulfate
(TBA*),3* neutral ligand (succinonitrile, SN)* (Referee 1) and sodium dodecyl
benzene sulfonate (SDBS)?¢ in the electrolyte solution. The highly-polar molecules
preferentially adsorbed on the tip sites of Zn electrode as a shield layer and guided Zn
deposition on the flat region of Zn electrode.

Nevertheless, to our best knowledge, the strategy to restrain Zn dendrite by regulating
the surface energy of Zn anode is rarely reported. It is evidenced that doping
heteroatom in the lattice of host benefits to decrease the surface free energy of the
host.37-3® Co-deposition is a practical way to achieve the in-situ doping of heteroatom
in the lattice of metallic Zn.3* Hence, we proposed a new strategy of inhibiting the
growth of Zn dendrite by decreasing the surface energy of Zn anode through adding a
small amount of economic SnCl, additive in ZnSOy electrolyte solution. Although the
Zn|Sn anode has been reported in several recent advances of AZBs, where coating,
CVD and hot dipping methods are applied to construct Zn|Sn alloy*’-#?, the synthetic

process and materials needed to achieve these strategies are usually complex and
4
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expensive, which is not facile for a large-scale application. However, our strategy
aims at the electrolyte modification of AZB with a very simple method, that is, adding
a small amount of SnCl, and CcHsNa3;O,-2H,O additive in ZnSO, solution without
any further treatment. This strategy is very easily to be scaled-up for a large-scale
application. Moreover, with this very simply strategy we can also successfully inhibit
the Zn dendrite formation, corrosion and hydrogen evolution during the
charging/discharging process. According to the DFT calculation results, doping Sn
atom in the lattice of Zn can remarkably decrease the surface free energy of low-index
Zn surfaces. Experimentally, with SnCl, additive, the overpotiential of Zn
platting/stripping has been sharply reduced and the lifespan of ZnlZn symmetric cell
has extremely extended to 2000 h. Especially, the Zn/HATN full cell with SnCl,
additive performs excellent stability with an ultra-long cycling life of ~10000 cycles,

suggesting the application potential of the SnCl, electrolyte additive.

MATERIAL and METHOD
Preparation of Electrolyte

ZnS04 7H,O (Macklin, 99.95%), C¢Hs;Na3;O7-2H,0 (Guoyaoreagent, AR) and
SnCl,-2H,0 (AR) were utilized directly to prepare the electrolyte of aqueous Zn-ion
battery without further treatment, 0.078 g SnCl,-2H,0 and 1.029 g C¢HsNa;O7-2H,0
(the molar ratio of SnCl,-2H,0 and C4HsNa3;0;-:2H,0 is 1:10) were added into 5 mL
2.0 M ZnSO, solution and stirred thoroughly until the materials completely dissolved
to add 7.0 mMSnCl, in 2.0 M ZnSO, solution. C¢HsNa;O0,-2H,O was added as
complex agent to prevent the hydrolysis of SnCl,. ZnSO, electrolyte with different
concentrations of SnCl, (3.0 mM, 5.0 mM and 10.0 mM) were also prepared with
similar process. Simultaneously, 2.0 M ZnSO, without SnCl, additive was also
prepared for comparison.
Material Characterization

Scanning electron microscope (SEM) images were observed on a regulus8100
field emission scanning electron microscope, and elemental mapping was obtained on

an EDAX Genesis energy dispersive X-ray fluorescence spectrometer. X-ray powder
5
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diffraction (XRD) measurements were carried out via a Bruker D8 Advance powder
X-ray diffractometer with a scan speed of 5° min’! in the range of 10°-80°. X-ray
photoelectron spectroscopy (XPS) spectra were obtained on a Thermo ESCALAB
250XI (Mg K Alpha) photoelectron spectrometer. Inductive coupled high frequency
plasma optical emission spectrometer (ICP-OES) was tested on Agilent 730.
Electrochemical Measurements

ZnlZn and battery was assembled with 2016-type coin cells using Zn foils as
cathode and anode, glass fiber as separator, and 2.0 M ZnSO, without/with
SnCl,/C¢HsNaz 07 as electrolyte.

The LiFePO, powder (LFP) (KJ GROUP P198-S21), Super P (Sinopharm
Chemical Reagent Co., Ltd) and polyvinylidene fluoride (PVDF) (Sinopharm
Chemical Reagent Co., Ltd.) with a mass ratio of 8 : 1 : 1 were mixed in
N-methyl-2-pyrrolidinone (NMP) (Alfa Aesar, >99%) to prepare the cathode of
Zn/LFP battery. The slurry was uniformly coated on titanium foil and dried at 60 °C
overnight in a vacuum oven. The mass loading of LFP was about 2.0 mg cm=. The
2032-type coin cells were assembled using as-prepared LFP cathode, Zn foil, glass
fiber, and 1.0 M ZnSO4 + 1.0 M Li,SO,4 without/with SnCl,/C¢HsNa3;O; as cathode,
anode, separator, and electrolyte, respectively.

The diquinoxalino [2, 3-a:2’,3’-c] phenazine (HATN) powder, Super P and
PVDF with a mass ratio of 6.5 : 3 : 0.5 were mixed in NMP to prepare the cathode of
Zn/HATN battery. The slurry was uniformly coated on titanium foil and dried at 60
°C overnight in a vacuum oven. The mass loading of HATN was about 0.7 mg cm™.
The 2032-type coin cells were assembled using as-prepared HATN cathode, Zn foil,
glass fiber, and 2.0 M ZnSO,4 with SnCl,/C¢HsNa3;0O5 as cathode, anode, separator, and
electrolyte, respectively.

Galvanostatic charge/discharge cycling tests were carried out by using a battery
test system (LAND CT2001A) in voltage range of 0.8-1.5 V (LFP) and 0.3-1.1 V
(HATN). Cyclic voltammetry (CV) measurements were performed using a VSP
electrochemical workstation. The scan rates are set to be 0.1 mV s'! for Zn/LFP full

cell and 5 mV s! for Zn/HATN full cell, respectively. Electrochemical impedance
6
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spectroscopy (EIS) test was carried out in Princeton at a frequency range of 1072-10°
Hz with an amplitude of 5.0 mV.
Hydrogen Evolution Experiment

Hydrogen evolution experiment was performed with an in-situ Raman cell
assembled using Cu foil, Zn foil, and 2.0M ZnSO4 solution with/without 7.0 mM
SnCl, as working electrode, counter electrode, and electrolyte respectively. The
hydrogen evolution was observed under an optical microscope and recorded with a

digital camera for 20 min at a current density of 10mA cm.

Theoretical Method

Density functional theory (DFT) calculations were carried out using the
Projector-Augmented Wave (PAW) method as implemented in the Vienna Ab Initio
Simulation Package (VASP). ** For the exchange-correlation functional, we used the
Perdew-Burke-Ernzerhof (PBE)* of Generalized-Gradient Approximation with the
Hubbard U parameter proposed by Dudarev.* In our calculations, the value of U, for
Zn was set to be 5.0 eV. The (001), (101), (100), and (110) surface of Zn and
Sn-doped Zn were modeled with 64 atoms. 16 atoms (one layer for (001), (101)
surface and 2 layers for (100), (110) surface) on the bottom were fixed. A vacuum
size of 12 A was applied to prevent the interaction between periodic images along the
¢ direction. A k-point mesh of 2x2x1 was used for surface calculations. An energy
cutoff of 300 eV as well as a force convergence criterion of 0.001 eV A-! were
applied for both bulk and surface calculations. The surface free energy was calculated
by equation:

Y= /A (Esut = Evui),
where Eg.r, Epui are the total energy of the surface and bulk, respectively. 4 is the

surface area.

RESULTS WITH DISCUSSION
To decrease the surface free energy of Zn anode, a co-deposition of metallic Sn

and Zn via introducing a small amount of SnCl, additive in ZnSO, electrolyte solution

7
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has been designed to realize the in-situ doping of Sn heteroatom in the lattice of
metallic Zn. Density functional theory (DFT) calculations were firstly processed to
calculate and compare the surface free energy (y) of Zn surfaces without and with Sn
doping. Four low-index planes (001), (101), (100), and (110) were considered. To
simulate Zn surfaces with Sn dopant, one Zn atom in the top layer of the surfaces was
replaced by one Sn atom (Figure 1a). The atom ratio of Zn and Sn in the model of Zn
surfaces was kept to be 63 : 1. The calculated surface free energies indicate that (001)
surface is more favorable than (101), (100) and (110) surface for both bare and
Sn-doped Zn (i.e., ¥ ©o1) < Y o1 < ¥ ooy < ¥ (10)). As shown in Figure 1b, the
calculated surface free energy of (001), (101), (100) and (110) surface for bare Zn are
0.067, 0.102, 0.118 and 0.162 eV A2 respectively. Interestingly, the values are
sharply decreased to 0.049, 0.058, 0.081 and 0.104 eV A-2 respectively after replacing
one Zn atom by Sn atom. As a consequence, during the platting process of AZB,
driven by the partially strong electric field, metallic Sn tends to deposit at the
protuberances on Zn anode, thus decreases the surface free energy and growth of Zn
at the tips, resulting in a dendrite-free Zn anode.

Inspired by the DFT calculations, economical SnCl, was applied as the additive
for ZnSOy, electrolyte solution in AZB to achieve the in-situ Sn doping in the lattice of
metallic Zn. Firstly, influence of SnCl, concentration on the performance of AZB was
studied. A series of ZnSO, electrolyte solutions were prepared through adding
different concentrations of SnCl, (0.0, 3.0, 5.0, 7.0, and 10.0 mM) into 2.0 M ZnSO,
solution. In order to prevent the hydrolysis of SnCl,, sodium citrate (CsHsNazO,
molar ratio of 10:1 to SnCl,) as stabilizer was also added into the ZnSO, solution. As
shown in Figure S1, all ZnSO, solutions with SnCl, additive were dissolved
completely after fully stirring. However, only ZnSOy, solutions with 7.0 mM and 10.0
mM SnCl, additive remain transparent after 72 h standing, indicating a better stability
of the solutions. Subsequently, ZnlZn symmetric battery was assembled using ZnSOy,
electrolyte solution with SnCl, in different concentrations. Figure 2a shows the
polarization curves of ZnlZn symmetric battery at a constant current density of 0.5

mA cm. It indicates that all ZnSO, electrolyte solutions with SnCl, additive show
8
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much decreased overpotential compared to the bare ZnSO, electrolyte solution, and
ZnSO, electrolyte with 7.0 mM SnCl, additive (in red color) depicts superior Zn
stripping/plating behavior compared to ZnSO, electrolyte with SnCl, under other
concentrations (0.0, 3.0, 5.0, and 10.0 mM).

The voltage profiles of ZnlZn symmetric battery at 1%, 274, 417t 418% and 500t cycle
were enlarged and presented in Figure 2b-d. The overpotential of ZnlZn symmetric
cell with 7.0 mM SnCl, additive starts at 50.6 mV and drops quickly to 19.9 mV at 2nd
cycle. It is kept below 20.0 mV until 417 h, then slightly increases to ~24.0 mV and
stabilizes until 600 h with no sign of cell short-circuiting. In stark contrast, the
overpotential of ZnlZn symmetric cell without SnCl, additive is around 117.0 mV at
beginning, which fluctuates between 44.2 and 68.2 mV in following cycles until 494 h.
After 494 h, the value starts to increase exponentially, which indicates the failure of
the battery. The lower overpotential of ZnlZn symmetric cell demonstrates a more
stable and faster kinetics of Zn stripping/plating process in the ZnSO, electrolyte with
SnCl, additive. To highlight the effect of SnCl, additive, voltage profiles of ZnlZn
symmetric cell with 2.0 M ZnSO,4 and 70.0 mM C¢HsNa3;0; electrolyte solution are
presented in Figure S2. It is suggested that C¢HsNa3;O; possesses adverse effect on
the electrochemical performance of AZB. The poor cycling stability of ZnlZn
symmetric cells with 3.0 and 5.0 mM SnCl, additive is due to the poor stability of the
electrolyte solutions, while for ZnlZn symmetric cell with 10.0 mM SnCl, additive, it
may result from the high content of C¢HsNa3;O-. A long lifespan polarization curve of
ZnlZn symmetric cell with 7.0 mM SnCl, at a current density of 0.5 mA cm™ is also
depicted in Figure 2e. The voltage profile shows remarkable stability for 2000 h with
no sign of battery death, which is superior to most of the electrolytes or additives
previously reported (Table S1).12:13.15.16,32-343646-48 Rjgure 2f displays the rate
performance of ZnlZn symmetric cell with SnCl, at a series of current densities of 0.5,
1.0, 2.0, 3.0, 5.0, and 0.5 mA cm?, respectively. It is shown that the overpotential is
only 52.2 mV at high current density of 5.0 mA cm™ and decreases back to 10.0 mV
when the current density decreases to 0.5 mA cm again, suggesting the excellent rate

behavior. The galvanostatic cycling curves at high current density of 2.0 mA c¢cm2 of
9
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ZnlZn symmetric battery without/with SnCl, additive are shown in Figure 2g. The
symmetric cell with SnCl, additive can still exhibit an outstanding cycling stability for
300 h with a low overpotential of 40.0 mV, which is greatly superior to the cell
without additive. To further explore the effect of SnCl, additive on ZnlZn symmetric
battery with large depth of discharge and high areal capacity, cycling performances at
3 mA cm? and 3 mAh cm™ are shown in Figure S3. It is observed from Figure S3
that although the overpotential of ZnlZn symmetric battery using electrolyte with
SnCl, additive is not obviously decreased compared to the values without SnCl,
additive, cycling stability of the symmetric battery is greatly improved when SnCl,
additive is added into the electrolyte. The ZnlZn symmetric battery without additive
failed after only 45 h because of the dendrite formation. However, ZnlZn symmetric
battery with SnCl, additive can cycle stably for 140 h without any signal of failure.
The enhanced electrochemical performance of ZnlZn symmetric battery with SnCl,
additive results from the dendrite-free Zn anode with stable and facile Zn

platting/stripping achieved by Sn doping.

To illustrate the change of Zn electrode during Zn deposition process, ex-situ optical
microcopy images are observed and shown in Figure 3a. The surface of Zn electrode
got completely black after 40 min in the ZnSO, electrolyte without additive, which
indicates the generation of “dead Zn” during deposition process.*-° However, Zn
electrode in the ZnSO, electrolyte with SnCl, additive keeps bright until 40 min with
only sporadic protuberances. To further observe the morphology of Zn electrode after
cycling of ZnlZn symmetric cell, SEM images are also tested and presented in Figure
3b-f. The morphology of commercial Zn foil before cycling is smooth and flat
(Figure 3b). However, after 500 cycles, hexahedral sheets were accumulated
perpendicular to the surface of Zn anode in ZnSO, electrolyte without additive,
demonstrating the generation and growth of Zn dendrite (Figure 3c¢,d).’'3> On the
contrary, when SnCl, was added into ZnSO, electrolyte solution, a smooth
morphology with nanopores is observed after 500 Zn plating/stripping cycles (Figure

3e,f). Furthermore, the SEM image with larger magnification in Figure 3f shows that

10
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the growth of Zn dendrites on Zn electrode is effectively suppressed owing to the
addition of SnCl,. It is speculated from the SEM images that metallic Sn has
deposited simultaneously with Zn during the Zn electro-deposition process. As
indicated by the DFT calculations, the deposition of Sn at the tips on Zn electrode
decreases the surface energy of Zn electrode. Then the growth of Zn crystal at the tips
is therefore refined, which reflects to a smooth morphology after cycling. The
nanopores on Zn anode are considered to be caused by the stack of refined Zn
particles. XRD patterns of Zn anode after 100 cycles in ZnSO, electrolyte without and
with SnCl, additive are illustrated in Figure 3g and Figure S4. The peaks of Zn
anode without additive located at 36.34°, 39.06°, 43.28°, 54.38°, 70.14°, and 70.66°
are indexed to the (002), (100), (101), (102), (103), and (110) planes of Zn (JCPDS
card:04-0831), respectively. Additionally, three extra peaks located at  28.48°,
31.56°, and 34.27° are corresponding to ZnO (28.48°) and Zn4(OH)SO, 4H,0
(31.56°, and 34.27°) 334 respectively. Therefore severe side reactions occur on Zn
anode in electrolyte without additive. When SnCl, is added into ZnSO, electrolyte,
the location of peaks for (002), (100), (101), (102), and (110) planes are slightly
shifted to 36.39°, 39.08°, 43.31°, 54.40°, and 70.70°, respectively. DFT calculations
show that the interlayer distance dj; of (001), (100), (101), and (110) planes are
decreased after the doping of Sn atom in the lattice of Zn (Figure S5). According to
the Bragg’s Law: 2d,,; sinf = cA,> the diffraction angle 26 is increased as the value of
dy decreases. Therefore, it 1s evidenced through the shift of peaks in XRD pattern
that Sn atom has successfully doped in the Zn lattice via the addition of SnCl,
additive in ZnSOy electrolyte. Moreover, no extra peaks have been tested on Zn anode
in electrolyte with SnCl, additive, demonstrating that SnCl, additive can greatly
suppress the side reactions on Zn anode. EDS-Mapping analysis has been conducted
for Cu electrode of Zn/Cu asymmetric battery after 10 cycles in electrolyte containing
SnCl, (Figure 3h and Figure S6). It is evidenced by EDS and Mapping analysis that,
metallic Sn has been successfully and uniformly deposited on the surface of Cu
electrode. According to the EDS analysis (Figure S6a), the deposition ratio of Sn on

Zn surface is 2.31% (0.53/(22.20+0.53)-100). Moreover, ICP measurement (Figure
11
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S6b) also shows that the deposition ratio of Sn on Zn surface is ~2.9%. Furthermore,
ex-situ XPS analysis was conducted for Zn anode in ZnlZn symmetric cell without
and with SnCl, additive after 500 cycles (Figure 3i, j and Figure S7). The existence
of Sn 3d peak (Figure 3i) and the peak position at 1023.28 eV of Zn 2p (Figure 3j),
which corresponds to the Zn-O-Sn compound (oxidized Zn with doped Sn),>¢>’
highlight again that metallic Sn has successfully deposited on the surface of Zn anode
during the plating/stripping process.

To explore the deposition mechanism of metallic Zn in electrolyte without/with
SnCl, additive during Zn plating process, electrochemical impedance spectroscopy
(EIS) was performed using three-electrode system at frequency ranging from 10° Hz
to 102 Hz with an amplitude of 5 mV. As shown in Figure 4a and Figure S8, when
the pristine Zn plate was inserted into 2.0 M ZnSO, electrolyte without additive, the
equivalent circuit can be described as LRy(Q;R¢)(Q:R). In this model, Rs represents
the solution resistance, Ry is caused by a thin layer of ZnO on the Zn anode, and R is
the electric transfer resistance. After 10 cycles, the equivalent circuit of the impedance
spectra changes to LRs(Q;(R{Q,R)). A porous surface (Q;), which can be caused by
the irregular stack of Zn dendrites, has generated during the Zn platting/stripping
process.>® This porous structure has also been observed in the SEM images of Figure
3d. As shown in Figure 4b and Figure S9, when Zn plate was immersed into ZnSO4
electrolyte  with  SnCl, additive, the equivalent circuit turns to
LRy(QoR)(Q1(R{(Q2R())). A complex film caused by the equilibrium absorption of
Zn**, Sn?* and citrate on the surface of ZnO layer has formed. After 10 cycles, as
illustrated by the equivalent circuit LRy(Q;R¢)(Q2(RW), a Zn/Sn coating layer has
been constructed on the surface of Zn electrode. The existence of Zn/Sn coating layer
prevents the excessive growth of Zn crystal and leads to a smoother morphology on
Zn electrode after cycling. Furthermore, the low frequency impedance values listed in
Table S2 demonstrate that impedance of three-electrode system in 2.0 M ZnSOy,
electrolyte with SnCl, additive has dramatically decreased after cycling. This decrease
is probably caused by the degradation of ZnO and the smoothly deposited Zn/Sn layer

on Zn anode during cycling. In sharply contrast, the impedance of three-electrode
12

ACS Paragon Plus Environment

Page 12 of 27



Page 13 of 27

coOoNOUV A WN=

ACS Applied Materials & Interfaces

system in bare ZnSO, electrolyte has slightly increased, which is led by the formation
of Zn dendrites.

Depending on the SEM images, XPS analysis and the EIS results, a schematic
diagram of Zn/Sn co-deposition mechanisms in ZnSO, solution without/with SnCl,
additive was presented in Figure 4c¢ and Figure 4d. In short, metallic Zn and Sn
co-deposited/dissolved reversibly on/from Zn anode during charging/discharging
process. The metallic Sn is prior to deposit on the protuberance sites driven by the
partially strong electric field. The deposition of Sn benefits to decrease the surface
energy of Zn anode with smaller Zn dendrite size, which leads to a uniform and
smooth Zn morphology on Zn anode and therefore remarkably improves the cycle
performance of ZnlZn symmetric cell. The electrochemical behavior of Zn foil in 2.0
M ZnSO, solution without/with additive was also tested with Tafel curves using
three-electrode system. Figure S10 illustrates the Tafel curves of Zn plate in 2.0 M
ZnSO, without/with SnCl, additive. As shown in Figure S10, the corrosion current of
Zn plate in ZnSQy electrolyte with SnCl, additive (2.36 mA ¢cm™) is smaller than the
corrosion current of Zn plate in ZnSOy clectrolyte without additive (2.96 mA cm2).
Therefore, the corrosion reaction has been successfully resisted when SnCl, is added
into ZnSOy electrolyte > Combined with the SEM images in Figure 3, it is concluded
that the lower corrosion reaction occurred on the surface of Zn plate can effectively
suppress the growth of Zn dendrites. Hydrogen evolution experiments were also
performed to explore the effect of SnCl, additive on inhibiting hydrogen evolution
during electrochemical process. As illustrated in Figure S11, vast large bubbles
formed on the surface of Zn foil and Cu foil, indicating severe hydrogen evolution
during Zn electroplating/stripping process in ZnSO, electrolyte without SnCl,
additive; In contrast, only sporadic small bubbles have been observed on Cu foil
surface in ZnSQOy electrolyte with SnCl, additive. Therefore, hydrogen evolution has
been effectively suppressed owing to the addition of SnCl, in ZnSOy electrolyte.

To evaluate the application potential of this novel electrolyte additive, Zn/LFP full
cells were assembled using commercial LiFePO, (LFP) as cathode, Zn foil as anode,

glass fiber as separator, and 1.0 M ZnSO4+1.0 M Li,SO, solution without/with SnCl,
13
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additive as electrolyte. The SEM images of this commercial LFP are shown in Figure
S12, indicating the micro-size of LFP particles. Figure Sa presents the cycle
performance of Zn/LFP full cell at current density of 5 C (1 C = 170 mAh g!). The
discharge capacity of Zn/LFP full cell without additive at 1%t and 50™ cycle are 76.3
and 50.5 mAh g!, respectively, which corresponds to a capacity retention ratio of
66.19%. However, when SnCl, additive was added to the electrolyte, the discharge
capacity of 1%t and 50 cycle are 74.9 and 60.9 mAh g, respectively, with a higher
capacity retention ratio of 81.31% after 50 cycles. Additionally, Table S3 also listed
the initial coulombic efficiency of Zn/LFP full cell without/with SnCl, additive. It can
be seen that the initial coulombic efficiency of Zn/LFP full cell with SnCl, additive is
higher than the Zn/LFP full cell without additive, suggesting that SnCl, additive can
improve the reversibility of Zn/LFP full cell. The CV curves of the 1%t cycle for
Zn/LFP full cell without/with additive are shown in Figure 5b. An obvious right shift
is observed on the reduction peak when SnCl, was added to ZnSO, electrolyte, which
indicates a smaller polarization of Zn/LFP full cell with additive. Rate performances
of Zn/LFP full cell without and with SnCl, additive have also been tested and
illustrated in Figure Sc. As shown in Figure 5c, the capacity of Zn/LFP full cell with
SnCl, additive at current rate of 2, 3, 4, 5 C are 120.6, 97.1, 81.2, 68.4 mAh g,
respectively, which are higher than Zn/LFP full cell without SnCl, additive (124.9,
93.0, 73.9, 56.3). Therefore, the rate performance of Zn/LFP full cell was also
improved after the addition of SnCl, additive. Figure 5d-g present the SEM images of
Zn anode in Zn/LFP full cell after 50 cycles. A rough morphology formed caused by
the growth of Zn dendrites on Zn anode when bare ZnSO, solution was utilized as
electrolyte. In contrast, a smooth and homogeneous morphology was observed when
SnCl, additive was added into the electrolyte, proving an effective inhibition of SnCl,
additive to the growth of Zn dendrites. Although manganese-based, vanadium-based
and prussian blue cathode materials all have promising application potential in AZBs,
the toxic heavy metals in the cathode materials have harmful impacts on human body
and environment. Therefore, organic materials have been explored to be cathode of

AZBs due to the character of environmentally friendliness. %02 Herein, organic
14
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diquinoxalino [2,3-a:2’,3’-c] phenazine (HATN) material (Figure S13) was also
prepared with the method reported previously.® The cycling performance of
Zn/HATN full cell using 2.0 M ZnSO, electrolyte without and with SnCl, additive
was tested and presented in Figure Sh. A small current density (0.1 A g') was
conducted on the full cell at the first three cycles for battery activation. Although
ultra-long cycling life of 9999 cycles have been achieved in both Zn/HATN full cell
without and with additive, the cycling stability and capacity retention ratio are
obviously improved when SnCl, additive was added to the electrolyte. Impressively,
the retained discharge capacity of Zn/HATN full cell with SnCl, additive after 9999
cycles is 118.1 mAh g, which is much higher than the full cell without additive (58.3
mAh g!). Moreover, the initial coulombic efficiency (Table S3) of Zn/HATN full cell
with SnCl, additive is as high as 96.58%, indicating the excellent reversibility of
Zn/HATN full cell with additive. CV curves displayed in Figure 5i shows that an
obvious right shift is observed on the reduction peak when SnCl, was added to ZnSO,
electrolyte, indicating smaller polarization of Zn/HATN full cell with SnCl,additive.
Finally, rate performances of Zn/HATN full cell without and with SnCl, additive
were also compared and exhibited in Figure 5j. The discharge capacity of Zn/HATN
full cell with SnCl, additive at current density of 1, 2, 3,4, 5 A g'! are 155.3, 133.5,
120.7, 112.3, and 107.7 mAh g-!, respectively, which are much higher than Zn/HATN
full cell without additive (117.6, 79.2, 52.5, 42.9, and 37.5 mAh g'!). Moreover,
Zn/HATN full cell with additive can still maintain an average discharge capacity of
140.5 mAh g when the current density comes back to 1 A g'. Therefore, SnCl,

additive can greatly improve the rate performance of Zn/HATN full cell.

CONCLUSIONS

The severe growth of Zn dendrites during cycling of AZB has been effectively
inhibited via a new strategy, i.e., achieving the in-situ doping of heteroatom Sn in the
lattice of metallic Zn through the addition of a slight amount of SnCl, electrolyte
additive. The co-deposition of metallic Sn with Zn has dramatically decreased the

surface energy of Zn anode, therefore refined the Zn particles grown on Zn electrode
15
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and suppressed the growth of Zn dendrites during the charging/discharging process.
As a result, the ZnlZn symmetric battery using ZnSQO, electrolyte with SnCl, additive
performs outstanding stability over 2000 h with sharply decreased overpotential. A
much higher capacity retention ratio (81.31%) is obtained after 50 cycles in the
Zn/LFP full cell with SnCl, additive compared to that without additive (66.19%).
Impressively, the Zn/HATN full cell with SnCl, additive exhibits remarkable cycling
stability with an ultra-long cycling life of ~10000 cycles. These superior
electrochemical performances have powerfully demonstrated the application potential

of the novel SnCl, electrolyte additive.
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Figure 1. (a) The atomic configuration of the top and second layer of (001), (101), (100) and (110) surfaces
20 of bare and Sn-doped Zn. (b) The comparison of surface free energy without (in red) and with (in blue) Sn
dopant.
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Figure 2. (a) Polarization curves of ZnlZn symmetric cells without and with SnCI2 additive in different
concentrations at a constant current density of 0.5 mA cm—2, and (b-d) corresponding amplification of the
polarization curves in different intervals. (e,f) Long-lifespan polarization curves and rate performance of
ZnlZn symmetric cells using 2.0 M ZnS04 +7.0 mM SnCI2 solution as electrolyte. (g) Polarization curves of
ZnliZn symmetric cells without and with 7.0 mM SnCI2 additive at a high current density of 2 mA cm-2.
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Figure 3. (a) Ex-situ optical microcopy images of the Zn deposition process at a current density of 10 mA
cm-—2in 2.0 M ZnS04 electrolyte without and with 7.0 mM SnCI2 additive. SEM images of (b) bare Zn foil,
(c,d) Zn anode in 2.0 M ZnS04 electrolyte without SnCI2 additive and (e,f) with 7.0 mM SnCI2 additive after
500 cycles at current density of 0.5 mA cm—2. (g) XRD patterns of Zn electrode after 100 cycles at current
density of 0.5 mA cm—2in 2.0 M ZnS04 electrolyte without and with 7.0 mM SnClI2 additive. (h) EDS-
Mapping spectra of copper electrode surface after 10 cycles of Zn/Cu asymmetric battery in electrolyte
containing SnCI2. (i) The high resolution XPS spectrum and (j) the deconvoluted spectrum for Zn 2p of Zn
anode in ZnliZn symmetric cell with SnCI2 additive after 500 plating/stripping cycling.
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Figure 4. The electrochemical impedance spectra of Zn electrode using ZnS04 electrolyte (a) without
additive and (b) with SnCI2 additive before cycling and after 10 cycles. A three-electrode system with Zn
plate as working electrode, Pt plate as counter electrode and Ag/AgCl as reference electrode was
constructed. (c-d) The schematic diagram of the interfacial reaction on Zn anode in 2.0 M ZnS04 electrolyte
without/with 7.0 mM SnClI2 additive.

ACS Paragon Plus Environment

Page 26 of 27



Page 27 of 27 ACS Applied Materials & Interfaces

1
2
3
4
5
6 =,
7 Fb,150 @ 1M 2ZnS04+1 M Li,SO, 150:\: 3 [— 1mznso, + 1 MLi,SO,
= @ 1MZnSO4+ 1M Li,SO, +7 mM Sn** (a] ~; —— 1M ZnSO, + 1 M Li,SO, + 7 mM Sn“(b)
8 E 3 20 g 22 AE=0.2278
100 %oge0 ) o
K 2 5C 20 é §1
10 B e, & 5
11 % 3 M 80 2 5
S s0 2 30
6 ‘
12 = ZnILFP 30 o V :
13 g,- § -1 VaE=0.2522 V
0 0
14 “ % w0 20 30 40 50 08 10 12 14 18
15 - Cycle number Potencial (V)
W 200 s0s T T80, 4 TRy A
16 :’ . 1MZnSO4+|MUESD‘+7mMSn2‘(c) el (e)
17 E 150
18 S |tealt
= a0 e
Q
19 g100 Sa3gy, sc . .20
20 s RLEH P L
8 o
21 o 50
=
22 g
2 0
23 “ To 5 10 15 20 25 30
Cycle number
24 400
25 L * 2MZnSO, (h)

s+ 2MZnSO,+7 mM Sn?*

Zn | HATN

w NN
O O ®
Specific capacity (mAh 9'1
> S
o o
B
»
nh
J

33 0 2000 4000 6000 8000 10000
34 Cycle Number

35 5.0 <
[— 2 mznso, i o250l ° 2Mznso, ¥
36 L— 2M2znSO,+ 7 mM Sn?* = s 2MZnSO,+7 mM Sn**

AE=0.2711 E 200

i
@

1 Unit:A g1

w
¢4
Corrent (mA)
o
o
ity
g &

N
o
n
o
Specific capac

AE=0.2289

o

04 06 08 10 1.2 10 20 30 40 50 60 70
43 Potencial (V) Cycle number

o

45 Figure 5. (a) High-rate cycling performances at current density of 5 C (1C = 170 mAh g-1) and (b) CV

46 curves at scan rate of 0.1 mV s—1 between 0.8 and 1.5 V of Zn/LFP full cells without/with additive. (c) Rate

47 capabilities of Zn-LFP batteries at various current rates. SEM images of Zn anode in Zn/LFP coin cells after

48 50 cycles (d,e) without additive and (f,g) with 7.0 Mm SnCI2 additive. (h) Long-lifespan cycling performance

of Zn/HATN full cells under a current density of 5 A g-1. (i) The CV curves of aqueous Zn/HATN batteries (5
mV s-1). (j) Rate capabilities of Zn/HATN batteries at various current rates.
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