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ABSTRACT: Aqueous Zn batteries are emerging as promising energy c
storage devices. However, severe dendrite growth and side reactions of Zn c o, ./.
anodes restrict their further development. Herein, we develop a nucleophilic © e

interfacial layer (NIL) on Zn to achieve a highly stable Zn anode for

rechargeable Zn batteries. The NIL in a composition of zinc acetate Z:'f'(';"

acetamide is homogeneous, compact, and Zn**-conductive, rendering

dendrite-free Zn deposition, which is observed by in situ optical microscopy. o4

Benefiting from the advantages of NIL, the ZnllZn symmetric cells showa _,, Yy
low overpotential of 0.12 V at a high current density of 40 mA/cm? 300

enhanced Coulombic efficiency up to 99.9%, and extended lifespan over ‘;E_M

2600 cycles. The ZnlITi asymmetric cells exhibit a high areal capacity of 5 | Zniizn
mAh/cm?. Moreover, the NIL functionalized Zn anode enables stable 0 500 1000 1500 2000 2500

Cycle number

cycling of both anode-free ZnlICl, cells and zinc-ion capacitors, providing
opportunities for the development of high-performance energy storage

devices.
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inc batteries have emerged as a promising alternative to

lithium-ion batteries because of their high volumetric
capacity (5855 mAh/cm?), environmental friendliness, and
rich element abundance.' "> Aqueous Zn batteries could offer
fast kinetics and high safety. However, the Zn anode suffers
from dendrite growth due to the inhomogeneous distribution
of Zn(OH),-based interfacial layer on Zn anode, which leads
to low Coulombic efficiency (CE) of Zn batteries."*™"" In
addition, side reactions,'””*~** such as hydrogen evolution
reaction (HER) and chemical corrosion, occur on the Zn
surface, which exacerbate the failure of the Zn anode.

An effective method to suppress the dendrite growth and
side reactions on metallic Zn is to construct a Zn**-conducting
solid—electrolyte interface in aqueous electrolytes.””~>" Pre-
viously, carbon-based materials,*”*! metal nanoparticles,32’33
inorganic compounds,”’ >’ polymers,”*** and organic/inor-
ganic composites’”*® have been designed to coat on a Zn
anode to improve its electrochemical properties. For instance,
Li* et al. constructed a 3D ZnF, matrix on Zn anode by an
electrochemical method, which extended the cycle life of Znll
Zn symmetric cells to 800 h at 1 mA/cm* with a capacity of 1
mAh/cm? Jang and Grzybowski’” et al. produced thin
covalent organic frameworks by self-assembly on Zn anode,
which enabled cycling of ZnllZn symmetric cells for 420 h at 1
mA/cm?. Alshareef’” et al. spin-coated selectively polarized
ferroelectric polymer materials to a Zn anode, and the ZnllZn
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symmetric cells exhibited a long cycling lifespan of 2000 h at
0.2 mA/cm?” with a capacity of 0.2 mAh/cm? So far, although
high performance Zn anode can be achieved, complicated
preparation procedures are required for the fabrication of these
interfacial layers. Therefore, convenient and effective ap-
proaches to fabricate interfacial layers for Zn anode are
urgently required.

Nucleophilic agent is a reactant that forms bonds with its
reactive partner of electrophilic agent by donating an electron
pair, which can be initiated and accelerated by the presence of
metal ions.””** By applying this characteristic of nucleophilic
agent, an interfacial layer can be constructed on Zn anode by a
well-designed reaction path. Dissolved oxygen in the aqueous
electrolyte can act as a natural electrophilic agent. Therefore,
the key for the formation of such interfacial layers relies on the
screening of nucleophilic agents with suitable electronic
donation property. It is worth mentioning that to ensure
redox reaction between the nucleophilic agents and oxidant,
the decomposition reaction between metal anode and
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Figure 1. Schematic diagram of the formation of interfacial layers on Zn anode (a) in the control electrolyte of ZnSO,—LiCl and (b) in the

nucleophilic electrolyte of ZnSO,—LiCI-TMACI.

nucleophilic agent should be prohibited. While in the
traditional aqueous electrolyte, H,O is a strong nucleophilic
agent, which reacts directly and vigorously with Zn, the
generated H, bubbles are detrimental to the homogeneous
formation of interfacial layer, leading to inhomogeneous Zn**
distribution and dendrite formation. On the basis of the above
analysis, an ideal nucleophilic agent should have the following
properties: (1) gas-free generation during reaction, which
entails the homogeneity of the formed interfacial layer; (2)
proper nucleophilicity, which can avoid its reaction with Zn
directly and guarantee the reaction between nucleophilic agent
and O,. It is well-known that N-containing compounds have
weaker nucleophilicity than O-containing compounds. In
addition, N-containing solid—electrolyte interfaces have been
verified to be effective to protect Li and Zn anodes.*' ™"
Therefore, we propose in this study that N-containing
nucleophilic agents can be applied to form interfacial layers
to protect Zn anode.

In this study, we report highly stable Zn electrodes with a
unique nucleophilic interfacial layer (NIL) for high-perform-
ance aqueous Zn metal batteries. We choose tetramethyl-
ammonium chloride (TMACI) as the N-containing nucleo-
philic agent due to its proper nucleophilic characteristics in the
electrolyte of ZnSO,. A uniform NIL of zinc acetate acetamide
can be constructed due to its gas-free generation characteristic
of the reaction between the nucleophilic agent and O,, which is
different from the inhomogeneous alkaline interfacial layer
(AIL) of Zng(OH)gCl,H,O in the control electrolyte of
ZnSO,. Benefiting from the homogeneity of the NIL, CE of Zn
electroplating/stripping can be enhanced from 87.6% to 99.9%.
Further, this in situ formed NIL renders the operation of Znll
Zn symmetric cells with over 2600 cycles at a capacity of 1
mAh/cm?® In addition, the polarization of ZnllZn symmetric
cell is merely 0.12 V at a high current density of 40 mA/cm*
due to the high conductivity of Zn** in the NIL. More
importantly, the NIL-functionalized Zn (NIL@Zn) anode
enables reversible operations with stable cycling of an anode-
free ZnlICl, cell and zinc ion capacitor for 200 and 60 000
cycles, respectively.

B RESULTS AND DISCUSSION

The formation processes of NIL and AIL with their protective
mechanisms during the Zn plating/stripping process are
displayed in Figure la and b. In the aqueous electrolyte of
ZnSO,—LiCl, H,O readily reacts with metallic Zn and
generates H, gas, which results in the formation of Zn(OH),
with uneven thickness (Figure la). Because the radii of CI~
anions are smaller than those of SO,2~, CI™ anions are easier to
combine with Zn(OH), and finally form Zn,(OH),Cl,-H,O
inhomogeneous AIL on the surface of Zn anode. During the
deposition process, Zn>* ions are preferred to grow around
thinner areas of the interfacial layers due to the low resistance,
and eventually, dendritic morphology of deposited Zn can be
observed. While in the nucleophilic electrolyte of ZnSO,—
LiCI-TMACI, Zn*' ions promote the reaction kinetics
between N(CH,)," ions and O,** (Figure 1b) and finally
form a zinc acetate acetamide protective layer. The NIL kept in
a good structure after many deposition/stripping cycles. The
formation mechanism of NIL was described in detail in Figure
SI.

To verify the reaction priority of H,O and N(CHj,)," ions in
the nucleophilic electrolyte, the ability to donate electron was
expressed through molecular orbital level by DFT calculation.
As shown in Figure 2a, (CH;),NCl has a higher position of the
highest occupied molecular orbital (HOMO) than that of H,0
(—0.19213 eV vs —0.31926 eV); thus, (CH,;),NCl is easier to
donate electron than H,0. X-ray diffraction (XRD) and X-ray
photoelectron spectroscopy (XPS) characterizations were used
to investigate the components of AIL and NIL. As shown in
Figure 2b, XRD indicated that AIL@Zn anode showed a
Zng(OH)4Cl,-H,O composition, which is identical to previous
reported literature.*>*® In contrast, the NIL@Zn anode
presented a distinct surfice composition. A strong peak at
15.5° and small peaks at 30.3°, 31.1° 42° and 44.7° can be
observed, corresponding to the formation of C,H,)N,O,
Zn(CH,;COO0),, which is consistent with our hypothesis. It is
worth noting that small XRD peaks ascribed to Zn,OCl,-2H,0
can be observed, which may be due to the attack of CI™ ions to
Zn anode. In addition, Zn, C, N, O, and Cl elements can be
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Figure 2. (a) LUMO, HOMO isosurfaces of (CH;),NCI (left) and H,O molecules (right). (b) XRD of AIL@Zn and NIL@Zn. (c) Zn 2p and (d)

O 1s XPS spectra of AIL@Zn and NIL@Zn.

detected by EDX mapping and showed uniform distribution
on the NIL@Zn anode (Figure S2), which further confirm the
formation of C,H,(N,0,-Zn(CH;COO), (PDF: #33—1977)
and Zn,0Cl,-2H,0 in the NIL. To verify the importance of O,
in the nucleophilic reaction, the component of the cycled Zn
anode in O,-free nucleophilic electrolyte of ZnSO,—LiCl—
TMACI was tested. As shown in Figure S3, XRD peaks of the
cycled Zn anode in O,-free nucleophilic electrolyte are distinct
from the Zn anode with NIL, which indicated the importance
of O, for the nucleophilic reaction. In addition, the cycling life
of ZnllZn symmetric cells in the O,-free nucleophilic
electrolyte of ZnSO,—LiCI-TMACI shrunk to 700 cycles
(Figure S4), which indicated that the interfacial layer formed in
the O,-free nucleophilic electrolyte is not beneficial to the
reversibility of Zn anode. XPS was further applied to verify the
surface composition of AIL and NIL. In the AIL, the peak
position of Zn 2p was located at 1022.6 eV, which can be
ascribed to the Zny(OH),Cl,-H,0 byproduct. Compared with

the AIL of Zny(OH)yCl,-H,O, the Zn 2p and O 1s XPS
spectra of the NIL components showed 0.7 and 0.3 eV higher
energy shifts to 1023.3 and 532.4 eV (Figure 2c,d),
respectively, which indicated the different chemical environ-
ment of Zn** and O>” in these two interfacial layers.
Specifically, inorganic —OH group was detected at the binding
energy of 532.0 eV by O 1s spectra in the AIL (Figure 2d),
which can be ascribed to Zng(OH)sCl,-H,0. While in the
NIL, the O 1s signal can be deconvoluted into binding energies
of 533.6 and 532.4 eV, which are ascribed to C=0 and C—-O
groups that originate from the acetate and acetamide,
respectively. These results further verified the formation
mechanism of the NIL that was through the reaction between
nucleophilic agent and O, for Zn anode.

Because the nucleophilic reaction process mildly proceeds
without gas generation, the resulting NIL layer shows a
uniform morphology. Therefore, much more nucleation sites
can be offered for Zn®* access, which guarantees the high
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Figure 3. TEM images of the deposited Zn with (a) AIL and (d) NIL. Optical images of the deposited Zn with a capacity of 10 mAh/cm” on (b)
AIL@Zn foil and (e) NIL@Zn foil substrates. The black part is the deposited Zn, and the silver part is the Zn foil substrate. SEM images of
deposited Zn (c) with AIL and (f) with NIL. In situ optical microscopy images of the plating/stripping processes of Zn with AIL (g, h) and with

NIL (i, j) at a current density of 10 mA/cm?.

reversibility of Zn plating/stripping. Transmission electron
microscopy (TEM) was applied to verify how H, generation
affect the uniformity of the interfacial layers in both
electrolytes. As shown in Figure 3a and b, triggered by the
H, generation, the thickness of AIL is in a wide range of 5—20
nm (Figure 3a) in the control electrolyte, which results in the
distinct penetration of Zn®* in different areas. Therefore, the
deposited Zn in Figure 3a shows morphologies of grainy and
porous structures in different areas. In contrast, the NIL is
highly uniform with a thickness of ~15 nm (Figure 3d). With
the benefits of uniform NIL, only grainy structure can be
observed in Figure 3d. Further, the uniformity of the interfacial
layers was verified in large scale by optical microscopy. An
areal capacity of 10 mAh/cm?* of Zn was deposited on Zn foil
substrate and then characterized by the optical microscopy. As
shown in Figure 3b and e, the deposited Zn with AIL is
discrete. However, the deposited Zn with NIL is uniformly
distributed, which further verified the homogeneous distribu-
tion of the NIL. Scanning electron microscopy (SEM) was
further applied to study how AIL and NIL affect the nucleation
and growth process of Zn. Dendritic Zn surface can be
obviously observed on the cycled Zn anode with AIL (Figure
3c), which implied that the deposited Zn continued to grow on
the Zn seeds due to the rare and ununiformed nucleation sites,
resulting in the dendritic morphology. Because of the rich
nucleation sites in the protective layer of NIL, the deposited
Zn became uniform (Figure 3f). This feature is important for
the electrodeposition/stripping of Zn in the battery operation
conditions.

Moreover, an in situ optical microscope was used to monitor
the surface morphology evolution during the Zn plating/
stripping processes. The homemade glass cell for in situ optical
microscopy test was shown in Figure SS. As shown in Figure
3g, mossy Zn can be observed on the substrate of AIL@Zn

after Zn plating, and residual Zn can be observed on AIL@Zn
after fully stripping even within only one cycle (Figure 3h and
Supporting Video 1). In sharp contrast, a homogeneous and
uniform Zn deposition process can be observed on the
substrate of NIL@Zn (Figure 3i), indicating the homogeneous
and dendrite-free growth of Zn with the NIL. More
importantly, no “dead” Zn can be observed after fully stripping
(Figure 3j and Supporting Video 2), which indicates the high
reversibility of Zn with NIL.

Zn Plating/Stripping Reversibility. To verify the
protective effect of NIL and AIL, asymmetric ZnlITi cells
were assembled in the conditions of AIL@Zn and NIL@Zn
anodes, separately (Figure 4ab). Zn plating/stripping on the
Ti substrate showed comparable overpotentials of ~30 mV
with AIL and NIL due to their comparable interfacial
resistance. However, the Zn plating/stripping efficiency was
improved from 97.5% to 99.6% at a current density of 10 mA/
cm® with an areal capacity of 5 mAh/cm’ in the presence of
NIL (Figure 4c). The higher intactness of the interfacial layer,
the better resistance it will have to water corrosion. To further
explore the suppression of side reactions on AIL@Zn and
NIL@Zn anodes, linear sweep voltammetry (LSV) and Tafel
plot were recorded using ZnlITi cells and Zn—Ag/AgCI-Pt cells
in the Na,SO, solution. As shown in Figure S6, the
overpotential of HER increased about 20 mV on NIL@Zn,
and the HER current density of NIL@Zn was lower than that
of AIL@Zn. In addition, the corrosion current density of
NIL@Zn was 0.16 yA/cm” lower than AIL@Zn (Figure S7).
All of these results verified that the NIL is more intact and
homogeneous than the AIL against hydrogen evolution and
chemical corrosion, which guaranteed the high stability of Zn
battery.

ZnllZn symmetric cells were further assembled to verify the
role of the interfacial layers in improving the electrochemical
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Figure 4. Electrochemical performance of the ZnllZn symmetric cells and ZnlITi asymmetric cells. Voltage profiles of ZnllTi cells (a) with AIL and
(b) with NIL. (c) Coulombic efficiency of ZnlITi cells with AIL and with NIL. (d) Time—voltage profiles of AIL@ZnllAIL@Zn and NIL@Znll
NIL@Zn symmetric cells at a current density of 10 mA/cm?” with an areal capacity of 1 mAh/cm? (e) Rate capability profiles of AIL@ZnlIAIL@Zn
and NIL@ZnlINIL@Zn symmetric cells at various current densities with a capacity of 1 mAh/cm?

performance of Zn electrode. Figure 4d showed the typical
voltage profile of the AIL@ZnlIAIL@Zn and NIL@ZnlINIL@
Zn symmetric cells, where the AIL@ZnllAIL@Zn cell
exhibited stable Zn stripping/plating cycling with an average
overpotential of ~150 mV for the initial 140 cycles at 10 mA/
cm® and 1 mAh/cm?® The overpotential gradually increased
over further cycling and reached ~270 mV at the 200th cycle,
and eventually the AIL@ZnlIAIL@Zn cell failed after only 200
cycles due to the short circuit of Zn dendrites. In sharp
contrast, the NIL@ZnlINIL@Zn symmetric cell exhibited
stable Zn plating/stripping cycling for over 2600 cycles with an
average overpotential of ~72 mV, demonstrating the important
role of homogeneous NIL in improving the electrochemical
reversibility of Zn electrode. Remarkably, at a high current
density of 40 mA/cm” with an areal capacity of 1 mAh/cm?,
stable Zn plating/stripping cycling with an average over-
potential of 120 mV for more than 2800 cycles was achieved
for the NIL@ZnlINIL@Zn symmetric cell (Figure S8). As a
comparison, the AIL@ZnllAIL@Zn symmetric cell failed

within 200 cycles under the same conditions. We conducted
comparation of our work with recently reported work in Figure
S9. Encouragingly, our work exhibits an impressive current
density (10 mA/cm?) with long cycle life, demonstrating the
outstanding effect of the NIL on protecting Zn anode.

Ionic conductivity of the AIL and NIL was evaluated by
electrochemical impedance spectroscopy (EIS) in the ZnllZn
symmetric cells. As shown in Figure S10, the interfacial
impedance of the NIL@Zn anode was smaller than that of the
AIL@Zn, suggesting a better Zn*" conductivity of the NIL.
The Zn** conductivity was further investigated by the ZnllZn
symmetric cells under various current densities from 0.5 mA/
cm? to 40 mA/cm’ As shown in Figures 4e and S11, the
polarization voltages of the AIL@ZnlIAIL@Zn and NIL@Znll
NIL@Zn symmetric cells were comparable under low current
densities (0.5 mA/cm? and 1 mA/cm?). However, with the
current density increases (10 to 40 mA/cm?), the NIL@Znll
NIL@Zn symmetric cell exhibited substantially lower over-
potentials than that of the AIL@ZnllAIL@Zn symmetric cell,
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Figure 5. Electrochemical performance of NIL@Zn-based energy storage systems in full cells. (a) Schematic diagram of ZnlICl, battery. (b)
Cycling performance of anode-free ZnlICl, cell with AIL and NIL. (c) Voltage profiles of anode-free ZnlICl, cell with NIL at different cycles. (d)
Cycling performances of zinc ion capacitors with AIL and NIL at 1 A/g. (e) Rate capability of zinc ion capacitors with AIL and NIL at different

current densities.

which indicated the favorable Zn>* transportation in the NIL.
The contact angles of AIL and NIL with electrolytes were
measured to be 85.8° and 90.6°, respectively, which indicated
that the AIL and NIL did not change much on the affinity of
the electrolytes with the Zn anode (Figure S12).

To verify the feasibility of the NIL, we have fabricated Znll
Cl, cells by applying the NIL@Zn foil as the anode and Cl, as
the cathode. It was reported that Cl, has a high theoretical
volumetric energy density (2500 Wh/L) and abundant
elemental availability. Therefore, aqueous ZnllCl, battery
chemistry has received much attention since the 1980s due
to its conceptually simple redox reaction (Zn + Cl, <> ZnCl,)
and cheap materials for fabrication.

The schematic diagram of ZnlICl, cells is shown in Figure
Sa. When charging the ZnllCl, cells, LiCl solution in the
electrolyte is electrolyzed to generate Cl, on the cathode
porous carbon felt; meanwhile, Zn is plated on the anode.
During discharge of the battery, the Cl, on the carbon felt is
reduced back to soluble CI7, and Zn is stripped from the Zn
anode. As shown in Figure S13, both the CV curves of the
NIL@ZnlIClL, and AIL@ZnlICl, cells at S mV/s showed similar
redox behaviors, which exhibited one pair of oxidation and
reduction peaks, corresponding to the CI™/Cl, reactions on the
cathode and the Zn/Zn** reactions on the anode. It should be
noted that in the absence of NIL, the redox current densities of
the AIL@Zn were lower and the discharge plateau was 0.04 V
lower than that of the NIL@Zn, suggesting that the NIL was
also favorable for the charge transfer. In addition, we fabricated
a ZnllCl, cell in an anode-free configuration, which is
considered to be very challenging for the Zn metal batteries.
As shown in Figure Sb, the cycling performance and
corresponding CEs of the anode-free ZnllICl, cells with AIL
and NIL were tested at 20 mA/cm?® An activation process was
needed in the initial cycles for the cells with AIL and NIL. The

CE only reached 85% for the anode-free AIL@ZnlICl, cell,
which failed within 50 cycles. In contrast, the CE of the anode-
free NIL@ZnlICl, cell can go up to 95% for over 200 cycles,
which highlights the important role of the NIL for the high
reversibility of Zn plating/stripping. The voltage profiles of the
anode-free NIL@ZnlICl, cell at different cycles were presented
in Figure Sc. The discharge plateau reached 1.84 V and the
discharge capacity remained at 0.95 mAh after the initial
activation. It is important to point out that the ZnllCl, battery
chemistry presented in this study was only used to
demonstrate the function of the NIL on the Zn anode.
However, some critical issues regarding the Cl, cathode were
not intended to be addressed, which are not the focus of the
current work.

Furthermore, zinc ion capacitors were assembled by using
the NIL@Zn anode and commercial porous carbon, showing a
stable operation over 60 000 cycles at a current density of 1 A/
g. In contrast, the zinc ion capacitor using the AIL@Zn anode
confronted cell failure around 51000 cycles (Figure 5d). The
rate performance of the Zn ion capacitor with AIL and NIL
was also investigated, as shown in Figure Se. In the NIL@Zn
ion capacitor, high capacities of 88, 76, 67, 63, 51, and 33
mAh/g could be achieved at 0.2, 0.5, 0.8, 1, 2, and S A g7/,
respectively. Notably, when the rate shifted gradually back to
0.2 A g' after the high-rate cycling, the highly reversible
capacity recovered to 82 mAh/g, while the AIL@Zn ion
capacitor showed a much lower capacity under the same
current density, suggesting the effectiveness of the NIL in Zn
ion capacitor.

In conclusion, a nucleophilic interfacial layer was con-
structed on Zn anode by introducing a nucleophilic agent,
TMAC], into the electrolyte. The NIL was verified to be zinc
acetate acetamide, which was drastically different from the AIL
of Zny(OH)4ClL,-H,0O in the control electrolyte. On the basis
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of different characterizations including in situ optical
microscopy, SEM, TEM, XRD, and XPS, we have demon-
strated that the NIL is compact, homogeneous, and Zn*-
conductive, which could effectively modulate the dendrite-free
Zn deposition. The cycle life of the NIL@ZnlINIL@Zn
symmetric cell was extended over 2600 cycles at a current
density of 10 mA/cm” with an areal capacity of 1 mAh/cm?,
much superior to the AIL@ZnllAIL@Zn cell with only 200
cycles. Meanwhile, the Coulombic efficiency of Zn plating/
stripping reactions was enhanced from 87.6% with the AIL@
Zn anode to 99.9% with the NIL@Zn anode. In addition, the
NIL@Zn anode enabled stable cycling of the ZnllZn
symmetric cell for over 2800 cycles at a high current density
of 40 mA/cm? with a low overpotential of 0.12 V.
Furthermore, the NIL-functionalized Zn anode enabled
anode-free ZnllCl, cell and zinc ion capacitor with improved
electrochemical performances and long-term cycling stability.
The design of nucleophilic interfacial layer on Zn anode may
open up a new avenue for the exploration of effective metal
anodes for high-performance metal batteries.
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Video 1 Zn plating/stripping of AIL@Zn. Two-electrode
(Zn foil and Zn foil) configuration was applied for the in
situ optical microscopy test in the electrolyte of 1 M
ZnSO,4 — 1 M LiCl. The cell was placed at the specimen
stage and the Zn foil was located perpendicular to the
incident light source. Meanwhile, galvanostatic deposi-
tion was performed by an electrochemical workstation
(CHI660E) under a current density of 10 mA/cm*
(MP4)

SVideo 2 Zn plating/stripping of NIL@Zn. Two-
electrode (Zn foil and Zn foil) configuration was applied
for the in situ optical microscopy test in the electrolyte
of 1 M ZnSO, — 1 M LiCl - 0.4 M TMACI. The cell was
placed at the specimen stage and the Zn foil was located
perpendicular to the incident light source. Meanwhile,
galvanostatic deposition was performed by an electro-
chemical workstation (CHI660E) under a current
density of 10 mA/cm?®. (MP4)
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