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The development of Zn-free anodes to inhibit Zn dendrite formation and
modulate high-capacity Zn batteries is highly applauded yet very challenging.
Here, we design a robust two-dimensional antimony/antimony-zinc alloy het-
erostructured interface to regulate Zn plating. Benefiting from the stronger
adsorption and homogeneous electric field distribution of the Sb/Sb,Zn3-
heterostructured interface in Zn plating, the Zn anode enables an ultrahigh
areal capacity of 200 mAh cm™ with an overpotential of 112mV and a Cou-
lombic efficiency of 98.5%. An anode-free Zn-Br, battery using the Sb/Sb,Zn;-
heterostructured interface@Cu anode shows an attractive energy density of
274 Wh kg™ with a practical pouch cell energy density of 62 Wh kg™. The
scaled-up Zn-Br, battery in a capacity of 500 mAh exhibits over 400 stable
cycles. Further, the Zn-Br, battery module in an energy of 9 Wh (6 V, 1.5 Ah) is
integrated with a photovoltaic panel to demonstrate the practical renewable
energy storage capabilities. Our superior anode-free Zn batteries enabled by
the heterostructured interface enlighten an arena towards large-scale energy

storage applications.

The coupling of high-safety, low-cost, and sustainable battery sys-
tems with electrical grid is proved effective to assure continual
energy supply and overcome the intermittent nature of renewable
energy%. Aqueous Zn batteries have received much attention in
terms of high theoretical energy density, high safety, and their sus-
tainable raw materials with low-cost’**. However, Zn anode suffers
from unfavorable reactions, particularly the formation of Zn den-
drites, which lead to low Coulombic efficiency (CE) and even short-
circuiting of the battery in prolonged cycles™'*. Moreover, the
excessive use of Zn in typical Zn batteries causes the negative to
positive (N/P) ratio goes as high as dozens or even hundreds, which
earnestly declines the practical energy densities of the batteries and
poses a severe threat to their real-life application’"?, It is important

to develop advanced strategies on inhibiting dendrite formation and
controlling the over-utilization of Zn to realize high energy density
and long service life Zn batteries™*,

Using well-engineered zincophilic materials such as Sn, Pb, Au, Ag,
Cu, and C on anode current collectors can effectively inhibit the for-
mation of Zn dendrites, while making them feasible to achieve anode-
free Zn battery design”*. This design essentially controls the N/P ratio
and achieves zero excess of anode in the battery, which not only
enhances energy density of the battery via lowering its volume and
weight, but also simplifies the battery construction process to reduce
cost”?*, To accomplish the anode-free operation, anodic active materi-
als in the form of dissolvable ions in the electrolyte are transformed into
metal on the anode current collector upon charge and dissolved back
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into electrolyte during discharge. Such a cutting-edge strategy has
been exploited in Zn batteries, which showed encouraging
characteristics®*~*%, Recently, Cui and coworkers®® designed a C@Cu
current collector for Zn plating/stripping, achieving a high average
CE of 99.6% over 300 cycles at an areal capacity of 0.5 mAh cm™.
Feng and coworkers™ proposed a 3D Ti-TiO, substrate for dendrite-
free Zn battery, in which the Zn|3D Ti-TiO, cell cycled stably for 200 h
at 5 mAh cm™ with a CE of -93.7%. However, deep understanding of
the mechanisms for anode-free Zn electrodeposition and the devel-
opment of Zn anode towards high capacities for practical Zn battery
applications have not been achieved.

The typical process of Zn electrodeposition on an anode-free
substrate can be divided into three consecutive stages, i.e., Zn
nucleation, nucleus growth and further Zn growth”. Amongst, the
homogeneous Zn nucleation is one of the most critical and decisive
steps for achieving the dendrite-free Zn electrodeposition. It can be
ascribed to the mechanism that numerous uniform nucleation sites
help guide the subsequent growth of the nucleus to maintain its uni-
formity and ultimately form a uniform plating layer. Therefore,
designing a robust, zincophilic and low-cost interface to regulate the
Zn nucleation on anode-free Zn substrates is highly desirable***"*. For
instance, Zhi and coworkers® demonstrated the quasi-isolated Au
particles as heterogeneous seed to guide uniform Zn electrodeposi-
tion, and the optimized Au@Zn anode presented a cycling stability of
over 2000 h at an areal capacity of 0.05 mAh cm™ Dong and
coworkers* designed a zincophilic Cu nanowire to stabilize Zn anode,
where the Cu substrate effectively inhibited Zn dendrite growth for up
to 130 h at an areal capacity of 5 mAh cm™. Despite the effectiveness of
the interface engineering for stable Zn electrodeposition, the attained
areal capacity and lifespan of the Zn batteries are inadequate for
industrialization (Supplementary Table 1). Further efforts should be
made to develop robust interfaces on anode-free substrates for stable
Zn electrodeposition and stripping at high capacities, which is one of
the key challenges towards the high-energy Zn batteries.

Herein, we propose a two-dimensional (2D) heterostructured
interface to regulate the homogeneous Zn nucleation and growth,
which results in dendrite-free Zn electrodeposition and stripping with
ultrahigh capacities. An antimony/antimony-zinc alloy hetero-
structured interface (Sb/Sb,Zn;-HI) is used as a model. Due to its
strong adsorption for Zn atoms and homogeneous electric field in Zn
plating, the Sb/Sb,Zn;-HI helps reduce Zn nucleation barriers and
consequently regulate homogeneous Zn nucleation and growth. The
dendrite-free Zn deposition in an ultrahigh areal capacity of 200 mAh
cm™2 can be achieved on the Sb/Sb,Zn5-HI coated Cu foil (Sb/Sb,Zns-
HI@Cu) with low overpotentials and high CEs. The fabricated anode-
free Zn-Br, battery using the Sb/Sb,Zn;-HI@Cu anode shows much-
improved energy density and cycling stability than its counterparts
without the HI layer. Particularly, the Zn-Br, battery is scaled up to an
Ah capacity level and displays high energy density for the practical
battery storage module by charging from photovoltaic cells. Our
anode-free design strategy will enable a revolution towards the com-
mercialization of Zn batteries for large-scale energy storage
applications.

Results

Design of 2D heterostructured interface

The 2D heterostructured interfaces are constructed by low-cost, zin-
cophilic metal and its alloy with Zn, which provides a fertile ground for
nucleating Zn*"*°"*2, We selected antimony (Sb) metal in this study as
amodel to demonstrate the design strategy of the 2D heterostructured
interfaces owing to the relatively low-cost (-10 US$ kg™) of Sb and its
rich alloying phases with Zn****, Cu was selected as the substrate for
the Zn-free anode to build up a durable Sb@Cu electrode. As illu-
strated in Supplementary Fig. 1, a typical Cu,Sb phase was detected in
the XRD results, which indicates that Sb has a certain solubility in Cu,

promoting a strong bond between the two metals and thus estab-
lishing a robust Sb-Cu interface®. We firstly evaluated the stability of
the prepared Sb@Cu substrates in aqueous electrolytes. As shown in
Supplementary Fig. 2, the Tafel plots indicate good stability of the
Sb@Cu substrate with a corrosion current density of 0.049 mA cm,
which is well below 0.21 mA cm™ for Zn foil and 0.072 mA cm™ for Cu
foil. When the Sb@Cu electrode was plated by Zn, a antimony/anti-
mony-zinc alloy heterostructured interface (Sb/Sb,Zns-HI) was
formed and its corrosion current density was further reduced to
0.025 mA cm, which suggests good stability of the 2D heterogeneous
interface formed by Sb and Sb,Zn; alloy. Furthermore, the Sb/Sb,Zn;-
HI@Cu electrode exhibits the lowest hydrogen evolution reaction
overpotential of -1.60 V vs. RHE at 10 mA cm2, which is lower than that
of Zn foil (-1.38V vs. RHE), Cu foil (-1.27V vs. RHE) and Sb@Cu
(-1.46 V vs. RHE) (Supplementary Fig. 3), implying the improved sta-
bility of the Sb/Sb,Zn;-HI@Cu electrode towards HER inhibition.

Working mechanism of Zn electrodeposition on Sb/Sb,Zn;-
HI@Cu electrode
Figure 1a exhibits schematic diagrams of the Zn electrodeposition on
Zn foils and Sb@Cu substrates. The typical Zn electrodeposition on Zn
foil results in the initial inhomogeneous nucleation, then the growth of
nuclei and intensification of inhomogeneity, and eventually uncon-
trolled dendrite formation. In contrast, on the Sb@Cu electrode, the
initially plated Zn can spontaneously alloy with Sb to form the Sb/
Sb,Zn;-HP**, thus leading to homogeneous Zn nucleation in the initial
Zn electrodeposition. Subsequently, the homogeneous nucleus gra-
dually grows and finally a dendrite-free and homogeneous galvanized
layer is formed. Different tests were carried out to identify this
mechanism intuitively. Figure 1b displays the voltage profiles of Zn
electrodeposition upon various substrates including Zn, Cu and
Sb@Cu. On the Sb@Cu substrate, the lower nucleation overpotential
of 3.6 mV is recorded, which is well below that of 5.1 mV for Zn foil and
9.3 mV for Cu foil. This can be ascribed to the promoted Zn nucleation
on the zincophilic Sb/Sb,Zn;-HI.

To probe the chemical composition of the Sb@Cu substrate after
Zn electrodeposition, X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS) and transmission electron microscope (TEM) have
been utilized. As illustrated in Fig. 1c, the XRD pattern assured the
existence of Sb,Zns, which corresponds to JCPDS # 00-023-1016,
reflecting the formation of Sb,Zn; alloy at the initial Zn electro-
deposition stage. In addition, the crystalline phase of Sb (JCPDS # 01-
071-1173) is also detected in the same sample, indicating the successful
generation of Sb/Sb,Zn;-HI. When the electrodeposited Zn over the
Sb@Cu substrate reaches a high capacity of 10 mAh cm™, the char-
acteristic peaks of metallic Zn are significantly enhanced, which
accompanied by the disappearance of the alloy phase. Interestingly,
after the complete dissolution of Zn, the Sb,Zn; alloy phases are still
detected on the Sb@Cu substrate. This implies that the Sb/Sb,Zn;-HI
formed in the initial Zn electrodeposition can retain on the Sb@Cu
surface and continue to regulate the Zn nucleation in the subsequent
cycles. XPS results of the Sb@Cu substrate exhibit that the peak of Zn
2p shifted about 0.2 eV towards the lower binding energy when the
electrodeposition capacity of Zn increased from 0.2 mAh cm™ to 10
mAh cm™ (Fig. 1d)***’. This can be attributed to the effect of the more
electronegative Sb on Zn in the Sb,Zn; alloy than the pristine Zn
deposit. Furthermore, high-resolution TEM confirms the coexistence
of (213) crystal planes for Sb,Zn; and (104) for Sb of the Sb@Cu sub-
strate after the initial Zn plating (Fig. 1e and Supplementary Fig. 4a-d),
while the EDS-mapping also displays the stacked distribution of Sb and
Zn in their interfacial areas that is ascribed to the Sb,Zn; alloy (Fig. 1f).
All the above characterization results suggest the successful genera-
tion of the Sb/Sb,Zn3-HI@Cu electrode.

The DFT calculations and COMSOL simulations were used
to further understand the effects of the Sb/Sb,Zns-HI on Zn
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Fig. 1| Mechanism of the anode-free Zn electrodeposition. a Schematic diagrams
of Zn electrodeposition on Zn and Sb/Sb,Zn;-HI@Cu substrates (HI represents
heterostructured interface). b Nucleation barriers of the Zn electrodeposition on
Zn, Cu and Sb@Cu substrates, where the charge current density is3mAcm2in2M
ZnBr,. ¢ XRD patterns of the Zn electrodeposition and stripping on Sb@Cu at
different capacities. d XPS spectra of Zn 2p of Zn plating on Sb@Cu substrate with

different capacities. e HRTEM images of the Sb,Zn;-HI@Cu anode. f EDS-mapping
of the Zn and Sb in the Sb,Zn;-HI@Cu anode. The sample for HRTEM and EDS-
mapping measurements was prepared by plating 0.2 mAh Zn on Sb@Cu sub-
strate. The constant current electrodeposition shown in Fig. 1b was carried out at
room temperature (25 °C).

electrodeposition. To assess the affinity of Sb with Zn, we studied the
adsorption behaviors of Zn atoms on both Zn and Sb@Cu substrates,
where the crystal planes of Zn (100) and Sb (104) were chosen
according to the XRD and TEM results (Fig. 1e and Supplementary
Fig. 5). As shown in Fig. 2a, the adsorption energy of Zn atoms on Sb
(104) is —-3.12 eV, which is much lower than that of Zn (100) plane
(-0.72 eV). The stronger adsorption ability of Sb for Zn atoms can be
ascribed to the initial Zn/Sb alloying. As illustrated in Supplementary
Figs. 6, 7 and Table 2. The Sb@Cu substrate displays an ohmic resis-
tance of 1.91 Q, which is lower than 2.56 Q of the Zn foil. Meanwhile, it
also exhibits a lower charge transfer resistance of 2.62 Q than 19.78 Q
of the Zn foil, indicating that the low adsorption energy on the Sb
surface can effectively accelerate the charge transfer. Ensuring the

continuous strong adsorption of Zn atoms on the substrate surface is
the key to achieve high areal capacity. Thus, we further evaluated the
adsorption energy of Zn atoms on the Sb surface after the initial Zn
adsorption. It can be assumed that the subsequent adsorption of Zn
atoms took place on the Sb/Sb,Zn;-HI, since the Sb,Zn; alloy layer was
formed after the initial Zn electrodeposition. The adsorption of Zn
atoms by the Sb/Sb,Zns-HI maintains a lower adsorption energy value
than the Zn for many layers of Zn deposits. In addition, the geometric
information clearly present that a stable Sb/Sb,Zn; interface is gra-
dually formed with the increase of the adsorbed Zn number (Supple-
mentary Fig. 4e). We further calculated the structure of Sb adsorbed
with 21 Zn atoms and its structural configuration indicated that the
formed Sb/Sb,Zn; interface layer was more stable as the number of
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Fig. 2| DFT calculations and COMSOL simulations. a Adsorption energy of the Zn
atoms on Zn (100) and Sb (104) crystal planes. Theoretical calculation models with
differential charge density of b Zn (100) and ¢ Sb (104). d Simulated current density

distribution of Zn plating on Zn substrate. e Simulated current density distribution
of Zn plating on Sb/Sb,Zn3-HI@Cu substrate. The simulation processes were car-
ried out at room temperature (25 °C).

adsorbed atoms increases. This indicates that Zn deposition on Sb/
Sb,Zn3-Hl is energetically favored, verifying the positive effect of the Sb/
Sb,Zn; interfacial layer on the homogeneous Zn electrodeposition*°,
As revealed by differential charge density plots in Fig. 2b, c, the elec-
trons around the deposited Zn atoms on the Sb surface are more
delocalized than that on the Zn surface. This helps to enhance the metal
bonding between Zn atoms and the Sb@Cu electrode and thus facil-
itates the homogeneous deposition of Zn.

Moreover, “COMSOL Multiphysical” was used to simulate the Zn
plating process on Zn and Sb/Sb,Zn;-HI@Cu substrates. When plating
on Zn surface, the dynamic current density distribution diagrams
(0-7005s) show a persistent irregularity throughout the deposition
process, resulting in the gradual formation of dendrites (Fig. 2d). This
can be attributed to the high nucleation barriers on the Zn surface,
leading to inhomogeneous nucleation and charge aggregation near
the Zn nuclei (red regions in Fig. 2d), eventually to non-uniform Zn
electrodeposition. Further evidence can be obtained from the Zn*
ions flux distribution on the Zn surface (Supplementary Fig. 8a), where
Zn* ions tend to occur in areas of charge aggregation, leading to
inhomogeneous Zn electrodeposition. In contrast, the Sb/Sb,Zn;-HI
exhibits a homogeneous electric field and an even Zn* flux distribu-
tion throughout the dynamic Zn electrodeposition process, which
leads to homogeneous Zn nucleation on the Sb/Sb,Zn3-HI and con-
sistently promotes uniform Zn deposition (Fig. 2e and Supplementary
Fig. 8b). Overall, the simulation results further reinforce the dendrite-
free Zn electrodeposition mechanism, in which the homogeneous Zn
electrodeposition is spurred by a uniform Zn?* flux and electric field
distribution.

Morphology of Zn electrodeposition on Zn and Sb/Sb,Zn;-
HI@Cu substrates

To further visually observe Zn electrodeposition on the Zn and Sb/
Sb,Zn;-HI@Cu substrates, scanning electron microscope (SEM) was
used to assess the morphology of electrodeposited Zn with different
areal capacities varied from 1 to 50 mAh cm™. As shown in Fig. 3a, the

inhomogeneous galvanic morphology on the Zn surface appears at the
onset of electrodeposition (1 mAh cm™), which can be traced back to a
non-uniform distribution of Zn nucleation sites leading to stronger
tendency for Zn electrodeposition in local areas. Successive Zn elec-
trodeposition accumulated in such inhomogeneous areas results in
the pronounced protrusion as the capacity increases to 10 or even 50
mAh cm™ (Fig. 3b, ¢). We have also deposited Zn on Cu substrates at
areal capacities varied from 1 to 100 mAh cm™ (Supplementary Fig. 9),
where the surface morphology of Cu has distinct bulges that became
more pronounced with increased capacity, which share the similar
behavior as the Zn substrate. However, a homogeneous and robust Zn
plated layer is obviously observed on the Sb@Cu substrate at an
areal capacity of 1 mAh cm™, which can be ascribed to the homo-
geneous Zn nucleation on Sb/Sb,Zn-HI that results in a uniform Zn
electrodeposition (Fig. 3d). This homogeneous galvanized layer can be
extended to high areal capacities of 10 and 50 mAh cm™ (Fig. 3e, f),
indicating the regulation effect continues throughout the entire Zn
electrodeposition process. In-situ observation of Zn electrodeposition
morphology on Zn foil and Sb@Cu substrates in 2M ZnBr, further
demonstrates the effect of Sb/Sb,Zn;-HI on stable Zn electrodeposi-
tion (Supplementary Fig. 10). The Zn plating on Zn foil shows a non-
uniform morphology in the initial stage (5s), and this inhomogeneity
persists as the Zn deposition time increases (25-500 s). After deposi-
tion up to 1000s, some obvious bumps were formed and gradually
increased with time. In contrast, the Zn electrodeposition on the Sb/
Sb,Zn;-HI@Cu surface shows a homogeneous morphology, which is
maintained throughout the entire galvanizing process (5-2000s). It
can be attributed to the homogeneous electric field kept at the Sb/
Sb,Zn;-HI and thus driving the formation of a uniform galvanized Zn
deposition layer. In addition, the cross-sectional morphology of Zn
electrodeposition on the Sb@Cu substrate with an areal capacity of 10
mAh cm™ exhibits a dense and coherent morphology (Fig. 3g). The
uniform distributions of Zn, Sb, and Cu are also confirmed by EDS-
mapping. It is worth mentioning that the Sb@Cu substrate was opti-
mized in a two-electrode configuration at 3mAcm™ for 10 min,
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Fig. 3 | Microstructures of the Zn electrodeposition on Zn and Sb@Cu sub-
strates with different capacities. Zn electrodeposited on Zn substrate with
areal capacities of a1 mAh cm™, b 10 mAh cm™, and ¢ 50 mAh cm™. Zn elec-
trodeposited on Sb@Cu substrate with areal capacities of d 1 mAh cm,

e 10 mAh cm™, and f 50 mAh cm™. g Cross-sectional SEM image and the cor-
responding EDS-mapping of Zn electrodeposition on Sb@Cu with a capacity of
10 mAh cm™,

resulting in Sb nano-spheres with a thickness of roughly 1 pm (Fig. 3g
and Supplementary Fig. 11). Overall, the Sb@Cu substrate prepared by
such an approach is proved successful in realizing uniform Zn plating,
unfurling a strategy for dendrite-free Zn electrodeposition with high
capacities.

Electrochemical performance of Zn half-cells

The plating/stripping tests of various substrates including Zn, Cu and
Sb@Cu were carried out in coin cells at 5 mAh cm™and 5 mA cm™, with
a Zn foil as counter electrode (Supplementary Fig. 12). Benefiting from
the highly stable Zn electrodeposition on Sb/Sb,Zn3-HI, the Zn|Sb@Cu
half-cell exhibits a superior stability over 700 h with a low over-
potential of ~20 mV and an average CE of ~97.8%. In contrast, the
polarization of the Zn|Zn symmetric cell begins to rise after 200 h of
cycling and short-circuits after 360 h, while the Zn|Cu asymmetric cell
fails after 240 h of cycling. The failure mechanisms can be attributed to
the gradually accumulated Zn dendrites on the electrode and their
eventual penetration through the separator, resulting in a cell break-
down. We further enlarged the areal capacity to 10 mAh cm™2, wherein
the Zn|Sb@Cu half-cell in a beaker configuration can be cycled at
20 mA cm for nearly 550 h with a high average CE of -98% (Fig. 4a). On
the contrary, the Zn|Zn half-cell can only operate for roughly 100 h,
owing to the exacerbated non-uniform Zn electrodeposition at high
areal capacities. Further, as shown in the voltage vs. capacity curves at
the 10th, 100th and 300th cycles, the Zn|Sb@Cu cell maintains lower
overpotentials than that of the Zn|Zn cell, along with high CEs (Fig. 4b).

Figure 4c portrays the rate capacities of the Zn|Sb@Cu half-cell,
which displays a consistently high CE over 98% at 10 mAh cm™, even at
a current density up to 200 mAcm™ (20 C). This implies that the
advantages of Sb/Sb,Zn;-HI to stabilize Zn electrodeposition are not
confined to high current densities, signaling its great potential for
high-power Zn batteries. Furthermore, after 50 cycles at 10 mAh cm™,
the morphologies of the Zn and Sb@Cu substrates disclose evidence
of the advantages of Sb/Sb,Zns-HI for Zn plating/stripping (Fig. 4d).
With a substantial percentage of dendritic Zn, the Zn foil shows an
irregular structure. In contrast, the Sb@Cu substrate shows a homo-
geneous and compact surface without any discernible dendrites, sig-
nifying that the Sb/Sb,Zn;-HI enables the efficient Zn plating/stripping
throughout the prolonged cycling. Even when the areal capacity of the
Zn|Sb@Cu half-cell is increased to 50 mAh cm™, the battery can still
cycle stably for more than 220 h and maintain an average CE of 98.3%
at 50mA cm™ (Fig. 4e). The highly reversible anode-free Zn plating/
stripping regulated by the Sb/Sb,Zn3-HI at high capacities makes Zn
batteries commercially viable.

Electrochemical performance of anode-free Zn-Br, battery

In the light of the attractive Zn plating/stripping performance of Sb/
Sb,Zn;-HI, we carried out Zn-free full cell investigations of the Sb@Cu
anode combined with the Br, cathode (Supplementary Fig. 13). The
Zn-Br, batteries were assembled using Sb@Cu as the anode, carbon
felt (CF) as the cathode, and low cost ZnBr, and tetrapropylammonium
bromide (TPABr) as the electrolyte (Fig. 5a). As illustrated in Eqgs. (1-3),
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0.5V vs. Zn*'/Zn at 1-16 C and 0.8 V vs. Zn*"/Zn at 20 C. d SEM images of Zn and
Sb@Cu substrates after 50 cycles in the half-cells with an areal capacity of 10 mAh cm
2 and a current density of 20 mA cm™. e Cycling performance of the Zn|Sb@Cu half-
cell with an areal capacity of 50 mAh cm, a current density of SO mA cm™, and a cut-
off voltage of 0.5V vs. Zn**/Zn. The electrochemical measurements were carried out
at room temperature (25 °C).

when charging the battery, soluble Br™ in the electrolyte diffuses to the
cathode and is oxidized to Br,, followed by complexes with TPABr to
form TPABr; on the CF cathode, while Zn*" is reduced to plate Zn at
the Sb@Cu anode. During discharge, the as-deposited TPABr; on the
cathode is dissolved back to soluble Br~ and TPA*, and Zn is stripped
from the anode’. In this advanced battery design, the active materials
are completely dissolved into the electrolyte and thus the electrodes
do not require any pre-treatment, which greatly simplifies the cell
preparation process and reduces the manufacturing costs. It is worth
noting that the cathode chemistry of TPABr3/Br~ is a solid/liquid con-
version, which effectively avoids the diffusion of liquid Br, into Zn
anode to cause the crossover that is the side reaction in conventional
Zn-Br, batteries. Therefore, the advanced anode-free Zn-Br, batteries
eliminate the utilization of expensive ion exchange membrane and
significantly reduce the overall battery costs.

Cathode : TPABr+2Br~ < TPABr; +2e~ 6))

Anode : Zn** +2e~ < Zn

@

Overall : TPABr+2Br~ +Zn?* « TPABr; +Zn 3)

We explored the rate capability and long-term cycle stability of
the Zn-Br, batteries with Sb@Cu anode to demonstrate their promises
for practical energy storage applications. As shown in Fig. 5b, the
anode-free Zn-Br, battery with an areal capacity of 10 mAh cm™
exhibits a CE of ~98% at 1 C and ~83% at a high rate of 10 C. The Zn-Br,
battery also possesses a discharge voltage of 1.65V at 1C, and 1.1V
even at 8 C (Fig. 5¢), demonstrating its attractive rate capacity. Excit-
ingly, the Zn-Br, battery delivers an attractive energy density of
-274Whkg™ when taken active materials of both cathode and
anode into account. Meanwhile, a practical energy density of
62 Whkg™ is achieved on the basis of the entire Zn-Br, pouch cell,
including all components of cathode, anode, separator, electrolyte,
current collector, and packaging (Supplementary Figs. 14, 15). As
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performance at 10 mAh cm™ and 10 mA cm™ The electrochemical measurements
of the Zn-Br, batteries were carried out at room temperature (25 °C) with a battery
discharge cut-off voltage of 0.5 V.

illustrated in Fig. 5d, our Zn-Br, battery with Sb@Cu anode reveals
negligible capacity decay over 800 cycles at an areal capacity of
10 mAh cm™ and a discharge current density of 10 mA cm™. In con-
trast, the battery with Zn foil anode can only be cycled steadily for
about 50 cycles, followed by a rapid drop in efficiency and eventually
complete failure in less than 100 cycles. This can be attributed to the
uncontrollable Zn dendrite growth resulted short-circuiting of the
battery. Even when the battery capacity is enlarged to 20 mAh cm™, a
high average CE of 95% is still maintained after 170 cycles at a discharge
current density of 20 mA cm™ (Supplementary Fig. 16). Our findings
disclose that the exceptional cycle stability of the Zn-Br, battery is
correlated to the highly reversible chemistries of Br/TPABr; and Zn*/
Zn. It also enlightens our strategies for advancing the practical appli-
cation of the next-generation Zn-Br, batteries.

Electrochemical performance of Zn-free anode with ultrahigh
capacities

To assess the potential for high energy batteries, the Sb@Cu anode
with ultrahigh capacities have been further investigated. Fig. 6a shows
the charge and discharge curves of the Zn|Sb@Cu half-cells with var-
ious capacities from 10 to 200 mAh cm™. Impressively, the Sb@Cu
anode exhibits an ultrahigh areal capacity of 200 mAh cm™ with an
overpotential of 112 mV and a high CE of 98.5% (Supplementary Fig. 17).
A comparison between our Sb@Cu anode and the reported anode-free
substrates for Zn plating was summarized by considering several key
parameters, such as areal capacity, current density, and accumulated
capacity (Fig. 6b). Our Sb@Cu substrates exhibit obvious advantages
particularly in terms of the high areal capacity of 200 mAh cm™, which
is about one to two orders of magnitude higher than the reported
values'6?229323436-385152 " In  addition, the high current density of
200 mA cm™ and accumulated capacity of 5500 mAh cm™ are among
the best reported values, suggesting the great promises of the Zn-free
Sb@Cu anode for high energy Zn batteries. Optical microscope pho-
tographs were taken to show the Zn electrodeposition characteristics
at a high areal capacity of 200 mAh cm™ (Fig. 6¢). The Zn substrate has
a rough surface with dendrites stacked around the edges. In contrast,
the surface and edges of the Sb@Cu substrate exhibit dendrite-free
morphology. Such a uniform Zn electrodeposition at ultrahigh areal
capacities benefits from the regulating function of the Sb/Sb,Zn;-HI to

homogeneous Zn nucleation and continuous extension of the advan-
tage to the galvanized Zn layer.

Even stronger evidence comes from the assembled Sb@Cu anode
with ultrahigh areal capacity in an asymmetric anode-free Zn-Br; full
cell. As illustrated in Fig. 6d, the battery is composed of 20 cm?
CF cathode and 1 cm? Sb@Cu anode, where the designed capacity is
200 mAh. As a result, the battery exhibits a discharge voltage of 1.5V
(Fig. 6e), a stable cycle approaching 40 times with an average CE of
over 94% (Fig. 6f). The attractive electrochemical performance of the
anode-free Zn-Br, battery indicates that the advantage of ultrahigh
areal capacity of the Sb@Cu substrate is highly practical, further tes-
tifying its potential for commercialization.

Scaled-up Zn-Br, batteries for practical energy storage
applications

One of the most essential criteria for large-scale energy storage
application of the battery is the electrochemical behaviors at enlarged
capacities. In this regard, we scaled up the Zn-Br;, battery to a capacity
of 500 mAh through an alternating electrode stacking structure. As
shown in Fig. 7a, the battery is composed of a carbon felt cathode, a
glass fiber separator, a Zn-free Sb@Cu anode, and ZnBr, with TPABr
electrolyte, in which two pairs of electrodes with individual area of
36 cm? (equivalent to an areal capacity of ~7 mAh cm™) were applied.
The stacked electrodes were assembled into a homemade plexiglas
device with dimensions of 6.5cm x 8 cm x 12 cm (Fig. 7b). Excitingly,
the scaled-up Zn-Br, battery can be stably cycled for over 400 cycles
and exhibited an average CE of 98.5% (Fig. 7c). Subsequently, we have
further reduced the electrode thickness (1.5 mm for CF cathodes and
~0.03mm for Sb@Cu anodes) and increased electrodes to three
pairs. The designed battery exhibits a capacity of 1500 mAh (areal
capacity of ~-13.9 mAh cm™). As shown in Fig. 7d, the individual battery
exhibits a discharge capacity of 1393 mAh and a high discharge voltage
of 1.5 V. Moreover, the batteries in different combinations still exhibit
good electrochemical performance, including two parallel-connected
battery with a discharge capacity of 2833 mAh and a discharge voltage
of 1.6V, two series-connected battery with a discharge capacity of
1389 mAh and a discharge voltage of 3.12 V, as well as two parallel plus
two series-connected battery with a discharge capacity of 2740 mAh
and a discharge voltage of 3.1V. The acquired discharge energy of
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Fig. 6 | Electrochemical performance of Zn electrodeposition at ultrahigh
capacities on the Sb@Cu substrate. a Charge and discharge curves of the Zn|
Sb@Cu half-cells at different capacities with a constant current density of 20 mA
cm and a cut-off voltage of 0.5V vs. Zn*/Zn. b A summary of Zn-free electrodes
for Zn plating/stripping in terms of areal capacity, current density, and accumu-
lated capacity. ¢ Digital photographs of Zn plating on Zn and Sb@Cu substrates at
an areal capacity of 200 mAh cm™. Asymmetric anode-free Zn-Br, battery. d Digital

photographs of the cathode and anode, where the battery has a carbon felt cathode
of 20 cm? and a Sb@Cu anode of 1 cm? (CF represents carbon felt). e Discharge
curve. f Cycling performance. The asymmetric anode-free Zn-Br, battery was
charged at 1.9 V to 200 mAh and discharged at 20 mA to 0.5 V. The electrochemical
measurements of the half-cells and Zn-Br, battery were carried out at room tem-
perature (25 °C).

single cells in the battery module is slightly higher than that of the
individual single cells, demonstrating the remarkable scalability and
industrial application potentials of our Zn-Br, batteries.

The self-discharge performance is another important parameter
to assess the practicality of batteries. Conventional Zn-Br, batteries
suffer from severe self-discharge due to the crossover issue of the Zn
anode by the diffusion of bromine. Thus, expensive ion exchange
membranes are commonly used to mitigate this phenomenon, which
significantly increase the battery cost®***. In our work, low-cost glass
fiber separator is constructed into a static Zn-Br, battery with a
capacity of 1500 mAh to evaluate its self-discharge performance. As
shown in Supplementary Fig. 18, when the fully charged battery is rest
for 48 h, the open-circuit voltage only drops by 50 mV from the initial
1.813V to 1.763 V. Meanwhile, it can still discharge a capacity of 1383
mAh, which is 95% that of the battery without the rest for 48 h, with a
discharge voltage of 1.48 V. This can be ascribed to the remarkable
TPABr3/Br~ solid/liquid redox chemistry, preventing bromine diffusion
from contaminating the Zn anode, thus enabling the battery to sup-
press self-discharge even without the utilization of costly ion exchange
separators.

The eye-catching performance of the scaled-up anode-free Zn-Br,
battery has provoked our interest in demonstrating its potential

towards renewable energy storage via the integration with photo-
voltaic cell panels. We connected four 1500 mAh Zn-Br;, batteries in
series into a module of -9 Wh (6 V and 1.5 Ah), which is then charged by
a photovoltaic cell panel (6 W and 9 V) for about 2 h during daytime.
The solar-powered battery module can consistently light up a 10 W
LED display in night (Fig. 7e). When discharging, the battery module
still exhibited a discharge capacity of 942 mAh and a discharge voltage
of 5.97V after lighting up the LED display for 10 min (Supplementary
Fig. 19). The successful integration of the Zn-Br, battery module with
the photovoltaic cell panel illustrates their high adaptability and
energy storage applications in future smart grids. It can be foreseen
that further optimization of the battery components can unfurl a
reinvigorated arena of next-generation anode-free Zn-Br, batteries
with an attractive cost and remarkable energy density for future grid-
scale energy storage applications.

Discussion

We have developed a metal/metal alloy heterostructured interface to
modulate Zn nucleation and stable Zn growth, which enabled dendrite-
free Zn plating/stripping at an ultrahigh capacity of 200 mAh cm™.
Benefiting from the Zn-free anode design, the Zn-Br, full battery
achieved a competitive energy density of ~274 Wh kg™ with a practical
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Fig. 7 | Scaled-up Zn-Br, batteries for practical energy storage applications.
aSchematic of the scaled-up Zn-Br;, battery structure. b A digital photograph of the
assembled battery. ¢ Cycling performance of the scaled-up battery with a capacity
of 500 mAh. The battery was charged firstly at 250 mA to 1.95 V and then at 1.95V to
500 mAh, and finally discharged at 250 mA to 0.5 V. d Discharge curves of the
batteries with different connections. The individual battery was charged firstly at
300 mA to 2V and then at 2V to 1500 mAh, and finally discharged at 200 mA to

designated voltage. e Solar powered battery energy storage system at day and
night. The demonstrated system of solar powered energy storage is based on the
Zn-Br; battery module as the energy storage device (four series-connected Zn-Br,
batteries with a voltage of -6 V and a capacity of 1500 mAh), photovoltaic cell panel
as power source (rated at 9 W) and an LED display (rated at 10 W) serving as elec-
trical load. The electrochemical measurements of the scale-up Zn-Br, batteries
were carried out at room temperature (25 °C).

pouch cell energy density of 62 Wh kg™, which reflected its potential as
energy storages devices. Furthermore, it can be cycled over 800 times
without capacity decay, and the scaled-up battery with a capacity of
500 mAh also exhibited stable cycling over 400 times. The battery
module with an energy of 9 Wh (6 V, 1.5 Ah) was successfully assem-
bled using the enlarged 1.5 Ah Zn-Br, batteries, which can be inte-
grated with the renewable energy source and demonstrated a
discharge voltage of ~6 V to power LED displays. We believe that the
anode-free batteries engineered by the metal/metal alloy hetero-
structured interfaces will enable a revolution towards their future
energy storage applications.

Methods

Materials

Potassium bromide (KBr, >99%), bromine (Br,, >99%), sulfuric acid
(H,S04, =2 95%) and copper foil (100 pm and 30 pum, 99.5%) were pur-
chased from Sinopharm Group Co. Ltd. Zinc bromine (ZnBr,, 299%),

tetrapropyl ammonium bromide (C;;H,sNBr, >98%) and antimony
trichloride (SbCl; >99%) were procured from Shanghai Maclean Bio-
chemical Technology Co. Ltd. Carbon felt (thickness: 3 mm and
1.5 mm) was adopted from Dalian Longtian Technology Co. Ltd. Zn foil
(50 pum) was manufactured by Beijing Xinruichi Technology Co., Ltd.
Ketjen black EC600JD was procured from Alibaba Group.

Preparation of Sb@Cu current collector

To fabricate a clean and fluffy surface, the copper foil was first polished
with fine sandpaper and afterwards cleansed with deionized water. The
Sb plating on copper substrates was carried out using a conventional
electroplating approach. It incorporates a two-electrode system with a
copper working electrode and a graphite plate counter electrode. The
electrolyte was comprised of 4 M H,SO, and 0.03 M SbCl; dissolved in
deionized water. During the electroplating process, the thickness of
the Sb layers was tuned by adjusting the plating time (3-20 min) at a
current density of 3mA cm™.
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Battery fabrication

In 2M ZnBr», half-cells were constructed in coin and beaker cell con-
figurations, utilizing 80 uL electrolyte for coin cells. In half-cells, the
substrates of Zn foils (50 pm), Cu foil (100 pm) and Sb@Cu (-100 pm)
were acted as the working electrodes, and Zn foil as the counter
electrode. The tests of Zn full batteries were conducted in a home-
made plexiglas device with 3 mL electrolyte, as shown in Supplemen-
tary Fig. 13. In the Zn-Br; full cell, carbon felt (thickness of 3 mm) and
the Sb@Cu (thickness of ~100 pm) with an active area of 1 cm? was used
as the cathode and anode, respectively, where the electrolyte consists
of 0.5M ZnBr, and 0.25 M TPABr.

The scaled-up Zn-Br, battery was integrated in a plexiglas device
with the dimensions of 65 mm x 12 mm x 80 mm (Fig. 7a). The elec-
trolyte was a mixture of 0.5M ZnBr, and 0.25M TPABr in aqueous
solution in an amount of 55 ml. The electrodes (thickness of carbon felt
is 3 mm and that of Sb@Cu is 0.1 mm) were assembled via lamination
into two pairs with an active area of 36 cm? and a designed capacity of
500 mAh (Fig. 7b). In addition, a glass fiber separator with a thickness
of 1mm is placed between the carbon felt and the Sb@Cu terminals to
prevent the battery from short-circuiting. In the further enlarged bat-
tery with a capacity of 1500 mAh, the design has been increased to
three pairs of electrodes. The carbon felt (thickness of 1.5 mm) and
Sb@Cu (thickness of ~30 pm) are functionally operated as the cathode
and anode current collectors, respectively. The Sb@Cu was pre-
deposited with ~15 mAh cm™ Zn. It is noteworthy that to inflate carbon
felt cathode’s areal capacity in the 1500 mAh battery, we embellished
positive materials upon carbon felt with a mass loading of 69 mg cm™
(the mass percentage of active material TPABr; is about 87%) via
titration. To prepare the electrode slurry, TPABr;, ketjen black-
EC600JD and PVDF with a mass ratio of 100:10:5 were mixed in
N-methylpyrrolidone (NMP) solvent to craft a homogenized slurry. The
as-prepared slurry was rationed evenly upon carbon felt and dried in
an electric oven at 80 °C for 6 h, and the operation was repeated 3
times to reach the rated mass loading.

Characterizations

Morphological analysis of anode microstructure was carried out using
optical microscope (MICV), scanning electron microscope (SEM, JEOL-
6700F) and transmission electron microscope (TEM, JEOL JEM-2100F).
For elemental analysis, X-ray diffraction (XRD, Smart Lab, Japan) with
Cu K, and X-ray photoelectron spectroscopy (XPS, Thermo ESCALAB
250Xi) with a monochromatic Al K, source of 1486.6eV were
employed.

Electrochemical measurements

Tafel plots and cyclic voltammetry (CV) were performed in a typical
three-electrode system with the EC-Lab electrochemical workstation
(Biologic VMP3, France), where the substrates of Zn foil, Cu
foil, Sb@Cu and 0.2 mAh Zn plated Sb@Cu were acted as the working
electrodes, graphite rod as the counter electrode and Ag/AgCl as the
reference electrode. The Tafel and CV plots were tested in 2M KBr,
where the scan rate of the Tafel plots was 5 mV s™ with a potential of
+0.25V vs. open-circuit potential, and that of the CV plots was 5mVs™
in a voltage range of —-1.2 ~ 2.5V vs. Ag/AgCl. The charge/discharge
measurements of the half and full batteries were recorded via battery
test systems (LandHe, Wuhan, China; NEWARE, Shenzhen, China).
Specifically, the half-cell tests were executed by applying a constant
current, where the cut-off voltage for the Zn|Sb@Cu half-cells was 0.1V
for coin cells and 0.5V for beaker cells. The Zn-Br, batteries were
charged to a certain capacity (10 mAh and 20 mAh) at 1.9V and dis-
charged to 0.5V vs. Zn**/Zn at 10-80 mA cm™. The scaled-up Zn-Br,
battery was firstly charged under constant currents to certain voltages
and then charged at a constant voltage to the quantified capacity,
thereafter discharged at a constant current. All of the electrochemical
measurements were conducted in air at room temperature of 25 °C.

Theoretical calculation and simulation details

The first principles calculations were carried out with the standard DFT
using Vienna ab initio Simulation Package (5.4.4 VASP) within the
generalized gradient approximation (GGA) as formulated by the
Perdew-Burke-Ernzerhof (PBE) functional. The Zn (100) and Sb (104)
surfaces with six atoms were modeled for the adsorption calculation
with a 20 A vacuum space to avoid the interaction from nearby layers,
where the layers 4 to 6 are the central layers and the layers 1 to 3 are
the surface layers. The final set of energies for all calculations was
computed with a cut-off energy of 520 eV. The convergence criteria for
energy were set to be 10~°eV, and the residual forces on each atom
became smaller than 0.02 eV A™.. The Brillouin zone integration was
performed with 4x4x1 and 2x3x1 I'-centered Monkhorst-Pack
k-point meshes for Zn (100) and Sb (104) in the geometry optimization
calculations. To further confirm the adsorption effect of the Sb sub-
strate after the Zn/Sb alloy, successive adsorptions were continued
until the 21st atom was collected.

The electrochemistry and material transport infusion of Zn
electrodeposition was simulated using COMSOL Multiphysics via
coupling the “Second current distribution” with “Transport of Dilu-
ted Species” fields. The electrolyte concentration is preset to 2 M of
ZnBr,. The linear Bulter-Volmer equation (Eq. 4) was utilized to
compute the electrode reaction kinetics. The i, denotes the local
current densities over the electrode and electrolyte interface,
whereas iy is the exchange current density. Similarly, a, and a. are the
anodic and cathodic transfer coefficients, and the F/RT is the Nernst
parameter.

, . F
lioc=1lo <%> n 4)

Furthermore, the Nernst-Einstein relation (Eq. 5) was used to
compute ion diffusion, where D reflects diffusion coefficient, kK marks
Boltzmann constant, and T symbolizes temperature. To acquire the
current density distribution and Zn ion flow, we configured the elec-
trodeposition parameters of Zn to 700s under transient conditions
and generated the data at an interval of 5s. The physical parameters
were shown in Supplementary Table 3.

D=pkT 5)

Calculation of energy density of the anode-free Zn batteries
The energy density of Zn batteries was reckoned to assess their
ultimate potential for future large-scale energy storage applications.
The calculation of energy density (ED) is based on positive and
negative active materials (Eq. 6). The anode-free Zn-Br, battery with
a capacity of 10 mAh portrays a discharge energy (F) of 16.17 mWh,
where the initial plating mass of the TPABr; cathode is 0.0468¢g
and 0.01219g for the Zn anode, showing a total mass (m) of
0.05899 g. Thus, the Zn-Br, battery displays an energy density of
274.1Whkg™ with respect to the active materials of cathode and
anode only. The practical energy density of the Zn-Br;, pouch cell was
calculated based on all components, including cathode, anode,
separator, electrolyte, current collector, and cell packaging, render-
ing a promising value of 62 Wh kg™

ED= (6)

3Im

Data availability

All data generated in this study are provided in the Source Data file and
its Supplementary Information. Source data are provided with
this paper.
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