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Abstract: Aqueous zinc ion batteries are regarded as ideal candidates for stationary energy storage 

systems due to their low cost and high safety. However, zinc can readily grow into dendrites, leading 

to limited cycling performance and quick failure of the batteries. Herein, we propose a novel 

strategy to mitigate this dendrite problem, in which selectively-polarized ferroelectric polymer 

material (poly(vinylidene fluoride-trifluoroethylene) (P(VDF-TrFE))) is employed as a surface 

protective layer on zinc anodes. Such a polarized ferroelectric polymer layer could enable a locally-

concentrated zinc ion distribution along the coated surface and thus enable the horizontal growth of 

zinc plates. As a result, symmetrical zinc batteries using such anodes exhibits long cycling lifespan at 

0.2 mA cm-2, 0.2 mAh cm-2 for 2000 hours, and a high rate performance up to 15 mA cm-2. Also, the 

full cell (including Zn-MnO2 battery and zinc ion capacitor) based on this anode has been 
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demonstrated. This work provides a novel strategy to protect the zinc anode and even other metal 

anodes exploiting polymer ferroelectricity. 

 

1. Introduction 

With the global public goal of carbon neutrality, promoting the large-scale application of renewable 

energy (e.g., solar energy, wind energy) is essential. In this regard, developing supporting stationary 

energy storage systems to ensure renewable energy's stable and continuous output becomes an 

important research direction for scientists and enterprises.*1+ Lithium-ion battery (LIB), as the 

dominant technology in the current battery market, is widely used in various applications, ranging 

from electric cars to portable intelligent electronics. However, LIB is not an ideal candidate for 

stationary energy storage systems due to the limited lithium resources and high cost of raw 

materials.*2+ 

Tremendous attention has been focused on developing energy storage systems with low-cost 

characteristics, including sodium-ion batteries,*3+ potassium-ion batteries,*4+ and zinc-ion batteries 

(ZIB).*5+ Among these battery systems, ZIB is highly promising thanks to several advantages: (1) zinc 

metal possesses high specific capacities (820 mAh g-1 and 5855 mAh cm-3);*6+ (2) zinc metal has high 

compatibility in water and a reasonably low electrochemical potential (-0.76 V vs. SHE), which 

enables its application of aqueous battery system with extremely high safety;*7+ (3) zinc has higher 

abundance than lithium in the earth crust, and the mature production technology makes the price of 

zinc extremely cost-effective.*8+ However, zinc metal's performance in aqueous ZIBs suffers from 

several problems, particularly dendrite formation.*9+ Many factors can contribute to zinc dendrite 

formation, especially the uneven distribution of surface charge density at the anode and the 

inhomogeneous ion flux in the electrolyte, causing zinc to deposit unevenly and form zinc tips on the 

surface of the anode. Such as-formed zinc metal tips tend to exhibit locally concentrated surface 

charge density and promote the growth of zinc over other areas, which is often referred to as the 

notorious “tip effect”.*10+ These zinc tips eventually grow into prominent zinc dendrites during cycling 

and finally cause an internal battery short circuit (Figure 1, upper panel). Thus, a stable zinc metal 

anode with dendrite-free deposition behavior is a key requirement for the broad application of 
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aqueous ZIBs. 

In recent years, suppressing the zinc dendrite growth in aqueous zinc ion batteries has attracted 

widespread research interest. Various approaches have been adopted to fulfill this goal, including 

optimizing electrolyte components,*11+ applying three-dimensional current collectors,*12+ and 

constructing artificial interphases.*13+ Constructing artificial interphases before battery assembly is an 

easy and highly efficient strategy to enable a highly stable zinc anode in operating batteries.*14+ These 

artificial protective layers are generally proposed to introduce physiochemical interactions with zinc, 

and thus realize its stable deposition. However, most reported artificial protective layers were 

prepared with a relatively high thickness,*14, 15+ which would inevitably harm the gravimetric and 

volumetric specific capacities of the ZIBs. Therefore, designing thin artificial protective layers, which 

can still achieve a dendrite-free zinc deposition behavior while minimizing the impact on battery 

energy density, becomes critical for zinc metal anodes. Considering the high Young's modulus of 

zinc,*16+ constructing a protective layer to suppress zinc dendrite growth is a very challenging task. 

Recently, Kong et al. and Lopez et al. studied the mechanism of polymer coatings on Li metal anode, 

and proposed that Li can easily penetrate the polymer coatings if they are rigid.*17+ Inspired by them, 

developing a rigid coating layer, which can realize “guiding zinc growth” instead of “suppressing zinc 

growth”, could be an essential strategy while designing thin artificial protective layers. 

Ferroelectric materials exhibit a spontaneous electric polarization, which can be reversed or switched 

in an external electric field. Especially, ferroelectric polymers have received widespread interest in 

recent decades, since they possess ferroelectricity and have the advantages of polymers such as low 

processing temperature and excellent flexibility.*18+ Because these ferroelectric polymers can be 

readily fabricated into uniform thin films, they have been used in various applications such as 

memory devices and sensors.*19+ Common ferroelectric polymers include polyvinylidene fluoride 

(PVDF) and its copolymers.*20+ Their ferroelectricity originates from the polar groups in the crystalline 

polymer structure. Among them, poly(vinylidene fluoride-trifluoroethylene (P(VDF-TrFE)) is 

particularly important. P(VDF-TrFE) with an appropriate TrFE content (20-35 mol%) can readily 

crystallize into the ferroelectric β-phase via simple heat treatment, and the crystallinity can reach 

90% (much higher than PVDF).*21+ Moreover, this heating process can also bring about a substantial 

increase in stiffness of the P(VDF-TrFE).*22+ Therefore, such ferroelectric polymer could be a promising 



 

 

  

 

This article is protected by copyright. All rights reserved. 

 

candidate for constructing a small-thickness zinc surface protective layer. On the one hand, its high 

stiffness could enable zinc grow and penetrate the coating. On the other hand, a pre-polarization 

treatment on the ferroelectric polymer can alter its surface electric property, which could provide 

the potential to control zinc deposition through electrostatic fields after its penetration. 

Herein, we propose a novel strategy to suppress zinc dendrite growth by introducing a selectively 

polarized ferroelectric polymer material P(VDF-TrFE) as the protective layer on the zinc anode. Since 

a direct-current polarization process can alter the dipole direction of the polymer molecule, we 

selectively regulated the polarization direction, and endowed the negative dipole center of the 

ferroelectric polymer at the electrolyte-side surface. Such a protective layer could provide an inner 

electrostatic field between polymer coating and zinc metal, inducing the locally concentrated zinc ion 

at the polymer coating surface, thus enabling the zinc to grow horizontally along the coating surface. 

The concept we have developed is illustrated in Figure 1 )lower panel(. With only 0.5 μm thickness, 

such coating layer enabled the stable operation of Zn-Zn symmetrical battery for 2000 hours at 0.2 

mA cm-2, 0.2 mAh cm-2, and high rate performance up to 15 mA cm-2. As a result, full Zn-MnO2 

batteries and Zn-ion capacitors based on such modified zinc metal anodes exhibited much-improved 

cycling stability. Compared to the reported literatures employing the piezoelectric property of 

ferroelectrics to modulate metal growth behavior,*23+ the electrostatic field-modulated zinc 

deposition proposed here in this work provided a new insight for exploiting ferroelectric materials in 

the metal anode protection. Also, this work serves as a new solution for protecting zinc metal anodes 

from a crystallographic perspective. 
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Figure 1. Schematic illustration showing the zinc deposition behaviors on bare zinc (upper panel) and 

selectively poled P(VDF-TrFE)-coated zinc (lower panel). 

 

2. Result and Dissolution 

Since P(VDF-TrFE) is easy to crystallize into the ferroelectric β-phase (Figure 2a), it was selected as 

the ferroelectric polymer protective layer for zinc metal anodes. A facile spin coating process was 

used to ensure the uniform coating of such ferroelectric polymer material. As shown in the XRD 

patterns (Figure 2b), after the heat treatment, the β-phase peak (2 Theta= ~19.9o) of the polymer 

coating appeared. Scanning electron microscopy (SEM) images also confirmed the crystallization of 

this polymer (Figure 2c and Figure S1). After heat treatment, the morphology of P(VDF-TrFE) 

changed from a smooth surface (Figure S1, left panel) to numerous needle-like grains (Figure 2c, and 

Figure S1, right panel), which is corresponding to the reported literature.*24+ After the crystallization 

into β-phase, the thickness of the P(VDF-TrFE) on zinc foil was measured to be ~0.5 μm (Figure S2), 

and such a thin coating thickness would ensure that the impact on the battery energy density is 

minimal. Here we should note that a small amount of zinc trifluoromethanesulfonate (Zn(OTf)2) was 

added to the spinning polymer solution, and it can be seen as nanoparticles embedded in the P(VDF-

TrFE) coating (Figure S1). These salt nanoparticles can be readily dissolved in an aqueous electrolyte 

and form a porous morphology of the P(VDF-TrFE) layer with randomly distributed ~0.1 μm-diameter 
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pores (Figure 2c). These pores inside the coating layer can function as channels for zinc ion diffusion 

and zinc metal growth. To confirm the pore-forming effect of the Zn(OTf)2 salt, we prepared a bare 

P(VDF-TrFE) coating layer with the same protocols (only without Zn(OTf)2 addition), and no pores can 

be observed (Figure S3). The ferroelectricity of the polymer coating was validated by piezoresponse 

force microscopy (PFM). By applying positive and negative bias voltages on the different regions of 

the P(VDF-TrFE) coating, an obvious phase contrast (dark and bright colors) was observed (Figure 

2d), indicating two different poling states of the P(VDF-TrFE) coating. Thus, the ferroelectricity of the 

polymer coating provides the feasibility for us to adjust its surface electrical properties. The PFM 

hysteresis results indicate that a very large electric field is required to realize the polarization reversal 

of the ferroelectric polymer, which confirms that the polarization state of the polymer would not be 

affected by the electric field of the battery operation (Figure S4). In order to selectively polarize the 

ferroelectric polymer, the polymer-coated zinc films were subjected to an external electric field, as 

schematically shown in Figure 2e. Herein, the polarized P(VDF-TrFE) with negative dipole end on the 

surface of zinc is denoted as upward polarized, and that with positive dipole end on the surface of 

zinc is denoted as downward polarized. It was found that, after this polymer modification, the 

surface hydrophilicity of zinc metal was improved (Figure S5), which is believed to enhance the 

electrolyte wettability on the anodes. 

Subsequently, we employed Kelvin Probe Force Microscopy (KPFM) technique to evaluate the surface 

potential of the ferroelectric polymers with different polarization directions. The KPFM test results 

indicated that the selective polarization procedures had a noticeable influence on the surface 

potentials of different samples. The measured surface potentials of the upward polarized, non-

polarized, and downward polarized samples were ~350 mV, ~75 mV, and ~-200 mV, respectively 

(Figure 2f and 2g). Compared to the non-polarized state, the polarization process can effectively 

change the dipole direction of such ferroelectric polymer and increase/decrease the surface 

potential according to the applied external electric field. Based on the modulated surface potential 

situations, we conducted finite element simulations on the distributions of the electrostatic field, 

electrochemical potential, and consequent zinc ion concentration in the case of one zinc protrusion 

grown across the coating. Regarding the P(VDF-TrFE) coating as a dielectric substance, electrostatic 

field could be generated between the coating surface and the zinc protrusion once the dielectric 

substance is polarized. When there are coatings with opposite surface electrical properties, the 
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direction of the electrostatic field would be opposite between the zinc protrusion and the polymer 

coating (Figure S6). The direction of electric field lines is pointing from the zinc protrusion to the 

coating surface in the downward polarized case, and the direction of electric field lines is opposite in 

the upward polarized case. The existing electrostatic fields can affect the electrochemical potential 

distribution during zinc deposition (Figure S7 and S8a). The upward polarized coating is expected to 

concentrate the electrochemical potential locally at the tip of the zinc protrusion. The non-polarized 

coating is expected to lead to a relatively even potential distribution around the zinc protrusion. In 

contrast, the downward polarized coating is expected to produce a potential concentrated at the 

corner of polymer coating and zinc protrusion. Consequently, the modulated electrochemical 

potential is expected to result in zinc ion concentration distributed with the same trends (Figure 2h 

and S8b). Such interesting electric field and ion concentration distributions mean that the polarized 

ferroelectric polymer coating could play a significant role during zinc deposition, as we show next.  
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Figure 2. Characterizations of the ferroelectric polymer coating layer. (a) Molecular structure of β-

phase P(VDF-TrFE). (b) XRD patterns of the P(VDF-TrFE) before and after heat treatment. (c) SEM 

images of the P(VDF-TrFE) coating after sinking in 2 M ZnSO4 aqueous solution for 30 mins. (d) PFM 

image of the P(VDF-TrFE)-coated zinc. The P(VDF-TrFE)-coated zinc was previously treated with a 

potential bias pattern as labeled in the figure. (e) Schematics showing the polarization process of 

P(VDF-TrFE) coating. (f) KPFM images of P(VDF-TrFE)-coated zinc anodes with varying dipole 

directions over an area of 4 µm2 and (g) the corresponding KPFM surface potential profiles of 

different samples retrieved from the middle of each image. (h) Zinc ion concentration simulations on 

P(VDF-TrFE)-coated zinc foil with varying states of polarization. 

 

To further validate the effect of the polarized P(VDF-TrFE) layer on zinc deposition behavior, the 

morphology of different anodes after depositing a certain amount of zinc (1 mA cm-2 for 1 hour) was 

observed by ex-situ SEM characterization. As shown in Figure 3a-c, after the zinc deposition, zinc foil 

coated with differently polarized P(VDF-TrFE) showed different surface morphologies. For the non-

polarized P(VDF-TrFE) coated zinc, the deposited zinc showed the morphology of randomly 

distributed zinc plates (Figure 3a). With upward polarized P(VDF-TrFE)-coating, the zinc grew locally 

into polyhedral zinc dendrites (Figure 3b), which was even worse and might easily cause battery 

internal short circuit upon cycling. While for the downward polarized P(VDF-TrFE) coating (Figure 3c), 

the zinc could grow along the surface of the polymer coating into horizontally aligned zinc plates. 

This experimentally observed zinc surface morphology could be depicted as Figure S9 and is 

consistent with the simulations shown in Figure 2h and S8. Furthermore, we conducted the zinc 

deposition on downward polarized P(VDF-TrFE)-coated zinc with varied deposition capacity (1 mA 

cm-2 for 0.2, 0.5, and 1 h), and the large-scale SEM images as well as the element mappings indicates 

the effective modulation of the ferroelectric coating on uniform zinc deposition (Figure S10 and S11). 

For comparison, the same experimental protocols were performed on as-coated P(VDF-TrFE)-zinc 

anode and bare zinc anode. Both of them showed unsatisfactory deposition results: for the former, 

the growth of zinc dendrites destroyed the coating (Figure S12), while for the latter, numerous zinc 

dendrites could be found everywhere (Figure S13). To further validate the modulation effect of the 
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polarized ferroelectric coating on zinc growth, we studied the zinc growth on bare β-phase P(VDF-

TrFE)-coated zinc (Figure S3, without zinc salt addition) in the cases of non-polarization and 

downward polarization. The results are shown in Figure S14-S18. Although polyhedral-type zinc 

dendrites were formed regardless of polarization due to limited nucleation sites, horizontally aligned 

zinc sheets were found on the downward-polarized P(VDF-TrFE) coating, indicating the modulation 

effect of the polarized ferroelectric coating on zinc growth.  

Considering downward polarized P(VDF-TrFE) could render a favorable zinc deposition behavior, we 

assembled downward polarized P(VDF-TrFE)-coated zinc into symmetric batteries and studied its 

morphology after cycling different times under 1 mA cm-2 for 1 h (Figure 3d-f). Interestingly, after 5 

plating/stripping cycles, there were still some horizontally aligned zinc plates on the surface of the 

P(VDF-TrFE) coating. The horizontally aligned zinc plate morphology was maintained and the 

thickness of the zinc plate was increased after more cycles, indicating that these remaining zinc 

plates could play the role of the seeding layer and guide subsequently deposited zinc to grow 

horizontally. In comparison, obvious dendrites could be easily found on bare zinc after cycling (Figure 

S19). The Raman tests indicated that the β-phase of P(VDF-TrFE) remained stable during cycling 

(Figure S20). Furthermore, XRD patterns showed that, with such polymer coating, the basal plane 

((002) plane) of zinc was strengthened as the cycling proceeds (Figure 3g and S21). For the pristine 

downward polarized P(VDF-TrFE)-coated zinc, the intensity ratio between the (002)-plane peak and 

the (101)-plane peak was 0.671. In comparison, this value increased to 0.828, 1.066, and 1.304 after 

5, 20, and 50 cycles, respectively. Interestingly, the shape of the β-P(VDF-TrFE) XRD peak turned from 

a sharp peak to a small bump, indicating that the polymer surface was covered by zinc after cycling. 

The XRD results are consistent with the morphology of parallel-arranged layered zinc observed by 

SEM, suggesting that the selectively polarized ferroelectric polymer surface could modulate the zinc 

deposition behavior and lead to the (002) plane preferential deposition of zinc on the polymer 

surface. 

Furthermore, to visualize the effect of the ferroelectric polymer coating on the zinc deposition 

behavior, a transparent symmetric cell was constructed with different zinc anodes as working 

electrodes, where the morphology evolution during deposition can be in-situ observed via an optical 

microscope (Figure S22). Herein, zinc was deposited on anodes with a relatively large current density 



 

 

  

 

This article is protected by copyright. All rights reserved. 

 

(10 mA cm-2) for 12 mins (corresponding to a total capacity of 2 mAh cm-2). As shown in Figure 3h, 

while zinc was deposited on bare zinc, the zinc nuclei were distributed randomly, and zinc was 

deposited uncontrollably into dendrites that could be readily observed. On the contrary, with the 

downward polarized P(VDF-TrFE) coating, the zinc was deposited homogeneously, and the height of 

the deposited zinc increased evenly as the deposition time increased (Figure 3i). All these results 

confirmed that the selectively-polarized P(VDF-TrFE) layer could effectively suppress the growth of 

zinc dendrites. 

 

 

 

 

Figure 3. Morphology evolution of zinc metal anodes coated with downward polarized P(VDF-TrFE) 

film. SEM images of (a) non-polarized, (b) upward polarized, and (c) downward polarized P(VDF-
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TrFE)-coated zinc metal anodes after depositing a certain amount of zinc (1 mA cm-2 for 1 hour). SEM 

images of downward polarized P(VDF-TrFE)-coated zinc metal anode deposited/stripped at 1 mA cm-

2, 1 mAh cm-2 (d) after 5 cycles, (e) 20 cycles, and (f) 50 cycles, and (g) the corresponding XRD 

patterns. In-situ optical microscopy images of plating zinc on (h) bare zinc foil and (i) downward 

polarized P(VDF-TrFE)-coated zinc foil.  

 

Next, symmetrical zinc cells with galvanostatic cycling measurements were conducted to test the 

electrochemical performance of the ferroelectric polymer-coated zinc anodes. As shown in Figure 4a, 

charging/discharging the symmetrical cell at 0.2 mA cm-2 for 1 hour, the cell with downward 

polarized P(VDF-TrFE) coating on zinc anodes showed a stable operation for 2000 hours. In contrast, 

the bare zinc-based cell showed apparent fluctuation in the voltage profile and died after around 200 

hours. Furthermore, the downward polarized P(VDF-TrFE) coating on zinc anodes showed obvious 

lower nucleation overpotential and deposition overpotential compared to the bare zinc anodes 

(Figure 4a, insets). These improved overpotentials could be ascribed to the locally concentrated zinc 

ion distribution induced by the polarized polymer coating and indicate improved zinc deposition 

kinetics. A long-term cycling test at 1 mA cm-2 for 1-hour charging/discharging exhibited a similar 

phenomenon (Figure S23), indicating that the downward polarized P(VDF-TrFE) coating improved the 

zinc deposition behavior and prolonged the battery lifespan. Same cycling tests were also conducted 

on non-polarized P(VDF-TrFE) coating on zinc anodes. Although exhibiting a better cycling 

performance than bare zinc anodes, symmetrical batteries using the non-polarized P(VDF-TrFE)-

coated zinc anodes experienced many significant voltage fluctuations during cycling and finally died 

within 500 to 700 hours (Figure S24 and S25). Subsequently, continuously charging/discharging the 

symmetrical cells at various galvanostatic current densities from 0.1 mA cm-2 to 15 mA cm-2 was 

conducted to evaluate the rate performances of the zinc anodes. The downward polarized P(VDF-

TrFE) coating on zinc showed stable deposition overpotentials as the deposition current density 

increased (Figure 4b and 4c). On the contrary, for the bare zinc and non-polarized P(VDF-TrFE)-

coated zinc, when the plating/stripping current increased, the voltage profiles became unstable and 

significantly higher deposition overpotentials could be observed, which could be attributed to the 

formation of severe dendrites and might be a sign that the battery is about to die (Figure 4b, 4c, and 
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S26). The downward polarized P(VDF-TrFE)-coated zinc also delivered stable cycling performance at 

high current densities of 3 mA cm-2 and 5 mA cm-2 (Figure S27 and S28). 

Furthermore, to study the excellent performance of the downward polarized P(VDF-TrFE) coating, we 

used the same procedure to prepare such coating on copper foils for asymmetric batteries. With the 

downward polarized P(VDF-TrFE) coating, the Zn||Cu asymmetric battery exhibited a long cycling life 

of 350 cycles (700 hours) plating/striping at 1 mA cm-2 or 0.2 mA cm-2 for 1 hour, much better than 

bare copper and the non-polarized P(VDF-TrFE) coated copper (Figure 4d, 4e, S29, and S30). 

Similarly, as shown in the inset of Figure 4d, the downward polarized P(VDF-TrFE) coating exhibited 

the lowest nucleation overpotential (-0.08 V) compared to the non-polarized P(VDF-TrFE) coated 

copper (-0.10 V) and bare copper (-0.13 V), indicating improved zinc nucleation kinetics. Although 

high coulombic efficiency is generally considered a prerequisite for good cycle performance for 

anode protection research,*25+ the copper foil with downward polarized P(VDF-TrFE) coating showed 

lower coulombic efficiencies in the initial several cycles compared to other copper anodes. Such 

phenomenon was observed using SEM images. Some horizontally aligned zinc plates would be 

maintained after stripping, and they could be used as the template to guide further deposited zinc to 

grow horizontally, thus providing a longer lifespan for the cells. In addition, the downward polarized 

P(VDF-TrFE) coating endowed the copper foil with good rate performance ranging from 0.2 mA cm-2 

to 5 mA cm-2 (Figure S31). These results indicated that downward polarized P(VDF-TrFE) coating had 

a pronounced mediation effect on the zinc deposition behavior and could significantly enhance the 

zinc deposition stability. 
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Figure 4. Electrochemical performance of symmetric Zn||Zn batteries and asymmetric Zn||Cu 

batteries that employed downward polarized P(VDF-TrFE) coating. (a) Cycling performances of 

symmetric batteries using different anodes galvanostatically charging/discharging at 0.2 mA cm-2 for 

1 hour. Insets are the enlarged details at typical cycling hours. (b) Rate performances of symmetric 

batteries using different anodes galvanostatically charging/discharging at various current densities 

for 1 hour and (c) the corresponding magnified curves at certain cycling hours. (d) Coulombic 

efficiency evaluations of asymmetric batteries using different copper foils at 1 mA cm-2 and 1 mAh 

cm-2. Insets are the enlarged voltage profiles at the initial cycle. (e) Voltage profiles of the asymmetric 

batteries using downward polarized P(VDF-TrFE) coated copper foil at different cycles. 

To evaluate the potential application ability of such downward polarized P(VDF-TrFE) coating, we 

employed such polymer-coated zinc anodes together with α-MnO2 cathodes (Figure S32) to 
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assemble Zn-MnO2 full batteries. Figure 5a showed the cyclic voltammetry (CV) curves of the Zn-

MnO2 batteries based on bare zinc and downward polarized P(VDF-TrFE) coated zinc. Both cells 

showed obvious redox peak pairs referring to the redox reaction between Mn4+ and Mn2+ species. 

The nearly identical shapes of the two CV curves indicate that the downward polarized P(VDF-TrFE) 

coating does not affect the normal chemistry of Zn-MnO2 batteries. The electrochemical impedance 

spectroscopy (EIS) measurements showed that the Zn-MnO2 batteries using downward polarized 

P(VDF-TrFE) coated anodes possess a lower charge transfer resistance before and after 5-cycle 

operation (Figure 5b), indicating a faster zinc ion diffusion kinetics endowed by the polarized 

ferroelectric polymer. Such explanation could also be used to illustrate the better rate capability of 

the Zn-MnO2 batteries using downward polarized P(VDF-TrFE) coated anodes (Figure 5c and 5d). 

Although the Zn-MnO2 batteries using different anodes delivered a similar capacity at the initial 

cycles of 0.1 A g-1, the battery with downward polarized P(VDF-TrFE) coated anodes delivered a much 

better rate performance as the testing current density increased. Also, the as-developed anode 

displayed better long-term performance in full batteries. As shown in Figure 5e and 5f, at a current 

density of 0.2 A g-1 (refers to ~0.2 mA cm-2), the full battery using the as-developed anode delivered a 

stable cycling performance, and a capacity of ~163 mAh g-1 was maintained after 300 cycles (~93% of 

the highest capacity during cycling).  On the contrary, the bare zinc-based full battery showed a rapid 

capacity decay starting from around the 100th cycle, and only ~65 mAh g-1 was maintained after 300 

cycles (~37% of the highest capacity during cycling). Furthermore, we assembled these anodes with 

commercial porous carbon into zinc ion capacitors. With a current density of 5 A g-1 (~10 mA cm-2), 

the downward polarized P(VDF-TrFE) coated anodes enable the zinc ion capacitor a stable operation 

over 12000 cycles. In contrast, the bare zinc-based capacitor faced a sudden failure around 2000 

cycles (Figure 5g, 5h, and S33). All these results confirm that the downward polarized P(VDF-TrFE) 

coating can significantly improve the stability of the zinc metal anodes. 
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Figure 5. Electrochemical performance of full cells using downward polarized P(VDF-TrFE) coated 

zinc anodes. (a) CV curves and (b) Nyquist plots of Zn-MnO2 batteries using different anodes. (c) rate 

performances of Zn-MnO2 batteries using different anodes and (d) the corresponding galvanostatic 

charge/discharge curves of battery with downward polarized P(VDF-TrFE) coated zinc anodes. (e) 

Cycling performances and (f) the charge/discharge profiles at typical cycles of Zn-MnO2 batteries 

using different anodes at 0.2 A g-1. (g) Cycling performances of zinc ion capacitors using different 

anodes at 5 A g-1 and (h) the corresponding charge/discharge profiles of zinc ion capacitors using 

downward polarized P(VDF-TrFE) coated zinc anodes at different cycles. 

 

3. Conclusion 

In summary, a polarized ferroelectric polymer (P(VDF-TrFE)) coating layer was demonstrated to 

improve zinc deposition behaviors and to achieve long-lifespan zinc metal anodes. Via polarizing the 
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polymer coating with an external electric field in a downward direction, an inner electrostatic field 

could be generated, thus inducing locally concentrated zinc ion at the polymer coating surface. The 

horizontally arranged zinc nanosheet morphology and enhanced zinc basal plane ((002) plane) peak 

intensity in XRD curves revealed that such ferroelectric polymer coating could effectively modulate 

the zinc deposition behavior and limit the growth of zinc dendrites. Using such zinc anodes, the 

symmetric/asymmetric zinc batteries and full cell devices all delivered improved electrochemical 

performances and high cycling stability. The design of such a ferroelectric polymer coating layer 

provides a new perspective to protect the zinc anode and could play an enlightening role in 

protecting other metal anodes. 
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A thin ferroelectric polymer (poly(vinylidene fluoride-trifluoroethylene) (P(VDF-TrFE))) film is 

constructed on zinc metal anode as a surface protective layer. After selective polarization, such a 

protective layer could enable a locally-concentrated zinc ion distribution along the coated surface 

and thus induce zinc to grow into horizontally aligned plates. Highly stable zinc batteries are achieved 

via such modified zinc anodes. 
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