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Abstract 

With advantages of high capacity, water compatibility, suitable redox potential, high safety, and 

low cost, Zn-based aqueous energy storage devices are promising for grid-level energy storage. 

However, Zn metal reversibility is challenged with dendritic growth, low Coulombic efficiency 

(CE), metal corrosion, and hydrogen evolution. That is why excessive amount of Zn has often been 

used for cells, which however also reduces cell-level energy densities. Besides challenges to the 

anode, cathode materials suffer from metal dissolution and poor conductivity in batteries or limited 

capacitance in capacitors. Overall, achieving high depth of discharge (DOD) in Zn, low negative-

to-positive (N/P) ratios, high loading cathodes, lean electrolyte, and wide-temperature operation is 

essential for the commercialization of rechargeable Zn batteries and capacitors. However, the 

development of these devices is still in the early stages. Furthermore, sustainable development 

requires recycling/upcycling of spent zinc batteries. To that end, this thesis aims to achieve 

practical Zn batteries and supercapacitors through electrode, electrolyte, and binder engineering, 

including i) making of ultrafast, long-life, high-loading, and wide-temperature zinc metal 

capacitors, ii) construction of a 3D hierarchical zincophilic carbon host for efficient zinc 

plating/stripping, iii) design of ultrafast, durable, and high-loading Zn-metal-free organic anodes, 

and iv) upcycling of primary alkaline batteries into secondary Zn-MnO2 batteries.  

The first work described in this thesis focuses on optimizing the electrolyte and binder towards 

high-performance zinc metal capacitors. As the benchmark, commercial activated carbon with 

hierarchical pores and large surface area was rationally selected as the cathode material. An 

aqueous binder enhances electrode-electrolyte wettability enabling high-mass-loading electrode, 

and concentrated electrolytes give high Zn stripping/plating efficiency, high ionic conductivity as 

well as suppressed hydrogen bonding interaction in water realizing ultralow freezing temperature. 
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The optimal combination unlocks unprecedented zinc metal capacitors with a large capacitance of 

436 F g−1, ultrahigh rate up to 200 Ag−1, ultralong cycles (0.3 million), ultrahigh loadings (10 mg 

cm−2) in lean electrolyte (8.8 µL mg−1), and wide-temperature operation (-60 to 60 °C).  

To further increase cell-level energy densities, a 3D carbon host was constructed to regulate highly 

efficient Zn plating/stripping under a high DOD. Through theoretical calculation, monomer 

selection, polymer assembly, and carbon fabrication, an oxygen- and nitrogen-codoped carbon 

superstructure was synthesized as an efficient host for high-DOD Zn metal anodes. With 

microscale 3D hierarchical structures, microcrystalline graphitic layers, and zincophilic 

heteroatom dopants, a flower-shaped carbon (Cflower) host could guide Zn nucleation and growth 

in a heteroepitaxial mode, affording horizontal plating with high CE and long life. As a 

demonstration, the Cflower-hosted Zn anode was paired with both battery and supercapacitor 

cathodes and delivered high performance, outclassing hostless Zn-based devices.  

It is still challenging to achieve high rates and ultra-long cycles in Cflower-hosted Zn metal anodes. 

Alternatively, an ultrafast, stable, and high-loading polymer anode was developed for aqueous Zn-

ion batteries and capacitors (ZIBs and ZICs) by engineering both the electrode and electrolyte. The 

anode polymer was rationally prepared to have a suitable electronic structure and a large π-

conjugated structure, whereas the electrolyte was manufactured based on the superiority of triflate 

anions over sulfate anions, as analyzed and confirmed via experiments and simulations. This dual 

engineering results in an optimal polymer anode with a low discharge potential, near-theoretical 

capacity, ultrahigh-loading capability (≈50 mg cm−2), ultrafast rate (100 A g−1), and ultralong 

lifespan (one million cycles). When the polymer anode is coupled with cathodes for both ZIB and 

ZIC applications, corresponding devices demonstrate ultrahigh power densities and ultralong 

lifespans, surpassing those of Zn-metal-based devices. 
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To achieve sustainable development, spent alkaline batteries were upcycled into rechargeable Zn 

metal batteries through a simple thermal treatment of electrode waste. The regenerated Zn powder 

anode showed super-zincophilicity and low overpotentials even under fast rates (8 mA cm−2) and 

high DOD (50 %), which can be ascribed to coating of hydroxyl-rich organic layer with abundant 

nucleation sites as well as high orientation of favorable (002) plane and induced horizontal plating 

behavior. The regenerated cathode composed of MnO2 and MnOOH had enhanced capacity in 

comparison to pristine ones. Under a low N/P capacity ratio of 3.8 and high loading of ~10 mg 

cm−2, the regenerated electrodes were paired to fabricate zinc metal batteries which demonstrate 

high energy and power densities (94 Wh kg−1, 1349 W kg−1), holding potential for practical 

applications.  
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Preface 

This thesis focuses on engineering electrodes, electrolyte, and binder towards rechargeable zinc 

batteries/capacitors. The body of this thesis is based upon published works. The research presented 

in Chapters 3, 4, 5, 6, along with their supporting information, is my original work. 

Chapter 3:  

Zhixiao Xu, Rujiao Ma, Xiaolei Wang*, Ultrafast, long-life, high-loading, and wide-temperature 

zinc ion supercapacitors. Energy Storage Materials, 2022, 46, 233-242.  

Contributions: I designed and conducted experiments and wrote the original draft. Ms. Ma assisted 

with some experiment (the making of hydrogel and soft-packaged pouch cells) and corresponding 

writing. Dr. Wang, as the supervisor author, assisted with conceptualization, discussion, and 

manuscript reviewing/editing. 

Chapter 4:  

Zhixiao Xu, Song Jin, Nianji Zhang, Wenjing Deng, Min Ho Seo, Xiaolei Wang*, Efficient Zn 

Metal Anode Enabled by O, N-Codoped Carbon Microflowers. Nano Letters, 2022, 22, 1350-1357. 

Contributions: I designed and conducted experiments and wrote the original draft. Mr. Jin and Dr. 

Seo conducted DFT calculations. Mr. Zhang and Ms. Deng assisted with some experiments (the 

making of cathode materials). Dr. Wang and Dr. Seo supervised the research and reviewed/edited 

the manuscript.  

Chapter 5:  

Zhixiao Xu, Matthew Li, Wenyuan Sun, Tian Tang, Jun Lu,* and Xiaolei Wang*, An Ultrafast, 

Durable, and High-loading Polymer Anode for Aqueous Zinc-Ion Batteries and Supercapacitors. 

Advanced Materials, 2022, 34, 2200077. 
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Contributions: I designed and conducted experiments including sample preparation, structural 

characterizations, and electrochemical measurements, and wrote the original draft. Dr. Li assisted 

with some experiments and manuscript reviewing/editing. Dr. Sun and Dr. Tang conducted DFT 

calculations and MD simulations. Dr. Wang and Dr. Lu supervised the research and 

reviewed/edited the manuscript.  

Chapter 6:  

Zhixiao Xu, Nianji Zhang, Xiaolei Wang, Upcycling spent alkaline batteries into rechargeable Zn 

metal batteries, Nano Energy, 2022, 102, 107724. 

Contributions: I designed and carried out the experiments, collected and analyzed the data, and 

wrote the manuscript. Mr. Zhang assisted with experiments and validation. Dr. Wang, as the 

supervisor author, contributed to conceptualization, discussion, and manuscript reviewing/editing. 

 

In addition to the above publications, I also first-authored or co-first-authored four 

publications (not included in this thesis due to different topics): 

Zhixiao Xu, Wenjing Deng, Xiaolei Wang*, 3D Hierarchical Carbon-Rich Micro/Nano-Materials 

for Energy Storage and Catalysis. Electrochemical Energy Reviews, 2021, 4, 269-335.  

My contribution is the literature search, figures organization, and manuscript writing.  

 

Zhixiao Xu+, Song Jin+(co-first author), Min Ho Seo, Xiaolei Wang*. Hierarchical Ni-Mo2C//N-

doped Carbon Mott-Schottky Array for Water Electrolysis. Applied Catalysis B: Environmental, 

2021, 292, 120168.  

My contribution: I designed and conducted experiments, analyzed data, and wrote the manuscript.  
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Zhixiao Xu+, Luyao Xu+, Zhixin Xu+(co-first author), Zhiping Deng, Xiaolei Wang*, N, O-

codoped Carbon Nanosheet Array Enabling Stable Lithium Metal Anode. Advanced Functional 

Materials, 2021, 31, 2102354.  

My contribution is experiments, data analysis, and manuscript writing.  

 

Xiaolan Gao+, Zhixiao Xu+ (co-first author), Ge Li*. MOF-driven ultrafine Co9S8 Nanocrystals 

embedded in N, S-Codoped Multilayer-Assembled Carbon Nanoplates for Efficient Bifunctional 

Oxygen Electrocatalysis. Chemical Engineering Journal, 2022, 431, 133385. 

My contribution is conceptualization and manuscript review/editing.  

 

Besides above publications, I also co-authored several publications (not included in this thesis) in 

which my contribution is manuscript review and editing: 

Wenjing Deng, Zhixiao Xu, Xiaolei Wang*. High-donor electrolyte additive enabling stable 

aqueous zinc-ion batteries. Energy Storage Materials, 2022, 52, 52-60. 
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Chapter 1 Introduction 

1.1 Research Background 

The increasing energy demand and environmental issues have pushed forward the replacement of 

fossil fuels with renewable energy resources including solar and wind energy as well as their 

conversion and storage systems such as solar cells and nanogenerators for energy conversion, 

batteries and supercapacitors for energy storage.1-3 Supercapacitors work through the charge 

accumulation at interfaces between electrodes and electrolyte in which rapid surface charge(ions) 

adsorption/desorption leads to high power density while batteries rely on redox reactions and 

diffusion-controlled ion transport, often possessing high energy densities but low power densities due 

to slow kinetics.1 In general, supercapacitors can be categorized into electrical double layer capacitors 

(EDLCs) and pesudocapacitors whereas commercial batteries can be categorized into primary 

batteries including alkaline batteries, lithium metal batteries, and Zn-air batteries, as well as 

rechargeable batteries, such as lead-acid, nickel−metal hydride, and lithium ion batteries (LIBs).  

Among above-mentioned energy storage systems, LIBs have dominated the world battery market 

thanks to high energy density (>240 Wh kg−1), long shelf life, and light weight, and thus been widely 

used in portable electronics, electric vehicles, and communication systems.4 However, LIBs are not 

suitable for large-scale and stationary energy storage, particularly smart grids, because of their high 

cost, low power density, safety problems and environmental issues. These demerits are caused by the 

high price of electrode materials (e.g., Li salt in electrolyte, cobalt in cathode) and manufacturing 

conditions (moisture-free and O2-free environment), and also by the use of toxic and flammable 

organic electrolytes with low ionic conductivity.4 Despite efforts on developing solid-state 

electrolytes and cobalt-free cathodes to mitigate LIB disadvantages, increasing attention has been 
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paid to the exploration of other promising energy storage systems, such as redox flow batteries, 

rechargeable metal-air batteries, and aqueous metal ion batteries (such as Na/K/Ca/Zn/Mg/Al ions). 

Recently, aqueous zinc-based energy storage devices have garnered tremendous attention as 

promising candidate for smart grids and other stationary applications owing to merits from zinc 

metal.5, 6 First, Zn is earth abundant, low-cost, chemically stable in O2- and moisture-containing 

environment, and highly safe to be used in atmospheric condition. Second, Zn has a suitable 

electrochemical potential (-0.763 V vs. standard hydrogen electrode, SHE) as well as air/water 

compatibility. Third, Zn possesses a high theoretical capacity (820 mAh/g and 5855 mAh/cm3), 

promising for high-energy devices. However, the reversibility of zinc metal electrodes is challenged 

with dendritic growth, low Coulombic efficiency, hydrogen evolution, and metal corrosion in both 

acidic and alkaline electrolyte. On the other hand, there is still lack of suitable cathode materials that 

can achieve high working potential, large capacity, and long life for zinc batteries or capacitors mainly 

due to materials dissolution and structural destruction during operation. Overall, aqueous zinc 

batteries/capacitors need to meet following prerequisites for practical applications: limited zinc metal, 

high-loading cathodes, low negative-to-positive (N/P) ratios, lean electrolyte, and wide-temperature 

operation.7, 8 Unfortunately, most reports do not meet these prerequisites and hence aqueous zinc 

batteries/capacitors are far from broad applications.  

1.2 Research Objectives  

Despite the research progress on rechargeable zinc ion batteries and capacitors, there remains research 

gaps and challenges that await to be addressed, especially with respect to cell-level energy densities 

and cycle life. For example, few reports test their cells under practical conditions as mentioned earlier. 

The use of excessive amount of zinc, low-loading cathodes, and flooded electrolyte will dramatically 

decrease cell-level energy/power densities. The first goal of my work is to develop high-loading 
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cathode materials for zinc batteries/capacitors using low-cost and earth-abundant materials. High-

loading cathodes are difficult to maintain high performance as low-loading electrodes due to poor 

ionic/electronic conductivity and mechanical instability at high thickness. The second and most 

important goal of my work is to develop highly reversible anodes that work at limited amount and 

low N/P ratios. There are mainly four routes to obtain limited anode materials, including deposited 

zinc on host/substrate, zinc-free anodes, zinc powders, ultrathin zinc foils. However, it is still 

challenging to achieve high reversibility in all these cases.  

1.3 Thesis Structure  

The structure of this thesis is organized as follows: 

Chapter 1 introduces the research background of aqueous energy storage devices and Zn-based 

batteries/capacitors. 

Chapter 2 comprehensively reviews recent research progress on electrode engineering (Zn metal 

anode, Zn-free anode, Mn-based cathode, capacitive cathode), storage mechanism, and electrolyte 

engineering in zinc batteries/capacitors to improve device performance and understand underlying 

mechanism.  

Chapter 3 starts from a commercial activated carbon cathode and systematically studies the impact of 

binder and electrolyte on the performance of zinc metal capacitors. The optimized capacitor achieves 

high-loading cathode, high-rate, long-life, and wide-temperature performance under the condition of 

excessive Zn metal and high N/P ratios. This work lays the foundation for following works.  

Chapter 4 demonstrates one way of making reversible Zn anode——construction of 3D microflower-

shaped carbon for efficiently hosting Zn plating/stripping to achieve limited use of Zn metal and low 

N/P ratio in both zinc metal batteries (Zn-MnO2, Zn-iodine) and capacitors. However, cycle life of 

these devices needs to be further improved.  
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Chapter 5 presents an ultrafast, ultra-stable and ultrahigh-loading Zn-free polymer anode that enables 

100 Ag-1 rate, 1 million cycles, and 50 mg cm-2 loading in half cells as well as unprecedented cycle 

life and power densities in full cells including both zinc ion batteries and capacitors.  

Chapter 6 shows the making of a reversible zinc powder anode from upcycling of spent alkaline 

battery electrodes. Meanwhile, cathode has also been regenerated to couple with limited Zn powder 

to achieve high-loading cathodes and low N/P ratios in upcycled full cells.  

Chapter 7 summarizes main results and findings achieved in thesis projects and gives perspectives on 

future research that could further improve the cell-level performance of Zn batteries and capacitors.  
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Chapter 2 Literature Review  

Aqueous zinc-based energy storage devices including zinc-based batteries and supercapacitors will 

be firstly summarized, as well as the discussion on their working mechanisms and existing problems. 

Next, the research progress on anode, cathode, and electrolyte in these energy devices will be 

discussed in detail with focus on strategies to suppress Zn dendrites and develop Zn-metal-free anodes, 

Mn-based cathodes with different Zn2+ storage mechanism, hierarchical porous carbons fabrication 

as well as electrolyte engineering to enhanced performance.  

2.1 Zinc-based Energy Storage Devices 

Zn-based energy storage devices can be dated back to late 19th century when the first battery, voltaic 

pile was invented.9 Since then, a great many Zn-based energy devices have been developed including 

alkaline primary batteries (e.g., alkaline Zn-MnO2, Zn-Ni, Zn-Ag, and Zn-air), Zn-based redox flow 

batteries (e.g., Zn-Br/I, Zn-V, and Zn-Ce), rechargeable  Zn-ion batteries (e.g., Zn-MnO2, Zn-V2O5, 

and Zn-Organics), and Zn ion hybrid supercapacitors (e.g., Zn-AC) in which the milestone for the 

development of these energy devices are shown in Figure 2.1A. Here, focus will be paid on 

rechargeable zinc batteries and capacitors in this report.   

Zinc Metal Batteries and Zinc Ion Batteries. Strictly speaking, most of reported Zn batteries should 

be called as Zn metal batteries (ZMBs) due to the use of Zn metal as anode while those batteries based 

on Zn-metal-free anode will be called as Zn ion batteries (ZIBs) in this thesis.6, 10 This difference is 

just like that between lithium metal batteries (LMBs) and LIBs. Device structures for ZMBs and ZIBs 

are illustrated in Figure 2.1B and Figure 2.1C, respectively. They both are composed of anode (Zn 

metal for ZMBs, Zn-metal-free anodes for ZIBs), cathode (e.g. MnO2), electrolyte (e.g. ZnSO4 in 

water), separator (e.g., glassy fiber membrane), and current collectors (e.g., carbon paper, stainless 

steel mesh, and Ti foil). The working mechanism of ZMBs is similar to that of LMBs whereas ZIBs  
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Figure 2.1 Zinc-based Energy Storage Devices. (A) Milestones for Zn-based energy storage devices, 

Schemes illustrating (B) ZMB with Zn metal anode and intercalative cathode, (C) ZIB with 

intercalative anode and cathode, (E) ZMC with Zn metal anode and intercalative cathode, and (F) ZIC 

with intercalative anode and cathode, Ragone plots of (D) Zn batteries and (G) Zn capacitors. 

Reprinted with permission from Ref. [6, 13, 14, 262]. Copyright © 2020, John Wiley and Sons. 

Copyright © 2020, American Chemical Society. Copyright © 2018, Elsevier. 

 

is similar to that of LIBs. During ZMBs discharging (or charging) process, Zn2+ will strip from (or 

plate onto) the Zn metal and interact with the cathode material. As regards ZIBs, Zn2+ will shuttle 

back and forth between anodes and cathodes, which is why they are also called as rocking-chair type 

ZIBs. Of note, these are general mechanisms, but the real mechanism can be very complicated, which 

will be elaborated in Section 2.3.2.  Ragone plot (plot of specific energy versus specific power) in 
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Figure 2.1D compares the energy and power densities of Zn batteries with existing energy storage 

systems.6 In contrast to LIBs with low power and supercapacitors with low energy, ZIBs combine 

high gravimetric energy and power densities thanks to fast reaction kinetics and open frameworks of 

cathode materials, particularly vanadium-based oxides.6 Noteworthy is that energy and power 

densities data are collected from research papers mostly based on cathode materials with excessive 

Zn anodes while in actual commercial devices, lower values may be obtained.   

Zn Metal Capacitors and Zinc Ion Capacitors. Based on the use of Zn metal or Zn-metal-free 

anode, Zn ion hybrid supercapacitors can be divided into Zn metal capacitors (ZMCs) and Zn ion 

capacitors (ZICs).11, 12 Device structures for Zn-based capacitors are illustrated in Figure 2.1E for 

ZMCs and Figure 2.1F for ZICs. The components of Zn-based capacitors are similar to that of Zn-

based batteries except that Zn capacitors have capacitive-type cathode materials, typically porous 

carbon with high surface area.12 Different from Zn batteries, the working mechanism for Zn capacitors 

relies on the simultaneous anion adsorption/desorption on the cathode and Zn2+ insertion/desertion 

onto the anode for ZICs or Zn metal plating/stripping for ZMCs.13 Overall, Zn capacitors are located 

at the Ragone plot (Figure 2.1G) with higher energy than EDLCs and higher power than aqueous 

lead-acid and Ni-MH batteries.  

Despite promising performances, Zn-based batteries and capacitors are generally faced with several 

challenges.6, 10, 13, 14 First for anode, Zn metal corrosion and dendrite growth can take place in 

commonly used mild acidic medium accompanied by side reactions from water reduction producing 

hydrogen gas, shortening battery lifespan, which necessities the development of Zn-metal-free anode. 

Meanwhile, currently developed Zn-metal-free anodes exhibit low specific capacity which jeopardize 

the energy density of corresponding batteries or capacitors. Second for cathode in batteries, active 

materials dissolution can cause fast capacity decay and limit cycle life while for cathode in capacitors, 
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very limited capacity is achieved and thus lower energy density in Zn capacitors than their batteries 

cousin; Third for electrolyte, narrow voltage window of water decomposition in aqueous Zn energy 

devices limit the energy density compared with organic counterparts. Developing concentrated 

electrolyte can alleviate the issue but increase the cost.  

2.2 Anode Materials 

2.2.1 Zinc metal and its electrochemistry  

In contrast to the reactive Li and Na metals, Zn is quite compatible with water. Combined with 

advantages of high capacity, suitable potential, low cost, and rich abundance, Zn is a promising anode 

for aqueous batteries. However, the further application of Zn metal anode in rechargeable aqueous 

batteries is challenged with the dendrite growth, low CE, hydrogen evolution, and metal corrosion, 

as a result of the intrinsic electrochemistry of Zn in different pH environment.15, 16 Under discharge, 

the first step for Zn metal is oxidization to Zn2+ and electrons are moved to the cathode. In alkaline 

media, Zn2+ coordinate with hydroxide ions forming Zn(OH)4
2- which once reaches solubility limit 

will decompose into ZnO, resulting in loss of active Zn parts, formation of dendrites and/or 

passivation. In mildly acidic electrolyte (pH 4–6), these side reactions can be suppressed, and the 

reversible Zn dissolution/deposition reaction (Zn<——>Zn2++2e-) take places to some extent. That 

is why mildly acidic electrolyte are used in most of rechargeable Zn batteries. However, lower pH 

also means that water is easier to be reduced to hydrogen, according to Pourbaix diagram (Figure 

2.2A). Because of the thermodynamic favorability of hydrogen evolution reaction (HER) and its large 

kinetic overpotentials on Zn surface, HER and Zn deposition competes during battery discharge, 

which depends on the applied current. Besides side reaction, acidic electrolyte is also corrosive to Zn 

metal, leading to nonuniform Zn deposition layers and dendritic growth.  
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Figure 2.2 Zinc metal and its electrochemistry. (A) Pourbaix diagram of a Zn/H2O system when 

taking HER overpotential into consideration. (B) The free energy diagram of the zinc nucleation 

process. (C) A typical voltage profile for zinc deposition. Simulation of (D) electric field and (E) ion 

distribution under different nucleation conditions. Reprinted with permission from Ref. [6, 16, 17]. 

Copyright © 2020, American Chemical Society. Copyright © 2019, 2020, John Wiley and Sons.  

 

To solve these issues of Zn metal anodes, it is necessary to comprehend the Zn deposition process. 

The deposition starts with nucleation followed by the Zn2+ transport to these nucleation sites driven 

by electric field in which the free‐energy diagram (Figure 2.2B) reveals an energy barrier for nucleus 

formation.16 Figure 2.2C shows the typical voltage profile for Zn deposition process with two 

obvious overpotentials: nucleation overpotential and plateau overpotential in which the former one is 

defined as the difference between lowest potential and following stable potential while the latter one 

is the absolute value of stable potential. The smaller these overpotentials, the lower resistance for Zn 
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nucleation and growth, meaning a higher-quality Zn deposition process with less energy loss. The Zn 

nucleation process is crucial for subsequent growth. As more Zn2+ ions reduce to Zn and deposit onto 

nucleation sites, Zn grows into different forms under different conditions which is controlled by the 

diffusion process and affected by the electric field and ion distribution. As shown in the finite element 

simulation (Figure 2.2D, E), protuberate sites formed at the initial nucleation could significantly alter 

the electric field and ion distribution in the system.17 As electric field and ion concentration tend to 

accumulate at these protuberances, Zn seeds could easily grow into dendrites. On the contrary, a flat 

surface with homogenous nucleation sites benefits uniform zinc growth. The simulation results 

indicate that construction of structures that can achieve uniform distribution of ion transport and 

electric field is crucial to develop dendrite-free Zn electrode. 

2.2.2 Dendrite-free Zn metal construction 

Homogenizing the interfacial electric field and ion distribution are crucial to achieve reversible Zn 

plating/stripping. Accordingly, various approaches have been developed to realize dendrite-free Zn 

anode including surface modification, host construction, and structural design. 

Surface modification. Cui et al applied a polyamide (PA) coating layer to modify the Zn-electrolyte 

interface and increase the nucleation barrier.18 As shown in Figure 2.3A, it is difficult for pristine Zn 

to retain thermodynamic stability in neutral or mildly acidic electrolyte because of the corrosion 

trigged by O2 and H2O, side reaction byproducts from water decomposition and later dendritic growth 

under continuous plating/stripping (Figure 2.3B). These potential problems can be solved by 

engineering the functional PA interphase with unique H-bonding network and strong coordination 

interaction, harmonizing the migration of Zn2+ to render uniform nucleation and suppress water-

related byproducts (Figure 2.3C). Besides polymer coating, carbon materials including graphene,19 

graphene oxide,20 carbon nanotube,21 and porous carbons as well as carbon-based hybrids22 are also 
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promising candidates to efficiently modify the Zn-electrolyte interface.23, 24 With high conductivity 

and rapid ion transport pathways, these materials can homogenize electric field and enable smooth 

Zn deposition. Apart from conductive materials, insulating materials with porous channels, such as  

 

 

Figure 2.3 Construction of Dendrite-free Zn Anodes. (A-C) Surface modification. (A) Scheme 

showing Zn deposition on (B) bare Zn electrode and (C) PA coated Zn. (D-E) Host construction. (D) 

Zn plating/stripping on carbon cloth (CC) or carbon nanotube (CNT)/CC electrode and (E) 

corresponding nucleation overpotential on bare CC or CNT/CC. (F-I) Structural design. (F) 

Illustration and (G) morphology of hierarchical Zn. SEM images for (H) Zn/CNT paper and (I) Zn/CC. 

Reprinted with permission from Ref. [12]. Copyright © 2020, Elsvier. 
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calcium carbonate25 and MOF materials26 are also able to inhibit dendrite growth through oriented 

ions transport. 

Host construction. Zheng et al. reported the hetero-epitaxial mechanism of Zn on graphene to inhibit 

Zn dendrites.27 The graphene is coated on stainless steel to realize the reversible Zn plating/stripping 

through a crystallographic matching relation due to the low degrees of lattice mismatch within 

graphene and Zn. The resulting Zn anode manifests outstanding reversibility under long-life cycling 

even at a high current density of 40 mA cm-2. Additionally, the construction of conductive substrate 

with enhanced surface area can reduce local current density and unify electric field distribution. For 

example, Lu et al. developed a CNT protected carbon cloth (CC) substrate as Zn host to achieve 

reversible metal plating/stripping (Figure 2.3D),28 in which the 3D CNT substrate enriches active 

sites and reduces Zn nuclei size with smaller nucleation overpotential to enable dendrite-free Zn 

anodes (Figure 2.3E). This approach opens the avenue towards the rational design of 3D host 

materials.29 

Structural design. Aside from the interfacial regulation and host construction, designing suitable Zn 

electrode structure also enables dendrite-free plating. For example, Rolison et al. reported the 3D Zn 

sponge electrode capable of passivation-free and dendrite-suppressing cycling for long periods.30 

Following this work, it becomes a hot research topic to the construction of hierarchical Zn structure.16 

Among different methods for hierarchical structure construction, electrodeposition is the most used 

due to its simple and facile feature. As a typical hierarchical structure, nanoarrays (Figure 2.3F) 

assembled by 2D nanosheets can simultaneously shorten ions diffusion pathways and expose 

electroactive surface area,31 leading to increased energy density and power density in Zn-based energy 

devices. Furthermore, by simply using various substrates and solutions with different concentration 

and compositions, a series of dendrite-free Zn anodes can be fabricated (Figure 2.3G-I), such as 
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Zn/CNT paper,32 Zn/CC,33 and Zn/Cu,34, 35 to name a few. Alternatively, electrolyte modification is 

also an effective approach to suppress Zn dendrites, which will be discussed in Section 2.4 in detail. 

2.2.3 Zn-metal-free anodes (chalcogenides, oxides, and organics) 

 

Figure 2.4 Zn-metal-free Anodes for ZIBs. The timeline showing the development of metal sulfides 

(Mo6S8, Zn2Mo6S8 and Na0.14TiS2), metal oxides (h-MoO3), and organics (9,10-AQ and PTCDI/rGO) 

as Zn-free anodes for rocking-chair type ZIBs. Reprinted with permission from Ref. [14]. Copyright 

© 2020, John Wiley and Sons. 

 

Aside from the construction of dendrite-free Zn metal anodes for ZMBs, an alternative strategy is the 

development of Zn-metal-free anodes for rocking-chair type ZIBs.14 Ideal Zn-metal-free anodes 

should have following characteristics: low discharge plateau relative to Zn2+/Zn, high theoretical 

capacity, good electronic conductivity, robust structure, and electrochemical stability.14 

Metal Chalcogenides. Gocke et al.36 firstly discovered that Zn2+ could intercalate into Chevrel-type 

Mo6S8 under galvanostatic discharge in  2 m Zn(ClO4)2/CH3CN electrolyte with two potential plateau 

located at ~0.47 V and ~0.3 V, corresponding to the transformation into ZnxMo6S8 with 0 ≤ x ≤ 1 and 
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1 ≤ x ≤ 2, respectively. These low discharge voltages of Mo6S8 render it promising Zn-free anodes 

for ZIBs. Later, Hong et al.37 further studied structural changes and electrochemical features of 

Mo6S8 electrode in 0.1 M aqueous ZnSO4 electrolyte in a three-electrode system. Two plateaus at 

0.45~1.0 V and ~0.35 were detected in CV curves, indicating two-step (de)intercalation of Zn2+ into 

Mo6S8, corresponding to the structural evolution from Mo6S8 to ZnMo6S8 and Zn2Mo6S8, respectively, 

as revealed by the ex situ XRD. Galvanostatic charge/discharge (GCD) curves show that 

Mo6S8 electrode delivered an 88 mAh g−1 capacity at a low current density of 0.05C (C=128 mAg-1). 

Liu et al.38 for the first time applied Mo6S8 as the anode in ZIB by coupling with polyiodide catholytes 

containing 1.5 M ZnI2 and 0.2 M I2 in which the I−/I3
− cathode couple displayed a redox potential 

around 1.299 V versus Zn2+/Zn (Figure 2.4A). The full cell could achieve a 90% capacity retention 

after 350 cycles tested at 0.6 A g−1. Likewise, another full cell was constructed based on 

Zn2Mo6S8 anode and rhombohedral zinc Prussian blue analogue cathode in 0.1 M ZnSO4 (Figure 

2.4B),39 which could deliver a working voltage as high as ~1.4 V and an energy density around 47 Wh 

kg−1 (based on both electrode active materials, N/P=1.2/1). 

Na0.14TiS2 was also reported as a promising Zn-metal-free anode for aqueous “rocking‐chair” ZIBs 

(Figure 2.4D).40 In 2 M Zn(OTf)2 electrolyte, pristine TiS2 presented a discharge potential around 

0.3 V vs Zn2+/Zn, a high capacity about 123 mAh g−1 along with a 20% capacity retention after 50 

cycles due mainly to irreversible structural change and strong electrostatic repulsion from inserted 

Zn2+ in the host. Through discharging/charging in a sodium ion battery, Na+ was inserted to TiS2 to 

stabilize the structure and enhance the performance. The resulting Na0.14TiS2 delivered much longer 

cycle life with a high capacity retention (98% after 700 cycles at 0.2 Ag-1 and 77% after 5000 cycles 

at 0.5 Ag-1), which can be attributed to the improved electronic conductivity, reduced overpotential, 

and decreased ion migration barriers compared with TiS2. Encouraged by this, a full cell based on 
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Na0.14TiS2 anode and ZnMn2O4 cathode was constructed, delivering 0.95 V output voltage, 105 mAh 

g−1 capacity, and 26% capacity loss after 100 cycles at 0.2 A g−1, exceeding Zn-metal-based 

counterpart with low capacity and fast decay.  

Wang et al.41 investigated the Zn2+ storage capability of VS2 electrode and detected reversible redox 

voltages at 0.37/0.65 and 0.87/0.9 V along with stable cycle performance over 500 cycles, which 

renders VS2 a potential Zn‐metal free anode for “rocking‐chair” ZIBs.  

Metal Oxides. Kang et al.42 studied the Zn2+ storage behavior of α‐MoO3 electrode and found three 

pairs of redox peaks (~0.4–0.95 V) in the first cycle which disappeared in subsequent cycles. The low 

redox voltages endow α‐MoO3 with potential for “rocking‐chair” ZIBs anode but its fast decay 

indicates the irreversible phase transition in α‐MoO3 during Zn2+ (de)intercalation, which awaits 

further improvement before it can be used as anode in full cells. Alternatively, Xue et al.43 reported 

h‐MoO3 as an promising Zn‐metal-free anode for “rocking‐chair” ZIBs. According to half-cell tests 

in 1 M ZnSO4, h‐MoO3 electrode exhibits a low working voltage around 0.36 V relative to Zn2+/Zn 

couple, a high capacity around 120 mAhg-1, and long life over 100 cycles. The storage mechanism of 

h‐MoO3 was revealed to be very complicated, which involved the insertion/extraction of Zn2+, H2O, 

and SO4
2−, as well as the reversible NH4

+ exchange. Coupling h‐MoO3 anode with Zn2+‐intercalated 

MnO2 (Zn0.2MnO2) cathode and 1 M ZnSO4 electrolyte, a “rocking‐chair” ZIB was assembled 

(Figure 2.4E) that can operate in the 0.2–1.9 V voltage window, showing high working voltages at 

1.0/1.23 and 1.46/1.8 V, large energy density of 61 Wh kg−1 and negligible capacity loss over 1000 

cycles. Besides MoO3, complex oxides such as molybdenum–vanadium oxide (Mo2.5+yVO9+z)
44, 45 and 

Ti‐substituted tungsten molybdenum oxide (Mo/Ti:WO3, MTWO)46 may also be prospective 

candidates for ZIBs.  
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Organics. Organic materials have demonstrated great potential for various rechargeable metal‐ion 

batteries including aqueous ZMBs.47-51 With resource sustainability, environmentally friendliness, 

and molecular-scale structural diversity as well as finely-tunable capacity, working voltage, ionic 

conductivity, and solubility, organics, particularly, carbonyl-rich organics hold great potential for 

“rocking‐chair” ZIBs.48, 52 For example, Yan et al.53 investigated quinone (9,10-AQ) as anode and 

ZnMn2O4  as cathode, respectively, and then constructed a 9,10‐AQ||ZnMn2O4 full cell (Figure 2.4C). 

In half cells, 9,10‐AQ showed sharp redox peaks at 0.45/0.64 V with apparent voltage plateaus, a 

capacity of 146 mAh g−1 with an 84.3% capacity retention after 200 cycles while ZnMn2O4 presented 

one anodic peak (1.61 V) and two cathodic peaks (1.4 and 1.21 V), a high capacity of 145 mAh g−1 

with nearly unity CE. Benefiting from suitable redox potentials, large capacity, and long cycle life, 

the 9,10‐AQ||ZnMn2O4 ZIB delivered a 189.5 mAh g−1 capacity with 94.4% retention after 500 cycles. 

Of note, no dendrites were observed in 9,10‐AQ anode after cycling.  

Liu et al.54 prepared a carbon-based hybrid containing  perylene‐3,4,9,10‐tetracarboxylic diimide 

(PTCDI) and reduced graphene oxide (PTCDI/rGO) to function as a Zn-free anode for ZIBs. Firstly, 

electronic structures, particularly, the lowest unoccupied molecular orbital (LUMO) associated with 

the discharge potential, of several molecules including chloranil (TCBQ), benzoquinone (PBQ), 9,10‐

AQ, 3,4,9,10‐perylenetetracarboxylic dianhydride (PTCDA), PTCDI‐O, and PTCDI were calculated 

to predict their feasibility as anode in ZIBs. Among them, PTCDI displays the highest LUMO level 

(−0.2247 eV) and thus is expected to show the lowest discharge potential, rendering it a potential 

anode for “rocking‐chair” ZIBs. According to (dis)charge curves in half-cell tests, PTCDI/rGO 

electrode exhibited two voltage plateaus (0.38 and ~0.28 V) and reversible Zn2+ storage capability 

over 200 cycles. Coupled with a Zn-PB cathode, a PTCDI/rGO||Zn-PB full cell was constructed 

(Figure 2.4F), delivering a 0.95V output voltage and a 193 mAh g−1 capacity (based on anode).  
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2.3 Cathode Materials 

2.3.1 Cathodes for Zn-based batteries 

Cathodes with high redox potentials, large capacity, and long lifespan are desirable to construct high‐

performance ZIBs and ZMBs.  Figure 2.5A shows the brief history of cathodes development and 

different energy storage mechanisms.10 To date, widely studied cathode materials include manganese 

dioxides (MnO2), Prussian blue analogues (PBA), vanadium-based compounds (e.g. VOx and MVOx, 

M=Na, Mg, Ca, Zn, Al, Cu, etc.), and organic materials.55 In general, MnO2 delivers a high theoretical 

capacity of 308 mAh g–1 and a discharge voltage of ∼1.35 V but fast capacity decay due to Mn2+ 

dissolution.56-61 PBAs manifest high voltage (~1.7V) but limited capacity (< 100 mAh g–1)62-66 

whereas VOx exhibit high capacity exceeding 300 mAh g–1 and up to 500 mAh g–1 but low discharge 

voltage (∼0.8 V).67-71 Organics containing active functional groups (such as C=O and C=N) can 

achieve high capacity (up to ∼300 mAh g–1) and moderate discharge voltage (∼1.0 V).72, 73 For 

example, Chen group74 reported the ZMB performance of several quinone compounds in which the 

calix[4]quinone (C4Q) electrode manifested a flat voltage platform at 1 V, a high capacity of 335mA 

h g−1, an energy efficiency of 93%,  and 87% capacity retention over 1000 cycles. Other cathode 

materials have also been investigated including molybdenum- or cobalt-containing compounds,75-77 

polyanions,23, 78 polysulfide,79, 80 and graphite.81 Figure 2.5B illustrates typical specific energy 

density and power density for these cathode materials.  

2.3.2 Storage mechanisms 

The storage mechanism for different cathodes in Zn batteries is complicated. For MnO2 cathode, Zn2+ 

ion insertion, proton insertion or conversion reaction, Proton/Zn2+ ion co-insertion, and 

deposition/dissolution mechanisms have been reported. For V-based compounds, Zn2+ ion insertion, 

proton insertion, proton/Zn2+ ion co-insertion, and anionic redox mechanisms are proposed. For 
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organics, Zn2+ ion insertion, proton insertion, and proton/Zn2+ ion co-storage mechanisms are also 

presented.10 Here, taking the MnO2 cathode as an example, mechanisms will be explained in detail.  

 

Figure 2.5 Cathode Materials and Storage Mechanisms in Zn Batteries. (A) Brief development 

history of the cathode materials and energy storage mechanism of aqueous rechargeable ZMBs. (B) 

Ragone plots based on various Zn battery cathode materials. (C-E) Different energy storage 

mechanisms for aqueous Zn batteries with different cathode materials. (C) Zn2+ insertion/extraction 

into/from MnO2. (D) H+ insertion chemistry in diquinoxalino [2,3-a:2′,3′-c] phenazine (HATN). (E) 

H+/Zn2+ coinsertion/extraction into/from NaV3O8·1.5H2O. Reprinted with permission from Ref. [6, 

8, 82, 88]. Copyright © 2020, American Chemical Society. Copyright © 2012, 2020, John Wiley and 

Sons. 

 

Zn2+ ion insertion mechanism. This is the mostly reported reaction mechanism involved in Zn 

batteries (Figure 2.5C) in which a Zn/α-MnO2 cell with aqueous ZnSO4 electrolyte was firstly 

proposed to follow the following reaction:82 

 

Later, this mechanism was also reported in other MnO2 with different phases (β-, γ-, T-, δ-, and λ-

types).57, 83-86 During the Zn2+ ion insertion process, complex phase transformation can take place in 
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MnO2 , e.g., in the Zn-γ-MnO2 battery.83 At the initial stage of Zn2+ intercalation, tunnel-type γ-

MnO2 partially transformed to spinel ZnMn2O4, and a subsequent insertion of Zn2+ converts residual 

γ-MnO2  to tunnel γ-ZnxMnO2. Under a further Zn2+ intercalation, tunnel γ-ZnxMnO2 could be 

partially altered to layered L-ZnyMnO2. As such, three phases coexisted after complete Zn ion 

insertion, including spinel ZnMn2O4, tunnel γ-ZnxMnO2, and layered L-ZnyMnO2. 

Proton insertion or conversion mechanism. Besides Zn2+, proton (H+ ions) exists in mildly acidic 

electrolyte, which is donated from Zn2+ ions, can also insert into electrode materials. Following 

reactions describe the proton generation process: 

 

 

Compared with Zn2+ ion, proton is smaller in both size and weight and thus its insertion into host 

material may precede that of the Zn2+ ion. As in an example, the reaction between proton and α-

MnO2 in ZnSO4 electrolyte has been proposed.87 Despite the formation of ZnSO4[Zn(OH)2]3·xH2O 

from water decomposition during MnO2 electrode discharge, the chemical conversion reaction 

between proton and α-MnO2 gives rise to MnOOH. The following describes the mechanism: 

 

In contrast to other ion insertion mechanism with cathode facing structural change and phase 

transition leading to fast capacity decay, chemical conversion mechanism in α-MnO2 affords long 

lifespan up to 5000 cycles with a high capacity retention of 92% due to the occurrence of simple 

reaction from MnO2 to MnOOH. The proton (de)insertion behavior has also been reported in organics, 

such as Zn/HATN battery in a ZnSO4 electrolyte (Figure 2.5D).88 
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Proton/Zn2+ co-insertion mechanism. Apart from Zn2+ ion insertion mechanism and proton 

insertion mechanism, the proton/Zn2+ co-insertion mechanism has also been proposed in cathodes 

materials including MnO2, V-based compounds (Figure 2.5E), and organics in which α-MnO2  was 

firstly discovered following the proton/Zn2+ co-insertion mechanism in the ZMB using aqueous 

ZnSO4/ MnSO4 electrolyte.56 From the battery voltage-capacity curves, two discharge plateaus are 

detected and it is found that an increase in (dis)charging rates lead to negligible change in the voltage 

and capacity of the first discharge plateaus but fast decline in those of the second discharge plateaus, 

apparently demonstrating the faster reaction kinetics of the first plateau than that of the second one. 

Given that proton has a smaller size than that of Zn2+ ion, authors proposed that the first discharge 

plateau belongs to proton insertion, while the second one associated with Zn2+ ion insertion. Control 

experiments of ZMBs in the MnSO4 electrolyte show only the first discharge plateau, corresponding 

to the proton insertion but no sign of Zn2+ ion insertion was detected. Above results confirm the co-

insertion from proton and Zn2+ ions and that proton insertion mechanism happens at the first discharge 

plateau while Zn2+ ion insertion in the second plateau in the Zn/α-MnO2 system. 

Deposition/dissolution mechanism. In acidic electrolyte, MnO2 electrode can follow the 

deposition/dissolution mechanism as described in the following: 

 

Two electron transfers are involved in this redox reaction, giving a two-fold theoretical capacity (616 

mAh g–1) compared with that (308 mAh g–1) of the Mn4+/Mn3+ redox process involving one electron 

transfer commonly found in the MnO2 cathode. Besides higher capacity, a higher potential around 

1.22 V vs SHE can also be presented in MnO2/Mn2+ redox pair, leading to a 1.98 V working voltage 

when matching with the Zn anode (Zn2+/Zn, −0.76 V vs SHE), which is much higher than ∼1.35 V 

voltage in traditional Zn/MnO2 batteries. This novel electrolytic Zn/MnO2 system was designed by 
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Chao et al. using H2SO4/ZnSO4/MnSO4 electrolyte, Zn anode, and CC cathode.89 During charge 

process, Mn2+ ions are oxidized into MnO2 which deposits onto CC cathode while under discharge, 

MnO2 is reduced to Mn2+ and dissolves into the electrolyte following the reaction below:  

 

The electrolytic Zn/MnO2 batteries can afford a 570 mAh g–1 capacity and a 1.95 V voltage. 

Furthermore, the redox pair of MnO2/Mn2+ (1.22 V vs SHE) can also be coupled with Zn(OH)4
2–/Zn 

(−1.2 V vs SHE), amounting to a high output voltage up to 2.4 V. This system was achieved by Zhong 

et al. using two chambers containing alkaline electrolyte (KOH) for the anode and an acidic 

electrolyte (H2SO4/MnSO4) for the cathode separated by a neutral electrolyte (K2SO4) sandwiched 

between two ion-selective membranes.90 During discharge, OH– and H+ ions are consumed in the Zn 

side and MnO2 side, respectively, and the corresponding counterions (K+ and SO4
2– ions) diffuse into 

the neutral electrolyte through the cation exchange membrane and anion exchange membrane, 

respectively. Later, Liu et al. further constructed Zn-based cells based on redox reactions of MnO2/ 

Mn2+ and Zn(OH)4
2–/Zn by using acid–alkaline dual electrolyte and ion-selective membranes.91 

However, cell-level energy densities of these electrolytic cells are still low due to the use of flooded 

electrolyte and bulky container.  
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2.3.3 Hierarchical porous carbons for Zn-based capacitors 

 

Figure 2.6 Preparation of Hierarchical Porous Carbon Cathodes. (A) Strategies for fabricating 

HPCs. (B) Schematic illustration for PSC samples preparation and corresponding (C) electrochemical 

performances at different mass loading. (D) Scheme showing the synthetic process of HNPC. (E) 

DFT calculation of binding energy between Zn and heteroatoms dopants. (F) Ragone plot and (G) the 

LED board powered by ZIC. Reprinted with permission from Ref. [12, 92, 97]. Copyright © 2019, 

John Wiley and Sons. Copyright © 2020, Elsevier. 

 

In most cases, Zn capacitor cathode materials are based on hierarchical porous carbons (HPCs). 

Figure 2.6A illustrates the engineering strategy of hierarchical porous carbon (HPCs) with specific 
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surface area, porous structure, and morphology through modulating parameters like temperature, time, 

and chemicals in the synthetic protocol.11, 12 HPCs are typically prepared by activation approaches 

and/or template-assisted synthesis. The former method relies on activation agents (such as water 

vapor, ammonia gas, CO2, KOH, and ZnCl2) whereas the latter one involves the use of hard or soft 

templates (such as silica, alumina, calcium carbonate, and surfactants). Other emerging approaches 

including molten salt pyrolysis and microwave-activation have also been developed to make HPCs 

but with disadvantages that the molten salt pyrolysis requires the use of a large amount of inorganic 

salts and microwave-activation method arouses safety concerns. As such, the templated and activation 

methods are commonly used to make HPCs thanks to their tunable architecture and easy operation. 

Activated carbon (AC). Kang et al.92 applied a commercial AC material, YP-50F, into Zn capacitors, 

delivering a high capacitance and elucidated the working mechanism involving the reversible ion 

adsorption/desorption on cathode and Zn plating/stripping on anode. Zhang et al.93 utilized pencil 

shaving derived porous carbon (PSC) as the capacitor cathode (Figure 2.6B). After activation in KOH 

at 600 oC, the resultant PSC-A600 shows highly porous structure which could benefit matter/ions 

kinetics and energy storage. Accordingly, even at a high loading of 24 mg cm–2, the PSC-A600 

electrode could deliver a 100 mAhg-1 capacity at 0.2 Ag-1 (Figure 2.6C). Furthermore, an anti-

freezing hydrogel electrolyte was employed to enable low-temperature applications of the PSC-A600-

based Zn capacitor, which demonstrated a high capacitance retention of 80.7% and 63.9% at 0 oC and 

–15 oC, respectively, compared with that of 20 oC tested at 1 A g–1. Alternatively, Liu et al.94 

fabricated the HPC through the one-step pyrolysis of chitosan, iron nitrate, and potassium bicarbonate 

in which chitosan, ferric salt, potassium salt plays the role of carbon source, catalyst, and activation 

agents, respectively. As-made HPC displayed a micropore-dominated porous structure along with 

some mesopores as well as rich N-dopants and hierarchical architecture. The corresponding ZMC 
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device delivered a high capacity (136.8 mAhg-1 at 0.1 A g-1) and a long cycle life (over 5000 cycles). 

Besides exploring high-performance materials for Zn-based capacitors, device architecture including 

fiber-shaped and in-plane miniatured structures have received tremendous research interest too. For 

instance, Zhang et al.95 demonstrated a Zn-based micro-supercapacitor with AC and electrodeposited 

Zn as cathode and anode, respectively, realizing a high capacitance of 1297 mF cm-2 (259.4 F g-1) at 

0.16 mA cm-2 (0.05 A g-1), corresponding to a high energy density of 115.4 μWh cm-2 along with a 

remarkable cyclability with 100% capacitance retention over 10000 cycles.  

Templated carbon. For templated synthesis of HPCs, the structure of templates determines that of 

porous carbons. H3BO3 can be processed into lamellar crystals by recrystallization and its 

decomposition product, B2O3 can be easily recycled in water enabling sustainable and low-cost 

template for 2D materials preparation. By employing H3BO3 as the template, Lu et al.96 fabricated 2D 

layered porous carbon (LDC) derived from acrylonitrile copolymer. Compared with commercial AC 

and rGO, the LDC realized the highest capacity and superb long cycling. The assembled capacitor 

device with a gel electrolyte can deliver a maximum energy density of 86.8 Wh kg–1 and power 

density of 12.1 kW kg–1 along with insignificant self-discharge. Using SiO2 and tetrapropyl 

orthosilicate as the template and phenolic resin as the carbon precursor, Yan and coworkers97 prepared 

a mesoporous carbon hollow sphere (MCHS) with highly uniform morphology. Benefitting from 

vertical porous channels-enabled fast ion diffusion, the MCHS electrode afforded a high (dis)charging 

capability, a high capacity even at a 20 mg cm–2 loading, and exceptional cycling stability with 

negligible capacity loss over 10,000 cycles. Aside from its use as cathode material, MCHS is also 

applied as a dendrite-suppressing coating on Zn anode because of its capability to homogenize electric 

field and orient ions diffusion channels. Combining templated synthesis (NaY as template) and 

activation treatment (ammonia gas), Zhang et al.98 synthesized nitrogen-doped porous carbon (HNPC, 
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Figure 2.6D) and elucidated the effect of N dopants on enhancing electrochemical performance. As 

shown in Figure 2.6E, undoped carbon needs to conquer a relatively high energy barrier (2.13 eV) 

during the energy storage process (C−OH + Zn2+ + e− ↔ C⋯O⋯Zn + H+) while the HNPC demands 

smaller values around 1.25 eV, which suggests the N dopant in HNPC benefits the rapid Zn2+ 

adsorption, agreeing well with previous publications.99 Additionally, nitrogen atoms could alter the 

electronic structure of nearby carbon atoms to accelerate the dissociation of the –OH bond cleavage 

and adsorption of the released H+. Combined with experimental results, nitrogen dopants can 

simultaneously reduce binding energy barrier of C-O-Zn and improve the wettability and conductivity, 

leading to the quasi-solid-state ZMC with a remarkable energy/power density of 107.3 Wh kg-1/27.6 

kW kg-1 (Figure 2.6F) and the application of three ZMCs connected in series as the power source for 

56 red LED bulbs lasting over 20 min (Figure 2.6G). Of note, Zn is excessively used in most of 

ZMCs, meaning the real device energy density and power density is far lower than those reported 

values when taking the Zn anode mass into account.  

2.4 Electrolyte Engineering (Solvent, Salt, Concentration and Additives) 

As the bridge between the cathode and anode, the electrolyte is a crucial component in Zn-based 

energy devices, which offers the pathway for ions transport. As shown in Figure 2.7A, the electrolyte 

structure is complex during operation which involves solvation and de-solvation process, proton co-

interaction along with Zn(OH)x(H2O)y formation. Because the electrolyte is strongly associated with 

the voltage window, ionic conductivity, the Zn plating/stripping process, the Zn corrosion behavior, 

and the cathode dissolutions, it becomes a hot topic to regulate components and structures of 

electrolyte (solvent, salt, concentration, etc.) to address existing issues in Zn-based energy devices 

(Figure 2.7B).100 As shown in Figure 2.7B, regulation of solvent, salt, concentration, and additives 

in the electrolyte could change the local electric field, concentration polarity, water activity, and 

https://www-sciencedirect-com.login.ezproxy.library.ualberta.ca/science/article/pii/S2405829720302774#fig1
https://www-sciencedirect-com.login.ezproxy.library.ualberta.ca/science/article/pii/S2405829720302774#fig1
https://www-sciencedirect-com.login.ezproxy.library.ualberta.ca/science/article/pii/S2405829720302774#fig1
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solvation structure of zinc ions, which could further influence the electrochemical window, zinc 

dendrites, zinc corrosion, cathode dissolution in corresponding energy devices.  

Selection of solvents. Solvents for electrolyte preparation can be divided into water and organic 

solvent. Organic electrolyte has the advantage of widened voltage window and suppressed Zn 

corrosion and dendrites formation, but there also exists many associated problems including toxicity,  

 

Figure 2.7 Electrolyte Engineering. (A) Schematic illustration of Zn batteries with liquid electrolyte, 

(B) electrolyte regulation strategies for addressing ZIBs issues. Reprinted with permission from Ref. 

[100]. Copyright © 2020, Elsevier. 

 

flammability, low conductivity, large desolvation penalty, and sometimes high viscosity.101, 102 On 

the contrary, aqueous electrolyte has superiority over organic counterparts in terms of safety, 

abundance, conductivity, viscosity, and Zn2+ kinetics ascribed to weak interaction between water and 

Zn2+/anions as well as small energy penalty for Zn2+ desolvation.103, 104 

Optimization of salts. Theoretically, any dissolvable salt containing zinc ions can be used for 

electrolyte preparation such as ZnCl2, Zn(NO3)2, Zn(ClO4)2, ZnSO4, Zn(CH3COO)2 (or Zn(OAc)2), 

Zn(CF3SO3)2 (or Zn(OTf)2) and zinc bis(trifluoromethanesulfonyl)imide (Zn(TFSI)2), to name a few. 
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These salts differ in the anion structure and this difference has a huge influence on battery 

performance. For example, Cl− and NO3
− are instable which will lead to irreversible Zn anode and 

narrow voltage window, NO3
− is also a strong oxidant which can oxide Zn metal and cause an increase 

in local pH,105 ClO4
− can cause polarization upon contacting with Zn metal forming ZnO layer and 

passivating the Zn anode.105, 106 Overall, ZnSO4, Zn(OTf)2 and Zn(TFSI)2 are mostly used for 

electrolyte preparation due to the appropriate electrochemical window and reversible Zn 

plating/stripping. Compared with ZnSO4, Zn(OTf)2 and Zn(TFSI)2 have weaker cation-anion 

interaction, less water amount in solvation shell, weaker solvation effect, smaller desolvation energy 

and higher ionic conductivity, leading to better reversibility and faster kinetics for Zn 

deposition/dissolution.107, 108 However, the high cost of Zn(OTf)2 and Zn(TFSI)2 is their demerits.  

Regulation of concentration. Superconcentrated electrolyte (e.g. water-in-salt electrolyte, WIS) 

with less water amount in both the solvent and the solvation structure can lower the activity of water 

and thus reduce side reactions from water dissociation.109, 110 Accordingly, WIS electrolyte can widen 

the potential window, enable reversible Zn deposition/dissolution and inhibit metal dissolution in 

cathode materials. Unfortunately, a high concentration usually accompanies with high expense and 

high viscosity, slowing down ionic transport and thus hindering its wide application in battery 

system.100 

Introduction of additives. Additives in the electrolyte can widen voltage window, inhibit Zn 

dendrites growth and alleviate cathode materials dissolution. Particularly, some polymers and small 

molecules as the additive can be adsorbed on the Zn metal surface to decelerate the Zn plating process 

to the formation of smooth deposition layer instead of dendrites.111, 112 Metal ions, either with more 

positive potentials or less positive potentials than zinc can be used as the additive to suppress Zn 
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dendrites and prohibit the dissolution of cathode materials containing same metal ions.113-115 Besides, 

the surfactant as the additive can widen the electrochemical window.116 

Besides the research on liquid electrolyte, polymer electrolytes are also under intensive scrutiny due 

to advantages such as limited water content, suppressed Zn dendrites, minimized cathode dissolution 

as well as high flexibility promising for wearable and biocompatible applications .117  
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Chapter 3 Ultrafast, Long-life, High-loading, and Wide-temperature Zinc Ion 

Supercapacitors 

 

A version of this Chapter has been published in Energy Storage Materials: 

Zhixiao Xu, Rujiao Ma, Xiaolei Wang*, Ultrafast, long-life, high-loading, and wide-temperature zinc 

ion supercapacitors. Energy Storage Materials, 2022, 46, 233-242.  

 

3.1 Introduction 

Low-cost, safe and durable energy storage systems are required for smart grids and other stationary 

applications.118, 119 To that end, aqueous batteries and supercapacitors have garnered tremendous 

research interest due to high safety.120 However, commercial aqueous batteries such as lead-acid and 

nickel-cadmium batteries could only deliver low energy densities (40~50 Wh kg−1) and short life 

spans. By contrast, electric double layer capacitors show extended cycle life but decreased energy 

densities. These demerits of aqueous batteries and capacitors restrict their widespread applications 

and call for novel aqueous energy storage systems.121 Among candidates, zinc anode-based energy 

devices show great promise due to the high theoretical capacity (820 mAh g−1), proper potential 

(−0.76 V vs standard hydrogen electrode), water compatibility, and high safety of Zn metal.6, 122, 123 

To pair with Zn anode for making batteries, many cathode materials have been developed including 

transition metal oxides,87, 124 sulfides,77 Prussian blue analogs,63, 66 and organic materials.72, 74 

However, most of them show poor kinetics and limited cycle life due to large diffusion barriers and 

the dissolution of active materials.  
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Alternatively, zinc ion capacitors (ZICs) based on carbon-based cathodes hold great potentials.12, 125 

For one, unlimited lifespan and fast charging can be theoretically achieved in porous carbon cathode 

due to its energy storage mechanism involving surface ion adsorption/desorption. For another, surface 

redox reactions could be introduced to carbon cathode by heteroatom doping (O, N, B, P, etc.) to 

increase pseudocapacitance and energy density.96, 126, 127 The delicate design of porous structures and 

heteroatom dopants in carbon cathode is crucial for achieving high-energy, high-power, and long-life 

ZICs. In general, large surface area and hierarchically porous structures offers potential space for 

electrode-electrolyte interaction whereas hydrophilic heteroatom dopants enhance electrode-

electrolyte wettability and offers extra redox sites.125 For instance, Tang et al.128 made a 3D 

hierarchically porous activated carbon possessing high surface area (3525 m2 g−1) and abundant 

mesopores, resulting in the carbon-based ZIC with a large capacitance of 462 F g−1 and a high energy 

density of 77.5 Wh kg−1. Zhao et al.129 fabricated ZICs based on a nitrogen, oxygen-co-doped carbon 

cathode with a low surface area of 197.45 m2 g−1 but enriched N (6.52 at%) and O (3.76 at%) dopants, 

which engendered a large capacitance (311.6 F g−1) in a wide voltage range (0.2-1.8 V). Lu et al.98 

first demonstrated nitrogen dopants could lower the energy barrier for forming C-O-Zn, facilitating 

the surface reaction between O dopants and Zn2+ ions on carbon electrode, giving rise to a high power 

density of 24.9 kW kg−1 in corresponding ZICs. Despite the progress, it remains challenging to 

simultaneously attain high energy, high power, and long lifespans in ZICs.  

To meet practical applications, high-mass-loading electrodes and harsh environment need to be taken 

into account when designing energy storage devices. On one hand, high-loading electrodes bring 

simultaneously the dense packing of active materials in limited space and the reduction of inactive 

components, leading to lower production cost and higher energy densities at the cell level compared 

with thin electrodes.130-132 Actually, active mass loadings ought to be no less than 10 mg cm−2 for 
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practical applications and typical values for commercial energy storage devices are 10-20 mg cm-2.130, 

133 However, this is not the case in most research papers with typical loadings of only 1-4 mg cm-2. 

On the other hand, harsh environment such as low and high temperatures will be encountered in not 

only extreme regions like North Pole and outer space but also residential areas with ever-changing 

climate.134, 135 As such, it is critical to develop cells working in a wide-temperature range of −30 °C–

50 °C for most human habitats and a broader range from −50 °C to 70 °C for military uses. Strangely, 

those two important factors are often ignored in the development of ZICs with only few exceptions. 

For example, Zhang et al. 93 developed biowaste-derived carbon and anti-freezing hydrogel for ZICs 

working under high mass loading (17 mg cm-2) and -15 oC temperature. Chen and coworkers136 

employed concentrated ZnCl2-based hydrogel for making high-energy ZICs functioning well under 5 

mg cm-2 and -20 oC. Hydrogel seems to be essential for low-temperature aqueous ZICs but the use of 

hydrogel could also jeopardize the ionic conductivity and electrochemical stability of ZICs.117 To our 

best knowledge, hydrogel-free aqueous electrolyte for low-temperature ZICs is still absent. 

Bearing above points in mind, herein we demonstrate workable ZICs under harsh conditions including 

ultrafast and ultralong cycling, ultrahigh loading mass, and low/high temperatures through the 

incorporation of activated carbon, aqueous binder and concentrated electrolyte. First, with highly 

exposed surface area and enriched oxygen, nitrogen dopants, the activated carbon manifests large 

electrical double layer capacitance and Faradic pseudocapacitance. Second, sodium alginate-based 

aqueous binder shows better electrolyte wettability than the commonly used polymer binder, resulting 

in much improved capacitance. Third, highly concentrated electrolyte enables large zinc 

stripping/plating efficiency, long life cycles as well as low freezing temperature due to reduced 

hydrogen bonding interaction of water. The combination of three aspects brings a large capacitance 

of 436 F g−1 (capacity: 200 mAh g-1), ultrafast kinetics up to 200 A g-1, ultralong cycles (0.3 million), 
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ultrahigh loadings (10 mg cm-2), and wide-temperature cycling (-60 oC ~ 60 oC), resulting in a 

maximum energy density of 134.8 Wh kg−1 and power density of 118.4 kW kg−1 based on AC 

electrode, which lies among the best performance level for carbon-based ZICs. The working 

mechanism of AC was explored by ex situ characterizations and electrochemical measurements, 

which revealed a reversible proton/zinc ion co-interaction at the heteroatom-containing site of AC 

during capacitor charging/discharging. For practical demonstration, AC-SA based pouch cells with 

certain flexibility and low self-discharge rate were fabricated to power electronics. Altogether, 

strategies developed in our ZIC system will open an avenue towards practical supercapacitors.  

3.2 Experimental Section 

3.2.1 Materials  

Commercial activated carbon (AC, TF-B520) was purchased from MTI corporation. Polyvinylidene 

difluoride (PVDF), sodium alginate (SA), zinc sulfate heptahydrate (ZnSO4·7H2O), zinc chloride 

(ZnCl2), acrylamide, N, N’-methylenebisacrylamide, ammonium persulfate and N-methylpyrrolidone 

(NMP) was purchased from Sigma-Aldrich, zinc trifluoromethanesulfonate (Zn(OTf)2) was 

purchased from TCI AMERICA, They are all in the analytical grade and directly used without further 

purification. Stainless steel mesh (SSM, #304 with a mesh size of 500) was purchased from China.  

3.2.2 Characterization 

Fourier transform infrared spectra (FTIR) were collected on Nicolet IS50 with the KBr pellet 

technique or ATR mode. Raman spectra were obtained on a laser confocal Raman spectrometer 

(Renishaw inVia Qontor) with the laser wavelength of 532 nm. The Rigaku XRD Ultima IV X-ray 

diffractometer with the Cu target (wavelength: 1.5406 Å) was used for X-ray diffraction (XRD) 

analysis. The morphology of samples was observed on the field-emission scanning electron 

microscope (Zeiss Sigma FESEM) equipped with an EDX analyzer (Oxford AZtecSynergy). N2 gas 
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adsorption-desorption isotherms were obtained on the Autosorb iQ-XR with samples degassed at 200 

oC for 10 h and specific surface area was calculated according to the BET method while the pore size 

distribution was obtained by the NLDFT calculation using carbon models. X-ray photoelectron 

spectroscopy (XPS) experiments were performed on an AXIS Ultra DLD system from Kratos with 

Al Kα radiation as X-ray source for radiation. The wettability of electrolyte (3M ZnSO4-H2O) on 

different substrates (SSM, AC-SA coated SSM, AC-PVDF coated SSM) was tested by the contact 

angle meter (FTA-200).   

3.2.3 Electrochemical measurement 

Slurry preparation. The slurry was prepared by mixing 80 wt.% of AC, 10 wt.% Super P, and 10 

wt.% of binder, either SA in water or PVDF in NMP under constant stirring for more than two hours. 

Electrode making. The slurry was then drop coated onto SSM for low-loading (1-4 mg cm-2) samples 

or Ti mesh for high-loading samples (5-10 mg cm-2) using digital pipette and dried immediately under 

infrared light radiation, resulting in the AC electrode with an area around 1.13 cm2. ZIC assembly. 

The ZIC was assembled into CR2032 type coin cells for all tests in the open atmosphere. While the 

AC electrode functions as the working electrode, Zn foil (250 μm or 30 μm thickness, ~1.13 cm2), 

glassy fiber membrane (Whatman Grade A), Zn-containing salt in water (e.g., 3M ZnSO4) was 

adopted as the reference/counter electrode, separator, and electrolyte, respectively. 100 μL of 

electrolyte was used unless noted otherwise.  Galvanostatic charging/discharging (GCD), rate, and 

cycling performance was measured by the battery cycler (Neware) whereas the cyclic voltammogram 

technique was performed on the electrochemical workstation (VMP-3, Biologic) at room temperature 

(~20 oC). Low-temperature test. The assembled coin-cell type ZICs (using 3M ZnSO4 or 5.5M 

ZnCl2 as electrolyte) were put inside the mini freezer (DW-60W28, Ligfreezer Low-Temp Equipment 

Co., Ltd) and connected by copper wires with the electrochemical workstation in which the GCD was 
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conducted. After setting the temperature (0 oC, -20 oC, -40 oC and -60 oC), coin cells were put inside 

and hold for at least one hour and then cycled under 0.1 A g-1 for 5 cycles before collecting data. 

High-temperature test. The assembled coin-cell ZICs using 3M ZnSO4 or 0.5M Zn(OTf)2 DMF as 

the electrolyte were put inside the gravity oven (Fisher) set at desired temperature (60 oC and 80 oC) 

for 30 min, connected with battery channels, and cycled under 0.1 A g-1 for 5 cycles before collecting 

data. The weight for Zn foil (250 μm thick, ~1.13 cm2) and Zn foil (30 μm thick, 1.13 cm2) is ~210 

mg and 28.5 mg, respectively. The weight for 3M ZSO (100 μL), 3M ZSO (70 μL), 5.5M ZnCl2 (100 

μL), and 0.5M Zn(OTF)2-DMF (100 μL) is 141.1 mg, 98.8 mg, 150.7 mg, and 109.0 mg, separately. 

Whatman separator (Grade A, 16 mm diameter) has a weight of 11 mg. 

Making of Soft-packaged Pouch Cells 

Soft-packaged Zn//AC hybrid supercapacitor was assembled by sandwiching hydrogel electrolyte 

between anode and cathode followed by sealing in Al-plastic package. The hydrogel electrolyte was 

prepared based on a previous paper.137 Firstly, 1.454 g of acrylamide, 0.875 mg of N, N’-

methylenebisacrylamide, and 7.15 mg of ammonium persulfate was used as the monomer, crosslinker 

and initiator, respectively. They were added into 10 mL deionized water under stirring and after the 

solution become transparent, 0.18 g of sodium alginate was added under vigorous stirring until 

completely dissolved followed by ultrasonic treatment for 20 min to obtain transparent and light-

yellowish solution. Next, the solution was injected into glass petri dish and put in vacuum oven at 

70 ℃ for 30 minutes to undertake polymerization and degassing. At this stage, covalently crosslinked 

PAM hydrogel network was prepared. To obtain ionically crosslinked Zn-alginate network, the 

former hydrogel film was soaked in 2M ZnSO4 solution for 1 hour at room temperature. Finally, the 

resulting Zn-alginate/PAM hydrogel electrolyte was peeled off from the petri dish and cut into a size 

of 24 mm × 36 mm to assemble the pouch cell. Ultrathin Zn foil with a thickness around 30 μm was 
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used as the anode. The loading for the AC-SA electrode is around 16-18 mg with areal loading around 

2 mg cm-2.  

3.2.4 Calculation  

Calculation of Gravimetric/Areal Capacity and Capacitance 

Gravimetric capacity:  

𝑄𝑠 =
1000 ∗ 𝐼 ∗ 𝑡

𝑚
 

in which I, t, and m represents discharge current (A), discharge time (h), the mass (g) of active 

materials in the cathode, respectively. 

Areal capacity:  

𝑄𝑠 =
1000 ∗ 𝐼 ∗ 𝑡

𝐴
 

in which I, t, and A represents discharge current (A), discharge time (h), the area (cm2) of active 

materials in the cathode, respectively. A=1.13 cm2 

Capacitance:  

𝐶𝑠 =
𝑄𝑠 ∗ 3600

1000 ∗ 𝑉
 

in which 𝑄𝑠 and V represents discharge capacity (mAh g-1) and voltage window of the capacitor. 

Herein, V=1.65V. 

Calculation of Gravimetric/Areal Energy and Power Densities 

The gravimetric energy density E (Wh kg-1) and power density P (Wkg-1) of ZICs were calculated 

based on the following equations: 

𝐸 =
1000 ∗ ∫ 𝐼𝑉(𝑡) 𝑑𝑡

𝑚
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𝑃 =
𝐸

𝑡
 

in which V(t), I, dt, and m represents discharge voltage (V), current (A), differential time (h), the 

mass (g) of active materials in the cathode, respectively. 

The areal energy density E (Wh cm-2) and power density P (W cm-2) of ZICs were calculated based 

on the following equations: 

𝐸 =
1000 ∗ ∫ 𝐼𝑉(𝑡) 𝑑𝑡

𝐴
 

𝑃 =
𝐸

𝑡
 

in which V(t), I, dt, and A represents discharge voltage (V), current (A), differential time (h), and the 

area (cm2) of active materials in the cathode, respectively. A=1.13 cm2 in our electrodes. 

Calculation of Self-discharge rate 

For the measurement of self-discharge rate, the pouch cell was charged to 1.8 V at a current density 

of 0.1 Ag-1 (charging time: 6820 s) and rest for 3560 min (~59.33 h), then discharged to 0.15 V at the 

same current density (discharge time: 5096 s). The self-discharge rate can be calculated as  

rSD= (6820-5096)/(6820*3560*60)=0.42% h-1 

On the other, the open-circuit voltage after resting for 3560 min (~59.33h) is 1.2258 V, and the 

corresponding the self-discharge rate is rSD= (1.8-1.2258)/59.33= 9.67 mV h-1.  
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3.3 Results and Discussion 

3.3.1 Structural characterization of activated carbon 

 

Figure 3.1. Structural characterization of AC. (a) SEM image, (b) EDX mapping, (c) isotherm 

adsorption/desorption curve and its corresponding pore size distribution, high-resolution XPS (d) C 

1s, (e) O 1s, and (f) N 1s spectrum. 

 

The commercial AC was characterized by microscopes and spectroscopes. SEM shows the bulky 

structure of the material with a wide size range of 1-20 μm (Figure 3.1a) while its corresponding 

elemental mapping indicates the uniform distribution of carbon, nitrogen, and oxygen elements 

(Figure 3.1b). Raman spectrum shows typical D (~1350 cm-1), G (~1590 cm-1), and 2D bands (~2910 

cm-1) in which the D band and G band is ascribed to the disordered sp3-hybridized carbon and ordered 

graphitic sp2-hybridized carbon, respectively (Figure S3.1a, supporting information).138 The intensity 

ratio of D to G (ID/IG) is found as 0.847, implying the presence of defects in AC. XRD showcases 

typical amorphous carbon structure with two broad peaks at around 25o and 42o, matching well with 
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previously reported activated porous carbon materials (Figure S3.1b).13, 93 The porous structure was 

further explored by the gas sorption technique and the isotherm curve displays typical microporous 

structure (Type I) with high gas sorption at near-zero pressure in which micropores (1.2-2 nm) are 

dominant accompanied by some mesopores averaged at 2.3 nm (Figure 3.1c). The specific surface 

area and pore volume is calculated to be 2066 m2 g−1 and 1.20 cm3 g−1, respectively. The surface 

structure and chemical valence state was probed by XPS. The survey spectrum indicates the only 

existence of carbon, oxygen, and nitrogen in the AC and their content is 90.2 at%, 9.1 at%, and 0.7 

at% (Figure S3.1c).  High-resolution XPS C 1s spectra (Figure 3.1d) can be deconvoluted into 

C=C/C-C (284.8 eV), C-O/C-N (285.6 eV), C=O (286.6 eV) and carboxyl (288.5 eV) peaks, with the 

respective content of 71.1%, 14.0%, 6.2%, and 8.7% in AC.127 High-resolution O 1s spectrum in 

Figure 3.1e manifests O-C=O (532.9 eV, 47.5%), C-O/-OH (531.9 eV, 26.9%), and C=O (530.9 eV, 

25.6%) groups whereas the high-resolution N 1s spectrum (Figure 3.1f) displays pyrrolic N (400.1 

eV, 50.8%), and oxidized N (402.1 eV, 49.2%).139 The rich heteroatom doping and high surface area 

with hierarchical pores render the AC electrode promising for supercapacitor application.140  
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3.3.2 Optimization of binder and electrolyte  

 

Figure 3.2 Optimization of binder and electrolyte. (a) CV curves of AC-SA and AC-PVDF. (b) Plot 

of capacity against current density of AC-SA and AC-PVDF in different electrolyte. (c) Cycling 

performance of AC-SA in 1.0/2.0/3.0M ZnSO4 at the current density of 5 Ag-1. (d) Contact angles of 

3M ZnSO4 electrolyte on the surface of pristine SSM, AC-PVDF coated SSM, and AC-SA coated 

SSM. (e) pH values, viscosity, and ionic conductivity of ZnSO4 electrolyte with different 

concentration. (f) Coulombic efficiency of Zn metal plating/stripping in different electrolyte 

(1.0/2.0/3.0M ZnSO4).  

 

To optimize AC electrode for ZICs with high energy density and power density, we here study the 

influence of binder and electrolyte on capacity, rate, and cycling performance. For the binder, sodium 

alginate-based aqueous binder (SA) and polymer-based organic binder (PVDF) were explored. PVDF 

is the most used binder for battery/capacitor electrode manufacturing but the organic solvent used for 

dissolving PVDF is toxic, expensive, and hazardous.141, 142 On the contrary, aqueous binders like SA 

are water soluble, cheap, safe, and sustainable, thus receiving increasing attention in recent years.143, 
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144 Ding et al145 reported the first use of SA binder for aqueous zinc ion batteries and found that SA 

could crosslink with zinc ions to form water-insoluble binder. Inspired by this, here we firstly 

explored the use of SA binder for aqueous ZICs. The electrode using SA or PVDF is denoted as AC-

SA and AC-PVDF, respectively. Interestingly, AC-SA electrode is easily dispersible in water but 

stable in ZnSO4 electrolyte due to the formation of crosslinking network induced by coordination 

interaction between zinc ions and carboxylic/hydroxyl groups of SA (Figure S2). The stability of AC-

SA electrode in ZnSO4 electrolyte is further confirmed by no loss of sodium element in the AC-SA 

electrode and no decay on the mass of cathode after cycling, which makes SA suitable for aqueous 

ZICs. As shown in the CV curves (Figure 3.2a), SA binder enables more apparent redox peaks and 

larger capacitive areas (around 1.3-fold) compared with PVDF binder, resulting in a significant 

increase in the pseudocapacitance of corresponding AC. Figure 3.2b and Figure S3.3 shows the rate 

performance of ACs based on different binders and electrolytes. Apparently, AC-SA shows much 

higher capacity than AC-PVDF in all current rates and electrolytes, further demonstrating the 

superiority of SA over PVDF binder. The cycling performance (Figure 3.2c) indicates that first, long 

life up to 50000 cycles at a high rate of 5 Ag-1 with nearly 100% capacity retention and 100% 

Coulombic efficiency (CE) can be achieved in concentrated electrolytes (2.0 M and 3.0 M ZnSO4) in 

stark contrast to the fast capacity decay in the dilute electrolyte (1.0 M ZnSO4) with only 64% 

retention and unstable CE; second, AC-SA delivers higher capacity (97 mAh g-1) than AC-PVDF 

(averaged at 60 mAh g-1) throughout ultralong cycles. The different chemical structure of SA and 

PVDF could explain the performance difference. While PVDF is composed of hydrophobic groups 

in the chain, SA is enriched with hydrophilic carboxylic/hydroxyl groups. To confirm this, the 

electrolyte//electrode interface was studied by the contact angle meter in which electrolyte (3M 

ZnSO4) was dropped onto different electrode surface (SSM, AC-SA@SSM, AC-PVDF@SSM) and 
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the contact angle was measured to be 117.8o, 52.6o, and 19.9o for SSM, AC-PVDF@SSM, and AC-

SA@SSM electrode, respectively (Figure 3.2d). The lower angle in AC-SA@SSM suggests that SA 

binder enables better electrolyte wettability and higher hydrophilicity, which could facilitate the 

interaction between charge carriers and active sites including micro/mesopores and heteroatom 

dopants in resulting ZICs. Also, carboxylic groups in SA binder could coordinate with cations such 

as proton and Zn2+, boosting the capacitor kinetics in the AC-SA electrode. The better wettability and 

coordination effect explain why more apparent redox peaks and larger capacitance can be gained in 

the AC-SA electrode than AC-PVDF electrode. 

As regards the influence of electrolyte on ZIC, electrolyte containing different salt (ZnSO4, ZnCl2, 

and Zn(OTf)2) was firstly compared with each other and it was found that only ZnSO4-based 

electrolyte enables stable cycling in the wide voltage window of 0.15-1.8 V at room temperature 

(Figure S3.4-S3.5). Next, ZnSO4 electrolyte with different concentrations (0.5M, 1.0M, 2.0M, and 

3.0M) was investigated, the rate performance (Figure 3.2b) shows that at low current rates (0.1~2.0 

Ag-1), higher capacity can be obtained in concentrated electrolytes (2.0M and 3.0M ZnSO4) whereas 

dilute electrolytes (0.5M and 1.0M ZnSO4) favors high capacity at high current rates (5, 10 Ag-1). 

This could be explained by the difference in ionic conductivity and viscosity of different 

electrolyte.100, 146 As shown in Figure 3.2e, with the increase in concentration from 0.5M to 3.0M, 

the viscosity increases from 1.58 mPas to 10.0 mPas while the ionic conductivity increases from 23.8 

mS cm-1 in 0.5M ZnSO4 to the highest value of 42.7 mS cm-1 in 2.0M ZnSO4 but decreases to 32.8 

mS cm-1 in 3.0M ZnSO4. At low current rates, the electrochemical performance is largely determined 

by ion concentration and ionic conductivity which explains why concentrated electrolyte can achieve 

higher capacity than dilute electrolyte. At high current rates, however, the high viscosity of 

concentrated electrolytes could retard the mass transfer and is unfavorable for fast-rate 
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charging/discharging. On the other hand, electrolytes with different concentration also have an 

influence on the deposition/dissolution efficiency of zinc metal anode.147 Figure 3.2f shows the CE 

of Zn metal in three electrolytes (1.0M/2.0M/3.0M ZnSO4) at 1 mA cm-2. Although the CE in initial 

10 cycles are relatively higher (80%-97%) in 1.0M ZnSO4 than 2.0M and 3.0M ZnSO4, it can last for 

only 100 cycles with dramatic drop to almost 0% at the 106th cycle. On the contrary, the CE in 2.0M 

and 3.0M ZnSO4 gradually increases from 75% to 97.5% in initial cycles and stabilizes at around 

97.5% in following cycles. This difference on CE in different electrolyte results in the long cycle life 

in concentrated electrolyte and short lifespan in dilute electrolyte as displayed in Figure 3.2c. Besides, 

Zn foil shows relatively slow corrosion in ZnSO4 electrolyte (Figure S3.6). Above results suggest 

that the optimal ZICs can be achieved by the combination of aqueous SA binder and concentrated 

electrolytes (particularly 2.0M ZnSO4).  
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3.3.3 Ultrahigh rates, ultralong cycles, and kinetics analysis  

 

Figure 3.3. High-rate performance and kinetics. (a) Charge-discharge curves of the AC-SA electrode 

at high current densities from 10 to 200 Ag-1. (b-d) Long cycling performance of AC-SA electrodes 

at (b)100 and 200 Ag-1, (c) 20 Ag-1, and (d) 45 Ag-1. (e) CV profiles of AC-SA electrode at scan rates 

from 0.1 mVs-1 to 5.0 mVs-1. (f) The linear fitting between log (current) and log (scan rate) at redox 

peaks. (g) capacitive contributions at different scan rates.  
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The combination of SA binder and concentrated electrolyte (2.0 M ZnSO4) was further applied for 

ultrafast charge/discharge tests. Figure 3.3a shows that at current densities of 10, 20, 50, and 100 A 

g-1, the specific capacity is 90, 80, 69, and 60 mAh g-1, respectively. Even at an ultrahigh rate of 200 

A g-1, corresponding to 0.72 s charging time, the capacity can still be maintained at 40 mAh g-1. Aside 

from the remarkable rate performance, the stability is also exceptional, negligible capacity loss was 

observed over 30000 cycles at 100 A g-1 (Figure 3.3b), no decay was found over 75000 cycles at 20 

A g-1 (Figure 3.3c), and 98.1% (86.8%) capacity was retained after 0.2 (0.3) million cycles at 45 A 

g-1 (Figure 3.3d), demonstrating one of the longest cycle life in aqueous ZICs, comparable to the 

state-of-the-art supercapacitors. Besides, high Coulombic efficiency approaching 100% is well 

maintained in all long-cycling tests. This simultaneous achievement of ultrafast and ultralong cycling 

in AC-SA electrode lies among best of reported Zn-based supercapacitors and batteries (Table S3.1 

and Table S3.2). Compared with AC-SA electrode with long life at high current densities, AC-PVDF 

electrode, however, shows rapid capacity decay under high rate (Figure S3.7). Of note, despite these 

high rates and long cycles in ZICs, Zn anode experienced dendritic growth (Figure S3.8) and low 

depth of discharge (~0.1% for 250 μm-thick Zn and ~0.45% for 30 μm-thick Zn, Figure S3.9). As 

such, ZICs are not yet appliable for high energy density storage until solving the dendritic growth and 

low depth of discharge issue of Zn anode. 

To understand the simultaneous achievement of fast charging and long cycling, the kinetics of AC-

SA electrode was analyzed by the CV technique. As shown in the Figure 3.3e, CV curves of AC 

electrodes were tested at scan rates from 0.1 to 5.0 mV s−1 in which there appears two couples of 

redox peaks located at 1.1V/0.8V and 1.5V/1.2V, denoted as O1/R1 and O2/R2 peaks, respectively, 

indicating the presence of Faradic surface reactions, which should be ascribed to the heteroatom 

dopants. According to the i=avb equation,148, 149 the logarithmic relationship between peak currents 
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and scan rates was calculated as b value (Figure S3.10). The b value of 0.5 corresponds to a diffusion-

controlled redox reaction while the b value of 1.0 is associated with capacitive reactions.149 The b 

values for the O1, O2, R1, R2 peaks of AC were calculated to be 0.902, 0.814, 0.947, and 0.917, 

respectively, implying the pseudocapacitive reactions plays the major part (Figure 3.3f). The 

quantitative distribution from pseudocapacitive reactions and diffusion-controlled processes in the 

AC-SA electrode was further calculated according to the Dunn method (Figure S3.11).148, 149 With 

the increase of scan rate from 0.2 mV s−1, to 0.5, 1.0, 2.0, 5.0, and 10 mV s-1, the capacitive 

contribution increases from 50.6% to 57.3%, 63.5%, 70.9%, 82.9%, and 84.7% (Figure 3.3g). This 

result suggests the fast kinetics mainly result from rapid surface Faradic reactions, which is in line 

with b values. The analysis on kinetics and capacitive contribution were also conducted on the AC-

PVDF (Figure S3.12-S3.13). Compared with AC-PVDF, AC-SA shows relatively higher 

contribution from the capacitive process, suggesting the SA binder facilitates the surface Faradic 

reactions due to better electrolyte wettability and coordination effect.  
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3.3.4 Storage mechanism analysis 

 

Figure 3.4 Storage mechanism of AC-SA for ZICs. (a) Charge-discharge profiles containing different 

colored points indicating electrodes under different states. (Yellow: discharged to 0.8V, green: 

discharged to 0.15V, blue: charged to 1.2V, purple: charged to 1.8V). (b-c) XRD patterns of (b) AC 

and (c) Zn electrode under different charge/discharge states. (d-g) SEM images of AC-SA electrode 

at different states: (d) discharged to 0.8V, (e) discharged to 0.15V, (f) charged to 1.2V, (g) charged 

to 1.8V. (h) SEM EDX elemental mapping of zinc sulfate hydroxide covered AC electrode. (i) 

normalized CV curves and (j) voltage-capacity profiles of AC-SA electrode in different electrolyte. 

 

To comprehend the storage mechanism, ex situ XRD, SEM, and elemental mapping analysis were 

conducted on AC-SA electrode at different status. XRD patterns (Figure 3.4b) of the discharged AC-

SA electrodes only show diffraction peaks of Zn4SO4(OH)6·4H2O (JCPDS card #044-0673) and 
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Zn4SO4(OH)6·3H2O (JCPDS card #039-0689). Since zinc sulfate hydroxide precipitates in solutions 

with pH>5.5, its formation in ZnSO4 electrolyte with a pH of 3.4 should be due to proton insertion 

into AC cathode leaving OH− behind and causing local pH increase.150 And these Zn4SO4(OH)6·xH2O 

peaks disappear after charging back to 1.8V in the AC-SA electrode, implying the reversible 

insertion/de-insertion of proton at the cathode during the electrochemical processes. The appearance 

and disappearance of zinc sulfate hydroxide was also observed in the XRD patterns of Zn anode 

during discharge and charge process, as a result of the faster mobility of hydroxide anions than sulfate 

anions. The reversible proton (de)insertion process is further verified by SEM images (Figure 3.4d-

g) in which zinc sulfate hydroxide nanoflakes gradually appear and disappear on the bulky AC 

particles during the discharge and charge process. The elemental mappings verify that the nanoflakes 

formed at the discharged state are composed of Zn, O, and S elements (Figure 3.4h), matching well 

with XRD patterns. Above results suggest that protons take part in the energy storage during ZIC 

charging and discharging.  

To gain insight into the ions storage mechanism and see if Zn2+ ions are also (de)inserted into the AC-

SA electrode, electrochemical measurements were conducted in a series of electrolytes including 

Zn2+-only organic electrolyte, H+-only acidic electrolyte (H2SO4 with pH=1 and pH=3.4), and ZnSO4 

electrolyte (pH=3.4) with AC-SA as the cathode and Zn as the anode. Firstly, CV profiles in different 

electrolyte was normalized to compare the position of redox potentials. As presented in Figure 3.4i, 

the profile of ZnSO4 (pH=3.4) does not overlap with that of either H2SO4 (pH=3.4) or Zn2+-only 

organic electrolyte but locates between that of these two electrolytes, implying the mechanism 

involving both proton and zinc ion storage. Next, voltage-capacity curves show that low capacities of 

only 35.6, 92.1, and 132 mAh g-1 can be delivered in H2SO4 (pH=3.4), Zn2+-only organic electrolyte, 

and H2SO4 (pH=1), respectively, which is much lower than 185 mAhg-1 in ZnSO4 (pH=3.4). The 
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large capacity achieved in ZnSO4 results from the synergistic interaction between AC-SA electrode 

and active cations including proton and Zn2+. These results confirm that both proton and Zn ions are 

active cation contributing to the capacity during ZICs operation. Based on above results, we propose 

five reversible reactions involved during ZIC charge/discharge process including water ionization 

reaction, Zn stripping/plating process, proton interactions on AC, zinc ion interactions on AC 

electrode, as well as reversible formation and removal of Zn4(OH)6SO4 xH2O (please see more 

information in the Supporting information).  

Five major reactions involved in the ZICs: 

1. Water ionization reaction: 

H2O ⇌ H++OH- 

2. Reversible Zn stripping/plating process: 

Zn⇌ Zn2+ + 2e 

3. Reversible proton interactions on hydroxyl and carbonyl groups of AC-SA electrode: 

RC-OH ⇌ RC=O+ e + H+  

4. Reversible zinc ion interactions on hydroxyl and carbonyl groups of AC-SA electrode: 

RC=O+ e + Zn2+ ⇌ RC-O-Zn 

5. Reversible formation of Zn4(OH)6SO4 xH2O : 

4Zn2+ + 6OH- +SO4
2- +xH2O—>Zn4(OH)6SO4 xH2O 

Zn4(OH)6SO4 xH2O + 6H+ —> 4Zn2+ + SO4
2- +(6+x) H2O 
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3.3.5 The influence of mass loadings on capacitor performance 

 

Figure 3.5 High-loading performance. (a) 3D profiles for the capacity-current density-mass loading 

relationship. (b) Charge-discharge curves, (c) rate performance, and (d) cycling performance (at 1.0 

A g-1) of the high-loading AC-SA electrode (10 mg cm-2). (e) Plots for the areal capacity vs. the mass 

loading. (f) Areal capacity versus areal current density of AC-SA electrode with different mass 

loadings. 

 

Aiming at high-loading AC electrodes, we here investigate three different levels of mass loading, 

including typical loading amounts for research studies (1.9~3.9 mg cm−2), practical applications (9.5, 

10 mg cm−2) and intermediate values (4~7.6 mg cm−2).151 Noteworthy is that the amount of electrolyte 

is kept constant (100 μl) and thus the electrolyte-to-carbon (E/C) ratio decreases as the mass loading 

increases. Even under this condition, specific capacities of AC-SA electrodes show insignificant 

change with the increase of mass loading from 1.9 to 10 mg cm-2 at current densities from 0.1 to 5.0 

Ag-1 (Figure 3.5a). Specifically, at the low rate of 0.1A g-1, the capacity of high-loading electrode 

(10 mg cm−2) maintains 96.3% of that obtained by the low-loading electrode (1.9 mg cm−2). Even at 
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a high rate of 2 Ag-1, the AC-SA electrode with a high loading of 10 mg cm−2 retains a capacity of 

~101.9 mAh g−1, a decrease of only 12% from that of the 1.9 mg cm−2 electrode (Figure 3.5a). In 

stark contrast, AC-PVDF electrode exhibits obvious capacity decay from 140 mAh g-1 to 89.5 mAh 

g-1 and to 62.5 mAh g-1 at the rate of 0.1 A g-1 as the loading increases from 1.8 mg cm-2 to 4.0 mg 

cm-2 and to 10 mg cm-2 (Figure S3.14). The charge-discharge curves of the AC-SA electrode show 

small voltage drops and capacity loss with increased mass loading from 1.9 to 10 mg cm−2 (Figure 

3.5b and Figure S3.15-S3.19). As such, the AC-SA electrode with the 10 mg cm−2 loading shows 

capacities of 200.5, 183, 166.3, 142.9, 124.4, 101.9, and 76.5 mAh g−1 at the rate of 0.02, 0.1, 0.2, 

0.5, 1.0, 2.0, and 5.0 A g−1, respectively. The 10 mg cm−2 loading electrode manifests stable cycles 

even at the high rate of 5 Ag-1, and when the rate is returned to 0.1 A g−1, the capacity can be recovered 

to 183 mAh g−1, suggestive of the high rate and reversibility of AC-SA electrode at high loadings 

(Figure 3.5c). Unsurprisingly, the AC-SA electrode fails after high-rate cycles (Figure S3.20), 

mainly due to the harsh testing condition with lean electrolyte (E/C ratio of only 8.8 μL mg−1) and the 

dendritic growth of zinc metal (Figure S3.21). However, after replenishing the Zn anode and 

electrolyte (still E/C=8.8 μL mg−1), this 10 mg cm−2 AC-SA electrode can still deliver remarkable 

cycling stability with 92.8% capacity retention and ~100% Coulombic efficiency after 450 cycles at 

1 A g−1
 (Figure 3.5d).  

Increasing areal capacity is crucial for realizing high energy and power densities at the cell level and 

thus the areal capacity is an important figure of merit for evaluating energy storage systems.151 

Accordingly, the curves of areal capacity against mass loading at different rates were plotted. Figure 

3.5e shows linear increase of areal capacity with the mass loading up until 10 mg cm-2 at rates from 

0.1 to 2 Ag-1, indicating no limitation has been reached in mass loading at rates less than 2 Ag-1 (which 

corresponds to a current density of 20 mA cm−2 for the 10 mg cm-2 electrode). At the high rate of 5 
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Ag-1, slight deviation from the linearity takes place, which should result from limitation of ion 

diffusion and concentration effects as commonly seen in thick electrodes and high rates. Figure 3.5f 

shows the influence of mass loading and current rate on the areal capacity of AC-SA electrode. 

Overall, with the increase of areal current density, areal capacity shows the same decreasing trend 

with similar curve slopes, suggesting the fast-rate capability at high loadings. The highest areal 

capacity of 2.0 mAh cm-2 (capacitance of 4.36 F cm-2) can be obtained by the high-loading (10 mg 

cm−2) electrode at 0.2 mA cm-2. The same electrode can reach high areal capacities of 1.24, 1.02, and 

0.76 mAh cm-2 (areal capacitances of 2.71, 2.23, and 1.66 F cm-2) at high rates of 10, 20, 50 mA cm-

2. The curves for gravimetric/areal energy densities against power densities were plotted, and nearly 

overlapping curves could be found in different mass loadings of AC-SA electrodes, again confirming 

the SA binder-enabled high-loading capability (Figure S3.22a). The highest areal energy density of 

1.39 mWh cm-2 and maximal power density of 41.7 mW cm-2 can be obtained in the 10 mg cm-2 

electrode. Overall, the large areal capacity (energy density) at high rates (power density) achieved in 

thick AC-SA electrodes are among the best ZICs (Table S3.3). Aforementioned results demonstrate 

the fast kinetics and good stability of ultrahigh-loading AC-SA electrodes, promising for the 

development of high-energy and high-power ZICs.   
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3.3.6 Extremely low- and high-temperature performance  

 

Figure 3.6 Low/high-temperature performance. (a) 3D plot showing the ZIC capacity against 

temperature and current density. Charge-discharge curves of ZICs under different rates at (b) -60 oC 

and (d) 60 oC. (c) Long-cycling performance of ZICs at low/high temperatures (60, 0 oC, -20 oC, -40 

oC, and -60 oC). (e) energy and power density of AC-SA electrodes at different temperatures. 

Developing low(high)-temperature ZICs is important for their use in cold(hot) environment.135 

Among components for making low-temperature ZICs, the electrolyte plays the critical role.152 

Concentrated ZnSO4 could function at 0 oC but fail at -20 oC (Figure S3.23), as a result of its relatively 

high freezing temperature (Figure S3.24a). Inspired by the low-temperature electrolyte for zinc ion 

batteries,153 the concentrated electrolyte of 5.5 M ZnCl2 with a freezing temperature <-85 oC was 

prepared and applied for the AC-SA electrode (Figure S3.24b). Figure 3.6a shows capacities of AC-

SA electrode at different temperatures (0 oC, -20 oC, -40 oC, and -60 oC) and different current densities 

(0.1-10 Ag-1). In general, with the decrease of temperature, the capacity of AC-SA electrode decreases 

proportionally in all current rates, which could be attributed to the decreased ionic conductivity and 
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sluggish kinetics at lower temperatures. Of mentioning, this 5.5M ZnCl2 electrolyte could work in a 

narrow window of 0.15-1.5 V at 0 oC and -20 oC but a widened voltage window of 0.15-1.8 V at 

lower temperatures of -40 oC and -60 oC (Figure S3.25), which should be due to retarded corrosion 

reaction from chloride anions at extremely low temperatures. Impressively, the AC-SA electrode 

could work at an ultralow temperature of -60 oC. At the rate of 0.1 Ag-1, the capacity is 82.3 mAh g-

1 which decreases to 57.9 mAh g-1 at 2.0 Ag-1 and 22.8 mAh g-1 at 10 Ag-1 (Figure 3.6b). This high-

rate capability of AC-SA electrode at extremely low temperature has rarely been reported in ZICs 

(Table S3.4). Figure 3.6b displayed charge-discharge curves at -60 oC, small voltage drops appear 

at low rates of 0.1-2.0 Ag-1 but large voltage drops occur at high rates (5.0, 10 Ag-1), indicating the 

low capacities at high rates resulting from large internal resistance. Aside from the excellent rate 

performance, AC-SA electrodes at low temperatures inherit the superior cycling stability at the room 

temperature, as nearly 100 % capacity and 100% Coulombic efficiency at high rates of 5.0 Ag-1 and 

10 Ag-1 can be well preserved after 1000 cycles in the AC-SA electrodes under low temperatures 

(Figure 3.6c). Of mentioning is that the ups and downs in capacity of Figure 6c is caused by ±4 oC 

temperature changes. The storage mechanism of AC-SA electrode at -60 oC (Figure S3.26) again 

reveals co-interaction from proton and zinc ions during charge/discharge. 

Apart from the low-temperature performance, AC-SA electrode could also work at high temperatures. 

When the temperature is increased from 20 oC to 60 oC, higher capacities can be obtained. As 

presented in Figure 3.6d, at the rate of 0.5, 1, 2, 5, and 10 Ag-1, the respective capacity is 181.3, 

156.5, 134.2, 107.8, and 87.5 mAh g-1 at 60 oC, which are higher than those obtained at room 

temperature. Also, at 60 oC, voltage-capacity curves at high rates of 0.5-2.0 A g-1 still exhibit apparent 

redox plateaus (0.15-0.3 V and 1.65-1.8V), which are not obvious at same rates under room 

temperature, suggesting the elevated temperature boosted the surface Faradic reactions, which could 
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explain the higher capacities obtained at 60 oC. Additionally, the cycling performance is also excellent 

since no capacity loss was found over 500 cycles at a high rate of 10 Ag-1. With a further increase of 

temperature to 80 oC, however, the AC-SA electrode fails to provide stable capacities over long cycles, 

which should be ascribed to the increased pressure of sealed coin cells due to accelerated side 

reactions from water decomposition and the peeling off of the AC-SA electrode from the current 

collector due to increased solubility of SA at high temperature (Figure S3.27). The use of organic 

electrolyte based on DMF solvent could solve this problem (Figure S3.28-S3.30).  

Energy densities and power densities under different temperatures were plotted in Figure 3.6f. The 

highest energy density at 60 oC, 20 oC, 0 oC, -20 oC, -40 oC, and -60 oC is 134.8, 134.6, 88.2, 76.1, 

76.1, and 64.4 kWh kg-1, respectively whereas the highest power density achieved is 14.4, 118.4, 6.78, 

6.82, 7.27, and 5.2 kW kg-1, respectively. Of mentioning is that only the mass of AC is considered 

when calculating energy and power densities, the cell-level values are much smaller because of heavy 

Zn foil and electrolyte. That is why we further tested ZICs using thin Zn foils and lean electrolyte 

(Figure S3.31) but the cell-level energy and power densities remain relatively low. Above results 

show the wide-temperature workability of the AC-SA electrode for ZICs, promising for their use 

under harsh conditions.  
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3.3.7 Soft-packaged ZIC pouch cells 

 

Figure 3.7 Performance of soft-packaged pouch cells. (a) Rate and cycle performance of a Zn-AC 

pouch cell. (b) Charge/discharge profiles of pouch cells bent at different angles. (c) Self-discharge 

test and inset shows the open-circuit voltage change with time. (d) Voltage-time profiles of single 

ZIC and three ZICs connected in series. (e) The digital photo showing two ZICs in series powering 

one blue LED.  

 

To further demonstrate the potential application of AC-SA electrodes, soft-packaged pouch cells were 

fabricated through sandwiching hydrogel between AC-SA cathode and thin Zn foil anode followed 

by sealing inside the Al plastic films.137 The specific capacity of the cell at the current density of 0.1, 

0.2, 0.5, 1.0, 2.0, and 5.0 A g-1 is 190, 150, 125, 105, 90, and 75 mAh g-1, respectively, based on the 

AC electrode (Figure 3.7a), which is slightly lower than those values in coin cells, as a result of the 

larger interfacial resistance between electrode and electrolyte due to the use of hydrogel and the lack 

of compression force during the assembly process. The pouch cell shows certain flexibility. As shown 
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in Figure 3.7b, no capacity loss was observed in the pouch cell bent at 45 o and 90 o angles whereas 

only 5% capacity was lost when bending the pouch cell to an angle of 135 o. After bending tests, the 

pouch cell can still run for over 500 cycles at 1 Ag-1. A capacity retention of 87% and a Coulombic 

efficiency of ~100% is obtained, suggesting its excellent cycling performance.  

Moreover, the self-discharge behavior was measured by charging the cell to 1.8 V at a current of 

0.1Ag-1 followed by resting for 3560 min and discharging to 0.15 V at the same current density 

(Figure 3.7c). The self-discharge rate of the ZIC pouch cell is be calculated as 9.67 mV h-1 or 0.42% 

h-1 based on different methods,121, 154 indicative of a low self-discharge rate. When connecting three 

ZICs in series, the output voltage can be increased two times without jeopardizing the discharge time 

and capacity (Figure 3.7d). As a result, two ZIC pouch cells in series can power blue and color-

changing LEDs (Figure 3.7e and Video S3.1). These results show the potential of AC-SA-based ZICs 

for wearable and flexible electronics.  

3.4 Summary 

In summary, we report the making of fast, durable, low-cost, high-loading, and wide-temperature zinc 

ion hybrid supercapacitors through combining O/N-doped AC, aqueous binder and concentrated 

electrolyte. Benefiting from large surface area, hierarchically porous structure, and enriched oxygen-

nitrogen dopants, the activated carbon manifests large capacitance for charge storage. Aqueous binder 

based on sodium alginate not only shows much improved capacitance due to enhanced 

electrode//electrolyte wettability but also enables high-mass-loading electrode. Concentrated 

electrolyte demonstrates enhanced Zn stripping/plating efficiency extending cycle life and suppressed 

hydrogen bonding interaction in water lowering freezing temperature. As a result, optimized ZICs 

function well under extreme conditions including 200 Ag-1 charging rate, 0.3 million cycles, 10 mg 
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cm-2 loading, and -60~60 oC temperature range. The strategy employed in the work will be of great 

significance to the development of cheap, multifunctional and extreme supercapacitors beyond ZICs.  

3.5 Supporting Information 

Structural Characterizations of AC  

 

Figure S3.1 Structural characterization of AC. (a) SEM image, (b) Raman spectrum, (c) XRD pattern, 

and (d) XPS full spectrum.  

 

AC-SA stability in water vs. ZnSO4 electrolyte 

 

Figure S3.2 Digital photos of AC-SA electrodes in different solution: (a) deionized water, (b) 3M 

ZnSO4, and (c) 3M ZnSO4 for 10 days. AC-SA is easily dispersible in water due to high water 

solubility of SA. However, in 3M ZnSO4, AC-SA is pretty stable for more than 10 days due to the 

formation of crosslinking network between zinc ions and sodium alginate with carboxylic/hydroxyl 

groups.  
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AC electrodes in different electrolyte  

 

Figure S3.3 Rate performance of AC-SA and AC-PVDF electrodes in different electrolyte (0.5M, 

1M, 2M, 3M ZnSO4).  

 

 

Figure S3.4 Electrochemical performance of AC electrodes in 2M ZnCl2 electrolyte: (a,b) AC-PVDF 

electrode using SSM as the current collector, (c, d), AC-SA electrode using SSM as the current 

collector, (e, f) AC-SA electrode using carbon cloth as the current collector.  

The reason for the short cycles of AC electrodes in 2M ZnCl2 electrolyte may be caused by the 

chloride corrosion on the stainless-steel current collectors, packaging materials, and Zn foil at room 

temperature. One possible solution is the use of special cells like Swagelok cell composed of glassy 

carbon electrodes and PEEK body. 
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Figure S3.5 Electrochemical performance of AC-SA electrode in 2M Zn(OTf)2 electrolyte. 

 

Corrosion behavior of Zn metal in ZnSO4 electrolyte 

 

Figure S3.6 (a) H-cell setup for the testing of corrosion behavior of Zn foil in which only one chamber 

is filled with 3M ZnSO4 electrolyte and the Zn foil was put in between two chambers so that only one 

side is exposed to the electrolyte. (b) Tafel polarization curve of Zn electrode tested in a three-

electrode system with 3M ZnSO4 (pH=3.4) as the electrolyte, Zn foil (diameter: 1.6 cm) as the 

working electrode, and Ag/AgCl (saturated KCl) as the reference electrode. In 3M ZnSO4, Zn anode 

displays a high corrosion potential of -0.9649 V vs. Ag/AgCl and a low corrosion current density of 

0.849 μA cm-2.  
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AC-PVDF electrode for high-rate cycling  

 

Figure S3.7 Cycling performance of AC-PVDF electrode in 2M ZnSO4 electrolyte at a high rate of 

20 Ag-1. 

 

 

Zn morphology after ultrahigh-rate cycling  

 

 

Figure S3.8 SEM images of Zn anode after 80000 cycles at 20 Ag-1. Hexagonal flakes can be found 

which may be composed of zinc hydroxide sulfate. Zn dendrites may be underneath zinc hydroxide 

sulfate. 
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Figure S3.9 Electrochemical performance of AC-SA electrode under ultrahigh-rate cycling using thin 

Zn foils (30 um thickness). (a) Rate performance, (b) Charge/discharge profiles, (c) cycling at 100 

Ag-1.  

 

Kinetic Analysis of AC-SA vs. AC-PVDF electrode 

 

Figure S3.10 Redox peaks for calculating b values in AC-SA electrode.  
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Figure S3.11 Capacitive contributions of AC-SA electrode under different scan rates.  

 

Figure S3.12 The kinetics analysis of AC-PVDF electrode. (a) CV curves, (b) b value plot, and (c) 

capacitive contributions at different scan rate.  
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Figure S3.13 Capacitive contributions of AC-PVDF electrode under different scan rates.  

 

Probable electrochemical reactions for the AC electrode: 

H2O ⇌ H++OH- (water ionization) 

Discharging: 

Anode:  

Zn-2e —> Zn2+ 

4Zn2+ + 6OH- +SO4
2- +xH2O—>Zn4(OH)6SO4 

xH2O (small amount) 

Cathode:  

AC-C=O+ e + H+ —>AC-C-OH 

AC-C=O+ e + Zn2+ —>AC-C-O-Zn 

4Zn2+ + 6OH- +SO4
2- +xH2O—>Zn4(OH)6SO4 

xH2O (large amount) 

Charging: 

Anode:  

Zn2++2e —> Zn 

Zn4(OH)6SO4 xH2O + 6H+ —> 4Zn2+ + SO4
2- 

+(6+x) H2O (small amount) 

 

Cathode:  

AC-C-OH —> AC-C=O+ e + H+  

AC-C-O-Zn—> AC-C=O+ e + Zn2+  

Zn4(OH)6SO4 xH2O + 6H+ —> 4Zn2+ + SO4
2- 

+(6+x) H2O (large amount) 
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The contribution of N dopants during ions storage 

As reported by a previous report98, N dopants could considerably lower the energy barrier for C-O-

Zn bonding and hence facilitating the chemical adsorption of Zn ions onto AC electrode, which could 

further enhance the zinc-ion storage capability with larger capacitance. On the other hand, N doping 

improve the wettability and electrical conductivity of the AC electrode, further boosting charge/mass 

transports at the electrode/electrolyte interface. 

 

 

 

AC-PVDF electrodes with different mass loading 

 

Figure S3.14 Electrochemical performance of AC-PVDF electrodes under different mass loadings. 

(a) rate performance and corresponding (b) charge-discharge curves of AC-PVDF with a 3.9 mg cm-

2 loading. (a) rate performance and corresponding (b) charge-discharge curves of AC-PVDF with a 

10 mg cm-2 loading. 
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AC-SA electrodes with different mass loading 

 

Figure S3.15 Electrochemical performance of low-loading AC-SA electrode (3.2 mg cm-2).  

 

 

Figure S3.16 Electrochemical performance of low-loading AC-SA electrode (4.1 mg cm-2).  
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Figure S3.17 Electrochemical performance of medium-loading AC-SA electrode (5.0 mg cm-2).  

 

Figure S3.18 Electrochemical performance of medium-loading AC-SA electrode (7.6 mg cm-2).  
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Figure S3.19 Electrochemical performance of high-loading AC-SA electrode (9.5 mg cm-2).  

 

Figure S3.20 Cycling performance of high-loading AC-SA electrode (10 mg cm-2) showing the 

failure of the capacitor after 42 cycles. 
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Figure S3.21 Morphology of after-cycling zinc electrode in Figure S3.20 indicating the presence of 

Zn dendrites. 

 

 

Figure S3.22 Energy density and power density of AC-SA electrodes with different mass loadings. 

(a) gravimetric energy/power densities and (b) areal energy/power densities. The calculation is based 

on the active mass of the AC-SA electrode.  
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AC electrodes for low-temperature ZICs 

 

Figure S3.23 Electrochemical performance of AC-SA electrode at low temperatures (0 oC and -20 

oC) in 3M ZnSO4 electrolyte.  

 

Figure S3.24 DSC curves of electrolyte. (a) 3M ZnSO4, (b) 5.5M ZnCl2.  

The peaks in the heating process of ZnSO4 can be ascribed to cold crystallization, ice melting and salt 

dissolution, respectively. Due to the low ice melting temperature around -10 oC, 3M ZnSO4 is not 

suitable for ZICs working at a temperature less than -10 oC. By contrast, 5.5M ZnCl2 shows a broad 

peak starting from -85 oC during the heating/cooling process belonging to the glass-liquid transition 

process, suggesting its ultralow-temperature workability.  
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Figure S3.25 Charge-discharge curves of AC-SA electrode at different current densities under low 

temperatures (0 oC, -20 oC, -40 oC, and -60 oC) in 5.5M ZnCl2 electrolyte.  

 

Figure S3.26 Storage mechanism of AC-SA electrode for ZICs in 5.5 M ZnCl2 at -60 oC. (a) 

normalized CV curves of AC-SA electrode in different electrolyte. (b) Charge-discharge profiles 
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indicating electrodes under different states. (purple: discharge to 0.8V, blue: discharge to 0.15V, 

yellow: charge to 1.2V, red: charge to 1.8V). (c) XRD patterns of AC electrodes under different 

charge/discharge states. (d-f) SEM images of AC-SA electrode at different states: (d) DC 0.8V, (e) 

DC 0.15V, (f) C1.2V, (g) C1.8V. (h-i) SEM EDX elemental mapping of AC-SA electrode under (h) 

DC 0.15V and (i) C 1.8V.  

 

XRD patterns (Figure S3.26c) of DC 0.15V and DC 0.8V electrodes all show diffraction peaks of 

Zn(OH)2 (JCPDS card #76-1778) while these peaks are absent in charged electrodes, indicating the 

reversible (de)insertion of proton during storage process. XRD patterns also suggest the involvement 

of Zn5(OH)6(CO3)2 intermediate (JCPDS card #72-1100) during charge/discharge, which may be 

derived from interaction between carboxylic group and zinc hydroxide, which needs further study to 

comprehend the detailed process. The reversible proton (de)insertion process is further verified by 

SEM images (Figure S3.26d-g) in which zinc hydroxide nanoflakes gradually appear and disappear 

on the AC particles when the electrode was discharged to 0.15V and charged back to 1.8V. The 

elemental mappings verify that the nanoflakes formed at the discharged state are composed of Zn and 

O elements (Figure S3.26h-i), matching well with XRD patterns. The Zn(OH)2 may also be 

intercalated with certain Cl- anions. Above results suggest that protons take part in the energy storage 

during ZIC charging and discharging. Besides the proton interaction, the zinc ion insertion should 

also contribute to the storage, as suggested by CV profiles in different electrolyte (Figure S3.26a). 

The profile of 5.5M ZnCl2 does not overlap with that of either 3M HCl or Zn2+-only organic 

electrolyte (1M ZnCl2-DMF) but combines characteristics of both electrolytes, implying the 

mechanism involving both proton and zinc ion storage. These results confirm that both proton and Zn 

ions are active cation contributing to the capacity during ZICs operation in 5.5M ZnCl2 at -60 oC. 

 

 



72 

 

AC electrodes for high-temperature ZICs 

 

Figure S3.27 Electrochemical performance of AC-SA electrode in 3M ZnSO4 electrolyte at high 

temperatures. (a) Rate performance at 60 oC and (b) cycling performance at 10 Ag-1 at 80 oC.   

 

Figure S3.28 Electrochemical performance of AC-SA and AC-PVDF electrode in organic electrolyte 

(0.5M Zn(OTf)2-DMF) at room temperature (20 oC). (a, d) charge-discharge curves, (b, e) rate 

performance, (c, f) cycling performance of (a-c) AC-SA and (d-f) AC-PVDF electrodes.  
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Figure S3.29 Electrochemical performance of AC-SA electrode in organic electrolyte (0.5M 

Zn(OTf)2-DMF) at 60 oC. (a) rate performance, (b) charge-discharge curves, (c) cycling performance 

at 5 Ag-1. 

 

Figure S3.30 Electrochemical performance of AC-SA electrode in organic electrolyte (0.5M 

Zn(OTf)2-DMF) at 80 oC. (a) rate performance, (b) charge-discharge curves, (c) cycling performance 

at 10 Ag-1. 
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Figure S3.31 Electrochemical performance of high-loading AC-SA electrode (6.96 mg) tested under 

harsh conditions including thin Zn foil (30 μm thick, 1.13 cm2, 28.5 mg) and lean electrolyte (70 μL 

3M ZSO, 98.8 mg). Unexpectedly, the use of thin Zn foil and lean electrolyte enables slightly higher 

capacity in AC-SA electrode compared with thick Zn foil and flooded electrolyte. The capacity is 

around 205 mAh g-1 at 0.1 Ag-1 and 100 mAh g-1 at 5 Ag-1. It can be cycled stably for over 800 cycles 

with negligible capacity loss and ~100% Coulombic efficiency.  
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Table S3.1 Comparison of high-rate electrode materials for zinc ion capacitors 

Cathode 
Loading  

(mg cm-2) 
Electrolyte 

Rate performance 

(@ Ag-1) 

Cycle performance 

(%，cycles, Ag-1) 
Reference 

AC-SA 1.9-10 2M ZnSO4 

90 mAh g-1 

(196 Fg-1) @10 

69 mAh g-1  

(150.5 Fg-1) @50 

100%, 70000, 20 

98.1%, 200000, 45 
This work 

AC 0.7–0.8 2M ZnSO4 41 mAh g-1 @ 20  100%, 10000, 10  
Energy Storage Mater., 

2018, 13, 96 92 

AC N.A. 2M ZnSO4 45 mAh g-1 @ 0.6  100%, 10000, 0.3  
Adv. Mater., 2018, 

31, 1806005 95 

AC N.A. 
1M Zn(OTf)2 

/AN 
72 mAh g-1 @ 2 91%, 20000, 2 

Energy Storage Mater., 

2018, 13, 1 13 

AC 6 2M ZnSO4 29 mAh g-1 @ 10  72%, 20000, 4 Joule, 2019, 3, 1289 155 

BNC 2 1M ZnSO4 42.8 mAh g-1 @20 81.3%, 6500, 5  
Nano Energy, 2019, 66, 

104132 96 

HNPC 1–1.2 1M ZnSO4 108.2 mAh g-1 @ 33.3  73.6%, 100000, 16.7  
Adv. Mater., 2019, 

31, 1904948 98 

N-HPC 1.0 2M ZnSO4 66.7 mAh g-1 @ 10  90.9%, 5000, 1 Nano Res. 2019, 12, 2935 94 

aMEGO N.A. 3M Zn(OTf)2 100 F g-1@20 93%, 80000, 8 
Adv. Energy Mater. 2019, 9, 

1902915 147 

AC N.A. 2M ZnSO4 150 F g-1@20  99%, 10000, 10 
Adv. Energy Mater. 2020, 

10, 1902981 31 

Diamond N.A. 1M ZnSO4 56.8 F g-1@1  89.9%, 10000, 1 
Adv. Energy Mater. 2020, 

10, 2002202 156 

PSC-A600 2 1M Zn(OTf)2 81.8 mAh g-1 @20  92.2%, 10000, 10 
Energy Storage Mater. 2020, 

28, 307 93 

PC800 1.4–2.0 3M Zn(ClO4)2 78.4 mAh g-1 @20  99.2%, 30000, 20 
Adv. Energy Mater. 2020, 

10, 2001705 121 

HPAC 0.6 3M Zn(OTf)2 119 mAh g-1 @20 70%, 18000, 10 Small 2020, 16, 2003174 128 

AC 0.8  2M ZnCl2 159.7 F g-1 @20  95.1 %, 100000, 5 
Angew. Chem. Int. Ed. 2021, 

60, 990 136 

HHT-rGO 1.7–3.2 1M ZnSO4 
159 F g-1 

@100 mVs-1 
97.8%, 20000, 2.5 

Adv. Funct. 

Mater. 2020, 2007843 127 

MCHS 1-20 2M ZnSO4 96.9 mAh g-1 @10 100%, 10000, 1 
Energy Storage Mater. 2020, 

25, 858.97 

OPCNF-20 ~1 1M ZnSO4 38.8 mAh g-1 @ 20 81%, 50000, 5 
Chem. Eng. J. 2021, 421, 

129786.157 

Ti3C2Tx-

rGO 
~1 2M ZnSO4 40.3 F g−1@6  95%, 75000, 5 

Adv. Electron. 

Mater.2019, 5, 1900537 158 

Ti3C2 N.A. 2M ZnSO4 121 F g−1@3  82.5%, 1000, 3 
ACS Nano 2019, 13, 7, 8275 

154 
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Table S3.2 Comparison of high-rate electrode materials for zinc ion batteries 

 

Materials 
Loading 

(mg cm-2) 
Electrolyte 

Rate performance 

(mAhg-1@ Ag-1) 

Cycling performance 

(%，cycles, Ag-1) 

AC-SA 

(This work) 
1.9-10 2M ZnSO4 

90@10 

69@50 

100%, 30000, 20(100) Ag−1 

98.1%, 200000, 45 Ag-1 

Organics  

PTCDA 159 2.5 2 M ZnCl2  76.9 @ 32 68.2%, 1000, 8 Ag−1 

PANI 160 1.5 1 M Zn(OTf)2 95 @ 5 92%, 3000, 5 Ag−1 

PPy 161 N.A 
Zn(Ac)2- 

KCl-PVA 
37 @ 44.7 38%, 200, 4.4 Ag−1 

PTO 162 4-6 2M ZnSO4 113 @ 20 70%, 1000, 3Ag−1 

poly(1,5-NAPD) 163 2.7 2M ZnSO4 145 @ 14.8 91%, 10000, 10 Ag−1 

Mn-based  

β-MnO2 
57 ~2.0 

3M Zn(OTf)2 

+ 0.1M Mn(OTf)2 
100 @10 94%, 2000, 2Ag−1 

δ-MnO2 
164 N. A. 

2M ZnSO4  

+ 0.1M MnSO4 
124 @ 3 74%, 2000, 3Ag−1  

γ-MnO2 
165 2.0-3.0 

3M ZnSO4  

+ 0.2 M MnSO4 
80 @ 5 95%, 1000, 2Ag−1  

O-deficient  

σ-MnO2 
99 

1.0 
1 M ZnSO4  

+ 0.2 M MnSO4 
100 @ 10 80%, 2000, 5 A g−1 

V-based  

V2O5 
166 1.5 saturated ZnSO4 108@10 82%, 6200, 10Ag−1  

V2O5 1.6H2O 167 2–3 3M Zn(OTf)2 251@20 95%, 5000, 10Ag−1  

V6O13 
168 1.0–1.5 3M Zn(OTf)2 144@24 90%, 2000, 4Ag−1 

VN0.9O0.15 
169 N. A. 3M Zn(OTf)2 124@102.4 95%, 1800, 4.5 Ag−1 

Na2V6O16·3H2O 170 ~3 1 M ZnSO4 112 @20 80%, 1000, 14.44 A g−1 

Cu0.1V2O5·0.08H2O 171 N. A. 2 M ZnSO4 122 @ 20 88%, 10000, 10Ag−1 

Zn0.3V2O5·1.5H2O 70 2.0 3M Zn(OTf)2 265.2 @ 10 96%, 20000, 10Ag−1 

Na3V2(PO4)2F3 
23 10  2M Zn(OTf)2 33 @ 3 95%, 4000, 1 A g−1 

Li3V(PO4)3 
78 8-10 4M Zn(OTf)2 121.9 @ 9 78.8%, 4000, 1.5 A g−1 

PBA  

ZnHCF 172 8.0  3M ZnSO4 29.3 @ 1.2 80%, 200, 0.3 Ag−1 

CoFe(CN)6 
65 N. A 4M Zn(OTf)2 109 @ 6 100%, 2200, 3 Ag−1 
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Table S3.3 Comparison of high-mass-loading electrode materials for zinc ion capacitors 

 
Cathode Loading  

(mg cm-2) 

Electrolyte Rate performance 

(F cm-2 @ Ag-1) 

Cycling performance 

(%，cycles, Ag-1) 

Reference 

AC-SA 

4 

3M ZnSO4 

1.66 @ 0.05, 

1.03 @ 1.0, 

0.58 @ 5.0 

100%, 1000, 2 

This work 7.6 

3.44 @ 0.05, 

2.15 @ 1.0, 

1.48 @ 5.0 

91%, 700, 2 

10 

4.36 @ 0.02, 

2.71 @ 1.0, 

1.67 @ 5.0 

92.8%, 450, 1 

AC 

3 
7.5M 

ZnCl2/PAM 

0.84 @ 0.5 N. A. Angew. Chem. Int. 

Ed. 2021, 60, 

990.136 

5 1.22 @ 0.5 N. A. 

10 1.60 @ 0.5 N. A. 

MCHS 

5 

2M ZnSO4 

1.60 @ 0.1, 

0.60 @ 1.0 
N. A. 

Energy Storage 

Mater. 2020, 25, 

858.97 

10 1.65 @ 0.1, 

1.15 @ 1.0 
N. A. 

20 3.24 @ 0.1, 

2.20 @ 1.0 
N. A. 

PSC-A600 

4 

1M Zn(OTf)2 

1.44 @ 0.2, 

0.56 @ 1.0 
N. A. 

Energy Storage 

Mater. 2020, 28, 

307.93 

7 2.14 @ 0.2, 

1.12 @ 1.0 
N. A. 

11 3.08 @ 0.2, 

1.31 @ 1.0 
N. A. 

OPCNF-20 

4.4 

1M ZnSO4 

0.72 @ 0.5 54%, 50, 0.5 Chem. Eng. J. 

2021, 421, 

129786.157 

8.75 1.31 @ 0.5 55%, 50, 0.5 

12.76 1.79 @ 0.5 56%, 50, 0.5 
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Table S3.4 Comparison of low-temperature zinc ion capacitors 

Cathode Temperature Electrolyte 
Rate performance 

(Fg-1@ Ag-1) 

Cycle performance 

(%，cycles, Ag-1) 
Reference 

AC-SA 0 oC 5.5M ZnCl2 

259.2 @ 1, 

215.1 @ 5, 

201.2 @ 10 

100%, 1000, 10 

This work 

AC-SA -20 oC 5.5M ZnCl2 

213.8 @1 

184.8 @5 

169.1 @10 

100%, 1000, 5 

AC-SA -40 oC 5.5M ZnCl2 

174.5 @1 

147.5 @5 

119.6 @10 

100%, 1000, 10 

AC-SA -60 oC 5.5M ZnCl2 

144.2 @1 

86.8 @5  

49.5 @10 

100%, 1000, 5 

AC 0 oC 
7.5M 

ZnCl2/PAM 

190 @ 1, 

160 @ 5, 

140 @ 10, 

N.A.  

Angew. Chem. Int. Ed. 

2021, 60, 990.136 

AC -20 oC 
7.5M 

ZnCl2/PAM 

162 @ 1, 

144.4 @ 5, 

144.4 @ 10, 

92.9%, 40000, 5  

PSC-A600 0 oC 
1M Zn(OTf)2/ 

PVA 
256.6 @ 1  100%, 80, 1 

Energy Storage Mater. 

2020, 28, 307 93 

PSC-A600 -15 oC 
1M Zn(OTf)2 

/PVA 
203.2 @ 1  86%, 80, 1 
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Chapter 4 Efficient Zn Metal Anode Enabled by O, N-Codoped Carbon 

Microflowers 

 

A version of this Chapter has been published in Nano Letters: 

Zhixiao Xu, Song Jin, Nianji Zhang, Wenjing Deng, Min Ho Seo, Xiaolei Wang*, Efficient Zn Metal 

Anode Enabled by O, N-Codoped Carbon Microflowers. Nano Letters, 2022, 22, 1350-1357. 

 

4.1 Introduction 

Large-scale energy storage requires the development of safe, low-cost, and environmental-friendly 

systems, which cannot be met by the current market-dominated lithium ion batteries with limited 

lithium reserve and flammable organic electrolyte.120, 173 Alternatively, aqueous zinc metal-based 

energy devices show great promise for large-scale energy storage due to the advantage of Zn metals 

including high theoretical capacity (gravimetric: 820 mAh g−1), suitable redox potential (−0.764 V vs. 

standard hydrogen electrode), high stability in air/water, cost effectiveness, and eco-friendliness.6 

Accordingly, many Zn-based energy storage systems have been developed in past decades such as 

alkaline batteries,174, 175 flow batteries,176, 177 Zn-air batteries,178, 179 Zn-ion batteries,6, 137 and Zn-ion 

capacitors.12 However, commercial Zn batteries are mostly primary ones that cannot be recharged for 

secondary uses due to the poor reversibility of Zn deposition/dissolution.15, 16 This poor reversibility 

is mainly caused by the low Coulombic efficiency (CE) and dendritic growth of Zn metal during 

cycling accompanied by side reactions from metal corrosion and hydrogen evolution due to water 

decomposition, significantly shortening device lifespan and reducing energy efficiency.10, 180 As such, 

it is of great significance to develop dendrite-free Zn metal anodes with high CE for rechargeable 
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batteries or capacitors, which unfortunately is still challenging as with other metal anodes (e.g. Li, 

Na, K and Al).181-183 

Accordingly, several strategies have been proposed, such as Zn host construction,22, 28 interfacial 

protection,25, 184, 185 and electrolyte engineering.41, 110 Despite the progress, most of reported Zn anode 

only experienced low depth of discharge (DOD, <1%),41, 186, 187 which will considerably lower cell-

level energy densities. As such, construction of Zn hosts, e.g., carbon-rich nanomaterials, to regulate 

the plating/stripping of Zn metal anode under high DOD is of great significance to achieve large 

energy densities in full cells. For example, taking advantage of the small lattice mismatch between 

graphene and zinc, Zheng et al27 reported the heteroepitaxial plating/stripping of Zn metal at ultrahigh 

current densities and capacities while Xia et al 155 reported the metal organic framework derived Zn 

atom-decorated carbon host with dendrite-suppressing capability and high efficiency. Qian et al 

reported MOF-derived N, O-codoped carbon array on Cu foam could serve as efficient host for Zn 

metal plating/stripping.188 Through in/ex situ spectroscopy and experiments, Qiao et al revealed that 

zinc ions could bond with pyridine sites to generate Zn-N bonds which facilitates the Zn nucleation 

on carbon hosts and homogenous Zn deposition without dendrites.189 Other carbon-based host 

materials include carbon nanotube (CNT) arrays,28 graphene oxide,19 and graphite fiber,190 to mention 

a few. As potential carbon hosts, 3D carbon superstructures with highly exposed surface area and 

hierarchically oriented building blocks could homogenize ionic flux, decrease local current densities, 

and guide Zn deposition in a unique way.138, 188, 191 Given that 3D carbon can be derived from different 

precursors including polymers and covalent/metal organic frameworks along with their wide 

tunability on micro-/nanostructures, heteroatom dopants, and vacancies, 123 there is still plenty of 

room to optimize 3D carbon-rich materials for Zn metal anode yet relevant studies are strangely rare. 
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Taking polymer-derived carbon as an example, we here firstly regulate heteroatom-doped 3D carbon 

host for high-DOD Zn metal chemistry, including Coulombic efficiency, deposition morphology, and 

full cell applications. Density functional theory (DFT) calculations reveal that among 

oxygen/nitrogen dopants the ether (C-O), carboxylic (-O-C=O-) and pyrrolic N groups show strong 

binding with Zn, making them favorable heterogeneous nucleation sites for zinc growth. Accordingly, 

monomers enriched with those O/N groups were rationally selected and corresponding polymers were 

prepared via controlled self-assembly and converted to carbon with different morphologies and sizes. 

Among carbon hosts, carbon flowers (Cflower), with microscale hierarchical structure, abundant 

meso/macro-porosity, and zincophilic oxygen/nitrogen dopants, enable horizontal Zn deposition 

following a heteroepitaxial mode and deliver superb electrochemical performance with high CE 

values of 97~99% at current densities of 0.5~10 mA cm-2, surpassing other structured hosts. As a 

proof of concept, under high DOD (4.1-41.3%), the Cflower hosted Zn-based batteries and 

supercapacitors deliver better performance than those using hostless Zn. 

4.2 Experimental Section 

4.2.1 Samples preparation 

Materials. Pyromellitic dianhydride (PMDA), dimethylformamide (DMF), polyvinylidene difluoride 

(PVDF), zinc sulfate heptahydrate (ZnSO4·7H2O), manganese sulfate monohydrate (MnSO4·H2O) 

was purchased from Sigma-Aldrich, N-methylpyrrolidone (NMP), 4,4′-oxydianiline (ODA) and Zinc 

trifluoromethanesulfonate (Zn(OTf)2) was purchased from TCI AMERICA, commercial activated 

carbon (AC) was purchased from MTI corporation. They are all in the analytical grade and directly 

used without further purification. 

Synthesis of carbon flowers, disks, and spheres. Carbon is derived from corresponding polymer by 

carbonization. First, equal molar amount of monomers (ODA, 1.927 g and PMDA, 2.121 g) was 
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added sequentially into DMF (60 mL) and the solution was stirred at room temperature for 3 h. To 

make polyimides with flower-like morphology, part of the above solution (30 mL) was poured into 

Teflon-lined autoclave (40 mL capacity) and the polycondensation reaction was conducted at 160 oC 

for 6 h in the isotherm oven. The precipitate was collected after cooling, filtration, and drying, which 

was denoted as PIflower. To make disk-like polyimides, another part of precursor solution (20 mL) was 

heated to the boiling point under strong stirring. Then it was filtrated, and the precipitate was collected 

after drying under 80 oC overnight. The sample was named as PIdisk. To make spherical polyimide, 

the above remaining precursor solution was directly poured into large amount of ethanol (80 mL) in 

a beaker under strong stirring. After filtration, drying and thermal imidization in tubular furnace (300 

oC, 4h), the polymer powder was collected and denoted as PIsphere. To make carbon materials, powdery 

polyimides (PIflower, PIdisk, and PIsphere) were thermally treated in the tubular furnace at 900 oC for 2h 

under flowing Ar gas, giving rise to their corresponding carbon products, including flower-like carbon 

(Cflower), disk-like carbon (Cdisk), and spherical carbon (Csphere).  

4.2.2 Characterization 

Fourier transform infrared spectra (FTIR) were collected on Nicolet 8700 with the KBr pellet 

technique. Raman spectra were obtained on a laser confocal Raman spectrometer (Renishaw inVia 

Qontor) with the laser wavelength of 532 nm. The thermal property of polymers was measured by the 

thermogravimetric analyzer (TGA Q50). The Rigaku XRD Ultima IV X-ray diffractometer with the 

Cu target (wavelength: 1.5406 Å) was used for X-ray diffraction (XRD) analysis. The morphology 

of samples was observed on the field-emission scanning electron microscope (Zeiss Sigma FESEM 

or Zeiss EVO M10 SEM) equipped with an EDX analyzer (Oxford AZtecSynergy). The Zn deposition 

morphology on different substrates was obtained after electrodeposition at a current density of 10 mA 

cm-2 for one hour to generate a 10 mAh cm-2 capacity in a two-electrode beaker cell with the target 
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substrate as the working electrode, Zn foil as the counter electrode and 2M ZnSO4 as the electrolyte. 

Transmission electron microscopy (TEM) imaging was conducted on a JEM-2100 under 200 kV 

voltage in which the sample was prepared by drop coating powder dispersion in ethanol onto carbon-

coated Cu grid. N2 gas adsorption-desorption isotherms were obtained on the Autosorb Quantachrome 

1MP with samples degassed at 200 oC for 10 h. X-ray photoelectron spectroscopy (XPS) experiments 

were performed on an AXIS Ultra DLD system from Kratos with Al Kα radiation as X-ray source for 

radiation.  

4.2.3 Electrochemical measurement 

The electrochemical performance was tested using CR2032-type coin cells assembled in the open 

atmosphere. The slurry was prepared by mixing 90 wt.% of carbon powder (e.g. Cflower) and 10 wt.% 

of PVDF binder in NMP or 10 wt. % sodium alginate binder in water under stirring for at least 2h. 

The slurry was then coated onto Cu foil using doctor blade or drop coating technique. After being 

dried under vacuum overnight, Cu foils with/without carbon coating were punched into the circle disc 

(~1.13 cm2) as the working electrode. Zn foil (250 μm thickness), glassy fiber membrane (Whatman 

Grade A), 3M ZnSO4 was adopted as the reference/counter electrode, separator, and electrolyte 

respectively. Galvanostatic charge-discharge tests of half cells, symmetric cells, and full cells were 

carried out on the Neware battery testing system.  

For Coulombic efficiency tests, batteries were first cycled in a potential range of 0.1–1 V vs. 

Zn/Zn2+ at a current of 0.1 mA for five cycles to stabilize the electrode and remove contaminations. 

Subsequently, certain amount (0.25-2.5 mAh cm-2) of Zn was plated onto the working electrodes (Cu 

foil, Cflower/Cu, Cdisk/Cu and Csphere/Cu) and then stripped to a cutoff voltage of 0.5 V at a certain 

current density (0.5-20 mA cm-2). The Coulombic efficiency was calculated based on the stripping 

capacity to plating capacity.  
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For symmetric-cell tests, same amount of carbon (Cflower/ Cdisk/ Csphere, 1-2 mg cm-2) was coated onto 

Zn foils to serve as electrodes for the symmetric cell and then Zn was plated and stripped at different 

current densities (0.5-20 mA cm-2) between two electrodes for certain time (7.5-30 min) for every 

cycle.  

For Zn//MnO2 batteries, Cu/Zn or Cu/Cflower/Zn with a deposited capacity of 1, 2, and 10 mAh was 

used as the anode while MnO2 was employed as the cathode which was synthesized according to the 

paper.57 Cathodes were made by casting slurries containing MnO2 (active material, 70 wt%), Super P 

(conductive carbon, 20wt%) and polyvinylidene difluoride (binder, 10 wt%) in NMP onto SSM disk 

(~1.13 cm2) by drop coating and dried under vacuum overnight. The areal mass loading of MnO2 

active materials was controlled at around 1.5 mg cm-2. The electrolyte used in full cells was composed 

of 1 M Zn(OTf)2 and 0.1M MnSO4. Depth of discharge (DOD) of the Zn anode is calculated as the 

total theoretical capacity of the Zn anode divided by the cycled capacity. 

For Zn//AC capacitors, Cu/Zn or Cflower/Zn with an electrodeposited Zn capacity of 2 or 5 mAh was 

used as the anode while commercial AC and 3 M ZnSO4 was employed as the cathode and electrolyte, 

respectively. Cathodes were made by casting slurries containing AC (active material, 80 wt%), Super 

P (conductive carbon, 10wt%) and sodium alginate (binder, 10 wt%) in water onto SSM disc (~1.13 

cm2) by drop coating and dried immediately under infrared light. The areal mass loading of AC was 

controlled at around 2~3 mg cm-2.  

For Zn//I2-AC full cells, Cflower/Zn with an electrodeposited Zn capacity of 5 mAh was used as the 

anode while iodine/AC composite and 3 M ZnSO4 was employed as the cathode and electrolyte, 

respectively. Iodine was melt diffused into AC at 150 oC for 12h and the final composite is composed 

of 30 wt% of I2 and 70 wt% of AC. The I2/AC composite was mixed under magnetic stirring with 

Super P and sodium alginate in a weight ratio of 8:1:1 to make the slurry. The slurry was drop coated 
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onto SSM and dried under infrared light. Of note is that the electrode should be kept a distance from 

the infrared light to mitigate the sublimation of iodine. Typically, the areal mass loading of I2/AC was 

around 1.5~2 mg cm-2. The theoretical capacity of reversible iodine electrode (I2/I
-) is 211 mA g–1. 

4.2.4 Theoretical calculation 

To elucidate the mechanism of suppressing uncontrollable dendrite growth by introducing N- and O-

doping into carbon micro-flowers with zincophilic modification, the density functional theory (DFT) 

calculation was carried out using the Vienna ab initio simulation package (VASP). The projector 

augmented wave method (PAW) was used to calculate efficiently with the replacement of core 

electron interactions in ab-initio electronic structure calculation.192 The generalized gradient 

approximation (GGA) was applied to describe the electron exchange-correlation energy193 and 

Revised Perdew-Burke-Ernzerhof (RPBE) functional was used to confine the over-binding with 

adsorbates on prepared slab models.194 A plane-wave basis set with an energy cut-off of 520 eV was 

employed to expand the Kohn-Sham wave functions of valence electrons. The total energy was 

adjusted below 10-4 eV for the full ionic relaxation step and the maximum atomic forces were used 

to be smaller than 0.05 eV Å-1. We used the Methfessel-Paxton smearing method for better ionic 

optimization and geometry.195 A vacuum gap of 30 Å was employed to prevent interactions between 

the top and bottom in the unit cell box. The total energies of designed structures were calculated with 

the k-points mesh of (6 x 1 x 6). To additionally consider van der Waals interactions, the DFT-D2 

approach developed by Grimme et al. was applied.196 The density of state (DOS) was investigated to 

comprehend the electronic structure modification using the tetrahedron method with Blöchl’s 

corrections. Model design. DFT calculations were suggested to verify the prevention effect of Zn 

dendrite formation by O- and N-doping into carbon micro-flowers for sustainable Zn-ion batteries. 

First, it is important to define the most stable pristine graphene nanosheet (GNS) model to generate 
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O- and N-doped GNS. After geometry relaxation of pristine GNS, 10 species are modeled with 

incorporating O and N dopants into GNS slab model, including ether1 oxygen (e1O), ether2 oxygen 

(e2O), ketone group (kO), carboxylic group (aO), hydroxyl group (hO), pyridinic nitrogen (pN), 

pyrrolic nitrogen (pyN), oxidized nitrogen (oN), graphitic nitrogen in the bulk (gnN), and graphitic 

nitrogen on the edge (gN). On these optimized model structures, the binding energies with Zn atoms 

were calculated by investigating the most stable site among the possible adsorption sites as below 

shown in the following equation:197 

𝐸𝐵𝐸 = 𝐸𝑍𝑛 𝑎𝑡𝑜𝑚/𝑠𝑙𝑎𝑏 − 𝐸𝑠𝑙𝑎𝑏 − 𝐸𝑍𝑛 𝑎𝑡𝑜𝑚                  

where 𝐸𝐵𝐸 described the binding energy of Zn atom with each slab model, and 𝐸𝐿𝑖 𝑎𝑡𝑜𝑚/𝑠𝑙𝑎𝑏, 𝐸𝑠𝑙𝑎𝑏, 

and 𝐸𝐿𝑖 𝑎𝑡𝑜𝑚 are the total energies of Zn atom on the slab, each slab (pristine, O-doped, or N-doped 

GNS), and Zn atom, respectively. 

4.3 Results and Discussion 

To unveil the O- and N-doping effect on zincophilicity chemistry, DFT calculation was firstly 

performed on binding energies between Zn atom and O/N-doped graphene nanosheet (GNS). O- and 

N-doped GNS were modeled with all possible doping sites as described in Figure 4.1a. The calculated 

oxygen dopants include ether1 group (e1O), ether2 group (e2O), ketone group (kO), carboxylic group 

(cO), and hydroxyl group (hO). Among these species, Zn tends to bind with ether1 oxygen (e1O) and 

carboxylic oxygen (cO) site with strong Zn adsorption energy of -3.42 eV and -0.20 eV, respectively 

(Figure 4.1b, d and Table S4.1). Nitrogen-containing groups were also investigated including 

pyridinic nitrogen (pN), pyrrolic nitrogen (pyN), oxidized nitrogen (oN), graphitic nitrogen in the 

bulk (gnN), and graphitic nitrogen on the edge (gN) by searching the most stable site among the  
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Figure 4.1 (a) Modeling of oxygen/nitrogen-doped graphene. (b) Summary of the calculated binding 

energies of Zn atoms with all possible configurations of pristine, O- and N-doped graphene. (c-e) 

model structure for the most stable adsorption sites of Zn atoms and (f-h) charge density differences 

of (c, f) pristine, (d, g) O-doped and (e, h) N-doped graphene, respectively. (i) Scheme showing the 

ideal transition from monomers to polyimide precursor, polyimide, and derived O/N-codoped carbon.   

 

possible adsorption sites as shown in Figure S4.1-S4.2. Among them, pyrrolic N site (pyN) in GNS 

matrix has the strongest adsorption (-0.19 eV, Figure 4.1e and Table S4.1). Moreover, charge 
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difference with deposited Zn atom indicates that O- and N-doping into GNS could modify the 

electronic structure of GNS with electrons transferring from Zn to O and N dopants (Figure 4.1f-h). 

This was further confirmed by the change on degree of empty state from high degree in pristine GNS 

to medium and low degree in pyN-GNS and e1O-GNS, respectively, as shown in projected-density 

of state (Figure S4.3). Moreover, the strongest binding energy between e1O and Zn could be 

explained by its empty anti-bonding state with strongest adsorption energy (Figure S4.4). 

Based on DFT results, we rationally selected molecules as monomers for making polymer that 

possesses ether1 oxygen, carboxylic oxygen, and pyrrolic nitrogen groups, as shown in Figure 4.1i. 

And the polymer (polyimide, PI)-derived carbon is expected to act as favorable host for heterogeneous  

 

Figure 4.2 SEM images of (a) Cflower, (b) Cdisk, (c) Csphere and TEM images of d) Cflower, e) Cdisk, f) 

Csphere. High-resolution XPS spectra of g) C 1s, h) O 1s, and i) N 1s.   
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nucleation of Zn metal. Besides desired heteroatom dopants, micro-/nanostructures of PI-derived 

carbon were tuned to evaluate their impact on hosting Zn plating/stripping by controlling polymer 

self-assembly during polymerization (Figure S4.5-S4.8), giving rise to carbon flowers (Cflower), 

carbon disks (Cdisk), and carbon spheres (Csphere). SEM images show that Cflower with a lateral size of 

5−20 μm is constructed by numerous nanobelts radically orienting outside (Figure 4.2a), Cdisk with a 

size around 1−2 μm is assembled by few layers of nanosheets (Figure 4.2b), and Csphere shows 

irregular nanosphere particles with a size around 100-200 nm (Figure 4.2c). TEM images show 

ultrathin layers as building blocks in Cflower (Figure 4.2d), two-dimensional structure in Cdisk (Figure 

4.2e) as well as solid nanoparticles in Csphere (Figure 4.2f), in agreement with SEM results. The 

elemental distribution measurement shows the uniform distribution of C, N, and O signals in all 

samples (Figure S4.9). XRD patterns (Figure S4.10a) present two broad peaks around 20-30 o and 

45 o, suggesting the presence of microcrystalline graphite domains in the carbon structures while 

Raman spectra (Figure S4.10b) display D, G, and 2D band and the intensity ratio of G to D group 

(IG/ID) is found as 1-1.1 for three samples,198, 199 indicating the presence of both topological defects 

and graphitic structures, which are favorable for the horizontal deposition of Zn metal.21, 27 

N2 sorption measurements were conducted to gain insight into the porous structure of Cflower, Cdisk, 

and Csphere, in which three carbon manifests similar surface areas around 240 cm2 g-1 (Figure S4.10c) 

but slightly different pore size distributions dominated with mesopores (Figure S4.10d). XPS was 

characterized to probe into bonding condition, taking the Cflower as an example. The survey spectra 

show the only existence of C, N, and O elements (Figure S4.11). High-resolution XPS C 1s spectrum 

can be deconvoluted into 284.8 eV, 285.4 eV, 286.3 eV and 287.7 eV peaks, corresponding to C=C/C-

C, C-O/C-N, C=O, and carboxyl groups with the respective content of 37.35%, 33.25%, 16.46%, and 

12.94% (Figure 4.2g). The high-resolution O 1s spectrum was deconvoluted into three groups: 
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carboxylic (O-C=O, ~533.0 eV), ether/hydroxyl (C-O/C-OH, ~532.0 eV), and carbonyl (C=O, ~530.8 

eV) groups (Figure 4.2h). Among them, carboxylic and ether/hydroxyl groups accounted for 85.72% 

of all oxygen atoms. High-resolution N 1s spectrum in Figure 4.2i manifests graphitic N (401.3 eV), 

pyrrolic N (400.3 eV) and pyridinic N (398.5 eV) groups. XPS results verify the successful making 

of carbon materials with desired heteroatom dopants through the rational selection of monomers and 

controlled polymerization. Overall, these carbon structures with graphitic structures and heteroatom 

dopants could function as prospective zincophilic host while their only difference on the micro-

/nanostructures could provide the platform to investigate the influence of carbon microstructure on 

Zn deposition behavior, electrochemical efficiency, and cycle life. 

The feasibility of three carbon materials as Zn metal host was firstly investigated in Zn/Cu half cells 

in which carbon-coated Cu foil (Cflower/Cu, Cdisk/Cu, and Csphere/Cu) was applied as the working 

electrode. Figure 4.3a shows the CE (the ratio of stripped capacity to plated capacity) and cycling 

stability of Zn plating/stripping at 0.5 mA cm-2 on different substrates. Among them, Cflower/Cu and 

Cdisk/Cu electrodes display high CE (ca. 99.3%) for 400 cycles while Csphere/Cu and pure Cu electrodes 

present unstable CE values and short life less than 100 cycles (Figure 4.3a). Compared with Cdisk/Cu, 

Cflower/Cu exhibits higher initial CE and higher stability (Figure S4.12), suggesting the best 

performance can be achieved in the Cflower host. This Cflower/Cu electrode was further plated/stripped 

with Zn metal at current densities from 0.5 to 10 mA cm-2 and capacities from 0.25 to 5 mAh cm-2. 

As presented in Figure 4.3b, average CE values of 98.5%, 98.4%, 97.9%, and 96.9% can be obtained 

at high rates of 2, 3, 5, 10 mA cm-2, separately, with low voltage hysteresis in the range of 110~137 

mV (Figure 4.3c and Figure S4.13). The high CE values and long life realized by the Cflower host is  
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Figure 4.3 Zn/Cu half-cell tests. (a) Coulombic efficiency of Zn stripping/plating onto different 

substrates (pure Cu, Cflower/Cu, Cdisk/Cu, and Csphere/Cu) at 0.5 mA cm-2 and 0.25 mAh cm-2. (b) CE 

of the Cflower/Cu electrode at different current rates and capacities and (c) corresponding 

discharge/charge profiles. (d) Zn plating profiles of Cflower/Cu and pure Cu at 10 mA cm-2 and 50 mAh 

cm-2. (e-h) SEM images of deposited Zn morphology onto (e, f) pure Cu and (g, h) Cflower/Cu.  

 

comparable and even better than previously reported Zn hosts, such as CNT array,28 polymer 

coating,18 Ti3C2Tx Mxene,200 and ZIF-8 derived carbon155 (Table S4.2, Supporting Information). 

Above results reveal that the Cflower host enables the high-rate plating/stripping of Zn metal anode 

with high CE. 

To probe into the nucleation process of Zn deposition onto Cflower/Cu vs. pure Cu, Zn was plated onto 

Cflower/Cu and pure Cu. As shown in Zn plating profiles at 10 mA cm-2 (Figure 4.3d) of Cflower/Cu and 

prisitine Cu electrodes, at the early stage of nucleation, bare Cu electrode experiences abrupt potential 

drop to the lowest value of ca. 212.3 mV whereas the Cflower/Cu electrode shows gradually decreased 
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potential to the point of 132.3 mV, indicating different Zn nucleation behavior on two substrates. The 

nucleation overpotential was calculated to be 148.5 mV and 77.5 mV for pure Cu and Cflower/Cu 

electrode, respectively, evidencing reduced energy barrier for Zn nucleation and improved Zn affinity 

enabled by the Cflower host. This was further confirmed by the plating profiles of Cflower/Cu and 

prisitine Cu electrodes at a low rate of 0.2 mA cm-2 (Figure S4.14). 

To study the Zn deposition morphology on Cflower/Cu vs. pure Cu, cross-sectional and top-view SEM 

images were captured (Figure 4.3e-h). The electrodepostion was conducted at 10 mA cm-2 for 1 h in 

a two-electrode open cell. Figure 4.3e shows that Zn deposit on pure Cu is highly porous and 

spherical and the spherical deposit is composed of numerous nanofilaments with random arrangement, 

indicating the formation of Zn dendrites (Figure 4.3f). On the contrary, in the presence of Cflower, Zn 

deposition can be guided in a controlled manner. According to Figure 4.3g, it is proposed that Zn 

firstly deposited onto Cflower, then grew inside gaps between these Cflower, and ultimately grew into 

compact layers on the top of Cflower host. These compact layers of Zn deposit is composed of horizontal 

hexagonal plates stacking in a layer-by-layer mode (Figure 4.3h), similar to the heteroepitaxial 

growth mode of Zn plating onto graphene sheets due to small lattice mismatch.27 The high Zn 

plating/stripping reversibility and dendrite-free features enabled by the Cflower host should result from 

its hierarchical oriented nanobelts, microcrystalline graphitic layers, numerous meso-/macroporous 

channels and zincophilic O/N co-dopants. And the uniform distribution of these structural features 

throughout the Cflower electrode ensures the homogenous nucleation and growth of Zn metal into 

horizontal layers without dendrites.  

 



93 

 

 

Figure 4.4 Symmetric cells based on Zn metal anodes with or without carbon coating. a) Voltage 

profiles of symmetric cells using Cflower/Zn and pure Zn electrodes at 0.5 mA cm−2. b) Comparison of 

voltage profiles of symmetric cells based on Cflower/Zn, Cdisk/Zn, and Csphere/Zn at 2 mA cm−2. d) Rate 

performance of symmetric cells based on Cflower/Zn electrodes at current densities from 1.0 to 20 mA 

cm−2 with plating capacities from 0.5 mAh cm-2 to 2.5 mAh cm-2. e) Long-term cycling performance 

of Cflower/Zn electrodes-based cell at a high rate of 5 mA cm-2.   

 

Symmetric Zn//Zn cells were further fabricated to evaluate the cycling stability of different Zn metal 

anodes including pure Zn foil, Cflower/Zn, Cdisk/Zn, and Csphere/Zn working electrodes. Figure 4.4a 

shows the voltage profiles of the pure Zn and Cflower/Zn-based cells at a current density of 0.5 mA cm-

2 and a capacity of 0.25 mAh cm-2. The pure Zn-based cell shows gradually increased voltage 

hysteresis more than 100 mV for 100 h and sudden failure after only 120 h in contrast to the stable 
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voltage hysteresis values of ca. 30 mV in the Cflower/Zn-based cell for over 2000 h, meaning 165-fold 

improvement on cycle life of Zn electrodes under the protection of Cflower coating. Figure 4.4b 

compares voltage curves of symmetric cells based on different carbon coated Zn electrodes at 2.0 mA 

cm-2 and 1.0 mAh cm-2. Results show that Csphere/Zn-based cell experiences sudden voltage drop after 

cycling for only 421 h and the voltage of Cdisk/Zn-based cell starts to fluctuate after 885 h, both of 

which results from the formation of Zn dendrites. By stark contrast, Cflower/Zn-based cell maintains 

stable voltage hysteresis over 1000 h, implying the best dendrite-suppressing capability of carbon 

micro-flower among three carbon structures (Figure 4.4c). Also, during the stable cycling of three 

cells, voltage hysteresis values are 87 mV, 62 mV, and 60 mV for Csphere/Zn, Cdisk/Zn, and Cflower/Zn, 

separately, further indicating the best reversibility of Zn metal electrode enabled by carbon flowers 

(Figure 4.4c). Aside from that, Cflower also enables longer cycling stability in the symmetric cell than 

commercial carbon materials such as Super P and activated carbon (Figure S4.15). The best-

performed Cflower/Zn-based symmetric cell was further measured at high current rates from 1, 2, 5, 10, 

to 20 mA cm-2. Impressively, the cell maintains stable voltage hysteresis even at an ultrahigh rate of 

20 mA cm-2 (Figure 4.4d and Figure S4.16), which is in stark contrast to the short-circuit phenomena 

of pure Zn-based symmetric cell cycling at a low rate of 3 mA cm-2 (Figure S4.17). Besides the high-

rate capability, its stability is also excellent. As shown in Figure 4.4e, the Cflower/Zn-based cell 

achieves long cycles over 150 h at 5 mA cm-2. These results demonstrate the high-rate and long-life 

Zn metal electrodes can be realized by the coating of carbon microflowers, which is comparable to 

many reported Zn anodes (Table S4.3).  
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Figure 4.5 Zn metal-based full cells. a) charge/discharge profiles of Cflower/Zn//MnO2 batteries at 

different current densities (0.1~5 Ag-1). Rate performance comparison between Cflower/Zn-based cells 

and pure Zn-based cells with limited Zn: (b) 1 mAh and (c) 2 mAh. d) charge/discharge profiles of 

Cflower/Zn//AC capacitor vs. Zn//AC capacitor at different current densities (1, 5, and 10 Ag-1). e) Rate 

and cycling performance of Cflower/Zn-based and pure Zn-based capacitor with limited Zn (5 mAh).  

 

To demonstrate practical applications, Cflower/Zn anode was paired with three cathode materials for 

full-cell tests under high DOD (Figure S4.18). For comparison, Zn electrodeposited on Cu (Cu/Zn) 

as the hostless anode was also employed. Firstly, Cflower/Zn and Cu/Zn anodes with limited Zn 

capacities (1, 2, 10 mAh) were applied for Zn//MnO2 batteries. The charge/discharge profiles of these 

batteries show typical voltage platforms of Zn//MnO2 cells involving both proton and zinc ion storage 

(Figure 4.5a). Under high DOD of 41.3% at 0.1 Ag-1 (11.3% at 5 Ag-1), Cflower/Zn-based battery 

shows higher capacities (275 mA h g-1 at 0.1 Ag-1, 75 mA h g-1 at 5 Ag-1) than Cu/Zn-based battery 

as well as longer cycle life, suggesting the superiority of the Cflower/Zn over Cu/Zn anode (Figure 

4.5b). However, due to the harsh condition of high DOD, batteries show short cycle life. When the 
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DOD is lowered to 4%~19.8%, cycle life can be extended to more than 250 cycles (Figure S4.19). 

Much higher capacities can be also obtained in the Cflower/Zn- than Cu/Zn-based cell at a DOD of 

4.1% at 0.1 Ag-1 and faster rates indicating enhanced kinetics enabled by carbon flower host (Figure 

4.5c, Figure S4.20). Next, activated carbon (AC) was coupled with Zn anodes to make zinc ion hybrid 

supercapacitors.201 The electrodeposited Zn is limited to be 2 mAh and 5 mAh. Here, stainless steel 

mesh (SSM) was used as the current collector and the Zn anode was denoted as SSM/Zn (Figure 

S4.21). Under a high DOD of ~18% at 0.1 A g-1 (Figure S4.22), SSM/Zn-based capacitor can operate 

at a low rate of 0.1-0.2 Ag-1 but suddenly fail after only ca. 80 cycles while Cflower/Zn-based capacitor 

shows stable capacitance at all rates from 0.1 to 5 Ag-1 and its lifespan is more than 100 cycles. Cycle 

life and rate capability can be further enhanced under a DOD of 8.7% (at 0.1 Ag-1) as shown in Figure 

4.5d-e. The capacitance is 293, 225, and 196 F g−1 for Cflower/Zn-based capacitor at the rate of 1.0, 

5.0, and 10 A g-1, respectively (Figure 4.5d), surpassing that of SSM/Zn-based capacitor (250, 187, 

and 160 F g-1). Besides, Cflower/Zn-based capacitor could stably run for over 500 cycles with 91% of 

capacitance retention and 100% CE in stark contrast to the SSM/Zn-based capacitor with only 15% 

capacitance retention and fluctuated CE after 500 cycles. Above results demonstrate faster rates and 

longer life of Zn metal batteries and supercapacitors can be enabled by the Cflower host compared with 

hostless Zn even under high DOD. The Cflower/Zn as the reversible anode was further demonstrated 

by its application in Zn-iodine supercapattery, which displays obvious discharge/charge platforms at 

~1.2 V and capacitive-controlled sloping curves in the wide voltage window of 0.2-1.8V (Figure 

S4.23) along with large capacity (175 mAh g-1 at 0.1Ag-1), fast-charging capability (115 mAh g−1 at 

5.0 A g−1), and long life (80.8% retention after 800 cycles). Of mentioning is that the DOD values of 

4.1-41.3% in our Zn anode is much higher than most reported papers in full cells (Table S4.4).184, 187, 

202-204 Due to the use of high-DOD Zn anode, the energy and power density at the cell level could be 
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enhanced, and the highest energy density achieved in MnO2, AC, I2/AC-based full cell is 195.3, 52.58, 

30.73 Wh kg-1, respectively (Figure S4.24).  

4.4 Summary 

In summary, guided by DFT calculations, we have rationally prepared three heteroatom-doped carbon 

micro-/nanostructures (Cflower, Cdisk, and Csphere) through rational monomer selection, controlled 

polyimide assembly followed by pyrolysis and explored their feasibility as the host material for Zn 

metal batteries and supercapacitors. DFT calculations revealed among O/N dopants, ether (C-O), 

carboxylic (-O-C=O-), pyrrolic N groups are favorable for heterogeneous nucleation of Zn. Among 

carbon hosts, Cflower shows enriched active O/N dopants as well as micrometer scale hierarchical 

structures which guide Zn deposition into horizontal layers, leading to highest Coulombic efficiency 

(97~99%) at 0.5~10 mA cm-2 in half cells as well as long life (2000 h) and fast-rate cycling (20 mA 

cm-2) in symmetric cells. As a proof of concept, the Cflower hosted Zn anode was coupled with three 

cathode materials for Zn-based energy devices, delivering better kinetics and longer lifespan than 

corresponding devices based on hostless Zn anode under high depth of discharge. This work opens 

the door towards the construction of 3D hierarchical carbon-rich micro-/nanohosts for practical metal 

anodes beyond Zn.  
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4.5 Supporting Information 

 

Figure S4.1 Possible configurations of Zn atom adsorption on (a) pristine, (b) O-doped, and (c) N-

doped GNS for searching the most stable adsorption site (described as yellow round).   

 

 

Figure S4.2 Defined configurations of (a) pristine, (b) O-doped, and (c) N-doped GNS which 

shows the most stable adsorption with Zn atom among the possible adsorption sites. 



99 

 

 
Figure S4.3 Density of state of (a) pristine, (b) O-containing and (c) N-containing graphene, 

respectively. 

 

 

Figure S4.4 The projected-density of state of (a) pristine, (b) O-doped, and (c) N-doped GNS, 

respectively. 

 

The projected-density of state was further investigated to theoretically understand the electronic 

structure modification which is closely associated with the Zn affinity through the quantitative 

amounts of orbital overlapping, additionally, bond splitting near Fermi level between bonding and 

anti-bonding state of Zn 3d with C 2p, O 2p, and N 2p orbitals of pristine, O-doped, and N-doped 

GNS, respectively. After Zn adsorption on prepared model slabs, the overlapping of Zn 3d with O 2p 

and N 2p orbitals in the projected-density of states for ether1 oxygen (e1O) site into O-doped GNS 

and pyrrolic N site (pyN) into N-doped GNS have the low and medium degree of empty state, 

respectively, whereas the overlapping of Zn 3d with C 2p for pristine GNS has a high degree of empty 
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state as shown in Figure S4.3. This means that O-doped and N-doped GNS have higher zincophilicity 

because it gives rise to the stronger interaction by sufficient charge transfer compared to pristine GNS. 

Furthermore, ether1 oxygen (e1O) site, which has the strongest binding energy than others, described 

the splitting of bonding and anti-bonding orbitals at around 0.1034 eV of splitting distance near Fermi 

level (Figure S4.4). It can be interpreted to have relatively stronger adsorption energy with adsorbates 

because of being empty anti-bonding state. 

Based on above-mentioned discussion, the higher interaction of O and N with Zn, that is analogous 

to the so-called “Zn bond”, can be reasonably explained by Lewis acid-base theory205, 206 due to the 

higher electronegativity of O (3.44) and N (3.04) than that of C (2.55), leading to reduced Zn 

nucleation overpotential. The surface modification through O- and N-doping into carbon micro-

flower matrix has clearly been demonstrated as an effective strategy for higher Zn affinity. 

 

 

Figure S4.5 Schematic illustration of the synthetic process of different polymer and carbon micro-

/nanostructure. (a) pre-polymerization reaction, (b) solvothermal polymerization under high pressure, 

(c) wet polymerization under stirring and atmospheric pressure, (d) precipitation polymerization, (e) 

carbonization.  
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Solvothermal polymerization leads to the formation of flower-shaped PI (PIflower) with a lateral size 

of 5-20 μm assembled by nanobelts (Figure S4.6a, b), stirring polymerization results in disk-like PI 

(PIdisk) assembled by nanosheets (Figure S4.6c, d), and precipitation polymerization forms PI 

nanospheres (PIsphere) with a size of 100-200 nm (Figure S4.6e, f). The formation of flower-like 

polymer in PIflower should be attributed to the hierarchical self-assembly induced by polymerization-

crystallization under high pressure while the generation of disk-like polymer in PIdisk under 

atmospheric pressure could be explained by its less order of self-assembly due to lower crystallization 

degree compared with PIflower, and the spherical polymer in PIsphere is caused by the 

thermodynamically stable droplet in the form of spheres in the “bad” solvent. These polymer 

structures of PIs were characterized by FTIR spectra in which peaks appear at 1720, 1780, and 1340 

cm-1, assignable to imide carbonyl (C=O) and imide ring (C-N-C) groups, indicating the successful 

synthesis of PI (Figure S4.7).140 Their crystal structures tested by XRD manifest different degree of 

crystallization. While PIsphere shows poorly crystalline structure with only broad peaks, PIflower and 

PIdisk shows high crystallinity with strong and sharp peaks in which higher signal-to-noise ratio was 

observed in PIflower indicating its higher degree of crystallization. These results match well with our 

proposed formation mechanism of different microstructures. PIs are commonly known as thermally 

stable polymers that can be used in extreme conditions and thermogravimetric analysis of PIs indeed 

showcases their excellent thermo-resistant property as negligible weight loss was observed before 

400 oC and high carbon yield of 40-50 % can be achieved (Figure S4.8).  
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Figure S4.6. SEM images of (a, b) PIflower, (c, d) PIdisk, and (e, f) PIsphere.  

 

 

Figure S4.7 FTIR spectra and XRD patterns of PIflower, PIdisk, and PIsphere.  

As shown in the FTIR spectra, peaks appear at 1720, 1780, and 1340 cm-1, assignable to imide 

carbonyl (C=O) and imide ring (C-N-C) groups, indicating the successful synthesis of PI. XRD 

patterns show the different degree of crystallization in three PIs. While PIsphere shows poorly 

crystalline structure with only broad peaks, PIflower and PIdisk shows high crystallinity with strong and 

sharp peaks.  
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Figure S4.8 TGA curves of PIflower, PIdisk, and PIsphere tested at a ramp rate of 10 oC min-1 in the N2 

atmosphere. Results show negligible weight loss before 400 oC, less than 10% weight loss before 580 

oC, and high carbon yield around 40-50%, suggesting the excellent thermal stability of PIs. 

 

 

Figure S4.9 SEM image and EDX mapping of (a-d) Cflower, (e-h) Cdisk, and (i-l) Csphere. 
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Figure S4.10 Structural characterization of Cflower, Cdisk, and Csphere. (a) XRD patterns, (b) Raman 

spectra of different carbon materials (Cflower, Cdisk, and Csphere). (c) Nitrogen adsorption/desorption 

curves of Cflower, Cdisk, and Csphere. For clear comparison, the curve for Cflower and Cdisk is shifted 

positively along the y axis with a value of 100 and 50 cm3 g-1, respectively. (d) corresponding pore 

size distribution curves of different carbons.  

 

Raman spectra (Figure S4.10b) display two sharp peaks at 1345 cm-1 and 1580 cm-1 along with one 

broad peak (2320~3220 cm-1), assignable to typical D, G, and 2D band, respectively of carbon 

materials in which D band associates with disorder-induced phonon whereas G band relates to 

graphitic structure.198, 199 
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Figure S4.11 XPS survey spectra of different carbon materials. Only C, N, and O elements can be 

detected in all samples. 

 

 

 

Figure S4.12 Discharge/charge profiles of b) Cflower/Cu, Cdisk/Cu and c) Csphere/Cu, pure Cu at 

different cycles, corresponding to Figure 4.3a.  
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Figure S4.13 Plot for voltage and current density versus cycling time.  

 

 

 

Figure S4.14 Plating profiles of Zn onto Cflower/Cu vs. pure Cu substrate at a current density of 0.2 

mA cm-2 and a capacity of 2.0 mAh cm-2.  
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Figure S4.15 Cycling performance of symmetric cells using Zn foils coated with different carbon 

materials (activated carbon, Super P, and Cflower). Test condition: 1 mA cm-2, 0.5 mAh cm-2.  
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Figure S4.16 Plots of current density against overpotential in symmetric cells.  

 

To evaluate the kinetics of Cflower/Zn deposition, the exchange current density related to the Zn 

plating/stripping process is calculated. As shown in the Figure S4.16, Cflower/Zn showcases an 

exchange current density of 8.83 mA cm−2, indicating a fast deposition kinetics.207 
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Figure S4.17 Rate performance of symmetric cells based on pure Zn electrodes at current densities 

from 1.0 to 3 mA cm−2 with plating capacities from 0.5 mAh cm-2 to 1.5 mAh cm-2.  

 

 

 

Figure S4.18 Structural characterization of cathode materials. (a, c, e) XRD patterns of (a) MnO2, (c) 

AC, and (e) I2/AC and (b, d, f) SEM images of (b) MnO2, (d) AC, and (f) I2/AC.  
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Figure S4.19 Cycling performance of Zn//MnO2 batteries based on 2 mAh of Zn and 1.5 mg of MnO2. 

The green line resperent Cflower/Zn-based battery while yellow line is Cu/Zn-based battery. 

 

 

  

Figure S4.20 Zn//MnO2 batteries using 10 mAh (ca. 12.2 mg) of Zn and 1.5 mg of MnO2. 

Charge/discharge profiles of b) Cflower/Zn//MnO2 battery and c) Cu/Zn//MnO2 battery at different 

current densities. 
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Figure S4.21 Electrochemical performance of Zn/SSM half cells. (a, b) Coulombic efficiency of Zn 

plating/stripping onto SSM-based substrates (Cflower/SSM vs. pristine SSM) at a current density of 0.5 

mA cm-2 and a capacity of 1.0 mAh cm-2. Charge/discharge curves of Zn plating/stripping on (c) 

Cflower/SSM and (d) pristine SSM at different cycles.  

 

To demonstrate the general applicability of Cflower host on different substrates, SSM was used here 

for the Zn/SSM half-cell tests. At a current density of 0.5 mA cm-2 and a capacity of 1.0 mAh cm-2, 

Figure S4.21a shows that the pristine SSM exhibits low CE values of only 40~50 % and short life of 

less than 10 cycles for Zn stripping/plating. By stark contrast, after applying Cflower host onto SSM 

substrate, the efficiency could be enhanced to ~95%, suggesting Cflower host enabling highly efficient 

Zn metal anode.  
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Figure S4.22 Rate performance of Cflower/Zn//AC and SSM/Zn//AC capacitors based on 2 mAh (ca. 

2.44 mg) of Zn anode and 2 mg of AC cathode.  

 

 

Figure S4.23 Cflower/Zn//I2/AC full cell constructed by 5 mAh (~6.1 mg) of Zn, 1.5 mg of I2/AC 

composite, and 100 μL of 3M ZnSO4 electrolyte. (a) Charge/discharge profiles based on iodine only 

and (b) iodine/AC composite. (c) Rate and cycling performance.  

 

When calculating the capacity based only on I2 mass, large capacities of 440 mAh g-1 at 0.5 A g-1 and 

287 mAh g-1 at 12.5 Ag-1 can be obtained. These values are higher than theoretical capacities of I2/I
- 

electrodes which is caused by extra capacity from the AC. As such, the capacity was further calculated 

based on the active I2/AC composite and high capacities of 175, 156, 145, 133, and 115 mAh g−1 can 

still be gained at 0.2, 0.5, 1.0, 2.0, and 5.0 A g−1, respectively. 
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Figure S4.24 Full cell performance. (a-c) Charge/discharge curves of Cflower/Zn-based full cells, 

capacity and current rate is based on the total mass of Zn metal and cathode materials. And 

corresponding (d-f) Ragone plot of these devices.  

 

For Cflower/Zn//MnO2 battery, the energy density is 195.3, 166.2, 126.4, 99.09, 74.47, and 40.07 Wh 

kg-1 at the power density of 71.71, 146.4, 366.8, 725.3, 1413, and 3379 W kg-1, respectively. For 

Cflower/Zn//AC capacitor, the energy density is 52.58, 43.01, 36.28, 30, 22.64, and 16.06 Wh kg-1 at 

the power density of 30.07, 62.41, 160.7, 332.7, 669.4, and 2250 W kg-1, respectively. For Cflower/Zn// 

I2/AC supercapattery, the energy density is 30.73, 27.89, 26.25, 24.29, and 20.97 Wh kg-1 at the power 

density of 35.11, 89.48, 181.7, 366, and 914.1 W kg-1, respectively. 

 

Table S4.1 Binding energies of Zn atom on pristine, O-doped, and N-doped GNS. 

 Gr e1O e2O kO cO hO pN pyN oN gnN gN 

EBE 

(eV) 
-0.08 -3.42 -0.04 -0.07 -0.20 0.00 -0.06 -0.19 -0.04 -0.07 -0.06 
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Table S4.2 Modified Zn anode and corresponding electrochemical performance in Zn/Cu half cells 

Sample 

Half cell 

Reference 
Rate (mA cm-2), 

Capacity (mAh cm-2) 
CE (%) Cycle number 

Cflower 

0.5, 0.25 99.3 500 

This work 5. 2.5 98.6 10 

20, 2.5 98 10 

Zn@ZnO-3D 2, 0.5 99.55 300 Energy Environ. Sci., 2020,13, 503 207 

CNT@CC 

2, 2 97 30 

Adv. Mater. 2019, 31, 1903675 28 
5, 2 97.9 30 

Ti3C2Tx MXene 

1, 1 94.13 400 

ACS Nano 2019, 13, 10, 11676 200  
5, 1 90 400 

ZIF-8-C-500 

2, 1 98.6 200 

Joule 3, 2019, 1289 155 

20, 1 98.4 200 

20, 2 99.3 200 

20, 3 99.5 200 

20, 5 98.8 200 

20, 10 97.6 200 

PA-coating 0.4, 0.4 95.12 300 Energy Environ. Sci., 2019,12, 1938 18 

Cu-Zn alloy  5, 0.5 91.8 100 Energy Storage Materials, 2020, 27, 

205 204 

TiO2-PVDF 

coating 

1.77, 0.885 99.4 1000 
Adv. Funct. Mater. 2020, 2001867 187 

N-Hollow 

Carbon Sphere 

4, 1 95 200 Adv. Energy Mater. 2021, 11, 2003419 
189 

MXene@Sb-300 1, 0.1 97.2 1500 Energy Storage Mater. 2021, 41, 343 
208 

N, O-CNF 1, 1 >99 60 Chem. Eng. J. 2021, 425, 131862 209 

N-Graphdiyne 1, 0.5 >99 300 Angew. Chem. Int. Ed., 2021 210 

N-Zn/CC 1, 1 99.1 300 Adv. Sci., 2021, 2103952 211 

Al-ZnO@Cu 1, 0.5 99.5 100 Small, 2021, 2106441212 

Graphene 

16, 0.8 99.9 10000 

Science, 2019, 366, 645  27 
40, 0.8 99.9 10000 
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Table S4.3 A survey of modified Zn anodes and corresponding electrochemical properties in Zn||Zn 

symmetric cells. 

Sample 

Symmetric cells 

Reference Rate, 

Capacity 

Voltage 

hysteresis 
Cycle life 

Cflower 

0.5, 0.25 35 mV 2000 h   This work 

2, 1 80 mV 1100 h   This work 

5, 2.5  134 mV 150 h   This work 

PAN 1, 1  90 mV 1145 h   Adv. Sci. 2021, 8, 2100309 184 

MXene 

@Sb-300 
5, 5 ~100 mV  550 h   Energy Storage Mater. 2021, 41, 343 208 

NOCA@CF 2, 1 80 mV 200 h   Chem. Eng. J. 2020, 400, 125843188 

ZrO2 5, 1 64 mV 2100 h   Adv. Funct. Mater. 2020, 30, 1908528 186 

MOF 0.5, 0.5 90 mV 3000 h   Angew. Chem. Int. Ed. 2020, 59, 9377. 26 

   MnO2@CC 
0.5, 0.25 50 mV 550 h 

Adv. Mater. Interfaces 2020, 7, 

2000510  213 
1, 1 40 mV 150 h 

CNT film 
0.1, 0.5 50 mV 1800 h 

Chemical Engineering Journal 2020, 

384, 123355  21 
1, 1 80 mV 400 h 

CNT@CC 
2, 2 50 mV 200 h 

Adv. Mater. 2019, 31, 1903675 28 

5, 2.5 120 mV 110 h 

   TiO2-PVDF 
0.885, 0.885 100 mV 2000 h 

  Adv. Funct. Mater. 2020, 2001867.  187 
8.85, 8.85 200 mV 250 h 

ZIF-8  

derived 

carbon 

2, 2 40 mV 400 h 
Adv. Energy Mater. 2020, 10, 1904215  
203 

5, 5 50 mV 400 h 

   In-Zn 

 

0.2, 0.2 54 mV 1500 h 
  Small 2020, 16, 2001736  214 

1, 1 200 mV 500 h 
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Table S4.4 Comparison of DOD values of reported Zn metal in full cells 

Anode Cathode 
Rate  

(A g-1) 

DOD of 

Zn (%) 

Life 

cycle  
Reference 

Cflower/Zn 

MnO2 0.1~5.0 11.3-41.3 100 

This work MnO2 0.1~5.0 4~19.8 250 

AC 1.0~10 5.8~8.7 500 

N-Zn MnO2  1.0 0.079 2000 Adv. Sci., 2021, 2103952 211 

C-750/Zn MnO2  0.3 0.328 5000 Adv. Energy Mater. 2020, 10, 

1904215 203 

NGO-Zn LiMn2O4 0.14 1.88 600 ACS Appl. Energy Mater. 2021, 4, 

6, 6364 202 

AEC-Zn MnO2  0.62 0.53 300 Adv. Funct. Mater. 2021, 31, 

2001867 187 

MOF/Zn MnO2  0.5 6.8 180 Angew. Chem. Int. Ed. 2020, 59 

9377 26 

Zn|In AC 2.0 0.24 5000 Small 2020, 16, 2001736 214 

Cu–Zn 

alloy/Zn 

MnO2 3.08 0.18 500 Energy Storage Mater. 2020, 27, 

205 204 

Zn@GF PB 0.1 3.33 150 Electrochim. Acta 2017, 244, 172 
190 

Zn with 

CNF 

interlayer 

MnO2 1 1.58 400 Chem. Eng. J. 2021, 425, 131862 
209 

Zn 

(electrolyte) 

V2O5 1.0 22.26 800 Nat. Sustain. 2021, 215 

PAN@Zn MnO2  0.5 10 400 Adv. Sci. 2021, 8, 2100309 184 

Zn@ZIF-8-

500 

AC 4.0 3.6 20000 
Joule 3, 2019, 1289 155 

I2/C 2.0 6.0 1600 

Zn/CNT/CC 
CNT/MnOx 

@PEDOT 

20 mA 

cm-2 
12 1000 Adv. Mater. 2019, 31,1903675 28 

 

 

 

 



116 

 

Chapter 5 An Ultrafast, Durable, and High-loading Polymer Anode for Aqueous 

Zinc-Ion Batteries and Supercapacitors 

 

A version of this Chapter has been published in Advanced Materials: 

Zhixiao Xu, Matthew Li, Wenyuan Sun, Tian Tang, Jun Lu,* and Xiaolei Wang*, An Ultrafast, 

Durable, and High-loading Polymer Anode for Aqueous Zinc-Ion Batteries and Supercapacitors. 

Advanced Materials, 2022, 34, 2200077. 

 

5.1 Introduction 

With high theoretical capacities (820 mAh g−1 and 5855 mAh cm−3), suitable electrochemical 

potential (−0.763 V vs. standard hydrogen electrode, SHE), low cost, and rich abundance of 

component materials, aqueous zinc-ion batteries (ZIBs) and capacitors (ZICs) have exhibited great 

promise for grid-level energy storage and other stationary applications.6, 10, 12 The past years have 

witnessed rapid progress in the development of cathode materials, including Mn- and V-based oxides, 

Prussian blue analogs, and organic materials for ZIBs and activated carbon for ZICs with seemingly 

high energy densities (based on the cathodes).5, 6, 12 However, in most of these cases, excessive Zn 

anodes were used to compensate for the uncontrollable dendritic growth, corrosion behavior, and low 

coulombic efficiency (CE) of the Zn metal.5, 10, 122, 216 As such, most of the ZIBs and ZICs developed 

using these electrode materials exhibited actual device energy and power densities that were 

significantly lower than the corresponding theoretical values.217, 218 Another key performance metric 

that needs to be improved in ZIBs is their high-rate charge and discharge. Furthermore, in addition to 

the dendrite-derived problems commonly experienced in other metal anode batteries, ZIBs are 
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disadvantaged by high rates of hydrogen gas evolution from water decomposition, leading to poor 

cycle lives.5, 10, 122, 216  

Based on the history of lithium-ion batteries,219 it is of great value to develop Zn-metal-free anodes 

for rocking-chair ZIBs, which, however, remains a challenging objective.14 An ideal Zn-free anode 

should possess a low potential vs. Zn2+/Zn, high theoretical capacity, good electronic conductivity, 

robust structure, and electrochemical stability.14 One material that was explored for its possible use 

as an anode for ZIBs is Chevrel-phase Mo6S8, which has demonstrated a discharge voltage of 0.36 V 

vs. Zn2+/Zn; however, its low capacity and short life have limited its application.37, 38 Since then, better 

ZIB anode materials, such as copper selenide (Cu2-xSe),220 sodium-intercalated TiS2 (Na0.14TiS2),
40 

and hexagonal molybdenum oxide (h-MoO3),
43 with either lower discharge voltages (e.g. 0.3 V 

vs. Zn2+/Zn) or longer cycle lives (e.g. 30000 cycles), have been discovered. Possible anode materials 

are also not limited to inorganic substances and composites; organic materials, particularly carbonyl-

rich molecules and polymers, have also demonstrated great potential as anodes47, 51 because of their 

low water solubility, high electrochemical stability, oxygen-elimination capability,221 passivation 

toward hydrogen evolution reactions,222 and low redox potentials relative to the Zn redox potential.48, 

51, 52, 223 For example, Lu et al. devised a carbonyl-rich dianhydride molecule with fast kinetics by 

enhancing its π–π stacking interaction; however, the molecule exhibited poor cycling stability.159 On 

the other hand, Feng et al. constructed a 2D-imide-based covalent organic framework as a rapid 

Zn2+storage anode and revealed a two-step Zn2+storage mechanism involving a reversible carbonyl-

enolate group transition.224 However, although using a Zn-free anode is helpful at raising the potential, 

there remains a large gap in achieving fast and stable charge/discharge in Zn-based energy storage 

systems.  
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In this study, we searched for an anode/electrolyte configuration tailored specifically toward 

achieving fast and stable charging in ZIBs and ZICs. With the guidance of theoretical calculations, a 

series of molecules and polymers with and without carbon nanotubes (CNTs) were synthesized and 

used as ZIB anodes. Among these materials, a polymer/CNT hybrid based on perylene 3,4,9,10-

tetracarboxylic dianhydride demonstrated the best performance. Electrolytes containing different zinc 

salts in a variety of concentrations were then studied experimentally and via simulation, revealing 

that the incorporation of triflate anions, mild acidity, high ionic conductivity, and low viscosity can 

produce sufficiently high transport properties that enable fast and stable ions storage. The optimized 

combination will enable the polymer anode to have a low discharge voltage (0.2–0.4 V vs. Zn2+/Zn), 

approaching-theoretical capacity (128 mAh g−1 at 50 mA g−1), high CE (~100%), ultrahigh loading 

(~50 mg cm−2), fast charging capability (100 A g−1), and extraordinary stability for up to one million 

cycles. The storage mechanism was uncovered via electrochemical measurements and in/ex situ 

characterizations, revealing a mechanism involving reversible Zn2+ (de-)coordination and proton co-

interaction at the carbonyl group in the polymer. To demonstrate its practical use, the polymer/CNT 

anode was coupled not only with battery cathodes for ZIBs, which manifested high power densities 

(9.1 kW kg−1) and long lives (50000 cycles), but also with supercapacitor cathodes for ZICs, resulting 

in record-high stabilities for over sub-million cycles at 10 and 200 A g−1, which are far better than 

those of corresponding devices based on Zn metal anodes, even in excessive amounts.  

5.2 Experimental Section 

5.2.1 Chemicals and materials preparation 

Chemicals. pyromellitic dianhydride (PMDA), 1,4,5,8‐naphthalenetetracarboxylic dianhydride 

(NTCDA), perylene 3,4,9,10‐tetracarboxylic dianhydride (PTCDA), ethylene diamine (EDA), 

sodium alginate, and MWCNT was purchased from Sigma-Aldrich. DMF, NMP, ammonia, ZnSO4, 
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Zn(OTf)2, PVDF, H2SO4, HNO3, HCl, and NaOH were obtained from Thermo Fisher Scientific. 

Commercial MnO2 and activated carbon was obtained from Duracell and MTI, respectively. 

Synthesis of PTCDI. PTCDA was mixed with dilute ammonia solution in DMF under stirring for 30 

min, which was then poured into Teflon-lined autoclave for solvothermal treatment at 180 oC for 12h. 

The product was collected after filtration, washing, and drying.  

Synthesis of polymers. Equal molar amount (2 mmol) of dianhydride (PMDA or NTCDA or PTCDA) 

and diamine (EDA) was added into NMP (15 mL). The polycondensation reaction was conducted in 

a capped bottle (30 mL) at 180 oC for 12 h. The product was collected after filtration, drying and 

thermal annealing in flowing N2 at 300 oC for 4h. The polyimide (PI) based on PTCDA-EDA, 

NTCDA-EDA, and PMDA-EDA combinations was denoted as PI-1, PI-2, and PI-3, respectively.  

Synthesis of polymer/CNT. The synthetic procedure is similar to the above-mentioned 

polymerization process except that a small amount of CNT (600 µL of ~70 mg mL−1 CNT/NMP 

suspension) was added into the polymer precursor solution before the polycondensation reaction.  

5.2.2 Characterization 

The chemical structure of organic materials was studied by Fourier Transform Infrared Spectroscopy 

(FTIR, Nicolet 8700). In situ FTIR was conducted in the Nicolet 8700 microscope mode. X-ray 

Diffraction (XRD) measurements were conducted on an Ultima IV (Rigaku) diffractometer equipped 

with a Cu Kα X-ray source. The thermal property was characterized by Thermogravimetric Analyzer 

(TGA Q50) in the air atmosphere with a heating rate of 10 oC min−1. Material micro/nano-structures 

were characterized by scanning electron microscope (SEM, Zeiss EVO M10) field-emission scanning 

electron microscope (FESEM, Zeiss Sigma) equipped with energy dispersive x-ray analysis (EDX, 

Oxford) and sphere-aberrated transmission electron microscope (TEM, JEOL JEM-ARM200CF) 

equipped with Atomic Resolution S/TEM. X-ray photoelectron spectrometer (XPS, Kratos AXIS 
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Ultra) was used to gain insight into the chemical binding environment of elements. The pH, viscosity, 

and ionic conductivity of electrolytes were measured by pH meter, rheometer, and conductivity meter, 

respectively.  

5.2.3 Electrochemical measurements. 

Coin cells (CR-2032) were assembled for both half-cell and full-cell electrochemical measurements. 

For half cells of organic materials, the working electrode was prepared by thoroughly mixing active 

materials (e.g. PI-1/CNT), conductive carbon (Super P), and binder (PVDF) in a mass ratio of 6:3:1 

in NMP. The slurry was drop coated onto a stainless-steel mesh (SSM, 316L, 325 mesh size), and 

dried immediately under infrared light. In this way, PI-1/CNT electrode could be made in minutes in 

stark contrast to the traditional electrode-preparation method under vacuum drying for hours. The 

loading mass of active materials was controlled around 1~2 mg cm−2 for low-loading tests and 

increased to 4~5 mg cm−2 for high-loading tests. To study the influence of electrolyte, ZnSO4 or 

Zn(OTf)2 was dissolved in water with different concentration and 100 µL of electrolyte was used for 

all cells. Glassy fiber (Whatman grade A) was used as the separator in all cells. For half cells, Zn foil 

(default: 250 µm, 100 or 30 µm in some cases) was used as the counter/reference electrode while for 

full cells ZnxMnO2 or AC was used as the counter electrode (cathode). In some cases, cells fail due 

to the growth of zinc dendrites (e.g. Figure 2E, Figure S11d) and thus they were disassembled and re-

assembled by using a new Zn anode and electrolyte. Cyclic voltammetry (CV) and electrochemical 

impedance spectra (EIS) were conducted by using an electrochemical workstation (VMP3, Biologic). 

The galvanostatic (dis)charging (GCD) experiments were performed on Neware battery test systems 

(CT-4008T-5V20mA-164, CT-4008T-5V50mA-164, CT-4008T-5V6A-S1, Shenzhen, China). All 

electrochemical tests were conducted at ~20 °C. 
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For making ultrahigh-loading free-standing electrodes (10-50 mg cm−2), PI-1/CNT (or PI-1) 

powder was hand mixed with Super P powder in a weight ratio of 7:3 in the mortar for more than 20 

min. And the mixture was pressed into disk-like tablets under high pressure (~10 Ton) using die mold 

(diameter: 12.7 mm). Without binder and current collector, tablets could be directly applied as the 

working electrode for battery fabrication in which the electrolyte amount is kept constant (100 µL).  

For studying the storage mechanism, custom-made T-type Swagelok cell was used to conduct two-

electrode tests in which PI-1/CNT was coated onto the glassy carbon as the working electrode, Zn 

foil was applied as the counter/reference electrode, and glassy fiber membrane as the separator. 

Different electrolyte was prepared including 0.5M Zn(OTf)2-H2O, 1M Na(OTf)2-H2O, 0.5M 

Zn(OTf)2-DMF, 1M Na(OTf)2-DMF, ZnSO4 and H2SO4 with different pH values. CV tests were 

scanned at a rate of 5 mV s−1. 

For making rocking-chair type ZIBs, the PI-1/CNT, ZnxMnO2 and 1M Zn(OTf)2 + 0.1M MnSO4 

aqueous solution were used as the anode, cathode, and electrolyte, respectively and the N/P mass ratio 

is kept around 1 (~1.2 mg cm−2). ZnxMnO2 electrode was prepared in a Zn-MnO2 battery with 

commercial β-MnO2 as cathode (MnO2: Super P: PVDF=7:2:1) and 1M Zn(OTf)2 + 0.1M MnSO4 as 

the electrolyte in which cells were cycled between 0.8-1.8 V at 0.1 A g−1 for 20 cycles and finally 

discharged to 0.8 V followed by cell disassembly. Besides, The ZnMn2O4 cathode was also prepared 

based on a previous paper.108 In a typical synthesis, 10 mL 0.2 M Zn (NO3)2 (378.6 mg), 20 mL 0.2 

M Mn(NO3)2 (715.8 mg) and 320 mg commercial carbon (Super P) were loaded in a 100 mL flask. 

Next, 18 mL aqueous ammonia (25 wt %) was dropped into the mixture under constant stirring for 1 

h. Then, the mixture was evaporated and heated at 180 °C for 3 h, generating ZnMn2O4/C composite 

with ~60 wt % ZnMn2O4 and 40 wt % carbon. The slurry was prepared by mixing ZnMn2O4/C with 
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Super P and PVDF in a ratio of 7:2:1 in NMP. The electrolyte is 100 µL of 1.5M Zn(OTf)2 or 1M 

Zn(OTf)2 + 0.1M MnSO4 for fabricating PI-1/CNT//ZnMn2O4 full cells with low N/P ratios. 

For making ZICs, PI-1/CNT was firstly discharged to 0.1V in a half cell and then extracted as the 

anode while the AC cathode was made of 80% AC, 10% Super P and 10% PVDF (for Figure 5E) or 

sodium alginate (for Figure 5 G), and the N/P mass ratio is kept around 1:1.5 (for Figure 5E) or 1.15:1 

(for Figure 5G). The electrolyte is 1M ZnSO4 (for Figure 5E) or 3M ZnSO4 (for Figure 5 G) due to 

the unstable cycling performance of this AC electrode in Zn(OTf)2.
201 For comparison, Zn metal 

anode with controlled amount of capacity was also applied as anode for both ZIBs and ZICs, which 

was prepared by galvanostatic electrodeposition (5 mA cm−2) in a two-electrode system with Cu foil 

as working electrode, Zn foil as counter electrode and 2M ZnSO4 as the electrolyte. Of note, for 

making ultrafast PI-1/CNT//AC capacitor that works at 200 A g−1 (in Figure 5G), the PI-1/CNT slurry 

was prepared by using the sodium alginate binder with the ratio of 6:3:1.  

5.2.4 Calculation of gravimetric energy and power densities 

The gravimetric energy density E (Wh kg−1) and power density P (Wkg−1) of ZIBs were calculated 

based on the following equations: 

𝐸 =
𝐶 ∗ 𝑉 ∗ 1000

𝑚
 

𝑃 =
𝐼 ∗ 𝑉 ∗ 1000

𝑚
 

in which C, V, I, m represents the discharge capacity (Ah), mid-capacity discharge voltage (V), 

discharge current (A), and the total mass (g) of active materials in both the anode and the cathode, 

respectively. 
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5.2.5 Molecular dynamics simulation and DFT calculation 

The MD simulations were performed through the GROMACS package225, 226 in NVT ensemble for 5 

ns, and the data from the last 2 ns was extracted to conduct the analysis. Systems were minimized by 

the steepest descent method to limit the maximum force within 1000.0 kJ/(mol‧nm), followed by 

equilibration in NVE ensemble for 250 ps. The temperature was controlled as 300 K by the Nose-

Hoover thermostat227, 228. Motion equations were integrated by the Leap-frog algorithm229 with a time 

step of 1 fs and constraints were applied to all bonds by the LINC algorithm.230 Cut-off distances for 

van der Waals and electrostatic interactions were 1.0 nm. PME method was used to calculate the long-

range electrostatic interactions.231 The force fields for zinc,232 sulfate,233 triflate ion,234 and electrodes 

235 were referred to previous works, which were compatible with the OPLSAA force field.235 The 

tip3p water model was adopted. The potential difference was controlled by the fixed charge method 

(FCM) (assigning atomic charge on the inner layer of electrodes). As the potential difference was less 

than 2 V, the interface at the electrode has been proved to be almost identical with the one simulated 

by constant potential method (CPM).236 

DFT calculations were performed in Gaussian 16 to energetically optimize the polymers. The 

structural optimization of molecules was accomplished at B3LYP/6-31+G (d,p) level. 

5.3 Results and Discussion 

5.3.1 Anode material design and selection  

The electronic structures of organic materials are associated with their electrochemical behaviors in 

batteries. As such, density functional theory (DFT) calculations were first conducted to investigate 

the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) 

levels and bandgaps of several carbonyl-rich molecules (perylenetetracarboxylic dianhydride or 
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PTCDA, and perylenetetracarboxylic diimide or PTCDI) and polymers (polyimides: PI-1, PI-2, and 

PI-3), which are either commercially available or easy to manufacture. As shown in Figure 5.1A, the 

LUMO levels and bandgaps for PTCDA, PTCDI, PI-1, PI-2, and PI-3 are (−4.29 eV, 2.51 eV), (−3.97 

eV, 2.49 eV), (−3.88 eV, 2.48 eV), (−3.86, 3.57 eV), and (−3.58 eV, 4.43 eV), respectively. In general, 

a higher LUMO level leads to a lower discharge potential, whereas a narrower bandgap favors higher 

electronic conductivity. Thus, according to this principle, the discharge potentials for these organic 

materials should follow this order: PI-3 < PI-2 < PI-1 < PTCDI < PTCDA. Meanwhile, their 

conductivities should obey this order: PI-1 > PTCDI > PICDA > PI-2 > PI-3. Although PI-3 has the 

lowest discharge potential, its very wide bandgap and low conductivity make it unsuitable for Zn-ion 

storage. Therefore, among these substances, PI-1 and PI-2 exhibit the greatest promise as anode 

materials for ZIBs.  

To verify the DFT results, the aforementioned organic materials were synthesized and characterized. 

To increase the electrical conductivity, CNTs were added during the polymerization process to 

produce PI-1/CNT, PI-2/CNT, and PI-3/CNT. The successful preparation of these organic materials 

was confirmed by FTIR, in which peaks corresponding to carbonyl and imide groups were clearly 

detected (Figure 5.1C and Figure S5.1). XRD patterns reveal highly crystalline structures with 

negligible changes after compositing with CNTs (Figure 5.1D and Figures S5.2) due to the ultralow 

content of the CNTs (2 wt%). This was further confirmed by TGA curves (Figure 1E), which also 

revealed the excellent thermal stability of the PI, as evidenced by negligible weight loss at 

temperatures lower than 500 °C in air. SEM and TEM images show the different morphologies of 

these organic materials. Whereas the molecules exhibit nanorod-like microstructures, the polymers 

are clearly composed of nanosheets (Figure S5.3). For example, PI-1 exists in the form of ultrathin 

nanosheets, and when CNTs are introduced to create PI-1/CNT, the combination generates 3D 
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architectures characterized by tiny nanosheets wrapped around the CNTs (Figure 5.1F–H). By 

contrast, in PI-2 and PI-3, the nanosheets are assembled in flower-like structures (Figure S5.3). These 

nanostructures benefit from the exposure of redox-active sites and the transport of electrons and ions 

during battery charge/discharge.123 The polymer/CNT hybrid (herein, PI-1/CNT is used as an 

example) was further observed via high-resolution TEM (HRTEM), which revealed that the interface 

between the PI-1 and CNTs is characterized by crystalline CNT cores coated by PI-1 shells with 

thicknesses of 20–100 nm (Figure S5.4). Furthermore, high-angle annular dark-field (HAADF) 

scanning TEM (STEM) and the corresponding elemental mapping showed a homogenous distribution 

of C, N, and O elements throughout the PI-1/CNT hybrid (Figure 5.1I). 

Subsequently, these organic materials were used as electrodes for ZIB tests, with Zn as the 

counter/reference electrode and 2.0 M ZnSO4 as the electrolyte. As shown in Figure 5.1B, although 

the molecules demonstrated high initial capacities (155 mAh g−1 for PTCDA and 122 mAh g−1 for 

PTCDI), these capacities decayed rapidly to 30 mAh g−1 for PTCDA and 60 mAh g−1 for PTCDI after 

40 cycles. By contrast, the PTCDA-derived polymer, PI-1, exhibited a much higher stability (>90 

mAh g−1 for over 100 cycles), which can be explained by the lower solubility of the polymer than 

those of the molecules (Figure S5.5-S5.7). A comparison between the different polymers clearly 

showed that the performance trend follows PI-1 > PI-2 > PI-3, indicating that a larger π-conjugation 

structure benefits the stability of the ZIB. Furthermore, although PI-2 and PI-3 have lower discharge 

voltages, their wider bandgaps and lower π-conjugations suggest lower electrical conductivities, 

leading to fast capacity decay and large voltage hysteresis (Figure S5.8–S5.9). Evidently, among these  
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Figure 5.1 Electrode Engineering and Structural Characterization of PI-1 and PI-1/CNT. (A) 

Electronic structure of different molecules and polymers, (B) Cycling performance of different 

organic electrodes at 0.1 A g−1, (C) FTIR spectra, (D) XRD patterns, and (E) TGA profiles of PI-

1/CNT and PI-1. (F) SEM image, (G-H) TEM images, and (I) HAADF image and elemental mapping 

images of PI-1/CNT. 

 

molecules and polymers, PI-1 demonstrated the highest intrinsic redox activity, which also matched 

well with the DFT results. Moreover, the performance of PI-1 could be further enhanced after CNT 

coupling into PI-1/CNT; by comparison, the pristine CNT exhibited negligible capacity and poor 
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reversibility (Figure 5.1B and Figure S5.10). Therefore, the resultant PI-1/CNT composite material 

is an excellent candidate as an anode for fast-charging Zn-ion batteries.   

5.3.2 Electrolyte engineering and molecular dynamics simulation 

The electrolyte composition has a crucial impact on Zn-based energy storage devices.100 Of critical 

importance is the specific pairing between the anode and electrolyte. Here, we aimed to optimize the 

PI-1/CNT-based ZIB by investigating the influence of zinc salt and concentration on the battery 

performance. For this experiment, we formulated 0.5 M ZnSO4, 1.0 M ZnSO4, 2.0 M ZnSO4, 1.0 M 

Zn(OTf)2, 1.5 M Zn(OTf)2, and 2.0 M Zn(OTf)2 in water.  

First, the rate performance of PI-1/CNT in different electrolytes was examined. As shown in Figure 

2A, as the current density was increased from 0.2 A g−1 to 5 A g−1, the capacity in aqueous Zn(OTf)2 

decreased more slowly compared with that in ZnSO4, suggesting the superiority of Zn(OTf)2 over 

ZnSO4 as an electrolyte salt for fast charging (Figure S5.11a–c). To demonstrate this better, a 1.0 M 

electrolyte is used for the following example (Figure 5.2B). At the low rate, i.e., 0.2 A g−1, the PI-

1/CNTs in the two electrolytes exhibited comparable capacities (115 mAh g−1 for ZnSO4 and 112 

mAh g−1 for Zn(OTf)2). By contrast, at the high rate, i.e., 5.0 A g−1, a high capacity of 100 mAh g−1 

was attained using Zn(OTf)2, surpassing that attained using ZnSO4 (91 mAh g−1). Furthermore, Figure 

5.2B shows that the voltage drops for Zn(OTf)2 were smaller than those for the ZnSO4 electrolyte, 

suggesting that the ionic conductivity of Zn(OTf)2 is higher. This inference was further supported by 

the lower charge transfer resistance of Zn(OTf)2 (50 Ω) than that of ZnSO4 (160 Ω), as revealed by 

the electrochemical impedance spectra (Figure 5.2C).  

Afterward, the cycling performance of PI-1/CNT in different electrolytes was evaluated. As shown 

in Figure 5.2D and Figure S5.10, aqueous Zn(OTf)2 electrolytes enabled high capacity retentions of 

more than 80% after 50000 cycles at 5.0 A g−1, exceeding that produced using aqueous ZnSO4, which 
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enabled retentions of approximately only 53–58% in the same conditions, again demonstrating that 

Zn(OTf)2 is the better electrolyte salt. Figure 5.2E shows that the resulting capacities for 1.0 M 

Zn(OTf)2 and 1.0 M ZnSO4 after 50k cycles were 85.5 and 51.7 mAh g−1, respectively. Moreover, 

when Zn(OTf)2 was used, a high coulombic efficiency (CE) of approximately 100% was maintained 

during long cycling, whereas when ZnSO4 was used, later cycles exhibited unstable CE values, 

indicating the relatively poor reversibility of the electrolyte (Figure 5.2E). Among all electrolytes 

examined in this study (Figure 5.2F), 1.5 M Zn(OTf)2 affords the highest ionic conductivity (68.5 mS 

cm−1), a low viscosity (2.32 mPa s), and a mild acidity (pH = 4.8). These properties contribute to this 

electrolyte exhibiting the highest performance, with the fastest rate capability (101 mAh g−1 at 5.0 A 

g−1) and highest stability (88% capacity retention and 89 mAh g−1 capacity after 50k cycles), among 

all electrolytes examined herein.  
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Figure 5.2 Electrolyte Engineering and Molecular Dynamics Simulation. (A) Capacity values of PI-

1/CNT in different electrolyte at  current densities from 0.2 to 5 A g−1. (B) Voltage–capacity profiles 

of PI-1/CNT in 1.0 M Zn(OTf)2 and 1.0 M ZnSO4 at low (0.2 A g−1) and high (5.0 A g−1) current 

rates. (C) Electrochemical impedance spectra (EIS) of PI-1/CNT in 1.0 M Zn(OTf)2 and 1.0 M ZnSO4. 

(D) Capacity and Capacity retention of PI-1/CNT in different electrolytes after ultralong cycling. (E) 

Cycling performance and CE profiles of PI-1/CNT in 1.0 M Zn(OTf)2 and 1.0 M ZnSO4 tested at 5.0 

A g−1. (F) Ionic conductivities, viscosities, and pH values of different electrolytes. (G) MD-simulated 

distribution of ions and water near cathode surface. (H) Number density profiles of water and Zn2+ 

along normal direction of cathode surface. 

 

To gain insight into the superiority of triflate (OTf−) over sulfate (SO4
2−) anions, molecular dynamics 

simulations were performed. First, an electrical double-layer model was built to simulate the 

dynamics of ions and water in two electrolytes (1.0 M Zn(OTf)2 vs. 1.0 M ZnSO4) and at different 
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potentials (Figure S5.12).219 Because of the presence of the hydrophobic CF3 group in OTf−, the 

hydrophobicity of the triflate anion is exactly opposite to that of the sulfate anion (Figure S5.13). This 

hydrophobicity disparity between SO4
2− and OTf− led to distinctly different electrochemical double-

layer structures at the electrode surfaces (defined as the layer within 0–0.75 nm to the electrode 

surface), which determined the distribution of ions and water near the electrode surface (Figure 5.2G). 

At an applied potential of U = 0.5 V, the hydrophobic triflate anions created an H2O-scarce 

environment at the inner Helmholtz layer (IHL, defined as the layer within 0–0.25 nm to the electrode 

surface, as shown in Figure S5.14), in contrast to the H2O-rich environment generated by the 

hydrophilic sulfate anions. At an increased potential of U =1.1 V, the triflate anions were further 

enriched in the IHL of the electrode, which also decreased the amount of H2O and reduced any water-

related reactions (Figure S5.14–S5.15). By contrast, when the ZnSO4 electrolyte was used, the 

amount of H2O in the IHL exhibited only slight changes with respect to the increase in potential. 

Whereas most of the Zn2+ ions were expelled from the double layers in the ZnSO4 electrolyte, an 

abundant amount of Zn2+ ions remained in the Zn(OTf)2 electrolyte within a distance of 0.75 nm from 

the cathode (Figure 5.2H). The density profiles of Zn2+ and H2O indicated that more Zn2+ and fewer 

H2O molecules accumulated near the electrode surface in the Zn(OTf)2 electrolyte than in the 

ZnSO4 electrolyte (Figure 5.2G–H), leading to easier access to Zn2+ for redox reactions and fewer 

water-related reactions in the Zn(OTf)2 electrolyte compared to those in ZnSO4.  
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5.3.3 Fast and stable cycling, high loadings, and kinetics analysis 

 

Figure 5.3 Optimized electrochemical performance and kinetics analysis of PI-1/CNT electrode. (A) 

Voltage–capacity profiles of PI-1/CNT at different current densities from 0.2 to 100 A g−1. (B) 

Ultralong cycle life of PI-1/CNT at different current densities (10 or 50 A g−1). (C) Million-cycle life 

of PI-1/CNT at 100 A g−1. (D) Comparison of rate and cycling performance between different ZIB 

electrode materials. (E–G) High-loading PI-1/CNT electrodes: (E) Rate and cycling performance of 

PI-1/CNT with high loading of 4.08 mg cm−2, (F) Cycling performance of ultrahigh-loading PI-

1/CNT electrodes, inset of F shows the optical image of the 19.7 mg cm-2 electrode, (G) Plots of areal 

capacity against mass loadings. (H) CV curves of PI-1/CNT at different scan rates from 0.3 mV s−1 

to 5 mVs−1 and corresponding (I) kinetics profiles of different redox peaks (A, B, C).  
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Taken together, the results presented thus far indicate that the ideal pairing of anode material and 

electrolyte composition should employ a PI-1/CNT anode and 1.5 M Zn(OTf)2 electrolyte. To 

demonstrate the efficacy of this combination, its rate performance is presented in Figure 3A, showing 

that at a low current density of 0.05 A g−1, a near-theoretical capacity of 128 mAh g−1 can be delivered. 

By comparison, when the current density was increased to 0.2, 1.0, 5.0, 10, 30, and 50 A g−1, the 

specific capacities were 113, 107, 100, 80, 65, and 59 mAh g−1, respectively. Surprisingly, even at an 

ultrahigh rate of 100 A g−1, corresponding to a charging time of 1.4 s, the capacity could still be 

maintained at 40 mAh g−1. At all current rates, the average discharge voltages were maintained at 

approximately 0.35 V vs. Zn2+/Zn, which is promising for the application of PI-1/CNT as a Zn-metal-

free anode. In addition to this exceptional rate performance, the stability was also extraordinary, with 

negligible capacity losses of 0.1 A g−1 over 250 cycles (Figure S5.16), of 10 A g−1 over 30000 cycles 

(Figure 5.3B), and of 50 A g−1 over 60000 cycles (Figure S5.17), whereas a 75% capacity was retained 

after one million cycles at 100 A g−1 (Figure 5.3C). The performance presented here is one of the 

longest cycle lives observed in aqueous batteries and is comparable to that of state-of-the-art fast-

charging batteries, posing a serious technological contender.237-240 To the best of our knowledge, this 

simultaneous achievement of ultrafast and ultralong cycling has hardly been reported for Zn-based 

energy devices and is better than those reported thus far for almost all ZIB electrode materials, 

including Mn-61, 99 and V-based oxides,70, 241 Prussian blue analogs,65, 66 and organics,160, 242, 243 among 

others (Figure 5.3D and Table S5.1).81, 124  

High-loading electrodes are of great importance for lowering production costs and increasing energy 

densities at the cell level.132, 133, 244 Accordingly, we further tested PI-1/CNT electrodes under high 

loadings (4.08–50 mg cm−2) using a constant amount of electrolyte (100 μL). As shown in Figure 

5.3E, at a loading of 4.08 mg cm−2, the specific capacities were 104, 102, 99, 97, 94, and 85 mAh g−1 
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at current densities of 0.2, 0.5, 1.0, 2.0, 5.0 A g-1, respectively. Furthermore, the capacity at 5.0 A g−1 

was maintained at approximately 80 mAh g−1 (94.1% retention) after 30000 cycles, corresponding to 

a low capacity loss of 0.0167% per cycle. More impressively, without the binder and current collector, 

free-standing electrodes with loadings of 12.5~50.0 mg cm−2 can be easily manufactured via direct 

pressing of PI-1/CNT powders into tablets under high pressure (Figure S5.18-S5.22 and Video S5.1-

S5.2). As shown in the inset of Figure 3F and Figure S20, a free-standing PI-1/CNT electrode of 19.7 

mg cm-2 loading has an area around 1.27 cm2 and a thickness of 150 μm. As shown in Figure 5.3F and 

Figure S5.18-S5.19, electrodes of 12.5 mg cm-2 and 19.7 mg cm-2 loadings delivered excellent rate 

and cycling performance with ~90% capacity retention after 500 cycles even under the lean 

electrolyte condition (6.3 or 4.0 μL of electrolyte per mg of PI-1/CNT, denoted as E/P). More 

excitingly, under ultrahigh loadings of 30.1 mg cm-2 and 50.0 mg cm-2 with lean electrolyte of 2.6 μL 

mg-1 and 1.6 μL mg-1, respectively, PI-1/CNT-based ZIBs can still run for over 100 cycles with high 

capacity retentions (Figure S5.21-S5.22). The capacity loss can be attributed to the Zn metal side with 

dendrite growth rather than to the PI-1/CNT side with an intact structure, as shown in the 

disassembled cell after long cycling (Figure S5.23-S5.25). The areal capacities against mass loading 

at different rates were plotted in Figure 5.3G, which shows that, at current densities between 0.1 and 

0.5 A g−1, the areal capacity increased linearly with respect to the mass loading up until 30.1 mg cm−2, 

indicating that, at these rates, no limitation was reached in the mass loading. Moreover, high areal 

capacities of 5.0 and 3.0 mAh cm-2 can be obtained using the 50.0 mg cm−2 electrode at areal current 

densities of 1.0 and 25 mA cm−2, respectively. By contrast, PI-1 electrodes with high loadings cannot 

achieve high rates and long cycles (Figure S5.26-S5.28), suggesting the essential role of CNT in 

making high-loading electrodes with application potentials.244 These results demonstrate the fast rate, 
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long life, and high loading capability of the PI-1/CNT electrode, showing its promise as a future anode 

for practical use in full power cells.  

To comprehend the fast kinetics in the PI-1/CNT electrode, cyclic voltammetry (CV) tests were 

conducted, with rates ranging from 0.3 to 2.0 mV s−1 (Figure 5.3F). In all the curves, there are two 

pairs of redox peaks, indicating a two-step ion storage process.224 As the scan rate was increased, 

there were no significant changes in the peak shapes and polarization potentials between redox peaks, 

implying high reversibility in the redox reactions. To quantitatively study the ion storage kinetics, the 

equation i = aνb, in which i and ν represent the current density and scan rate, respectively (a and b are 

constants, where b=0.5 indicates a diffusion-controlled process, whereas b=1.0 suggests a 

pseudocapacitive procedure), was employed. To determine the b values, the curves of log (i) vs. log 

(ν) were plotted and linearly fitted to the redox peaks. The fitting slopes, which were equal to the b 

value, for the A, B, and C peaks were 0.84, 0.95, and 0.88, respectively. These approaching-1.0 values 

indicate that the PI-1/CNT electrode mainly follows a pseudocapacitive process instead of solid-state 

diffusion for the Zn2+ ion storage. To further quantify the contributions from the pseudocapacitive 

and diffusive processes, the current was divided into two parts in accordance with i=k1ν+k2ν
0.5. When 

the k1 and k2 values are determined, the percentages of current controlled by pseudo-capacitance and 

diffusion can be calculated for different scan rates. As shown in Figure S5.29, at rates of 0.3, 0.4, 0.5, 

0.75, 1.0, and 2.0 mV s–1, the capacitive contributions were 80, 82, 84, 86, 90, and 94%, respectively, 

further verifying the dominance of the pseudocapacitive process in the PI-1/CNT electrode, which 

could explain its exceptional rate and cycling performance.  

5.3.4 Storage mechanism analysis 

To understand the charge-storage mechanism of PI-1/CNT in the ZIB charge/discharge process, CV 

tests were performed in different electrolytes. Figure 5.4A shows the CV profiles of the PI-1/CNT 
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electrode in the separate electrolytes 0.5 M Zn(OTf)2–DMF, 0.5 M Zn(OTf)2–H2O, and 1.0 M 

NaOTf–H2O. The CV profiles of 1.0 M NaOTf–H2O and 0.5 M Zn(OTf)2–H2O show apparently 

different redox peaks, implying the insertion of different cations in the PI-1/CNT electrode (Zn2+ or 

Na+). The positive shift in the reduction peak for 0.5 M Zn(OTf)2–H2O relative to that for 1.0 M 

NaOTf–H2O could be explained by the larger charge density of Zn2+ than that of Na+.245 By contrast, 

identical redox peaks at 0.7 V and 0.25 V were detected for the 0.5 M Zn(OTf)2–DMF and 0.5 M 

Zn(OTf)2–H2O electrolytes, suggesting the insertion of Zn2+ ions in the PI-1/CNT electrode. This 

inference was further confirmed by SEM mapping images, which revealed a uniform distribution of 

Zn elements in the PI-1/CNT electrode after discharge to 0.1 V in the 0.5 M Zn(OTf)2–DMF 

electrolyte (Figure 5.4B). On the other hand, relative to the profile of the 0.5 M Zn(OTf)2–DMF 

electrolyte, there exists another oxidation peak at 0.4 V for the 0.5 M Zn(OTf)2–H2O electrolyte, 

which may have resulted from proton insertion. To confirm whether protons do interact with the PI-

1/CNT electrode, CV tests were conducted in three electrolytes with controlled pH values: ZnSO4 

(pH=5), H2SO4 (pH=5), and H2SO4 (pH=1). It was determined that there exists an oxidation platform 

at approximately 0.45 V for all electrolytes, implying its assignment to proton insertion. Relative to 

the profile of H2SO4 (pH=5), that of H2SO4 (pH=1) shows one more oxidation peak at approximately 

0.8 V, which can be ascribed to Zn2+ insertion due to Zn metal dissolution in the strongly acidic 

electrolyte (Figure S5.30). The insertion of protons into PI-1/CNT was further confirmed by ex situ 

SEM and XRD characterizations. The SEM images of the discharged electrode show numerous 

nanoflakes covering the surface of PI-1/CNT (Figure 5.4D). Based on XRD patterns (Figure 5.4E) 

and SEM mapping images (Figure 5.4F), these nanoflakes were determined to be zinc sulfate 

hydroxide. Because zinc sulfate hydroxide precipitates in solutions with pH > 5.5, its formation in an 

electrolyte with a pH of ~5 should be due to proton insertion into the polymer electrode, leaving OH−  
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Figure 5.4 Ion storage mechanism of PI-1/CNT Electrode. (A) CV profiles of PI-1/CNT in different 

Zn/Na-based electrolytes. (B) SEM mapping images of PI-1/CNT electrode discharged to 0.1 V in 

0.5 M Zn(OTf)2–DMF. (C) CV profiles of PI-1/CNT in different aqueous electrolytes with controlled 

pH values. (D) SEM images of PI-1/CNT electrode discharged to 0.1 V (upper part) and charged back 

to 1.1 V (downside part). (E) Ex situ XRD patterns of PI-1/CNT electrode at pristine and discharged 

status. (F) SEM image and corresponding elemental mapping images of PI-1/CNT electrode 

discharged to 0.1 V in 1.5 M Zn(OTf)2. (G–H) In situ ATR-FTIR spectra of PI-1/CNT at different 

discharge/charge states. Ex situ high-resolution (I) C1s and (J) O1s XPS spectra of PI-1/CNT 

electrode at pristine, DC0.1V, and C1.1V statuses.  
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behind and causing a local pH increase.150 After the polymer electrode was charged back to 1.1 V, 

these nanoflakes disappeared, indicating a reversible proton insertion/de-insertion mechanism (Figure 

5.4D).246 Overall, these results indicate that both Zn2+ and protons act as active cations for energy 

storage in ZIBs based on PI-1/CNT electrodes.  

To further elucidate the active sites for storing Zn2+/protons in the PI-1/CNT electrode, in situ FTIR 

and ex situ X-ray photoelectron spectroscopy (XPS) analyses were performed on the PI-1/CNT 

electrode at different charge/discharge statuses (Figure 5.4G). Holey coin cells and attenuated total 

reflection (ATR)-FTIR microscopy were employed to investigate the structural changes of PI-1/CNT 

with the uptake/removal of Zn ions (Figure S5.31). PI-1/CNT was loaded onto a stainless-steel mesh 

with a 125-mesh size to create an electrode in which infrared light could pass through the hole and 

enable the IR spectra of PI-1/CNT to be obtained during battery (dis)charging. The characteristic 

peaks for carbonyl (C=O), imide (C–N–C), and C–O groups were located at 1650–1700, ~1350, and 

~1150 cm−1, respectively. For clear comparison, the carbonyl group (C=O) was normalized to 1. 

During discharge, the intensity ratio of the carbonyl group to the imide group declined, whereas the 

corresponding ratio of C–O to C=O increased, suggesting a coordination reaction between the Zn ions 

and carbonyl groups to generate Zn–O–C groups (Figure 5.4H). During charging, the intensities of 

the aforementioned groups reversed back to their original states, with a decreased C–O/C=O ratio and 

increased carbonyl-to-imide ratio, indicating the removal of the Zn ion from PI-1 (Figure 5.4H). XPS 

was also conducted to monitor the bonding changes in PI-1/CNT during the battery (dis)charge. As 

shown in the C1s XPS spectra (Figure 5.4I) for the pristine, DC0.1V, and C1.1V electrodes, five 

peaks can be deconvoluted at ~284.8, ~285.3, 285.7, 286.9, and 289.3 eV, corresponding to sp2 C=C, 

sp3 C–C, C–N, C–O, and C=O bonds, respectively. Compared with the pristine electrode, DC0.1V 

exhibited less C=O but more C–O bands, indicating the reduction of the carbonyl group to the C–O– 
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group and subsequent coordination between Zn2+/H+ and C=O, forming Zn2+(C–O−)2 or C–OH during 

discharge. On the other hand, after the electrode was charged back to 1.1 V, stronger C=O but weaker 

C–O peaks were detected for C1.1V compared with those for DC0.1V, suggesting the de-coordination 

process from Zn2+(C–O−)2 (C–OH) to Zn2+/H+ and C=O. This was further confirmed by the high-

resolution O1s XPS spectra (Figure 5.4J), in which the C–O/C=O bonding increased after discharge 

but declined after charging. These results imply that the carbonyl group in PI-1 is the active center 

for the reversible storage of Zn2+ ions and protons. 

5.3.5 Application of PI-1/CNT as Zn-free anode for ZIBs and ZICs 

Now that the exceptional performance of our designed anode system has been confirmed, we further 

validated its practical use as a Zn-free anode in aqueous Zn-based energy storage devices, including 

batteries and supercapacitors. To construct a rocking-chair-type ZIB, commercial MnO2 was first 

discharged to obtain ZnxMnO2, which was then used as the cathode. Thereafter, this cathode was 

combined with PI-1/CNT, which was employed as the anode, and the mass ratio of negative to 

positive electrode (N/P) was maintained at 1 (both 1.32 mg). For comparison, a Zn//MnO2 battery 

was also assembled, where an electrodeposited Zn metal with a capacity of 23 mAh (mass of 28 mg) 

was used as the anode, corresponding to an N/P mass ratio of ~23.3. The voltage windows for 

discharging/charging were set to 0–1.65 V for the PI-1/CNT//ZnxMnO2 battery and to 0.5–1.8 V for 

the Zn//MnO2 battery. The voltage vs. capacity profiles of the two batteries at different current 

densities are shown in Figure 5.5A and Figure S5.32, where the current densities and capacities are 

based on MnO2. At a low current density of 0.1 A g−1, the PI-1/CNT-based battery was able to exhibit 

a high capacity of 110 mAh g−1 and an average discharge potential of 0.91 V (Figure 5.5A). At current 

rates of 1, 2, 5, 10, and 20 A g−1, capacities of 97.6, 95, 88, 75, and 58 mAh g−1, respectively, were 

achieved (Figure 5.5A, B). Even when the rate was increased 350 times to 35 A g−1 (charging time: 



139 

 

4 s), the PI-1/CNT//ZnxMnO2 full cell still delivered a capacity of 39 mAh g−1, corresponding to a 

35.5% retention of capacity at 0.1 A g−1, which indicated an excellent rate capability. By contrast, the 

Zn//MnO2 battery with the Zn metal anode delivered only 120, 95.6, 64.4, and 39.8 mAh g−1 at rates 

of 1, 2, 5, and 10 A g-1, respectively (Figure S5.33), suggesting that PI-1/CNT is an efficient anode 

for achieving high-rate and high-power batteries. The capacity can be further increased by using a 

N/P mass ratio of ~2.5 (Figure S5.34). To further illustrate the exceptional performance of our 

material, Ragone curves were plotted in Figure 5.5C based on both anode and cathode materials. 

According to these data, the PI-1/CNT//ZnxMnO2 battery exhibited a high energy density of 50.5 Wh 

kg−1 at 45.5 W kg−1 and was able to maintain 10.1 Wh kg−1 even at a high power density of 9,100 W 

kg−1 (Figure 5.5C). The high power and energy densities of the PI-1/CNT//ZnxMnO2 battery are 

among the best documented for rocking-chair-type ZIBs (Figure 5.5C and Tables S5.2 and S5.3).40, 

54, 220 Figure 5.5D shows the cycling performance and coulombic efficiency of the PI-

1/CNT//ZnxMnO2 and Zn//MnO2 cells at a high current density of 2.0 A g−1. Although a large excess 

of Zn metal was used as the anode, the Zn//MnO2 battery could deliver only a 58% capacity retention 

after 6000 cycles, whereas the PI-1/CNT anode enabled a high capacity retention of 83% after 6000 

cycles and 43% retention after 50000 cycles with 100% CE (Figure S5.35). This stability is expected 

to be further enhanced by the use of a better MnO2 cathode. To comprehend the highly differing levels 

of performance between the PI-1/CNT//ZnxMnO2 and Zn//MnO2 cells, they were disassembled, and 

digital photos were obtained to show their contrasting conditions (Figure S5.36). Whereas the photo 

of the former shows a colorless electrolyte, the photo of the latter shows that it was full of yellow 

product, likely caused by Mn-ion dissolution. The post-cycling PI-1/CNT anode well maintained its 

crystal structure and showed no sign of dendrites (Figure S5.37), whereas the Zn anode was full of 

“dead” and dendritic Zn metal (Figure S5.38). In consideration of practical use, Zn-rich ZnMn2O4  
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Figure 5.5 Application of PI-1/CNT as Zn-metal-free Anode for ZIBs and ZICs. (A) Galvanostatic 

charge and discharge potential profiles of PI-1/CNT//ZnxMnO2 at different current rates. (B) Rate 

performance of PI-1/CNT//ZnxMnO2 and corresponding CE values. (C) Ragone plots of PI-

1/CNT//ZnxMnO2 and documented rocking-chair type ZIBs (energy and power densities are based 

on total active material mass of cathode and anode). (D) Cycling comparison between PI-

1/CNT//ZnxMnO2 and Zn//MnO2 with equal MnO2 mass at current density of 2.0 A g−1. (E) Long 

cycle performance of PI-1/CNT//AC and Zn//AC at high current density of 10 A g−1. (F) Ultrafast 

and stable cycling of PI-1/CNT//AC capacitor (N/P mass ratio=1.15). (G) Capacity retention against 

cycle numbers for different materials in reported papers.  
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cathode108 was also prepared (Figure S5.40) and coupled with the PI-1/CNT anode for battery tests 

in which the PI-1/CNT anode also presents higher rate capability and long cycling stability than Zn 

anode-based full cells (Figure S5.41). Impressively, a PI-1/CNT//ZnMn2O4/C battery using free-

standing and high-loading electrodes can stably run for more than 1500 cycles (Figure S5.42). These 

results clearly demonstrate the immense capability of this anode/electrolyte pairing at enabling high-

power and long-life ZIBs.  

To further demonstrate its application in zinc-ion hybrid supercapacitors, PI-1/CNT was first 

discharged to 0.1 V in a half-cell and extracted to serve as an anode and paired with commercial 

activated carbon (AC) as the cathode,201 with an N/P mass ratio of 0.67. For comparison, Zn was also 

electrodeposited onto a Cu foil to form a Zn anode with a capacity of 5 mAh (~6.1 mg). The 

galvanostatic charge/discharge was conducted in voltage windows of 0.15–1.8 V for the Zn//AC 

supercapacitor and 0–1.65 V for the PI-1/CNT//AC supercapacitor at different current densities 

(Figure S5.43–S5.44), where the current densities and capacitances were based on the mass of the AC 

electrode. The discharge capacitances of PI-1/CNT//AC were 124.8, 102.4, 97.6, 94.4, and 92.8 F g−1 

at current rates of 0.2, 1, 2, 5, and 10 A g−1, respectively, indicating excellent rate performance. These 

capacitance values were higher than those of Zn//AC at high current densities (Figure S5.44). Figure 

5.4E shows the impressive long-cycling performance of the two ZICs; at 10.0 A g−1, the PI-

1/CNT//AC capacitor exhibited remarkable stability, with 66% capacitance retention over 100,000 

cycles and 50% retention over half million cycles, and ~100% coulombic efficiency. By stark contrast, 

the Zn//AC capacitor first exhibited a dramatic decrease in capacitance after only 60,000 cycles with 

a mere 32% retention and failed to work after 107,000 cycles. Furthermore, another PI-1/CNT//AC 

capacitor was assembled with an N/P ratio of approximately 1.15, which enabled ultrafast 

charging/discharging (200 A g−1) and ultrahigh stability (93% capacitance retention) over 0.3 million 
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cycles (Figure 5.5F). Remarkably, the 200 A g−1 charging rate and half-million cycles achieved using 

PI-1/CNT//AC are some of the fastest and longest life cycles ever reported for Zn-based 

supercapacitors (Figure 5.5G and Table S5.4).12, 98, 247 Both capacitors were also disassembled to 

investigate their different electrochemical behaviors (Figure S5.45). Photographs show the light-

yellow colored PI-1/CNT//AC capacitor in contrast to the dark-brown colored Zn//AC capacitor, 

indicating the occurrence of severe side reactions, which caused the failure of the Zn//AC capacitor. 

This failure was caused by dendrites formed in the Zn metal anode (Figure S5.46). By contrast, no 

dendrites were detected in the PI-1/CNT anode even after 0.5 million cycles (Figure S5.47). These 

results further confirm the advantages of metal-free PI-1/CNT as a practical anode material for ZICs.  

5.4 Summary 

In summary, we report a polymer anode with an unprecedented high rate and cycling performance 

for use in aqueous Zn-ion batteries and supercapacitors derived via the careful tailoring of the anode 

material and its paired electrolyte composition. Because of its low water solubility, high LUMO level, 

narrow bandgap, and large π-conjugation, the anode material PI-1 exhibits high redox activity and 

stability towards Zn2+ storage. On the other hand, the electrolyte solution 1.5 M Zn(OTf)2 exhibits 

high ionic conductivity, mild acidity, low viscosity, and rich Zn2+ access. These sets of characteristics 

of the anode material and electrolyte solution benefit the fast charging and stable cycling of the cell. 

This combination enables a low discharge voltage, near-theoretical capacity, rapid kinetics of up to 

100 A g−1, and long lifespans of up to 1000000 cycles. The study revealed a reversible Zn2+/H+ co-

interaction mechanism at the carbonyl site of PI-1. Furthermore, full cells based on the PI-1/CNT 

anode delivered the highest power density in rocking-chair-type ZIBs and the longest cycle life in 

ZICs, surpassing those of corresponding devices based on excessive Zn metal anodes. Given the 

excellent thermal properties of polyimide, this research will open a new avenue for the preparation of 
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cheap, sustainable, fast, stable, and high-loading organic anodes for aqueous energy storage devices 

over a wider range of temperatures.248 

5.5 Supporting Information  

 

Figure S5.1 FTIR spectra of a) PTCDA, PTCDI, PI-1 and b) PI-1/CNT, PI-2/CNT, PI-3/CNT. 

 

 

 

 

 

Figure S5.2 XRD patterns of a) PTCDA, PTCDI, PI-1 and b) PI-1/CNT, PI-2/CNT, PI-3/CNT. 
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Figure S5.3 SEM images of (a-b) PTCDA, (c-d) PTCDI, (e-f) PI-1, (g-h) PI-1/CNT, (i-j) PI-2/CNT 

and (k-l) PI-3/CNT. 
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Figure S5.4 HRTEM images of PI-1/CNT. The crystal lattice can be assigned to CNT.  

 

 

 

Figure S5.5 ZIB performance of PTCDA. a) Charge-discharge profiles. b) Rate performance. c) 

cycling performance and Coulombic efficiency at 0.1 Ag-1.  
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Figure S5.6 ZIB performance of PTCDI. a) Scheme showing the synthesis of PTCDI. b) Charge-

discharge profiles. c) cycling performance and Coulombic efficiency at 0.1 Ag-1.  

 

 

Figure S5.7 The digital photo showing the solubility of different samples in hot water (60 oC) after 

two days. PTCDA, PTCDI, and PI-2/CNT show certain solubility according to color change of water. 

All samples are insoluble in water at room temperature after two days.  
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Figure S5.8 ZIB performance of PI-2/CNT. a) Scheme showing the synthesis of PI-2. b) Voltage-

capacity profiles. c) cycling performance and Coulombic efficiency at 0.1 Ag-1.  

 

 

Figure S5.9 ZIB performance of PI-3/CNT. a) Scheme showing the synthesis of PI-3. b, d) Voltage-

capacity profiles. c, e) cycling performance and Coulombic efficiency at 0.1 Ag-1. (b-c) is tested in 

the voltage window of 0.01-1.3 V while (d-e) is tested in 0.08-1.1 V.  
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Figure S5.10 ZIB performance of CNT. a) Voltage-capacity profiles. b) cycling performance and 

Coulombic efficiency at 0.1 Ag-1.  

 

 

Figure S5.11 ZIB performance of PI-1/CNT in different aqueous electrolyte. Rate performance in a) 

ZnSO4 and b) Zn(OTf)2 electrolyte from 0.2 A g-1 to 5 A g-1. c) comparison of different electrolyte at 

different rates. d) Cycling performance and Coulombic efficiency at 5 A g-1.  
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Figure S5.12 MD simulation of ions and water in an electrical double layer model under different 

electrolytes and potentials. Simulation models for (a) 1M ZnSO4 electrolyte containing 32 ZnSO4 and 

1598 H2O molecules and (b) 1M Zn(OTf)2 electrolyte containing 32 Zn(OTf)2 and 1390 H2O 

molecules. The cell dimension is 2.84×2.97×12 nm3, the interlayer distance of electrodes is 6 nm, and 

the anode is located at 3 nm while the cathode at 9 nm. Four systems were run in total, including S-

0.5, S-1.1, T-0.5, T-1.1, corresponding to the simulation of ZnSO4 under 0.5 V, ZnSO4 under 1.1 V, 

Zn(OTF)2 under 0.5 V, Zn(OTF)2 under 1.1 V, respectively. The distribution of ions and water near 

the cathode surface is shown in (c) T-0.5, (d) T-1.1, (e) S-0.5, and (f) S-1.1.  



150 

 

 

Figure S5.13. Radial distribution function (RDF) of (a) water oxygen around Zn2+ (Zn-Ow), S of 

OTF-around Zn2+ (Zn-S(OTF)), and O of OTF- around Zn2+ (Zn-O(Otf)) in system T-0.5; (b) water 

oxygen around Zn2+ (Zn-Ow), S of SO4
2- around Zn2+ (Zn-S), and O of SO4

2- around Zn2+ (Zn-Os) in 

system S-0.5; (c) water oxygen around S of OTF- (St-Ow), water oxygen around O of OTF- (Ot-Ow), 

water oxygen around C of OTF- (Ct-Ow), and water oxygen around F of OTF- (Ft-Ow) in system T-

0.5; (d) water oxygen around S of SO4
2- (S-Ow), and water oxygen around O of SO4

2- (Os-Ow) in 

system S-0.5. 

 

The first peak of RDF of Zn-Ow in Figure S13a and S13b indicated that water preferably stayed 

around Zn2+ at a distance of ~0.2 nm, which was consistent with the structure of the first solvation 

shell of Zn2+. The same peak location of the RDF of Zn-Ow suggested a similar solvated structure of 

Zn2+ in systems of T-0.5 and S-0.5. In the system of T-0.5, The RDFs of water oxygens around the S 

and O atoms of OTF- displayed a prominent peak at ~0.3 nm and ~0.4 nm, respectively, implying that 

water formed stable structures around the SO3
- group of OTF- ions, as shown in Figure S13c. In 

contrast, the lack of obvious peaks of RDFs of water around C and F atoms suggested a poor affinity 

of water to the CF3 groups of OTF-. Similar to the SO3
- group of OTF- ions, the prominent peaks in 

the RDFs of water around S and O in system S-0.5 (Figure S13d) indicated a high affinity of water 

around the SO4
2-.  
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Figure S5.14. Relative number density of water in systems (S-0.5, S-1.1, T-0.5, T-1.1). The densities 

were normalized with respect to the bulk values at Z = 6 nm.  

 

 

 

Figure S5.15. Number density of (a) Zn2+ and (b) anions in the systems (S-0.5, S-1.1, T-0.5, T-

1.1).The inner Helmholtz layer (IHL) was defined by the anions directly adsorbed on the electrode 

surface.249  

As shown in Figure S15b, the cathode surface was at Z = 9 nm whereas the first peak of anions (SO4
2- 

or OTF-) occurred Z = 8.75-9 nm, i.e. the IHL corresponded to 0-0.25 nm from the surface. The outer 

Helmholtz layer (OHL) was defined by the first peak of Zn2+ on the electrode surface, locating at 0.25 

-0.75 nm from the electrode surface. 
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Figure S5.16. Cycling performance of PI-1/CNT in 1.5 M Zn(OTf)2 at a low rate of 0.1 A g-1.  

 
Figure S5.17. High-rate cycling performance of PI-1/CNT at 50 A g-1 

 

Figure S5.18 Electrochemical performance of free-standing PI-1/CNT electrode with an ultrahigh 

loading of 12.5 mg cm-2 under lean electrolyte of 6.3 µL mg-1. (a-c) gravimetric capacities and (d-f) 

areal capacities. (a, d) charge-discharge profiles at different rates, (b, e) rate performance, (c, f) 

cycling performance and Coulombic efficiency changes.  
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Figure S5.19 Electrochemical performance of free-standing PI-1/CNT electrode with an ultrahigh 

loading of 19.7 mg cm-2 under lean electrolyte of 4.0 µL mg-1. (a-c) gravimetric capacities and (d-f) 

areal capacities. (a, d) charge-discharge profiles at different rates, (b, e) rate performance, (c, f) 

cycling performance and Coulombic efficiency changes.  

 

Figure S5.20 Free-standing PI-1/CNT electrode with the loading of 19.7 mg cm-2. (a) Digital photos, 

(b-d) cross-sectional (b) and top-view SEM images (c-d). Digital photos show the green-shiny color 

and dense packing of PI-1/CNT powders. The thickness of the high-loading electrode is measured to 

be ~150 µm and the electrode surface is extremely smooth.  
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Figure S5.21 Electrochemical performance of free-standing PI-1/CNT electrode with an ultrahigh 

loading of 30.1 mg cm-2 under lean electrolyte of 2.62 µL mg-1. (a-c) gravimetric capacities and (d-f) 

areal capacities. (a, d) charge-discharge profiles at different rates, (b, e) rate performance, (c, f) 

cycling performance and Coulombic efficiency changes. Of note, Zn foil with a thickness of 100 µm 

was used as the anode.  

 

Figure S5.22 Electrochemical performance of free-standing PI-1/CNT electrode with an ultrahigh 

loading of 50 mg cm-2 under lean electrolyte of 1.58 µL mg-1. (a-c) gravimetric capacities and (d-f) 
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areal capacities. (a, d) charge-discharge profiles at different rates, (b, e) rate performance, (c, f) 

cycling performance and Coulombic efficiency changes. Of note, Zn foil with a thickness of 100 µm 

was used as the anode. 

 

Figure S5.23 Digital photos of disassembled ZIB electrodes after 600 cycles. (a) free-standing PI-

1/CNT electrode (19.7 mg cm-2) and (b) Zn metal electrode. Results show the intact feature of the PI-

1/CNT electrode but apparent dendrite growth on the Zn metal surface.   

 

Figure S5.24 Characterization of the 30.1 mg cm-2 electrode after cycling. (a) A digital photo of the 

disassembled PI-1/CNT electrode showing its intact feature. (b, c) Top-view SEM images showing 

the ultrasmooth surface with layered products covering on the surface without dendrites. (d-f) Cross-

sectional SEM images showing the dense packing of PI-1/CNT. The thickness of 350 µm indicates a 

1.5-fold increase of the electrode volume (the original thickness is 230 µm) after cycling due probably 

to the swelling of polymer in the electrolyte and the interaction between Zn ions and PI-1. The battery 

was disassembled after discharged to 0.1V.  
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Figure S5.25 Characterization of the 50 mg cm-2 electrode after cycling. (a) A digital photo showing 

the intact feature of the disassembled PI-1/CNT electrode after continuous washing by water (Video 

S2). (b, c) Top-view SEM images showing the nanosheet-like products covering on the surface 

without dendrites. (d-f) Cross-sectional SEM images showing the dense packing of PI-1/CNT. The 

thickness of 475 µm indicates a 1.25-fold increase of the electrode volume (the original thickness is 

380 µm) after cycling due probably to the swelling of polymer in the electrolyte and the interaction 

between Zn ions and PI-1. The battery was disassembled after charged to 1.0 V.  

 

Figure S5.26 Electrochemical performance comparison between high-loading PI-1 and PI-1/CNT 

electrodes. (a) Capacities of PI-1 electrodes (9.95 and 20 mg cm-2) at different rates (0.05-2.0 A g-1). 

(b) Capacities of PI-1/CNT electrodes (12.5-50 mg cm-2) at different rates (0.05-2.0 A g-1). (c) 

Capacity retentions after hundreds of cycles in PI-1 and PI-1/CNT electrodes under lean electrolyte.  
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Figure S5.27 Electrochemical performance of free-standing PI-1 electrode with an ultrahigh loading 

of 9.95 mg cm-2 under lean electrolyte of 7.94 µL mg-1. (a-c) gravimetric capacities and (d-f) areal 

capacities. (a, d) charge-discharge profiles at different rates, (b, e) rate performance, (c, f) cycling 

performance and Coulombic efficiency changes.  

 

Figure S5.28 Electrochemical performance of free-standing PI-1 electrode with an ultrahigh loading 

of 20.0 mg cm-2 under lean electrolyte of 3.94 µL mg-1. (a-c) gravimetric capacities and (d-f) areal 
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capacities. (a, d) charge-discharge profiles at different rates, (b, e) rate performance, (c, f) cycling 

performance and Coulombic efficiency changes.  

 

Figure S5.29 Capacitive contribution ratio of PI-1/CNT electrode at different scan rates.  

 

Figure S5.30 Two-electrode CV test in H2SO4 (pH=1) electrolyte with the PI-1/CNT as working 

electrode and Zn metal as counter/reference electrode. Under strongly acidic electrolyte, Zn metal 

will be dissolved into Zn2+ through the reaction: Zn+2H+——> Zn2++H2. As such, the electrolyte will 

be composed of gradually increased Zn2+ ions but decreased H+. That is why the CV profile in this 

system is continuously changing, corresponding to the competition between proton and Zn2+ storage.  
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Figure S5.31 Set-up for in situ ATR-FTIR test during battery charging/discharging. 

 

Figure S5.32 CV curves of polymer based ZIBs (PI-1/CNT//ZnxMnO2) in the first five cycles with a 

scan rate of 0.5 mV s-1. The overlapping curves suggest excellent reversibility and cycling stability 

of PI-1/CNT-based ZIB.  
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Figure S5.33 Electrochemical performance of Zn//MnO2 battery. (a) Charge-discharge curves and (b) 

rate performance at different current densities. 

 

Figure S5.34 The electrochemical performance of rocking-chair PI-1/CNT//ZnxMnO2 full cells with 

a N/P mass ratio of ~2.5. (a) charge-discharge curves and (b) rate performance. Compared with 

excessive Zn anode (28.5 mg, Figure S33), the PI-1/CNT anode (6.4 mg) enables higher capacities of 

the cathode at all current densities from 0.1 to 10 A g-1. 
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Figure S5.35 Cycling of PI-1/CNT//ZnxMnO2 and Zn//MnO2 batteries at 2 Ag-1 with the same 

amount of MnO2 (1.32 mg) but different amount of anode materials. 

 

Figure S5.36 Digital photographs of disassembled ZIBs after long cycles. (a-b) PI-1/CNT//ZnxMnO2 

battery after 50,000 cycles and (c-d) Zn//MnO2 battery after 16,000 cycles.  
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Figure S5.37 Structural characterization of after-50k-cycle PI-1/CNT electrode in the PI-

1/CNT//ZnxMnO2 battery. (a-d) SEM images and (e) XRD patterns.  

 

Figure S5.38 Structural characterization of Zn anode in the Zn//MnO2 battery. (a-d) SEM images of 

the Zn anode after 16k cycles. 
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Figure S5.39 Structural characterization of cathode materials in the PI-1/CNT//ZnxMnO2 battery. 

SEM images of MnO2 (a-b) before and (c-d) after 50000 cycles and (g) XRD patterns of pristine 

MnO2 (green) and after 50,000 cycles (yellow).  

 

Figure S5.40 Characterization of ZnMn2O4. (a) the XRD pattern and (b) the SEM image.  
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Figure S5.41 Electrochemical performance of PI-1/CNT//ZnMn2O4 and Zn//ZnMn2O4 batteries. (a-

b) Charge-discharge curves of (a) PI-1/CNT//ZnMn2O4 cell and (b) Zn//ZnMn2O4 cell. (c) Rate 

performance at different current densities and (d) cycling performance at 0.5 A g-1. The capacity is 

based on ZnMn2O4. 30 um Zn foil (28.5 mg) was used as the anode here for the assembly of Zn// 

ZnMn2O4 cell. 
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Figure S5.42 Electrochemical performance of PI-1/CNT//ZnMn2O4 full cell using high-loading, free-

standing, current-collector-free, and binder-free electrodes. (a) Charge-discharge profiles, (b) rate 

performance, and (d) cycling performance at 0.5 A g-1. The capacity is based on ZnMn2O4. The 

electrolyte is 100 µL of 1M Zn(OTf)2-0.1M MnSO4. The free-standing ZnMn2O4 electrode was 

prepared in the same way as PI-1/CNT electrode by pressing using die mold with an area of 1.27 cm2.  
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Figure S5.43 CV curves of PI-1/CNT//AC capacitor in the first five cycles with a scan rate of 0.5 

mV s-1. The overlapping curves indicate excellent reversibility of the PI-1/CNT-based ZIC. 

 

 

 

 

 

 

Figure S5.44 Charge-discharge profiles of (a) PI-1/CNT//AC and (b) Zn//AC capacitors under 

different current densities. 
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Figure S5.45 Digital photographs of disassembled ZICs after long cycles. (a-b) PI-1/CNT//AC 

capacitor after 500,000 cycles and (c-d) Zn//AC capacitor after 107,000 cycles.  

 

 

 

Figure S5.46 Structural characterization of after-500k-cycle PI-1/CNT electrode in the PI-

1/CNT//AC capacitor. (a-d) SEM images and (e) XRD patterns.  
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Figure S5.47 Structural characterization of after-cycling Zn anode in the Zn//AC capacitor. (a-d) 

SEM images of Zn anode.  

 

 

Figure S5.48 Structural characterization of pristine and after-500k-cycle AC cathode in the PI-

1/CNT//AC capacitor. SEM images of AC (a-b) before and (c-d) after half million cycles. (e) XRD 

patterns of AC before (yellow line) and after half million cycles (green line). 
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Table S5.1 Performance comparison between electrode materials for zinc ion batteries 

Materials Loading 

(mg cm-2) 

Electrolyte Rate performance 

(mAhg-1@ Ag-1) 

Cycling performance 

（%，cycles, Ag-1) 

PI-1/CNT 

(This work) 

1.20 

1.5M Zn(OTf)2 

58 @ 50 

40 @ 100 

100%, 60000, 50Ag−1 

75%, 1000000, 100 Ag-1 

4.08 84 @ 5 90%, 30000, 5 Ag−1 

19.7 70 @ 2   90%, 500, 1 Ag−1 

30.1 60 @ 1 83.1%, 100, 0.5 Ag−1 

Organics  

C4Q 74 2.5-10 3M Zn(OTf)2 172 @ 1 87%, 1000, 0.5 Ag−1 

p-chloranil 250 1.8-3.0 1 M Zn(OTf)2 118 @ 0.217 70%, 200, 0.217 Ag−1 

DTT 242 5 2M ZnSO4 97 @ 2 83.8%, 23000, 2 Ag−1 

PTCDA 159 2.5 2 M ZnCl2  76.9 @ 32 68.2%, 1000, 8 Ag−1 

PANI 160 1.5 1 M Zn(OTf)2 95 @ 5 94%, 200, 0.5 Ag−1 

92%, 3000, 5 Ag−1 

PPy 161 N. A. Zn(Ac)2- 

KCl-PVA 

37 @ 44.7 38%, 200, 4.4 Ag−1 

PTO 162 4-6 2M ZnSO4 113 @ 20 70%, 1000, 3Ag−1 

poly(1,5-NAPD) 163 2.7 2M ZnSO4 145 @ 14.8 91%, 10000, 10 Ag−1 

TABQ 150 1.3  1M ZnSO4 213 @ 5 85%, 1000, 5 Ag−1 

TT-DQ 251 N. A. 3M Zn(OTf)2 120 @ 50 91.8%, 200000, 40 Ag−1 

Mn-based 
 

α-MnO2 
87 1.0-5.0 2 M ZnSO4  

+ 0.1 M MnSO4 

114 @ 3.08 92%, 5000, 1.54 Ag-1 

β-MnO2 
57 ~2.0 3M Zn(OTf)2 

+ 0.1M Mn(OTf)2 

100 @10 94%, 2000, 2Ag−1 

α-MnO2/CFP 56 N. A. 2M ZnSO4  

+ 0.2 M MnSO4 

50 @ 2 ~100%, 10000, 2 Ag−1 

δ-MnO2 
252 3–5 1 M ZnSO4  

+ 0.2 M MnSO4 

113 @ 3 83.7%, 2000, 2 Ag−1 

ZnMn2O4/C 108 2.0 3M Zn(OTf)2 72 @ 2 94%, 500, 0.5Ag−1 

Spinel-Mn3O4 
253 2.0 1 M ZnSO4  

+ 1 M MnSO4 

150 @ 0.5 92%, 500, 0.5Ag−1 

δ-MnO2 
164 N. A. 2M ZnSO4  

+ 0.1M MnSO4 

124 @ 3 74%, 2000, 3Ag−1  

γ-MnO2 
165 2.0-3.0 3M ZnSO4  

+ 0.2 M MnSO4 

80 @ 5 95%, 1000, 2Ag−1  

Inverse opal MnO2 
254 1.5 2M ZnSO4  

+ 0.1M MnSO4 

121 @ 2 

 

100%, 5000, 2 A g−1 
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O-deficient  

σ-MnO2 
99 

1.0 1 M ZnSO4  

+ 0.2 M MnSO4 

100 @ 10 80%, 2000, 5 A g−1 

V-based 
 

V2O5 
166 1.5 saturated ZnSO4 108@10 82%, 6200, 10Ag−1  

V2O5 1.6H2O 167 2–3 3M Zn(OTf)2 251@20 95%, 5000, 10Ag−1  

V6O13 
168 1.0–1.5 3M Zn(OTf)2 144@24 90%, 2000, 4Ag−1 

VO2(B) 241 N. A. 3M Zn(OTf)2 171.4@51.2 91.2%, 300, 0.1A g−1 

RGO/VO2 
255 1.5  3M Zn(OTf)2 118.7@35 96%, 400, 1 A g−1 

Na2V6O16·3H2O 170 ~3 1 M ZnSO4 112 @20 80%, 1000, 14.44 A g−1 

Cu0.1V2O5·0.08H2O 171 N. A. 2 M ZnSO4 122 @ 20 88%, 10000, 10Ag−1 

Zn0.3V2O5·1.5H2O 70 2.0 3M Zn(OTf)2 265.2 @ 10 96%, 20000, 10Ag−1 

VN0.9O0.15 
169 N. A. 3M Zn(OTf)2 124@102.4 95%, 1800, 4.5 Ag−1 

Polyanions 
 

Na3V2(PO4)3 
256 N. A. 0.5 M Zn(Ac)2 58.2 @1 74%, 100, 0.05A g−1 

Na3V2(PO4)3/C 257 N. A. 0.5 M NaAc-

Zn(AC)2 

61.6@2 77%, 200, 0.05Ag−1 

Na3V2(PO4)2F3 
23 10  2M Zn(OTf)2 33 @ 3 95%, 4000, 1 A g−1 

Li3V(PO4)3 
78 8-10 4M Zn(OTf)2 121.9 @ 9 78.8%, 4000, 1.5 A g−1 

PBA 
 

FeHCF 64 5.0 1 M Zn(OAc)2/ 

[Ch] OAc + 30 wt % 

H2O 

30 @ 0.06 94%, 10, 0.01A g−1 

CuHCF 258 > 5.0 0.02 M ZnSO4 43 @ 0.6 96%, 100, 0.06A g−1 

CuHCF 62 N. A 1 M ZnSO4 56 @ 0.02 77%, 20, 0.02 Ag−1 

ZnHCF 172 8.0  3M ZnSO4 29.3 @ 1.2 80%, 200, 0.3 Ag−1 

ZnHCF 63 8.0 1M ZnSO4 32 @ 1.2 76%, 100, 0.3 Ag−1 

CoFe(CN)6 
65 N. A 4M Zn(OTf)2 109 @ 6 100%, 2200, 3 Ag−1 
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Table S5.2 Performance comparison of Zn-free anode materials for rocking-chair type ZIBs 

 

 

Materials 
Loading  

(mg cm-2) 
Electrolyte 

Voltagedischarge  

(vs. Zn2+/Zn) 

Cap at low j 

(mAhg−1@ Ag−1) 

Cap at high j 

(mAhg−1@Ag−1) 

Cycling performance 

（%，cycles, Ag-1) 

PI-1/CNT 

(This work) 

1.2 

1.5M Zn(OTf)2 0.36 

128@0.05 

58@ 50, 

40@100 

100%, 60000, 50 

75%, 1000000,100 

4.08 103@0.1 84 @ 5 90%, 30000, 5 

30.1 105@0.05 60 @ 1 83.1%, 100, 0.5  

50.0 106@0.02 61 @ 0.5 67.6 %, 100, 0.5 

Mo6S8 
39 ~15 0.1M ZnSO4 

0.45–0.5 

and 0.35 

63@0.064 47 @0.256 ~88%, 20, 0.0128 

Mo6S8 
38 1 1M ZnSO4 0.36 79@0.045 58 @ 0.225 ~95.2%, 150, 0.18 

Zn2Mo6S8 
37 5.1 0.1M ZnSO4 0.35 88@0.0064 57 @0.128 N. A. 

h‐MoO3  
43 1.3 1M ZnSO4 0.36 120@0.2 55 @ 1 

~100%, 100, 0.3 

89.5%, 5000, 2 

ZnxMo2.5+y 

VO9+z 
44 

N. A. 0.5M Zn(Ac)2 0.25 ~220@0.02 ~180@0.02 ~100%, 35, 0.02 

TiS2  40 6.1 2M Zn(OTf)2 ~0.25 N. A. N. A. 33%, 50, 0.1 

Na0.14TiS2 
40 5-6.0 2M Zn(OTf)2 ~0.3 140@0.05 58 @ 2 

77%, 5000, 0.5;  

98%, 700, 0.2 

H2Ti3O7 259 4.0 1M ZnSO4 0.2 86@0.2 42 @ 2 105.5%, 4000, 0.6 

Te 260 2.2 1M ZnSO4 0.61 376@0.1 N. A. N. A. 

Cu2-xSe 220 ~1.3 2M ZnSO4 0.42 210@0.1 40.1 @ 5 100%, 30000, 5 

9,10‐AQ 53 2.0-5.0 

1M ZnSO4 + 

0.05M MnSO4 

0.45 204.5@0.2 N. A. ~84.3%, 200, 0.2 

PTCDI 

/rGO 54 

2.0-3.0 3M ZnSO4 ~0.28, 0.38 127@0.05 121 @5 

95%, 1200, 0.5 

96%, 1500, 3 

PTCDA 159 2.5-12.3 2M ZnCl2 ~0.55 122.9@0.2 76.9 @32 68.2%, 1000, 8 

PI-COF 224 1.4 2M ZnSO4 

0.5 V vs. 

Ag/AgCl 

92@0.7 73.4 @7 85%, 4000, 10mVs-1 
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Table S5.3 Comparison of rocking-chair type ZIBs (energy density, power density, and life cycles) 

Anode//Cathode N/P ratio Electrolyte 
Power Density 

(W kg-1) 

Energy Density 

(Wh kg-1) 

Cycling performance 

(Capacity retention 

, cycles, rate) 

PI-1/CNT// ZnxMnO2 

(This work) 
1.0 

1M Zn(OTf)2+ 
0.1M MnSO4 

45.5 50.51 

~83%, 6000 cycles, 2 Ag-1 
~43%, 50000 cycles, 2 Ag-1 

91 47 

227.5 45.5 

455 44.4 

880 41.8 

2100 36.75 

4200 31.7 

6700 19.4 

9100 10.1 

Mo6S8 // 

1.5 m ZnI2 + 0.2 m I2  
38 

N. A. 

assuming 

N/P=1:1 

1.1 M ZnSO4 

48.9375 24.5 

~90%, 350 cycles 0.6Ag-1 

97.875 24.4 

190.125 23.9 

364.5 21.9 

249 22.8 

Zn2Mo6S8 // ZnPB 37 5.5 0.1 M ZnSO4 5.51385 13.4 ~100%, 10 cycles 

Na0.14TiS2 // ZnMn2O4 
40 

1.0 2M Zn(OTf)2 47.5 51 ~74%, 100 cycles, 200 mAg-1 

h‐MoO3 // Zn0.2MnO2 
43 2.0 1 M ZnSO4 

53.75 61 

~100%, 1000, 1Ag-1 

~90%, 5000, 2Ag-1 

107 56.1 

159.75 50.4 

212 46.4 

262.5 43.6 

315 41.37 

525 36.33 

1050 29.4 

2625 15.75 

Cu2-xSe// ZnxMnO2 
220 1.1 

2M ZnSO4+ 

0.1M MnSO4 

37.2093 69.4 

~96.7%, 20000, 2Ag-1 

74.4186 55.8 

182.558 39.5 

358.14 28.6 

706.977 18.9 

1767.44 11.4 

9,10‐AQ// ZnMn2O4 
53 

N. A 

(capacity 

based on 
cathode 

mass) 

1M ZnSO4 + 

0.05M MnSO4 

75 71.4 

94.4%, 500 cycles, 200 mAg-1 

150 59.8 

300 47.7 

600 38 

1200 30.7 

2400 23.3 

PTCDI/rGO// Zn‐PB 
54 

N/P=1:3 3M ZnSO4 47.5 44 75%, 150 cycles, 200 mAg-1 

PI-COF// ZnxMnO2 
224 ~1.0 2M ZnSO4 

346.14 52.5 

80%, 2000 cycles, 100 mVs-1 

676.896 46.4 

1338.41 40.12 

1984.54 35.6 

2584.51 32.7 

3076.8 27.3 
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Table S5.4 Performance comparison of aqueous zinc ion hybrid supercapacitors 

Anode//Cathode Cathode 

loading 

(mg cm-2) 

Electrolyte Rate performance Cycling 

performance 

Reference 

PI-1/CNT//AC 

1.4 1M ZnSO4 
91.6 F g-1/42 mAh 

g-1 @ 10 Ag-1 

500000 cycles, 50%, 

10 Ag-1 
This work 

1.44 3M ZnSO4 40 F g-1@ 200 Ag-1 
300000 cycles, 93%, 

200 Ag-1 

Zn//AC 0.7–0.8 2M ZnSO4 41 mAh g-1 

@ 20 Ag-1 

10000 cycles, 100%, 

10 Ag-1 

Energy Storage Mater., 2018, 13, 

96 92 

Zn//AC – 2M ZnSO4 45 mAh g-1 

@ 0.6 Ag-1 

10000 cycles, 100%, 

0.3 Ag-1 

Adv. Mater., 2018, 31, 1806005 

95 

Zn//AC 6 2M ZnSO4 29 mAh g-1  

@ 10 Ag-1 

20000 cycles, 72%, 

4 Ag-1 

Joule, 2019, 3, 1289 155 

Zn//BNC 2 1M ZnSO4 42.8 mAh g-1 

@20 Ag-1 

6500 cycles, 81.3%, 

5 Ag-1 

Nano Energy, 2019, 66, 104132 

96 

MnO2//AC 1–20 2M Zn(OTf)2 20 mAh g-1@1 Ag-1 5000 cycles, 93.4%, 

1 Ag-1 

Energy Storage Mater., 2019, 20, 

335 261 

Zn//HNPC 1–1.2 1M ZnSO4 108.2 mAh g-1 

@ 33.3 Ag-1 

100000 cycles, 

73.6%, 16.7 Ag-1 

Adv. Mater., 2019, 31, 1904948 

98 

Zn//N-HPC 1.0 2M ZnSO4 66.7 mAh g-1 

@ 10 Ag-1 

5000 cycles, 90.9%, 

1 Ag-1 

Nano Res. 2019, 12, 2935 94 

Zn//aMEGO 
 

– 3M Zn(OTf)2 100 F g-1@20 Ag-1 80000 cycles, 93%, 

8 Ag-1 

Adv. Energy Mater. 2019, 9, 

1902915 147 

Zn//Ti3C2Tx-Rgo ~1 2M ZnSO4 40.3 F g−1@6 Ag-1 75000 cycles, 95%, 

5 Ag-1 

Adv. Electron. Mater.2019, 5, 

1900537 158 

Zn//AC – 2M ZnSO4 150 F g-1@20 Ag-1 10000 cycles, 99%, 

10 Ag-1 

Adv. Energy Mater. 2020, 10, 

1902981 31 

Zn//PSC-A600 2 1M Zn(OTf)2 81.8 mAh g-1 

@20 Ag-1 

10000 cycles, 

92.2%, 10 Ag-1 

Energy Storage Mater. 2020, 28, 

307 93 

Zn//HHT-rGO 1.7–3.2 1M ZnSO4 159 F g-1 

@100 mVs-1 

20000 cycles, 

97.8%, 2.5 Ag-1 

Adv. Funct. 

Mater. 2020, 2007843 127 

Zn//PC800 1.4–2.0 3M Zn(ClO4)2 78.4 mAh g-1 

@20 Ag-1 

30000 cycles, 

99.2%, 20 Ag-1 

Adv. Energy Mater. 2020, 10, 

2001705 121 

Zn//HPAC 0.6 3M Zn(OTf)2 119 mAh g-1 

@20 Ag-1 

18000 cycles, 70%, 

10 Ag-1 

Small 2020, 16, 2003174 128 

TiS2//AC – 2M ZnSO4 24 mAh g-1@ 2 Ag-1 5000 cycles, 92%, 2 

Ag-1 

Adv. Electron. Mater. 2020, 6, 

2000388 262 

Zn//AC 0.8  2M ZnCl2 159.7 F g-1 

@20 Ag-1 

100000 cycles, 

95.1 %, 5 Ag-1 

Angew. Chem. Int. Ed. 2021, 60, 

990 136 

TT-DQ  N. A. 3M Zn(OTf)2 120 mAh g-1 

@ 50 Ag-1 

200000 cycles, 

91.8%, 40 Ag−1 

Adv. Mater. 2021, 33, 2104148 

251 

Zn//AC-SA 1.9–10.0 3M ZnSO4 60 mAh g-1 

@ 100 Ag-1 

300000 cycles, 

86.9, 45 Ag−1 

Energy Storage Mater. 2022, 46, 

233 201 
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Chapter 6 Upcycling Spent Alkaline Batteries into Rechargeable Zn Metal 

Batteries 

 

A version of this Chapter has been published in Nano Energy: 

Zhixiao Xu, Nianji Zhang, Xiaolei Wang, Upcycling spent alkaline batteries into rechargeable Zn 

metal batteries, Nano Energy, 2022, 102, 107724. 

 

6.1 Introduction 

Rechargeable aqueous zinc metal batteries (ZMBs) hold great potential for grid-level energy storage 

because of merits of Zn metals including large theoretical capacity of 820 mAh g−1, proper redox 

potential of −0.764 V vs. standard hydrogen electrode, good air/water stability, low cost, and 

environmentally-friendliness.6, 9, 123, 263, 264 However, rechargeable ZMBs have not been 

commercialized yet due to issues from both anode and cathode side.5, 265 On one hand, Zn metal 

anodes show poor reversibility because of low Coulombic efficiency (CE), uncontrollable dendritic 

growth, metal corrosion, and hydrogen evolution.218, 265-267 That is why most reports use excessive Zn 

to counteract side reactions and extend battery life but this in turn will substantially decrease the cell-

level energy densities.218 On the other hand, cathode materials exhibit either low voltage platform or 

poor cycling performance, incapacitating ZMBs for practical applications. Among various cathode 

materials, Mn-based oxides with high voltage have received tremendous research interest but their 

short cycle life due to Mn dissolution awaits further improvement.61, 268 Overall, achieving high depth-

of-discharge (DOD) of Zn, high-loading electrodes, lean electrolyte, and low N/P ratios is essential 

for practical applications of ZMBs,89, 132, 133, 201, 269 which however is still in the early stage.  
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Inspired by the fact that commercial Zn batteries including alkaline batteries and Zn-air batteries use 

zinc powders rather than zinc foils as the anode, we turn our attention to Zn powders to solve 

aforementioned challenges. Aside from that, alkaline batteries and Zn-carbon batteries have 

dominated the primary battery market for decades and been broadly used in portable electronics,270, 

271 e.g. toys, calculators, and thermometers, but the status of their recycling (less than <50%) of 

electrode materials fails to meet sustainable development.270, 272 Recycling alkaline battery materials 

can not only preserve raw materials such as Zn, Mn, and Fe but also reduce hazardous wastes towards 

the environment.273, 274 The current recycling still focuses on hydrometallurgy and pyrometallurgy in 

which hydrometallurgical processes generally follow different steps of pre-treatment and subsequent 

leaching and separation of different metals by electrolysis, extraction or precipitation.275-277 Another 

emerging approach for treating spent alkaline batteries is upcycling towards other applications such 

as supercapacitors,278 catalysis,279 and micronutrient fertilizer.280 Despite the efforts made on re-

/upcycling alkaline batteries, there remains an urgent need for simple, economic, environmentally 

benign, and energy-saving approaches. 

Here, for the first time, we report a “two-birds-one-stone” strategy to not only recycle alkaline battery 

electrode materials but also reshape them for rechargeable ZMBs workable under high loadings, high 

DOD, and low N/P ratios through a simple yet efficient thermal treatment. Through thermal reduction, 

the spent anode was regenerated as hexagonal prism-shaped Zn microcrystals while the cathode was 

thermally restored as a mixture of MnOOH and MnO2 nanoflakes. The regenerated Zn anode shows 

high efficiency and long life in symmetric cells even under fast rates (8 mA cm−2) and high DOD 

(50%), far surpassing that of fresh Zn powder and commercial Zn foil. On the other hand, regenerated 

cathode delivers enhanced capacity, rate, and lifespan compared with pristine cathode materials. 

Moreover, the regenerated anode and cathode was paired under reasonable N/P ratios (3.8-8.2) and 
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high loadings (8~10 mg cm−2) to make rechargeable ZMBs with high efficiency, high energy density 

(94 Wh kg−1) and high power density (1349 W kg−1) based on both anode and cathode, promising for 

practical applications.  

6.2 Experimental Section  

6.2.1 Regeneration of anode and cathode materials.  

Primary alkaline batteries (Duracell) were randomly selected from the battery recycling bin at the 

University of Alberta and then dismantled carefully by hand using tools to separate anode and cathode 

powders. These spent powders were firstly washed by water and then dried in the oven at 80 oC 

overnight. For the anode regeneration, the recycled zinc powder was thermally reduced in the flowing 

H2 (5%)/Ar (95%) mixture gas at 950 oC for 2h with a ramp rate of 10 oC min-1 in the tubular furnace 

in which the Zn vapor went through ethylene glycol and recrystallized in the liquid and then the solid 

powder was collected after centrifugation and stored in ethanol for future use. For the cathode 

regeneration, the spent cathode powder was directly oxidized in the air at different temperature from 

300 to 500 oC for 5h.  

6.2.2 Characterization 

The Rigaku XRD Ultima IV X-ray diffractometer with the Cu target (wavelength: 1.5406 Å) was 

used for X-ray diffraction (XRD) analysis. The morphology of samples was observed on the field-

emission scanning electron microscope (Zeiss Sigma FESEM) equipped with an EDX analyzer 

(Oxford AZtecSynergy) as well as sphere-aberrated transmission electron microscope (TEM, JEOL 

JEM-ARM200CF) equipped with Atomic Resolution S/TEM. The thermal property was measured 

by the thermogravimetric analyzer (TGA Q50). N2 gas adsorption-desorption isotherm was obtained 

on the Autosorb iQ with samples degassed at 150 oC for 10 h. The surface area of Reg400 was 

measured as 32 m2 g-1. 



177 

 

6.2.3 Electrochemical measurement  

The electrochemical performance was tested using CR2032-type coin cells assembled in the open 

atmosphere. The regenerated anode was fabricated by directly drop-coating regenerated Zn 

powder/ethanol suspension onto Cu foil and dried under infrared light immediately. This direct drop-

coating method was also applied to the fresh Zn powder-based cells, but as-fabricated cells can only 

run for several cycles due to the large-sized particles of fresh Zn powders. As such, the fresh Zn-

based cells were fabricated in a different way. Fresh Zn powder (90 wt%) was mixed with PVDF 

binder (10 wt%) in NMP to make the slurry and coated onto Cu foils, dried under infrared light 

followed by pressing using the hydraulic pressor (MTI). The cathode slurry was prepared by mixing 

70 wt.% of regenerated Mn-based cathode, 10 wt.% of PVDF binder, and 20 wt.% of Super P 

conductive carbon in NMP under stirring overnight. The slurry was then coated onto stainless steel 

mesh via drop coating. After being dried under vacuum overnight, the MnO2 cathode was used as the 

working electrode. The areal mass loading of MnO2 active materials was controlled at 1.2~12 mg cm-

2. Zn foil (250 μm thickness), glassy fiber membrane (Whatman Grade A), 1M ZnSO4+0.2 M MnSO4 

or 1M Zn(OTf)2+0.1 M MnSO4 was adopted as the reference/counter electrode, separator, and 

electrolyte respectively. Galvanostatic charge-discharge tests of half cells, symmetric cells, and full 

cells were carried out on the Neware battery testing system (CT-4008T-5V20mA-164 or CT-4008T-

5V50mA-164).  

For symmetric cells, two pieces of Zn/Cu electrodes with same amount of Zn was used for the 

symmetric cell construction. The cells were plated and stripped at different current densities (0.5-8 

mA cm-2) between two electrodes for certain time (30-60 min) in every cycle. For comparison, 

commercial Zn foils (thickness: 30 μm and 100 μm) and fresh Zn powders were also applied as anodes 

for symmetric cells. The electrolyte is 3 M ZnSO4 (100 μL) for symmetric cells.  
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For rechargeable full cells, regenerated anode and cathode was paired with controlled N/P capacity 

ratios (3.8-8.2) and high loadings (5-11 mg) to make full cells and 1M Zn(OTf)2-0.1M MnSO4 was 

employed as the electrolyte. For comparison, commercial Zn foils (100 μm thick, 95 mg) were also 

used as anodes for full cells fabrication. The N/P capacity ratio is controlled by fixing mass of anode 

and cathode materials. For example, to achieve a low N/P ratio of 3.8, we first fixed high-loading 

cathode as 10.5 mg, the amount of Zn anode was calculated as 9.8 mg, based on the calculation of 

N/P=(9.8 * 820)/(10.5*200)=3.8. The capacity of cathode is set as 200 mAh g-1 due to the mixed 

composition of MnO2 and MnOOH.  

6.2.4 Calculation  

Calculation of Gravimetric/Areal Capacity  

Gravimetric capacity:  

𝑄𝑠 =
1000 ∗ 𝐼 ∗ 𝑡

𝑚
 

in which I, t, and m represents discharge current (A), discharge time (h), the mass (g) of active 

materials in the electrode, respectively. 

Areal capacity:  

𝑄𝑠 =
1000 ∗ 𝐼 ∗ 𝑡

𝐴
 

in which I, t, and A represents discharge current (A), discharge time (h), the area (cm2) of active 

materials in the electrode, respectively. A=1.13 cm2 

Calculation of Gravimetric/Areal Energy and Power Densities 

The gravimetric energy density E (Wh kg-1) and power density P (Wkg-1) of ZMBs were calculated 

based on the following equations: 



179 

 

𝐸 =
1000 ∗ ∫ 𝐼𝑉(𝑡) 𝑑𝑡

𝑚
 

𝑃 =
𝐼 ∗ 𝑉 ∗ 1000

𝑚
 

in which V(t), V, I, dt, and m represents discharge voltage (V), mid-point discharge voltage, current 

(A), differential time (h), the mass (g) of active materials in the electrode, respectively. 

6.3 Results and discussion 

One spent alkaline battery (Duracell) was selected as the study object. The battery was first 

dismantled, and its electrode materials were separated into spent anode and cathode (Figure S6.1). 

According to the commonly known reaction mechanism of alkaline batteries, zinc will react with 

MnO2 to form ZnO and Mn2O3.
276 To regenerate ZnO into Zn, the spent anode should go through a 

reduction reaction whereas the spent cathode should go through an oxidation reaction to regenerate 

Mn2O3 into MnO2. Accordingly, a simple annealing method was adopted here for regenerating 

electrode materials, i.e., reductive hydrogen atmosphere for anode regeneration and oxidative air 

atmosphere for cathode regeneration. As control samples, fresh electrodes were also obtained from a 

new alkaline battery of the same brand.  

6.3.1 Anode regeneration and structural characterization 

The fresh, spent and regenerated anode materials were firstly investigated by XRD and SEM. As 

shown in the XRD patterns (Figure 6.1a), the fresh anode displays strong peaks of Zn and weak peaks 

of ZnO which may be produced during self-discharge. By contrast, the spent anode shows strong 

peaks of the hexagonal ZnO (JCPDS No. 89-0510) with a space group P63/mc (No. 186) and weak 

peaks of Zn, verifying the conversion reaction from Zn to ZnO. After regeneration, however, all XRD 

peaks can be ascribed to hexagonal Zn (JCPDS No. 87-0713) with a space group P63/mmc (No. 194), 
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which suggests the successful regeneration of the anode material. It is reported that (002) crystal plane 

of Zn metal benefits horizontal deposition and high reversibility during metal plating/stripping, 

superior to (101) and (100) crystal planes.281 Accordingly, the intensity ratio of (002) to (101) is 

calculated for fresh and  

 

Figure 6.1 Structural characterization of anode materials. (a) XRD patterns of fresh, spent, and 

regenerated anode materials as well as standard cards. SEM images and EDX elemental mappings of 

fresh, spent, and regenerated anode materials. (b-d) fresh anode, (e-g) spent anode, and (h-j) 

regenerated anode.  

 

regenerated Zn powders, in which the regenerated Zn powder affords a high value of 2.6, much higher 

than that of fresh Zn (0.49) and many commercial Zn foils,216, 282 suggesting the feasibility of using 

regenerated Zn powder anode for highly efficient ZMBs. The microstructures of fresh, spent, and 

regenerated anodes were observed by SEM and their elemental composition was mapped by energy 

dispersive x-ray analysis (EDX). As shown in Figure 6.1b, c and Figure S6.2, the fresh anode is 

composed of bulky particles with a lateral size around 10-100 μm, irregular microstructures, and 
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smooth surface. Zn elements dominate these particles with some surface oxygen element (Figure 

6.1d). After use, the spent anode shows the same overall microstructure (Figure 6.1e) but a further 

look at the surface of the bulky particles reveals its change from smooth layers to aligned nanorods 

(Figure 6.1f). The change indicates the conversion from Zn layers to ZnO nanorods, which matches 

with XRD results and can be further confirmed by the elemental mapping images (Figure 6.1g). After 

regeneration, the anode microstructure manifests completely different morphology which is 

nanosheet-assembled micro-/nanoparticles with a shape of hexagonal prism or sphere in the size range 

of 1-3 μm (Figure 6.1h, i), matching well with (002) plane dominated XRD results. Typical 

hexagonal prisms have a base width of 600 nm and a height of 1 μm (Figure 6.1i). The corresponding 

EDX results (Figure 6.1j and Figure S6.3) show that Zn elements are major elements accompanied 

by some carbon and oxygen elements, implying that the regenerated Zn surface is covered with 

organic layer due to the use of ethylene glycol. The coating of organic layer was further confirmed 

by FTIR in which hydroxyl groups can be easily detected (Figure S6.4) as well as TEM and STEM 

mapping results in which carbon and oxygen elements uniformly distribute on the surface of 

regenerated Zn particles (Figure S6.5-S6.6). The hydroxyl-rich organic coating layer could provide 

zincophilic nucleation sites for Zn deposits.18  

6.3.2 Cathode regeneration and structural characterization 

Besides the anode materials, the fresh, spent and regenerated cathode materials were also 

characterized by XRD and SEM. The fresh cathode shows XRD peaks that belong to orthorhombic 

MnO2 (JCPDS card no. 73-1539) and orthorhombic MnOOH (JCPDS card no. 74-1842), the latter of 

which may be generated during self-discharge (Figure 6.2a). Unexpectedly, these XRD peaks are  
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Figure 6.2 Cathode Regeneration and Structural Characterization. XRD patterns of (a) fresh, spent, 

and regenerated cathodes, and (b, c) regenerated cathode materials at different temperature and 

standard JCPDS cards. SEM images of (d) fresh cathode, (e) spent cathode, (f) Reg400, (g) Reg300, 

and (h) Reg500. (i) EDX elemental mappings of Reg400.  

 

still dominant in the spent cathode except those MnO2 peaks shift to lower angles, suggesting the 

increase of the interlayer distance, due probably to the ion insertion into MnO2 after discharge. No  

peaks assignable to Mn2O3 can be detected in the spent cathode, falsifying the commonly believed 

reaction mechanism of the primary alkaline battery. Based on above results, rather than forming 

Mn2O3 and ZnO, we propose that MnO2 will react with Zn to produce MnOOH and ZnO accompanied 

by some ion insertion into the MnO2. Cathode regeneration was carried out at different temperatures 

(300, 400, and 500 oC) in the air atmosphere and the corresponding samples were denoted as Reg300, 
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Reg400, and Reg500, respectively. After regeneration at low temperatures (Reg300 and Reg400), 

peaks belonging to MnO2 shift back to higher angles in comparison to spent cathode, indicating the 

restoration of MnO2 via contraction of the layered structure and the removal of inserted ions. 

Compared with Reg400, Reg300 shows lower degree of crystallization (Figure 6.2b) while Reg500 

is composed of a mixture of MnOOH (Mn3+), Mn2O3 (Mn3+), and Mn5O8 (Mn3.2+), suggesting a more 

oxidized process at a higher temperature (Figure 6.2c). SEM images show that the fresh cathode is 

composed of bulky particles assembled by irregular nanoparticles (Figure 6.2d) while the spent 

cathode shows more aggregated structure in which particles are interconnected (Figure 6.2e and 

Figure S6.7). By contrast, the regenerated cathodes (Reg300 and Reg400) exhibit nanoflake-shaped 

structure with a lateral size around 200-300 nm (Figure 6.2f, g). A higher temperature at 500 oC 

transforms assembled particles into discrete nanosheets with smaller sizes of 100-200 nm in Reg500 

(Figure 6.2h). EDX mapping shows the uniform distribution of Mn and O in the Reg400 (Figure 

6.2i). Thermal gravimetric analysis (Figure S6.8) shows that there are three main thermal events 

when heating the regenerated sample from room temperature to 900 oC in the air atmosphere, in the 

range of 170-200 oC, 500-600 oC, and 800-900 oC, corresponding to the MnO2 formation, Mn2O3 and 

Mn5O8 formation, as well as Mn3O4 formation, respectively.283, 284 Overall, above results indicate the 

feasibility of our simple thermal reduction/oxidation approach toward the restoration and reshaping 

of spent anode and cathode materials in alkaline batteries.  

6.3.3 Electrochemical performance and deposition morphology of regenerated anode 

Next, the electrochemical performance of the regenerated anode was evaluated in symmetric cells. 

Zn/Cu electrodes were prepared by drop coating the regenerated Zn powder/ethanol suspension onto 

the commercial Cu foil followed by drying without binder. Two pieces of Zn/Cu electrodes were  
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Figure 6.3 Electrochemical performance of regenerated Zn and commercial Zn anodes. (a) symmetric 

cells based on regenerated Zn powder (10 mg) and commercial Zn foils (28.5 mg) tested at different 

current rates and capacity, corresponding (b) voltage hysteresis, and (c) depth of discharge values. (d) 

Symmetric cells based on regenerated Zn powder (5 mg) and commercial Zn foils (95 mg) tested at 

2 mA cm−2 and 2 mAh cm−2. (e) the plot of current density against overpotential. SEM images of 

after-cycle electrodes in symmetric cells: (f) regenerated Zn (after 100 h), and (g) commercial Zn 

(after 39 h).  

 

assembled into symmetric cells and tested under different current densities and capacities. For 

comparison, the symmetric cells based on fresh Zn powder and commercial Zn foils were also tested 

under the same condition. Figure 6.3a shows the voltage profiles of the commercial Zn- and 
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regenerated Zn-based cells at different combinations of current densities and capacities including 0.5 

mA cm–2, 1.0 mA h cm–2; 1.0 mA cm–2, 1.0 mA h cm–2; 2.0 mA cm–2, 2.0 mA h cm–2; 4.0 mA cm–2, 

2.0 mA h cm–2; 6.0 mA cm–2, 3.0 mA h cm–2; 8.0 mA cm–2, 4.0 mA h cm–2; and 8.0 mA cm–2, 3.6 mA 

h cm–2. The regenerated Zn cell shows a superzincophilic feature with no nucleation overpotential in 

the first cycle, in stark contrast to a large overpotential of 75.3 mV in the commercial Zn cell (Figure 

S6.9). The superzincophilicity of regenerated Zn should be due to the coating of hydroxyl-rich organic 

layer on the hexagonal prism microstructure with exposed and oriented crystal planes. In following 

cycles with higher current rates and capacities, regenerated Zn cell keeps much lower voltage 

hysteresis values than those of commercial Zn cell (Figure 6.3b). Of note, due to the use of limited 

Zn (10 mg), the regenerated Zn electrode achieves a very high DOD of 13.8%, 27.6%, 41.3%, 50%, 

and 55.1% at the areal capacity of 1.0, 2.0, 3.0, 3.6, and 4.0 mAh cm–2, respectively, much higher 

than that of the commercial one (Figure 6.3c). While the commercial Zn-based cell fails to work at 

2.0 mA cm–2 and 2.0 mAh cm–2 after only ~30 h due to dendrites growth, the regenerated Zn cell can 

work well at higher rate of 8.0 mA cm–2 and higher capacity of 3.6 mAh cm–2 with longer lifespan of 

100 h. At a DOD of 50%, the regenerated Zn cell can still run for more than 50 h. To the best of 

knowledge, this is hitherto one of the highest DOD values, much higher than previously reported 

values (Table S6.1).184, 186, 187, 215, 266 To further demonstrate the superiority of the regenerated Zn 

over commercial Zn, thicker Zn foils (100 μm, 95 mg) and less amount of regenerated Zn powder (5 

mg) were employed for the symmetric cells working at 2.0 mA cm–2 and 2.0 mAh cm–2. The 

regenerated Zn- and the commercial Zn-based cell shows the first-cycle nucleation overpotential of 0 

and 181.3 mV, respectively (Figure S6.10). Large voltage hysteresis of ~67.5 mV and short life of 

~17 h is detected in the commercial Zn cell. By stark contrast, the regenerated Zn cell maintains a 

low voltage hysteresis of only ~36 mV for more than 40 h (Figure 6.3d). Besides commercial Zn 
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cells, the regenerated Zn cells are also better than the fresh Zn powder-based cells which can only 

work for less than 40 h at a relatively low DOD of 9.6%, a low rate of 0.5 mA cm−2 and a low capacity 

of 0.5 mAh cm−2 (Figure S6.11). Above results demonstrate the superiority of the regenerated Zn 

powder over commercial Zn foils and fresh Zn powder. To comprehend this superiority, the kinetics 

of Zn deposition was evaluated based on the exchange current density related to the Zn 

plating/stripping in Figure 3a. As shown in the Figure 6.3e, regenerated Zn electrode showcases an 

exchange current density of 16.3 mA cm−2, larger than that of commercial Zn with a value of 10.8 

mA cm−2, indicating a faster deposition kinetics of the regenerated Zn.207 To further comprehend the 

superiority of regenerated Zn, after-cycle morphologies of the deposited Zn in different cells were 

captured via SEM. Densely packed and horizontally oriented hexagonal Zn plates can be observed in 

the regenerated Zn cell (Figure 6.3f and Figure S6.12) whereas the commercial Zn and fresh Zn cells 

both show flake-like dendrites (Figure 6.3g and Figure S6.13-S6.14). It is believed that the 

regenerated Zn powders covered with hydroxyl-rich organic layer enables superb zincophilic surface, 

the shape of hexagonal prism constructed by nanosheets offers abundant nucleation sites, and the 

geometric structure confines the plating of Zn along certain direction towards dense and horizontal 

layers.31 These results demonstrate that fast-rate, highly reversible, and deeply discharged Zn metal 

electrodes can be achieved via the regenerated and nanoengineered Zn powders, promising for full 

cell construction.  

6.3.4 Electrochemical performance of regenerated cathode materials 

Aside from the regenerated anode, the regenerated cathode was also evaluated in half cells for ZMBs 

with excessive Zn as the anode. For comparison, fresh cathode materials were also extracted from a 

new alkaline battery followed by thermal treatment. Figure 6.4a and Figure S6.15 shows capacities  



187 

 

 

Figure 6.4 Electrochemical performance of regenerated cathodes. (a) 3D profiles of current densities-

capacity-samples. (b) Charge-discharge profiles of Reg400. (c) Cycling performance of Reg400 and 

Reg300, and (d) CV profiles of Reg400 at diverse scan rates and derived (e) linear fitting of log 

(current) against log (scan rate) at redox peaks. (f) Capacitive contributions at different scan rates. (g) 

rate and cycling performance of Reg400 electrode under high loading and lean electrolyte. (h) Profiles 

of areal capacity against mass loading. 

 

of Reg300, Reg400, Reg500, Fresh, and Fresh400 cathodes at different current rates. At a low rate of 

0.1 A g−1, the Reg300, Reg400, Reg500, Fresh, and Fresh400 cathode shows a capacity of 130, 225, 

52, 120, and 188 mAh g−1, separately. At higher rates of 0.2, 0.5, 1.0, 2.0, and 5.0 A g−1, Reg400 

delivers the capacity of 186, 139, 107, 83, and 53 mAh g−1, respectively, much higher than those of 
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Reg300 and Reg500. Apparently, Reg400 shows best performance among regenerated cathode 

materials. Interestingly, capacities of Reg400 are also higher than those of fresh cathode at rates from 

0.1 A g−1 to 1.0 A g−1, suggesting the efficacy of thermal regeneration approach and holding potential 

for application. Charge-discharge curves of all samples present two discharge platforms (one at ~1.4 

V and another at ~1.27 V) at low rates indicating the co-storage of proton and zinc ions but only one 

platform at high rates due probably to proton storage given that the insertion of proton with small 

radius is much easier than that of zinc ions (Figure 6.4b and Figure S6.16). Reg400 can cycle at 0.1 

Ag-1 for 140 cycles with 100% capacity retention and at 1 Ag-1 for 600 cycles with 50% capacity 

retention as well as ~100% CE values, suggesting good stability (Figure S6.17 and Figure 6.4c).  

The kinetic analysis of the Reg400 electrode was conducted by the cyclic voltammogram (CV) 

technique scanned at different rates. As shown in Figure 6.4d, there seems to be two couples of redox 

peaks at the low rate of 0.2 mV s−1, placed at 1.62 V/1.33 V and 1.58 V/1.15 V, named as O1/R1 and 

O2/R2 peaks, separately. However, with the increase of scan rates, O1 and O2 combines with each 

other and can hardly be distinguished so they are simplified as O peak. As scan rates increase, R1/R2 

peak shifts negatively and O peak shifts positively but the voltage gap between O and R1/R2 remains 

low, suggesting a high reversibility and fast kinetics. Derived from the i=avb equation,148, 149 b values 

at different peaks can be obtained in which the b=0.5 indicates a diffusion-dominated process while 

b=1.0 suggests a capacitive-controlled reaction. The b value for the O and R1 peak was calculated to 

be 0.725 and 0.756, meaning that both diffusion and capacitive processes take part in the reaction 

(Figure 6.4e). These two processes were quantitatively clarified through the Dunn approach.148, 149 

As the scan rate increases from 0.2 mV s−1, to 0.4, 0.6, 0.8, 1.0, and 1.5 mV s−1, the capacitive 

contribution raises from 51.5 to 60.9, 65.3, 68.5, 71.4, and 79% (Figure 6.4f). The results indicate 

rapid surface Faradic reactions contribute to the fast kinetics, which further suggests that proton 
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storage dominates at high rates according to discharge profiles. Based on above results, the charge 

storage mechanism of the cathode is believed to follow proton/Zn2+ insertion/extraction. For practical 

power cells, high-loading electrodes are essential to increase cell-level energy densities and here we 

study three different levels of mass loading, including low-, medium-, and high-loadings (1.2, 4.6, 

and 9.3 mg cm−2) for research and practical purposes.151, 201, 244 The electrolyte is fixed as 100 µL so 

the electrolyte-to-cathode (E/C) ratio drops as the loading mass rises. At 0.1 A g−1, the 4.6 mg cm−2 

electrode with a E/C ratio of 19.2 mL g−1 and the 9.3 mg cm−2 electrode with a E/C ratio of 9.5 mL 

g−1 retain 71% and 63% of capacity delivered by the 1.2 mg cm−2 electrode, respectively (Figure 6.4g 

and Figure S6.18). The high-loading electrode shows capacities of 142.6, 98.4, 74.6, 57.1, and 

41.1 mAh g−1 at the rate of 0.1, 0.2, 0.5, 1.0, and 2.0 A g−1, respectively. Under the harsh condition 

of lean electrolyte and high loading, the Reg400 cathode still manifests long cycle life with ~50% 

capacity retention and ∼100% CE after 400 cycles at 0.5 A g−1 (Figure 6.4g). Profiles of areal 

capacity against mass loadings at different rates were plotted as Figure 6.4h, which displays linearly 

increased areal capacity with the elevation of mass loading until 9.3 mg cm−2 at rates from 0.1 to 

0.5 Ag−1, meaning the limitation has not yet been reached in the loading mass at these rates. The 

highest areal capacity of 1.32 mAh cm−2 can be obtained by the 9.3 mg cm−2 electrode at 0.93 mA 

cm−2. This electrode can also deliver high areal capacities of 0.91, 0.69, 0.53, and 0.38 mAh cm−2 at 

the rate of 1.86, 4.65, 9.29, and 18.6 mA cm−2, respectively (Figure S6.19). Overall, high-loading 

Reg400 electrodes manifest high-rate capability and good stability, promising for practical 

application. 

6.3.5 Regenerated anode and cathode for full cells 

Encouraged by the good electrochemical performance of regenerated anode and cathode materials, 

we further assembled full cells based on regenerated electrodes under practical conditions including 
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high loadings and low N/P ratios. For comparison, commercial Zn foils were also used as anodes for 

the full cell construction with the same amount of cathode. Figure 6.5a compares the CV profiles of 

regenerated Zn and commercial Zn-based cell at a scan rate of 0.2 mV s−1. Compared with commercial 

Zn cell, regenerated Zn cell has a more negative O peak (1.556V) and a more positive R1 peak (1.338 

V) and the voltage gap between two peaks is 218 mV, which is smaller than that of commercial Zn 

cell (254 mV). This suggests the regenerated Zn anode enables a higher reversibility than the 

commercial Zn foil. This better reversibility of regenerated Zn cell is further demonstrated at all 

higher scan rates (Figure 6.5b) with smaller voltage gaps than those of commercial Zn cell (Figure 

6.5c). Besides higher reversibility with smaller voltage gaps, the regenerated Zn cells also achieve 

higher capacities than commercial Zn cells at all current rates, as demonstrated in one cell with a 

cathode loading of 5.4 mg cm−2 and a N/P ratio of 8.2 (Figure S6.20) and another cell with a cathode 

loading of 9.3 mg cm−2 and a N/P ratio of 3.8 (Figure 6.5d and Figure S6.21), despite that 

commercial Zn cells are fabricated with higher N/P ratios (74 and 37). Take the latter cell with a N/P 

ratio of 3.8 as an example, the areal capacity can reach 1.40, 1.00, 0.82, 0.68, and 0.55 mAh cm−2 at 

the rate of 0.93, 1.86, 4.65, 9.29, and 18.6 mA cm−2, higher than those of the commercial cell as 

mentioned earlier. Under the harsh condition of 9.3 mg cm−2 cathode loading, a N/P ratio of 3.8, and 

lean electrolyte of 4.93 µL per miligram of anode and cathode, the regenerated Zn cell can run for 

more than 50 cycles at 4.65 mA cm−2 (Figure S6.21f). Based on the total mass of active anode and 

cathode, this regenerated cell still enables a high capacity of 77.0, 55.7, 45.6, 37.8, and 30.4 mAh g-1 

at the rate of 51.7, 103, 259, 517, and 1034 mA g−1, respectively (Figure 6.5e). The corresponding 

energy densities can be calculated as 94.0, 72.7, 59.4, 48.5, and 38.0 Wh kg−1 at power densities of 

63.4, 139, 350, 692, and 1349 W kg−1, surpassing most of previously reported ZMBs such as 

Zn//MnO2,
187, 203, 211 Zn//MnVO,184 h-MoO3//ZnxMnO2,

43 Cu2-xSe//ZnxMnO2,
220 AQ//ZnMn2O4,

53 
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and PI-1/CNT//ZnxMnO2
285 (Table S6.2). Furthermore, cycled cells were disassembled and 

electrodes were extracted to study the failure mechanism. After cycling, commercial Zn shows a 

larger amount of dendrites (zinc sulfate hydroxide) than regenerated Zn (Figure S6.22), showing the 

superiority of regenerated Zn anode. On the other hand, the cathode transformed to small 

nanoparticles after cycling, indicating a reconstruction process during interaction with zinc ions and 

proton, which should be responsible for the capacity decay (Figure S6.23).  

 

Figure 6.5 Full cells based on regenerated anodes and cathodes. (a) CV curves of regenerated Zn cell 

and commercial Zn cell at a scan rate of 0.2 mV s-1. (b) CV profiles of regenerated electrodes-based 

cell at different rates from 0.2 to 1.5 mV s-1. (c) Voltage gaps between O and R1 peaks in two cells 

at different rates. (d) Rate performance of regenerated and commercial cells with high-loading 

cathodes and different N/P ratios. (e) Discharge profiles of regenerated Zn cell based on total mass of 

regenerated anode and cathode materials. (f) Ragone plots of our regenerated Zn cell and previously 

reported ZMBs and ZIBs.   
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6.4 Summary 

In conclusion, for the first time, spent alkaline battery electrodes have been successfully recycled and 

reshaped for rechargeable zinc metal batteries with application potentials through a simple yet 

efficient thermal treatment. Regenerated Zn anode with zincophilic hydroxyl layers and hexagonal 

prism shapes manifest near-zero nucleation overpotential and high reversibility even at fast rates and 

deep discharge surpassing commercial Zn foils while the regenerated cathode containing MnO2 and 

MnOOH shows higher capacity than pristine ones. The pairing of two electrodes enables high energy 

and power densities (94 Wh kg-1, 1349 W kg-1) at the cell level even under harsh conditions including 

high loadings of ~9.3 mg cm−2, a low N/P ratio of 3.8, and lean electrolyte of 4.93 µL mg−1
anode+carhode. 

The study about the solvent effect on Zn powder regeneration and about the electrolyte engineering 

on full cell performance are under investigation in the lab. This “two birds one stone” strategy is of 

great significance towards the sustainable development and clean energy deployment and opens a 

new chapter towards battery recycling and upcycling.   

6.5 Supporting Information 

 

Figure S6.1 Digital photos of fresh, spent, and regenerated electrode materials. (a) fresh electrodes, 

(b) spent electrodes, (c) regenerated Zn powder in ethanol and coated on Cu foil. 
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Figure S6.2 SEM images of (a, b) fresh anode, (c) spent anode, and (d) regenerated anode. (b) shows 

the side product of fresh Zn anode due to the formation of ZnO during self-discharge.  

 

Figure S6.3 EDX point analysis of fresh, spent, and regenerated anode materials. The result shows 

the amount of O element follows the order: Regenerated Zn <Fresh Zn< Spent Zn, matching well 

with elemental mapping results. Of note the Si signal in regenerated Zn is from Si wafer.  
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Figure S6.4 ATR-FTIR spectrum of regenerated Zn powder. Characteristic peaks belonging to 

ethylene glycol could be detected, indicating the adsorption of hydroxyl-rich organic layer on the 

surface of regenerated Zn.  

 

 

 

Figure S6.5 TEM images of regenerated Zn powder. (a-b) TEM images and (c) HRTEM image. 

Lattice fringes of 0.228 nm and 0.28 nm can be detected at the side of the hexagonal prism which can 

be ascribed to the (100) crystal planes of Zn and ZnO, respectively. The HRTEM image confirms the 

side of the hexagonal prism belongs to the (100) crystal plane of Zn and the unavoidable surface 

oxidation of Zn due to exposure to the air atmosphere.  
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Figure S6.6 STEM elemental mapping of regenerated Zn. (a, e) STEM image and corresponding 

mapping of (b, f) Zn, (c, g) C, and (d, h) O elements. The uniform distribution of carbon and oxygen 

elements on regenerated Zn confirms the coating of hydroxyl-rich organic layer.  

 

 

Figure S6.7 SEM images of (a) fresh, (b) spent, and (c-e) regenerated cathode materials, (c) Reg300, 

(d) Reg400, and (e) Reg500. 
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Figure S6.8 TGA curve of the regenerated cathode materials (Reg400). 
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Figure S6.9 The first cycle of the symmetric cells in Figure 6.3a showing the zero nucleation 

overpotential of the regenerated Zn cell and high overpotential of commercial Zn cell with a value of 

75.3 mV. The zero nucleation overpotential indicates the superzincophilic feature of the regenerated 

Zn powder.  
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Figure S6.10 The first cycle of the symmetric cells in Figure 6.3d showing the zero nucleation 

overpotential of the regenerated Zn cell and high overpotential of commercial Zn cell with a value of 

181.3 mV. The zero nucleation overpotential indicates the superzincophilic feature of the regenerated 

Zn powder.  

 

 

Figure S6.11 Symmetric cells based on fresh Zn powders (7.2 mg). (a) Voltage-time curves in 50 h 

and (b) first cycle profile. The DOD of the fresh Zn anode is 9.6%.  
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Figure S6.12 SEM images of the regenerated Zn anode after symmetric-cell tests (100h) in Figure 

6.3a.  

 

 

Figure S6.13 SEM images of the commercial Zn anode after symmetric-cell tests (~40h) in Figure 

6.3a.  

 

 

Figure S6.14 SEM images of the fresh Zn anode after being plated with 1.0 mAh cm-2 of Zn after 

several cycles.  
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Figure S6.15 Rate performance of fresh and regenerated cathodes. (a) Fresh, (b) Fresh400, (c) 

Reg300, (d) Reg400, and (e) Reg500.  

 

 

 

 

Figure S6.16 Charge-discharge curves of (a) Fresh400 cathode, (b) Reg300, and (c) Reg500.  
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Figure S6.17 Cycling performance of Reg400. (a) Cycling profile at 0.1 Ag-1, (b) Charge/discharge 

curves at different cycle showing change in the discharge platforms including both proton and Zn2+ 

insertion.  

The possible reason for the decay in first few cycles (Figure S6.17a) is the cathode metal dissolution 

and transformation into porous structures with larger surface area which provides sites to adsorb and 

store zinc ions to form double-layer electrical capacitance. Accordingly, the increased capacitive 

behavior increases the cathode capacity. This agrees with the charge-discharge curves shown in 

Figure S6.17b, in which there are two voltage plateaus belonging to proton and zinc ions storage in 

the 5th cycle, and at the 50th cycle, two plateaus merge into one and the Zn2+ plateau almost disappears, 

indicating the structural transformation and the surface pseudocapacitive behavior, and at the 100th 

cycle, a larger amount of capacity can be achieved with obvious pseudocapacitive slopes. 
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Figure S6.18 Electrochemical performance of commercial anode (84 mg cm-2) and regenerated 

cathode (4.6 mg cm-2) with a N/P of 74 for rechargeable full cells. (a, d) charge-discharge curves, (b, 

e) rate performance, and (c, f) cycling performance. The capacity is based on (a-c) mass (gravimetric 

capacity) and (d-f) area (areal capacity).  

 

Figure S6.19 Electrochemical performance of commercial anode (84 mg cm-2) and cathode (9.3 mg 

cm-2) with a N/P of 37 for rechargeable full cells. (a, d) charge-discharge curves, (b, e) rate 

performance, and (c, f) cycling performance. The capacity is based on (a-c) mass (gravimetric 

capacity) and (d-f) area (areal capacity).  
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Figure S6.20 Electrochemical performance of regenerated anode (10.8 mg cm-2) and cathode (5.4 mg 

cm-2) with a N/P of 8.2 for rechargeable full cells. (a, d) charge-discharge curves, (b, e) rate 

performance, and (c, f) cycling performance. The capacity is based on (a-c) mass (gravimetric 

capacity) and (d-f) area (areal capacity).  

 

Figure S6.21 Electrochemical performance of regenerated anode (8.7 mg cm-2) and cathode (9.3 mg 

cm-2) with a N/P of 3.8 for rechargeable full cells. (a, d) charge-discharge curves, (b, e) rate 

performance, and (c, f) cycling performance. The capacity is based on (a-c) mass (gravimetric 

capacity) and (d-f) area (areal capacity).  
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Figure S6.22 Characterization of anodes after cycling. (a) XRD patterns and (b-f) SEM images of (b, 

c) commercial Zn and (d-f) regenerated Zn anode.  

 

Figure S6.23 Characterization of high-loading cathode in the regenerated full cell after cycling. (a) 

XRD patterns and (b-d) SEM images.  
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Table S6.1 Comparison of DOD values of reported Zn metal in symmetric cells and full cells 

Anode Cathode 
Rate  

(A g-1) 

DOD of Zn 

(%) 
Life cycle  Reference 

Regenerated 

Zn powder 

Zn 0.5~8 

mA cm-2 

13.8-55.1% 100 h 

This work 

MnO2 0.1~2.0 7.8~19.6 80 

N-Zn MnO2  1.0 0.079 2000 Adv. Sci., 2021, 2103952 211 

C-750/Zn MnO2  0.3 0.328 5000 Adv. Energy Mater. 2020, 10, 

1904215 203 

NGO-Zn LiMn2O4 0.14 1.88 600 ACS Appl. Energy 

Mater. 2021, 4, 6, 6364 202 

AEC-Zn 
AEC-Zn 

8.85 mA 

cm-2 

60 250 h 
Adv. Funct. Mater. 2021, 31, 

2001867 187 
MnO2  0.62 0.53 300 

MOF/Zn MnO2  0.5 6.8 180 Angew. Chem. Int. Ed. 2020, 59 

9377 26 

Zn|In AC 2.0 0.24 5000 Small 2020, 16, 2001736 214 

Cu–Zn 

alloy/Zn 

MnO2 3.08 0.18 500 Energy Storage Mater. 2020, 

27, 205 204 

Zn@GF PB 0.1 3.33 150 Electrochim. Acta 2017, 244, 

172 190 

Zn with CNF 

interlayer 

MnO2 1 1.58 400 Chem. Eng. J. 2021, 425, 

131862 209 

Zn  

(4 m Zn(BF4)2 

/EG) 

Zn 0.5 mA 

cm-2 

50 200 h 

Nat. Sustain. 2021, 215 
V2O5 1.0 22.26 800 

PAN@Zn MnO2  0.5 10 400 Adv. Sci. 2021, 8, 2100309 184 

Zn@ZIF-8-

500 

AC 4.0 3.6 20000 
Joule 3, 2019, 1289 155 

I2/C 2.0 6.0 1600 

Zn/CNT/CC 
CNT/MnOx 

@PEDOT 20 mA 

cm-2 

12 1000 
Adv. Mater. 2019, 31,1903675 
28 

Zn (NC/GF) Zn 42.7 48 h Nano research. 2021. 286 
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Table S6.2 Comparison of full cells with regards to discharge voltage, power density, and energy density 

Cell Voltage (V) 
Power density 

(W kg
-1

) 

Energy density 

(Wh kg
-1

) 
Reference 

Zn//MnO2-MnOOH 

1.29 63.39 94.04 

This work 
1.35 139.05 72.73 

1.35 350.43 59.46 

1.34 691.75 48.47 

1.30 1349.37 37.95 

h-MoO
3 

//Zn0.2MnO2 

1.075 53.75 61 

J. Mater. Chem. A 2020, 

8, 9006 43 

1.07 107 56.07 

1.065 159.75 50.37 

1.06 212 46.43 

1.05 262.5 43.58 

1.05 315 41.37 

1.05 525 36.33 

1.05 1050 29.4 

1.05 2625 15.75 

Cu
2-x

Se//ZnxMnO2 

0.8 37.21 69.40 

Adv. Funct. Mater. 2020, 

31, 2005092 220 

0.8 74.42 55.81 

0.785 182.56 39.47 

0.77 358.14 28.65 

0.76 706.98 18.95 

0.76 1767.44 11.38 

AQ// ZnMn2O4 

0.75 75 71.4 

Mater. Today Energy 

2019, 13, 323 53 

0.75 (assumed) 150 59.78 

0.75 (assumed) 300 47.74 

0.75 (assumed) 600 37.99 

0.75 (assumed) 1200 30.68 

0.75 (assumed) 2400 23.29 

PI-1/CNT//ZnxMnO2 

0.91 91 47 

Adv. Mater. 2022, 34, 

2200077 285 

0.90 227.5 45.5 

0.90 455 44.4 

0.90 880 41.8 

0.90 2100 36.75 

0.85 4200 31.7 

N-Zn//MnO2 

1.25 0.36 1.20 

Adv. Sci. 2022, 9, 2103952 
211 

1.30 0.73 0.99 

1.30 1.82 0.93 

1.30 3.64 0.78 

1.35 7.27 0.68 

ZIF-8//MnO2 

1.32 1.10 9.63 

Adv. Energy Mater. 2020, 

10, 1904215 203 

1.35 2.37 6.91 

1.35 5.70 3.89 

1.30 11.40 2.59 

AEC-Zn//MnO2 1.33 13.94 4.98 
Adv. Funct. Mater. 2020, 31, 

2001867  187
 

PANZ@Zn//MnVO 

0.7 24.59 18.64 
Adv. Sci. 2021, 8, 2100309 

184 
0.7 49.18 16.72 

0.6 98.36 14.26 
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Chapter 7 Conclusions and Perspective  

7.1 Conclusions 

Aqueous Zn-based energy storage devices hold great potential for grid-level energy storage due to 

merits of zinc metals including high capacity, high safety, water/air compatibility, a suitable redox 

potential, and high abundance. However, the reversibility of zinc metal anode is challenged by 

dendrite growth, low CE, metal corrosion, and hydrogen evolution while no cathodes meet the 

demand of long life, high voltage, and high capacity simultaneously under the high-loading condition. 

Furthermore, practical Zn batteries/capacitors require limited Zn use, high-loading cathodes, lean 

electrolyte, and low N/P ratios, which however, is hardly reported in most research. In this thesis, 

research reports on Zn anodes, cathodes, and electrolytes have been comprehensively summarized. 

To further improve the performance of zinc batteries and capacitors as well as achieve sustainable 

development, this thesis proposes one work on extreme zinc metal supercapacitors via electrolyte and 

binder engineering, two works on making reversible anodes with one focused on carbon-based Zn 

host and another one on Zn-free polymer anode, and final work on upcycling waste alkaline batteries 

into secondary Zn-MnO2 batteries. 

My first project systematically investigates the influence of binder, electrolyte, loading mass, and 

high/low temperature on capacitor performance. In this project, activated carbon, aqueous binder, and 

concentrated electrolyte were integrated to enable optimized ZICs working under extreme conditions 

including ultrafast rate (200 Ag-1), ultralong cycles (300,000 cycles), high loadings (10 mg cm-2), and 

wide temperatures (-60-60 oC). However, in this project, the use of excessive Zn and high N/P ratios 

jeopardizes energy and power densities at the cell level.  

The second project proposes one way of obtaining limited Zn use in cells by confining zinc 

deposition/dissolution inside a 3D carbon host. Starting from DFT calculation of binding energy 
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between different dopants and zinc atoms, suitable monomers were chosen to make corresponding 

polymers, and the assembled polymer morphology has been tuned through adjusting polymerization 

conditions. Followed by carbonization, polymers were converted to carbon as zinc hosts. Among 

different carbons, the flower-shaped carbon host with micro-sized hierarchical structure and 

zincophilic oxygen/nitrogen dopants enables high plating/stripping efficiency up to 99% as well as 

extended lifespan and faster rate performance in full cells under low N/P ratios including both zinc 

batteries and capacitors, surpassing hostless Zn anodes.  

Alternatively, the third project demonstrates a Zn-free polymer anode of low redox potential vs. Zn 

potential, near-theoretical capacity, ultrafast rate (100 A g-1), durable (100,000,000 cycles), ultrahigh-

loading (50 mg cm-2) capability. Impressively, free-standing, binder-free, and current collector-free 

polymer electrodes can be easily manufactured through a pressing technique. When this polymer 

electrode is coupled with cathode materials to make full cells under low N/P ratios, corresponding 

batteries and capacitors demonstrate unprecedented power density and long life. Along with the 

sustainability, low cost, and the excellent thermal stability of polyimide, this polymer electrode shows 

great promise for constructing aqueous batteries/capacitors for stationary energy storage. 

The fourth project regenerates Zn powders from spent alkaline batteries to act as efficient anode 

materials for rechargeable Zn batteries. The symmetrical cells based on limited Zn powders can work 

under high DOD and fast rates (8 mA cm-2), superior to fresh Zn powder- and commercial thick Zn 

foil-based cells. The superior performance can be attributed to the coating of organic zincophilic 

interlayers and orientation of crystal planes in ethylene glycol solvent during thermal reduction. 

Meanwhile, cathode waste has also been restored to supersede fresh cathode materials with respect 

to specific capacity, rate, and cycle life. Under practical conditions of limited Zn, low N/P ratios, 
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high-loading cathodes, and lean electrolyte, full cells based on regenerated anode and cathode 

materials show good performance, surpassing commercial Zn foil-based cells.  

 

Figure 7.1 Summary of research projects about electrode and electrolyte engineering towards 

practical zinc batteries and capacitors 

 

7.2 Perspective 

Despite tremendous reports on zinc anodes, cathodes, electrolytes, and binders, there remains a large 

gap between research outputs and practical applications, especially when it comes to cell-level 

performance and practical testing conditions like limited Zn use, high-loading cathodes, low N/P 

ratios, lean electrolyte, and wide-temperature operation. Also, most of previous work test electrode 

performance in the format of coin cells rather than pouch cells, prismatic cells, and cylinder cells 

which show more promise for large-scale energy storage.  
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Limited Zn use. To achieve limited use of Zn, there are generally four ways, including deposited Zn 

on hosts/substrates, zinc-free anodes, zinc powders, and ultrathin zinc foils (less than 10 µm). In this 

thesis, former three ways have been demonstrated and future work can be done as follows: 

For the 3D carbon hosted zinc anode project, more work can be done on first, other 3D carbons 

derived from polymers with different combinations of monomers, 3D carbons derived from covalent 

(metal) organic frameworks with different metal-carbon species, and 3D carbons derived from other 

carbon-containing sources; second, 3D carbon-based nanohybrid host, such as ZnO/carbon and 

Ag/carbon host which show excellent zincophilicity; third, anode-free carbon or carbon-based 

composite host to further enhance cell-level energy densities.  

For the Zn-free polymer anode project, future work can be done on the rational preparation of 

polymers via molecular engineering to introduce different functional groups, benzene rings, and linear 

chains to investigate the influence of these structures on zinc ions/proton storage. Specifically, the 

introduction of additional carbonyl groups, longer flexible chains, and more conjugated structure in 

the polymer chain. Besides, the control of polymer morphology and study the morphological effect 

on battery performance is another direction worth exploring.  

For Zn powder anode project, more work can be done on the change of solvent during powder 

regeneration and study its influence on crystal structure, micro-/nanostructure of zinc powder and the 

corresponding electrochemical reversibility in both mildly acidic and alkaline electrolyte. Along with 

electrolyte engineering, the zinc powder can be further applied for other Zn-based energy storage 

systems including rechargeable Zn-Ni batteries, Zn-air batteries, and Zn-LiMn2O4 batteries.  

High-loading cathodes. Increasing loading mass generally decreases the specific capacity, rate and 

cycling performance of electrode materials due to impeded ionic/electronic transfer and severe 

volumetric changes. The achievement of high-loading cathodes depends on suitable binders and 
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electrode structures. Suitable binders should be capable of anchoring electrode materials with strong 

mechanical properties that will not peel off from current collectors even under high loadings, such as 

the sodium alginate binder in my first project. Electrode structures with high porosity but low 

tortuosity is preferred when designing thick electrodes, for example, free-standing polymer electrode 

in my third project in which carbon nanotubes go through the whole electrode functioning as not only 

efficient ionic and electronic conductors but also effective binder ensuring seamless contact between 

the active material and the conductive agent.  

Low N/P ratios and lean electrolyte. Limited use of Zn and increased cathode loadings can lower N/P 

ratios to an ideal value of 1, which can hardly be achieved for Zn metal-based devices. Most previous 

reports use high N/P ratios up to 10-100, which is unrealistic for practical applications. To achieve 

lean electrolyte use, conductive carbon amount in the electrodes should be lowered and ultrathin 

separators with high electrolyte holding capability should be designed so that limited electrolyte can 

still reach active electrode materials rather than being wasted on wetting conductive agents and 

separators.  

Wide-temperature operation. Cold and hot temperatures need to be considered when designing 

energy storage devices due to ever changing climate. Cold temperatures will increase internal 

resistance of ionic and electronic transfer lowering rate and cycle life of energy storage devices while 

hot temperatures will accelerate water decomposition and other side reactions. Achieving wide-

temperature operation relies on the rational design of electrode and electrolyte with high stability and 

high ionic/electrical conductivity under both low and high temperatures. 
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