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ABSTRACT 

Towards Improved Rechargeable Zinc Ion Batteries: 

Design Strategies for Vanadium-Based Cathodes and Zinc Metal Anodes 

Jing Guo 

The need for renewable energy is increasing as a result of global warming and other 

environmental challenges. Renewable energy systems are intermittent in nature and 

require energy storage solutions. Lithium-ion batteries are the first choice for storing 

electrical energy due to their high energy density, long cycle life, and small size. 

However, their widespread use in grid-scale applications is limited by high cost, low 

lithium resources, and security issues. Among the various options, the rechargeable 

zinc ion water battery has the advantages of high economic efficiency, high safety, 

and environmental friendliness, and there are great expectations for energy storage on 

a network scale. Inspired by these benefits, people have put a lot of effort into 

developing and manufacturing zinc-based energy storage devices. As the main 

component of zinc ion battery, the cathode material plays an important role in the 

storage / release of zinc ions during insertion and extraction. Vanadium-based 

materials are attracting attention due to their various oxidation states, diverse 

structures, and abundant natural resources. However, the details of suitable cathode 

materials and Zn2+ storage mechanism for rechargeable zinc ion battery are not yet 

fully understood. 

In this thesis, firstly, the prepared zinc pyrovanadate delivers good zinc ion storage 

properties owing to its open-framework crystal structure and multiple oxidation states. 
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Mechanistic details of the Zn-storage mechanism in zinc pyrovanadate were also 

elucidated. Then, a calcium vanadium oxide bronze with expanding cavity size, 

smaller molecular weight, and higher electrical conductivity are proposed to deeply 

understand the impact of the crystal structure on battery performance. To improve the 

stability of the cathode in rechargeable zinc ion battery, an artificial solid electrolyte 

interphase strategy has been proposed by inducing an ultrathin HfO2 layer via the 

Atomic layer deposition method, which effectively alleviates the dissolution of active 

material. Finally, a nitrogen-doped 3D laser scribed graphene with a large surface area 

and uniform distribution of nucleation sites has been used as the interlayer to control 

Zn nucleation behavior and suppress Zn dendrite growth, which brings new 

possibilities for the practical rechargeable zinc ion battery. 
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Chapter 1 Introduction 

1.1 Introduction 

The majority of renewable energy sources, such as solar, wind, tidal, and geothermal, 

are essentially intermittent. Therefore, an efficient energy storage system is needed to 

store energy when renewable energy sources are not available1-3. rechargeable 

lithium-ion (LIB) batteries  have dominated the energy market, from portable 

electronic devices and electric vehicles to smart grid storage devices, since Sony's 

successful launch of commercial lithium-ion batteries in the 1990s. electric vehicles to 

smart grid storage devices4-6. Potential safety issues, high cost, and limited lithium (Li 

supply) continue to pose significant challenges to the long-term feasibility of LIB7-9. 

Because of the high abundance of these elements and low cost, there has recently 

been a increasing in interest in producing additional forms of mobile ion batteries, 

such as sodium ion and potassium ion batteries10-12. However, the high activity of Na 

and K continues to brings major safety issues, and their large radii allow these cations 

to be reversibly contained. At the same time, multivalent, metal-ion (Mg2+, Ca2+, Zn2+, 

Al3+) batteries not only utilize the abundant. However, current electrolytes may 

induce metal anode/collector corrosion and surface layer failure, providing 

appropriate electrolytes for reversible electroplating/stripping of magnesium, calcium, 

or aluminum is a key issue13-16. Additionally, many proposed cathodes are incapable 

of accommodating moving cations due to the high electrostatic contact between the 

polyvalent metal ion and the host cathode. 

Table 1.1 Comparison of monovalent and multivalent metals. 
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Research organizations are increasingly turning their attention to a zinc ion battery 

(ZIB) that includes a zinc metal anode, a zinc-containing electrolyte, and a zinc ion 

cathode. This is due to a number of appealing characteristics. (i)because of the 

battery's larger redox potential (relative to the typical hydrogen electrode [SHE])17, it 

can operate in water electrolyte, as well as other potential electrolytes; (ii) Other 

mobile ion batteries find it challenging to achieve this; (iii) The safety of ZIB is 

improved and the toxicity is reduced; (iv) zinc electroplating/stripping is reversible in 

electrolytes that are close to neutral or slightly acidic (for example, pH=3.6 -6.0). It is 

possible to avoid the production of zinc dendrites and zinc oxide byproducts, which is 

not possible with alkaline (e.g., Zn + 4OH− ↔ Zn(OH)4
2- + 2e− ↔ ZnO + 2OH− + 

H2O + 2e−)18. As a result, a longer cycle life can be obtained; (v) a greater volumetric 

energy density can be obtained (5855 mA h cm-3, compared to 2061 mA h cm-3 for 

LIB), which is possible due to the high density of Zn and the two Table 1.1 illustrates 

how each electron contributes to the electrochemical reaction. 
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Making ZIBs small enough to be deployed in tiny devices such as epidermal, 

implantable, and wearable sensors is critical. All of the aforementioned characteristics 

indicate that Zn-ion batteries have a high potential for commercialization. As 

indicated in Figure 1.1a, the annual number of publications on ABs has been steadily 

increasing from 2010 to 201919. 

 

Figure 1.1 a) Number of publications devoted to different ABs. b) Energy/power 
density comparison between some conventional commercialized batteries, typical 
metal ions, and non–metal ion charge carrier-based ABs. c) Proposed three criteria for 
the future road to commercialization of ABs19. 

 

The standard RAZIBs, as shown in Figure 1.2, are made up of three primary 

components: cathode materials, a mild aqueous electrolyte, and a metallic zinc anode. 

During the discharge process, Zn2+ travels through the electrolyte  and is inserted 

into the cathode, while the zinc anode loses electrons to generate Zn2+, thereby 
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maintaining the electrolyte's charge balance. During the reverse charging process, the 

accumulated zinc ions are extracted from the cathode into the electrolyte, while the 

Zn2+ ions in the electrolyte gain two electrons and deposit on the zinc foil's surface. 

In the past few years, many studies have been conducted to find ideal cathode 

materials with high energy density, excellent rate capability, and long cycle life. 

However, due to its divalent nature, there is a strong electrostatic contact between the 

cathode framework and the ions, resulting in slow diffusion and structural collapse 

during cycling. So far, RAZIBs have been classified into five major types to date: 

transition metal oxides, transition metal sulfides, polyanion compounds, Prussian blue 

analogues (PBA), and organic cathodes. However, their practical applicability are 

limited due to the inevitable Mn dissolution of the MnO2 cathode and the intrinsic low 

capacity of Prussian blue analogs. Among these, vanadium-based materials with 

numerous oxidation states, diversified architectures, and abundant natural supply 

garnered substantial interest. RAZIB's electrode materials could benefit from these 

benefits due to their strong electrochemical interaction with Zn2+. 

 

Figure 1.2 Schematic illustration of a Zn-ion battery and the main reported cathode 
candidates20. 



22 

 

1.2 Vanadium-based cathodes 

Stability and diversity are two significant advantages that V-based cathodes for ZIBs 

have over Mn-based cathodes. In contrast to the conventional MO6 octahedral units 

seen in MnO2, V-O coordination polyhedra can take on a variety of shapes, including 

tetrahedron, trigonal bipyramid, square pyramid, deformed octahedron, and regular 

octahedron21,22. Polyhedra that share corners and/or edges can be used to build a 

variety of vanadium oxides with varied frameworks, allowing for reversible Zn2+ 

(de-)intercalation. 

1.2.1 Vanadium-based cathodes with 1 D diffusion channels 

Figure 1.3a-b shows Hollandite-type V1-xAlxO1.52(OH)0.77 as a cathode in ZIBs made 

from the chemical composition of Mz+xV(4−x×z)+O2 with a [2 × 2] tunnel structure 

composed of a square pyramid23. In Al-doped V1-xAlxO1.52(OH)0.77, a higher capacity 

and better cycle performance were demonstrated, thanks to the stabilizing impact of 

stronger Al-O bonds in the crystal structure. However, even after Al doping, the 

working voltage of 0.6 V(i.e., V4+/V3+ redox reaction) remains low. Compounds of 

Mz+xV(8-x×z)+O4 such as Zn2(OH)V5+O4 have recently been shown to have a higher 

voltage of 0.75-0.8 volts, as well as an increased capacity of 205 mA h g-1. 
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Figure 1.3 a) The Al-doped tetragonal I4m model structures of bare VO1.52(OH)0.77. b) 
Zn2+ intercalation/de-intercalation into/out of the V1-xAlxO1.52(OH)0.77 (x= 0-0.09) 
tunnel model structure23. 

1.2.2 Vanadium-based cathodes with 2 D diffusion channels 

V2O5 and MxV2O5 compounds (M = alkali, alkaline earth metals) are composed 

primarily of square pyramidal (VO5) or octahedral (VO6) units in which the V oxidation 

state can be altered from V5+ to V4+ or even to V3+ while retaining the frameworks. The 

possibility of Zn2+ intercalation into vanadium oxide is demonstrated by ZnxV2O5yH2O, 

which was synthesized by an ionic exchange reaction between V2O5 and ZnCl2 in 

aqueous solution24. Later, cyclic voltammetric measurement confirmed the 

electrochemical intercalation of Zn2+ to a level equivalent to that of Li+ ions25. While 

X-ray absorption spectroscopy (XAS) corroborated the fourfold coordination of Zn2+ 

with four apical oxygens in the V2O5 layer and the placement of Zn2+ in quasi-coplanar 

positions26. Numerous recent research have reported the use of high-performance V2O5 
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as a cathode for ZIBs27-31. Johnson et al. developed a high-performance rechargeable 

non-aqueous multivalent Zn/V2O5 battery with a reversible capacity of 170 mA h g-1 

and a voltage of 0.85 V (Figure 1.4a-b)28. Next, a zinc ion hybrid battery of Zn/V2O5 

was introduced using a concentrated Li/Zn salt electrolyte, resulting in a higher 

capacity (239 mA h g−1) and improved performance29. This was the first time a 

hybrid-ion battery utilizing concentrated electrolytes in ZIBs was developed (Figure 

1.4c-d), and it prompted a slew of follow-up studies to investigate the technology 

further15,32,33. However, further investigation into the specifics of Li+ and/or Zn2+ 

intercalation within V2O5 during the (dis-)charge process is required. Increased 

capacity was achieved for the V2O5·nH2O/Graphene and V2O5·nH2O batteries as the 

development of cathode material synthesis and electrolyte design progressed30,31. 

These batteries had capacities of 372  mA h g−1 and 470  mA h g−1, respectively, and 

were capable of cycling for more than a few thousand cycles. We should remember 

that, despite the high capacities achieved, they are significantly larger than the 

theoretical capacity of 294.8  mA h g−1 computed based on the V5+/V3+ change of the 

V oxidation state (which was previously reported). 

The stability of V2O5-based compounds can be further enhanced by including cations 

and water molecules into the layer of V2O5 (e.g., Zn0.25V2O5·nH2O) to increase their 

framework stability. In accordance with the findings of Nazar et al., the interlayer of 

Zn0.25V2O5·nH2O (10.8 Å) may increase to 12.9 Å after being submerged in an 

electrolyte and subsequently decrease to 11 Å during discharge after being immersed 

in water34. Due to the fact that the water molecules were injected into the cathode and 
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extended their layer spacing before the discharge, but were withdrawn during the 

discharge as a result of the Zn2+ intercalation, the cathode's interlayer spacing was 

reduced. In the following charge mechanism, the de-intercalation of Zn2+ and the 

insertion of water molecules may be shown to occur in a reversible manner. 

 
Figure 1.4 Electrochemical performance of V2O5-based cathode. a) Schematic 
depiction of a Zn/BL-V2O5 cell (red: oxygen, green: zinc, blue: vanadium). b) 
Potential versus capacity profiles. c) Schematic illustration of a Zn/V2O5 aqueous 
hybrid-ion battery. d) Comparison of porous V2O5 with a recently reported 
vanadium-based cathode for ZIBs in terms of specific capacity and voltage 
platform. e) Structural variation of Zn0.25V2O5·nH2O as Zn2+ (de-)intercalation35. 
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1.2.3 Vanadium-based cathodes with 3 D diffusion channels 

The Na+ in the Na3V2(PO4)3 may be removed using the stable NASICON structure, and the 

framework of Na3V2(PO4)3 can accommodate Zn2+ ions reversibly via V4+/V3+ redox 

reactions36. With a high voltage of 1.0 V, this cathode has a specific capacity of 97 mA h g−1. 

The higher voltage (vs. 0.6 V of VS2) is due to a greater electronegativity differential between 

V-O and V-S in the V4+/V3+ redox process. Because of the greater oxidation state of V4.5+ and 

increased electronegativity caused by the fluoride ion, the NASICON Na3V2(PO4)3F3 is a 

suitable option for seeking a higher voltage37. As a result, a voltage of 1.65 V and a capacity 

of 61 mA h g−1 can be produced. 

1.3 Zn Anode in RAZIBs 

The negative electrode in aqueous zinc ion batteries is now made primarily of 

commercially available zinc foil. However, the Zn anode has not been widely 

promoted due to several drawbacks mainly from itself, such as metal corrosion, 

dendrite formation, and hydrogen evolution. Even if Zn foil has a smooth and flat 

surface, after stripping/plating, it will have defects on the surface. As this unbalanced 

zinc deposition continues, dendrites begin to grow in the high deposition area and 

eventually reach the other side of the electrode, forming a short circuit. Great efforts 

have been divided into improving the Zn deposition during RAZIBs charge/discharge. 

One effective strategy is coating a layer on the surface of the Zn anode as the 

protective layer to regulate the zinc ions deposition and suppress the dendrite 

formation. Kang et al have coated the metallic Zn with porous nano-CaCO3 to 

improve the zinc stripping/plating performance. As shown in Figure 1.5, compared 
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with the bare Zn anode, nano-CaCO3 coated Zn anode exhibited more smooth surface 

and lower polarization after several stripping/plating cycles, indicating nano-CaCO3 

could uniform the zinc ion flux and lead to better zinc deposition38-43. 

 

Figure 1.5 Schematic illustrations of morphology evolution for bare and 
nano-CaCO3-coated Zn foils during Zn stripping/plating cycling. 

 

1.4 Challenges of RAZIBs 

Due to its unique and amazing characteristics, RAIBs have recently been extensively 

investigated and are expected to become large-scale power storage devices. However, 

there are still some roadblocks and challenges that severely limit the utilization of 

ZIBs, such as the following. (See Figure 1.6.) (1) Dense nuclei and uneven growth 

would be created o the surface of Zn anode during the stripping/plating process, 

leading to forming Zn dendrite, even short circuits. As a result, special caution should 

be used with zinc anodes to avoid the rapid formation of thick and speedy dendrites. 

(2) The use of high-voltage cathodes for RAZIBs has been limited due to the water's 

narrow electrochemical window because OER reaction occurred at high voltage. Even 

while various ultrahigh concentrated electrolytes have been utilized to address this 

problem, the cost and low ionic conductivity is still remain. (3) Due to their high 
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safety properties, RAZIBs could be used in wearable flexible devices that require fast 

charging. Gel electrolytes with high mechanical characteristics can prevent liquid 

electrolyte leakage, which are considered as a crucial part of flexible ZIBs. Its ionic 

conductivity, on the other hand, is significantly lower than that of water-based 

electrolytes, resulting in poor rate performance. As a result, a new technology must be 

presented to increase the ion conductivity of gel electrolyte. (4) In-situ 

characterization and operational analysis are useful ways for more thorough data. 

In-situ observation methods must be developed in order to acquire insight into the 

particular electrochemical reaction mechanisms in ultrafast ZIBs, such as side 

reactions, phase changes, rapid volume changes, and uncontrollable zinc dendrite 

development. 

 

Figure 1.6 Challenges and possible research directions of RAZIBs. 

 

1.5 Objectives 



29 

Chapter 1 introduces the basic electrochemistry of ZIBs. This chapter also presents a 

literature review on cathode materials in terms of their structural properties. The 

application and potential development in ZIBs have been discussed in detail. 

Chapter 2 The layered ZVO has been successfully synthesized via a simple 

microwave approach and applied in RAZIBs for the first time. Thanks to its 

open-framework crystal structure and multiple oxidation states of vanadium elements, 

the ZVO cathode delivers high capacities and excellent rate behavior, respectively. 

Mechanistic details of the Zn-storage mechanism based on Zn2+ ions intercalation 

were elucidated. 

Chapter 3 Another vanadium-based material with a larger cavity size, smaller 

molecular weight, and higher electrical conductivity has been used as the cathode 

material in RAZIBs. The relationship between the crystal structure and 

electrochemical properties has been deeply investigated. The enhanced 

electrochemical kinetics has also confirmed this point. 

Chapter 4 An artificial solid electrolyte interphase inducing by the atomic layer 

deposition approach, which acts as a screen that isolates the electrode and electrolyte, 

could effectively reduce dissolution of active materials in the electrolyte and 

suppressing the formation of the insulating byproduct. This approach was 

demonstrated to work with other cathode materials. 

Chapter 5 A nitrogen-doped 3D laser scribed graphene with zincophilic nucleation 

sites has been prepared by laser scribing method. Zn nucleation behavior has been 
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controlled and Zn dendrite growth has been suppressed because of the strong 

interaction between Zn2+ and the N-doped graphene. It also showed improved 

electrochemical performance when employed in the Zn-MnO2 battery. 
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Chapter 2 Rechargeable Aqueous Zinc Ion Battery Based on Porous 

Framework Zinc Pyrovanadate Intercalation Cathode 

2.1 Summary 

A microwave method is used to rapidly generate ultralong zinc pyrovanadate 

(Zn3V2O7(OH)2·2H2O, ZVO) nanowires with a porous crystal structure in this study. 

Our synthetic technique can simply be extended to create various metal pyrovanadate 

compounds, as demonstrated. When employed as intercalation cathodes for aqueous 

zinc–ion batteries, zinc pyrovanadate nanowires demonstrate dramatically increased 

electrochemical performance. At current densities of 50 and 3000 mA h g−1, the ZVO 

cathode achieves high capacities of 213 and 76 mA h g−1, respectively. Furthermore, 

up to 300 cycles, the Zn/ZVO cells demonstrate good cycling stability. This Zn cell 

has an estimated energy density of 214 W h kg−1, which is significantly higher than 

that of typical lead-acid batteries. Multiple analytical approaches are used to provide 

significant insight into the Zn-storage process in pyrovanadate cathodes. Furthermore, 

our prototype system has been proved to be capable of powering a 1.5 V temperature 

sensor for at least 24 hours. 

2.2 Introduction 

Energy storage that is cost effective, ecologically benign, and reliable is crucial for 

the broad use of renewable energy sources44-46. Even though lithium intercalation cells 

with a high energy density have become ubiquitous in our daily lives, scaling them up 

for large-scale applications such as grid-level storage remains a difficulty. This 

constraint is a result of the Li cell components' cost, safety, longevity, and toxicity. 
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The goal to reach a truly sustainable future has increased interest in aqueous 

rechargeable batteries, particularly for stationary grid-level storage of renewable 

energy, where fast-responding frequency regulation systems are critical46-48. This is 

because aqueous electrolytes have significantly larger ionic conductivities (~1 S cm-1) 

than non-aqueous electrolytes (~1-10 mS cm-1), which is advantageous for high-rate 

capabilities34. Furthermore, aqueous rechargeable batteries (such as lead-acid systems) 

are far safer, more affordable, and easier to scale up than organic Li-ion cells. These 

qualities are especially critical in fixed applications, where operational safety and 

cost-effectiveness take precedence over weight34. While lead-acid batteries account 

for more than half of the global battery market, their usage of hazardous lead 

combined with their low energy capacity and lifespan necessitates the development of 

alternate options. 

There have been many different types of water rechargeable batteries proposed that 

use multivalent metal ions (e.g. Zn2+, Mg2+, Al3+) as charge carriers49-53. This is 

owing to the fact that rechargeable batteries utilizing multivalent ions might, in theory, 

provide greater storage capacity due to the many electron exchanges that occur. 

Intercalation chemistry based on Zn2+ ions in aqueous Zn-ion batteries (ZIBs) is 

particularly promising among these because of the high anode capacity of Zn metal 

(820 mA h g-1). In addition, Zn has a number of appealing characteristics, including a 

low cost (USD $2 per kg)34, high electrical conductivity36, non-toxicity, ease of 

processing, and a more appropriate redox potential (-0.76 V compared to the standard 

hydrogen electrode (SHE)) in aqueous electrolyte. Additional research has revealed 
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that dendritic zinc problems, which are common in alkaline electrolytes, are nearly 

eradicated when employing a neutral (or slightly acidic) pH electrolyte, making 

aqueous ZIBs an attractive option from a safety standpoint34. Aqueous ZIB was 

originally shown by Kang et al., who employed tunnel-type MnO2 as the cathode in 

an electrolyte containing 1 M ZnSO4 or Zn(NO3)2 as the electrolyte52. In the aftermath 

of this groundbreaking demonstration, only Prussian blue analogues (ZnHCF54 and 

CuHCF55) and polymorphous MnO2 have been seriously investigated as potential 

Zn2+ ion host materials. However, these materials have either limited capacity (50 

microamperes h g-1) or extremely poor cycling stability56. As a result, the 

development of stable ZIB cathodes with increased energy density is critical for the 

realization of aqueous ZIBs for large-scale energy storage. 

Aqueous ZIBs have recently been reported to use vanadium-based compounds as 

cathode materials. Layered and tunnel-type vanadium-based compounds 

(Zn0.25V2O5·nH2O34, LiV3O8
53, Na3V2(PO4)3

36, VS2
57, VO1.52(OH)0.77

23) have been 

identified as possible cathode materials. Several factors were cited as contributing to 

the reported performance increases, including the open-framework crystal structure 

and the tendency of vanadium to exist in different oxidation states. In order to take 

advantage of these characteristics, we have developed a microwave-based method for 

rapidly synthesising ultra-long zinc pyrovanadate (Zn3V2O7(OH)2·2H2O or ZVO) 

nanowires with a porous crystal framework, which can facilitate the electrochemical 

(de)intercalation of Zn2+ ions into the ZVO lattice, as described herein. When 

operated at current densities of 50 and 3000 mA g-1, the ZVO cathode may offer high 
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capacities of 213 and 76 mA h g-1, respectively. The process of Zn2+ uptake and 

removal is shown to proceed without the need for porous-framework collapse, 

indicating that ZVO anodes manufactured using a simple microwave technique are 

indeed capable of serving as Zn2+ hosts in aqueous ZIBs. 

2.3 Experimental section 

2.3.1 Preparation of the Zn3V2O7(OH)2·2H2O (ZVO) 

In a typical synthesis, 1.5 mol commercial Zn(NO3)2·2H2O was firstly dissolved in 20 

mL deionized (DI) water. Then, 1.0 mol commercial NH4VO3 powders were added 

into another 20 mL DI water and stirred at 80 °C for 10 min to form a homogeneous 

yellow solution. Next, the above NH4VO3 solution was dropwise added into the zinc 

solution and stirred for 5 min. The above homogenous solution was transferred to a 

sealed glass vessel and placed in a CEM Discover SP microwave synthesis system. 

The system temperature was raised to 180 °C in 2 min and maintained for 6 h. After 

cooling, the as-synthesized product was collected and rinsed with ethanol and DI, and 

dried in a vacuum at 60 °C for 24 h. 

2.3.2 Physical characterizations 

The as-synthesized samples were characterized using a Bruker D8 ADVANCE X-ray 

diffractormeter (XRD) using Cu Kα radiation (λ = 1.5406 Å), a FEI Nova Nano 630 

scanning electron microscope (SEM), and a FEI Titan 80-300 ST (300 kV) 

transmission electron microscope (TEM) with energy dispersive X-ray spectroscopy 

(EDS) capabilities. X-ray photoelectron spectroscopy (XPS) measurements were 

performed using a Kratos Axis Ultra DLD spectrometer with Al Kα radiation (hν = 
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1486.6 eV). All XPS spectra were calibrated by shifting the detected adventitious 

carbon C 1s peak to 284.4 eV. Atomic force microscopy (AFM) images were 

recorded using a Digital Instrument Multi-Mode AFM with a Nanoscope 4 controller 

operating in tapping mode.  

2.3.3 Electrochemical measurement 

To assess the battery performance, 2032 coin-type (MTI, Inc.) devices were fabricated. 

Self-supported Zn3V2O7(OH)2·2H2O membrane was fabricated using vacuum 

filtration method to serve as the working electrode. Typically, zinc pyrovanadate 

nanowires were mixed with conducting Super P and a water-based composite binder 

(carboxymethylcellulose, CMC) and styrene-butadiene rubber (SBR) in a 70:27:2:1 

weight ratio. The composite film was punched into ~1 cm-2, and the active material 

mass loading is around 4-5 mg cm-2.  Zinc foil was used as the counter and reference 

electrode, and Celgard 3501 microporous membrane as separator. 1 M ZnSO4 in 

water was used as electrolyte. Stainless steel was used as current collector. The 

electrochemical performance of the assembled cells was measured at different current 

densities in the voltage window from 0.2 to 1.8 V vs. Zn/Zn2+ using an Arbin battery 

tester (Arbin BT-2143-11U, College Station, TX, USA). Cyclic voltammetry was 

performed to examine the reduction and oxidation peaks in the voltage range of 0.2 to 

1.8 V vs. Zn/Zn2+ at a scan rate of 0.1-1 mV s-1 using VMP3 Biologic potentiostat 

(Biologic, France).  

2.3.4 Galvanostatic Intermittent Titration Technique (GITT)  

The GITT was employed to determine the thermodynamic voltage-composition 
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relationship, where we could find out the corresponding Zn2+ ion diffusion 

coefficients in ZVO cathode. In our GITT study, a cell was charged or discharged at 

30 mA g-1 rate for 20 min, followed by a 3 h open circuit step to allow relaxation back 

to equilibrium (defined as dE/dt < 0.2 mV h-1). The procedure was continued until the 

charge (or discharge) voltage reached 1.8 V (0.2 V). The Zn2+ ion diffusion 

coefficients could be calculated using the following equation first outlined by 

Weppner and Huggins:  

D𝑍𝑍𝑍𝑍2+
𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 =

4
𝜋𝜋
�I

𝑉𝑉𝑚𝑚
𝑍𝑍𝐴𝐴𝐹𝐹𝐹𝐹

 �
2

�
𝑑𝑑𝑑𝑑 dδ⁄
𝑑𝑑𝑑𝑑 d√t⁄

 �
2

 

 

where, I is the current (A); Vm is the molar volume of the ZVO (cm3 mol-1); ZA is the 

charge number; F is the Faraday’s constant (96485 C mol-1); S is the 

electrode/electrolyte contact area (cm2); dE/dδ is the slope of the coulometric titration 

curve, found by plotting the steady state voltages E (V) measured after each titration 

step δ; dE/d√t is the slope of the linearized plot of the potential E (V) during the 

current pulse of duration t (s). 

If sufficiently small currents are applied for short time intervals, so that dE/d√t can be 

considered linear and the coulometric titration curve can be also considered linear 

over the composition range involved in that step, the above equation can be simplified 

into:  
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Here, τ is the duration of the current pulse (s); nm is the number of moles (mol); Vm is 

the molar volume of the electrode (cm3 mol-1); S is the electrode/electrolyte contact 

area (cm2); ΔEs is the steady-state voltage change, due to the current pulse and ΔEt is 

the voltage change during the constant current pulse, eliminating the iR drop. 

 

 

Figure 2.1 Schematic illustration of a single step of the GITT. 

 

2.3.5 Estimation of the energy density of the Zn//ZVO cell. 

If this cell is charged at a slow rate (50 mA g-1), an average voltage of ~1.33 V could 

be obtained. For the calculation of the average voltage, the integral of the 

voltage-charge curve was divided by the total charge. Based on the following 

equation and the average voltage for the rechargeable aqueous ZIBs, a specific 

energy of 214 Wh kg-1 is calculated considering the total active mass of cathode (ca. 

200 mA h g-1) and anode (ca. 820 mA h g-1). 
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Zn3V2O7(OH)2·2H2O + 1.9Zn2+ + 3.8e- ↔  Zn4.9V2O7(OH)2·2H2O 

Zn2+ + 2e- ↔ Zn 

2.4 Results and discussion 

2.4.1 Structural characterization of ZVO 

 

Figure 2.2 a) Crystal structure viewed along the b axis of ZVO, which shows a 
layered structure with porous framework. The Zn atoms in ZnO6 and V atoms in V2O7 
polyhedra are depicted in blue and yellow, respectively. The grey atoms in the crystal 
cavities represent the lattice water. b) The typical θ-2θ XRD pattern of ZVO 
nanowires. 

 

Zinc pyrovanadate crystallizes in the trigonal system (P3
_

m1) and consists of zinc 

oxide layers separated by V-O-V pillars (V2O7
4- group) (Figure 2.2a). The brucite 

kind of layer is generated by densely packed pyrovanadate and hydroxide terminal O 

atoms. Three of four octahedral positions in a dense layer of O atoms are occupied by 

Zn atoms58. Water molecules fill the big cavities in an ad hoc manner. This 

open-framework structure and increased interlayer spacing (0.719 nm vs. 0.576 nm in 

VS2) make electrochemical insertion/extraction of Zn2+ ions a viable option. 

Additionally, our microwave technique is more attractive than conventional 

hydrothermal processes since it permits faster synthesis and higher yields. Figure 
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2.2b illustrates the XRD pattern of the as-prepared product. It is obvious that all of the 

diffraction peaks are indexed to Zn3V2O7(OH)2·2H2O  (JCPDS 50-0570), showing 

the formation of single-phase ZVO. It's worth noting that the XRD intensity ratio 

I(001)/I(012) of the ZVO created using our method is significantly higher than that of 

hydrothermally synthesized ZVO nanosheets59, nanoplates60, and microflowers61. 

Additionally, our process's preferential orientation of ZVO in the [001] direction 

(c-axis) may facilitate the entry of guest Zn2+ ions into accessible sites. 

 

 

As illustrated in Figures 2.3a-c, the typical nanowire morphology of as-prepared 
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ZVO can be seen in the SEM and TEM pictures, where the nanowires are hundreds of 

micrometers long and around 100 nm wide. Furthermore, the energy-dispersive X-ray 

spectroscopy (EDS) examination (see inset in Figure 2.3b) demonstrates that ZVO 

nanowires are free of impurities. When examining the high-resolution TEM image, a 

lattice fringe with d-spacing of 0.298 nm can be noticed, which corresponds to the 

(012) plane of ZVO nanowire (Figure 2.3c). We further demonstrate that the ZVO 

nanowires are approximately 10 nm thick, as assessed by atomic force microscopy 

(Figure 2.3d). It is hypothesized that these morphological characteristics can 

significantly shorten the diffusion channel of Zn2+ ions in ZVO, hence improving the 

rate behavior of the ionic species. 

2.4.2 Electrochemical performance of the NLSG coated Zn anode 

 

Figure 2.4 a) Galvanostatic charge-discharge profiles for ZVO electrodes at current 
density of 50 mA g-1. b) Cycle performance at current rate of 200 mA g-1. c) Rate 
capability of the ZVO cathode. e) The b-values of different redox peaks, determined 
from the log(i) versus log(v) plots. f) The k1 analysis of ZVO electrode at 0.3 mV s−1. 
These data show the contribution to capacitive charge storage as a function of 
potential.  
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The electrochemical profiles indicating Zn2+ (de)intercalation into ZVO host are 

shown in Figure 2.4a at a galvanostatic current density of 50 mA g-1. The discharge 

and charge plateau-like regions at 0.85/0.58 V and 0.74/1.0 V, respectively, are 

clearly visible in the second and third charge-discharge (CD) cycles, which most 

likely correlate to the insertion/extraction of Zn2+ ions from the ZVO crystal. The 

first cycle achieves a very high discharge capacity of 213 mA h g-1, equating to a 

3.8 electron redox process, of which 205 mA h g-1 is recovered upon charging. The 

cycling performance of the Zn/ZVO cell at an average voltage of 1.33 V (vs. 

Zn/Zn2+) is shown in Figure 2.4b. Notably, the integral of the voltage-charge curve 

was divided by the total charge to determine the average voltage62. After 300 cycles, 

the battery reaches a reversible capacity of 101 mA h g-1 (68%) and a Coulombic 

efficiency of >96 % in all cycles. It's worth noting that the initial 30 cycles exhibit a 

rapid capacity decline. We attribute this sudden capacity degradation to the 

production of byproducts on the ZVO surface, which may have been degraded by 

the ZnSO4 electrolyte23. However, the development of surface sulfate inhibits 

further capacity deterioration. This mechanism is compatible with the reduced 

quantity of capacity fading in successive cycles, and so a stabilized capacity across 

hundreds of cycles was observed (100th to 300th cycle). The excellent rate capacity 

of the ZVO cathode is demonstrated in Figure 2.4c, where the current density was 

increased incrementally from 50 to 3000 mA g-1 and then restored to 500 mA g-1. 

At 50, 100, 300, 500, 800, 1000, 2000, and 3000 mA g-1, the discharge capacities 



42 

are approximately 200, 166, 145, 122, 105, 84, 75, and 54 mA h g-1. When the 

current density was restored to 500 mA g-1, the discharge capacity recovered to 112 

mA h g-1, implying just a minor structural alteration of ZVO during strong current 

fluctuation. 

To further understand the Zn-ion storage behavior of the ZVO nanowires, cyclic 

voltammetry (CV) studies were carried out. In Figure 2.4c, you can see example 

CV curves of the ZVO cathode, which were measured at various scan speeds. 

According to recent reports, the three unique pairs of peaks at roughly 1.28/1.37 V 

(C1/A1), 0.84/1.05 V (C2/A2), and 0.58/0.79 V (C3/A3) might be attributed to a 

three-step reaction associated with Zn2+ ion intercalation and extraction through the 

ZVO lattice53,63. For example, when LiV3O8 is employed as a cathode for ZIBs, two 

pairs of reduction/oxidation peaks are detected at 0.8/1.1 V and 0.65/0.79 V, 

respectively, for the material53. Furthermore, the CV profiles preserve their 

morphologies even when the scan rates are increased from 0.1 to 0.5 mV s-1 are 

continuously increased, demonstrating the excellent stability of ZVO cathodes. In 

order to gain a better understanding of the charge storage kinetics in the ZVO host, 

we used sweep voltammetry to quantitatively separate the contributions to the 

observed current that were controlled by diffusion from those that were controlled 

by capacitance64. When performing a CV scan, it is common to observe a linear 

relationship between the observed peak current i and the sweep rate (v). This 

relationship can be expressed by the following equation: 

𝑖𝑖 = 𝑎𝑎𝑣𝑣𝑏𝑏 



43 

If the current is controlled by semi-infinite diffusion, the b value is 0.5; otherwise, 

the value is 1. Capacitive behavior is indicated by a value of 1. ZVO has six peaks 

whose b values are as follows: 0.8, 0.55, 0.75, 0.68, 0.87, and 0.78 (Figure 2.4d), 

showing that the process is predominantly capacitor-like. We also used an analysis 

in which the current response, i(V), is assumed to be a combination of 

capacitor-like and diffusion-controlled processes to quantitatively separate the 

diffusion-controlled and capacitive contributions: 

𝑖𝑖(V) = 𝑘𝑘1𝑣𝑣 + 𝑘𝑘2𝑣𝑣1/2 

Because of the determination of k1, it is possible to estimate the fraction of current 

contributed by capacitor-like processes, which can be plotted against potential64. As 

illustrated in Figure 2.4e, the capacitive response at a scan rate of 0.3 mV s-1 is 

responsible for 62% of the current, and this is what allows the cell to operate at a 

high rate. 
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Figure 2.5 a) GITT curves for the ZVO cathode at the current density of 30 mA g-1. b) 
The corresponding Zn2+ coefficients as a function of the Zn2+ composition during CD 
scan of the ZVO cathode. c) The Ragone plot of Zn//ZVO cell, in comparison with 
other aqueous ZIBs (Zn//VS2, Zn//CuHCF, Zn//FeFe(CN)6  and Zn//Na0.85MnO2). d) 
Digital image of a 1.5 V temperature sensor powered by two Zn/ZVO cells in series. 

 

Additionally, the galvanostatic intermittent titration technique (GITT) was used to 

determine the diffusion coefficient of the Zn2+ ion in the ZVO cathode (Figure 

2.5a-b). Despite the divalent nature of the Zn2+ ion, the diffusion coefficient obtained 

by GITT is 10-9-10-10 cm2 s-1, which is 102-104 times greater than the diffusion 

coefficient of Li+ in LiFePO4
65, Li3V2(PO4)3

66, and LiCoO2
67. This research 

demonstrates unequivocally that the ZVO cathode's open-framework structure enables 

rapid Zn2+ immigration, resulting in high rate capabilities. The Ragone plot compares 

our Zn/ZVO cell's high-rate performance to that of previous known Zn2+ ion cells 

(Figure 2.5c). As can be observed, our cells outperform those using CuHCF62, VS2
57, 

FeFe(CN)6
68, or Na0.95MnO2

69 cathodes. To demonstrate the practical utility of this Zn 

cell, we demonstrate that our prototype device (two cells connected in series) can 

power a 1.5 V temperature sensor for at least 24 hours (Figure 2.5d). 
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Figure 2.6 a) The XRD patterns of the ZVO cathode at initial, discharged and 
charged state. b) the typical XRD patterns of the ZVO electrode after 2nd and 100th 
CD cycle, in comparison to fresh ZVO electrode.  

Ex situ XRD investigation of the ZVO host was carried out in order to get insight into 

the electrochemical intercalation process occurring within the host. After being 

discharged to 1.8 V, the Bragg peaks associated with ZVO phase move to lower 

angles in the fully discharged state (0.2 V), and virtually revert to their initial 

positions after being discharged again to 0.2 V in the second cycle. Interestingly, the 

ZVO electrode retains its crystal structure even after 100 continuous CD cycles 

(Figure 2.6b), showing that Zn2+ intercalation of the ZVO host can occur without the 

host's porous framework being destroyed. In this regard, it is worth noting that 

following the initial discharge, the creation of Zn4SO4(OH)6·4H2O byproduct as a 

result of the reaction with the electrolyte was observed (Figure 2.6a). This result is 

most likely responsible for the sudden capacity fading that occurs during the initial 

cycles of the experiment. The majority of the basic zinc sulfate byproduct, on the 

other hand, was reduced during the subsequent charging process. We also found no 

impurity signals in the XRD study after 100 CD cycles (Figure 2.6b), which is 

consistent with the much reduced trend in capacity fading seen in the succeeding 

cycles. 
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2.4.3 Analysis of the Zn-storage mechanism in ZVO cathode 

 

Figure 2.7 a) Ex situ XRD patterns of (001) Bragg peak of the ZVO electrode during 
2nd charge-discharge scan as a function of discharge and charge voltage. b) 
High-resolution TEM of the ZVO nanowire at initial, fully discharged (0.2 V) and 
charged (1.8 V) state. 

 

On the second CD scan, Figure 2.7a depicts in greater detail the progression of the 

(001) peak of the ZVO electrode. In response to a continuous voltage rise, the (001) 

peak gradually moves from 12.58° to 12.26°, demonstrating an interlayer expansion 

process of the brucite-type layer that may be recovered instantly upon voltage reversal. 

Due to this reversibility and slow shifting of the (001) peak, it may be concluded from 

these results that the linked mechanism is associated with Zn2+ uptake/removal from 

the ZVO lattice. The presence of a minor quantity of Zn2+ trapped in the crystal 

structure may have resulted in less than 100 percent recovery of the (001) peak from 

0.2 to 1.8 V during the second cycle. This phenomenon is most likely another factor 

that contributes to the steady deterioration of available capacity. During the 2nd cycle, 

the ex situ high-resolution TEM investigation (Figure 2.7b) reveals that the lattice 
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spacing of the ZVO (001) plane changes, which further supports the reversible 

intercalation reaction mechanism. 

 

 

ZVO electrodes in their uncharged state (Figure 2.8a) and fully charged state (Figure 

2.8c) exhibit only one Zn 2p (2p3/2: 1022 eV) component due to the native Zn2+ sites 

in the ZVO lattice70. However, in the fully discharged condition (Figure 2.8b), we see 
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a second Zn contribution at 1024 eV, which corresponds to intercalated Zn in ZVO. 

Additionally, the V 2p XPS area exhibits reversible electrochemical reduction of 

V-O-V pillars as a result of Zn2+ insertion. Peak fitting examination of the pure ZVO 

electrode reveals a V 2p3/2 peak at 517 eV (Figure 2.8d), which corresponds to the 

V5+ species71. When the voltage is reduced to 0.2 V, another V 2p3/2 pattern occurs 

(Figure 2.8e), suggesting a partial reduction of V5+ to Vδ+ (δ < 5). As illustrated in 

Figure 2.8f, the Vδ+ contribution is virtually completely eliminated upon charging, 

demonstrating the ZVO crystal's reversibility and stability. According to the 

description above, the electrochemical reaction of a Zn/ZVO cell operating at a 

current density of 50 mA g-1 can be characterized by the following equation: 

Zn3V2O7(OH)2·2H2O + 1.9 Zn2+ + 3.8 e- ↔   Zn4.9V2O7(OH)2·2H2O 

Zn2+ + 2e- ↔   Zn 

Given the low cost of Zn (USD $2 kg-1) and V (USD $2.5 lb-1)34, the combination of a 

high-capacity, dendrite-free Zn anode and a stable ZVO cathode in a mild aqueous 

electrolyte should result in a potentially safe, durable, and cost-effective device for 

large-scale energy storage. 

2.5 Conclusion 

In summary, we describe a straightforward microwave technique for fabricating 

multilayer metal pyrovanadate nanowires (Zn3V2O7(OH)2·2H2O) for use as cathodes 

for ZIBs in an aqueous electrolyte. At current densities of 50 and 3000 mA g-1, the 

ZVO cathode has high capacities of 213 and 76 mA h g-1, respectively. The rate 
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behavior of the Zn/ZVO cells is excellent, and the cells exhibit exceptional cycling 

stability up to 300 cycles. Our Zn cell has an estimated energy density of 214Wh kg-1, 

which is significantly higher than that of conventional lead-acid batteries. We 

clarified the mechanistic aspects of the Zn-storage process based on Zn2+ ion 

intercalation. Our devices are attractive for stationary grid storage applications 

because to their high capacity, low cost, and safety. 
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Chapter 3 Highly Stable Aqueous Zinc-ion Storage Using Layered 

Calcium Vanadium Oxide Bronze Cathode 

3.1 Summary 

When compared to non-aqueous cells, cost-effective aqueous rechargeable batteries 

have the potential to be more practical for stationary grid energy storage. Zinc-ion 

batteries (ZIBs), which are based on the Zn2+ intercalation chemistry, stand out among 

the various types of aqueous cells because they may employ high-capacity Zn metal 

as anode material. A layered calcium vanadium oxide bronze is described in this 

paper as a cathode material for aqueous zinc battery applications. A calcium-based 

bronze structure for the storage of Zn2+ ions in an electrolyte is demonstrated to have 

a high storage capacity of 340 mA h g-1 at 0.2 C, as well as a good rate capability and 

a very long cycling life (96% retention after 3000 cycles at 80 C). The Zn2+ storage 

mechanism and electrochemical kinetics of this bronze cathode are also being 

investigated in greater depth. Finally, we demonstrate that our Zn cell has an energy 

density of 267 Wh kg-1 and a power density of 53.4 W kg-1 when operated at a 

constant current. 

3.2 Introduction 

Aqueous rechargeable batteries are a promising kind of batteries for electrochemical 

energy storage on a large scale at the grid level52,72,73. This is mostly due to its 

inexpensive cost and great operational safety, both of which contribute to their 

popularity. Furthermore, it is generally known that aqueous electrolytes have 

significantly larger ionic conductivities (ca. 1 S cm−1) when compared to non-aqueous 
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electrolytes (1–10 mS cm−1), which is advantageous for high rate capabilities in 

aqueous electrolytes34. Natural Na+ and K+ intercalation materials, as well as 

multivalent charge carriers (for example, Zn2+, Ca2+, Mg2+ and Al3+), have been the 

focus of efforts in large-scale water energy storage74-81. It goes without saying that 

rechargeable cells utilizing multivalent ions have the potential to provide greater 

storage capacity in theory due to the multiple electron exchanges. Zinc anodes, which 

are used in aqueous zinc-ion batteries (ZIBs) based on Zn2+ intercalation chemistry, 

have the following characteristics that distinguish them from the others: Great 

capacity (820 mA h g-1, 5851 mA h L-1), high abundance, and low cost are some of 

the characteristics of this material72. In addition, the electrode has a low redox 

potential (0.76 V compared to a typical hydrogen electrode) and exhibits excellent 

electrochemical stability in water due to a large overpotential for hydrogen evolution. 

Furthermore, replacing the alkaline electrolyte with a mild neutral pH (or slightly 

acidic) solution will practically eliminate the problems associated with dendritic zinc, 

which are prevalent in alkaline zinc cells, while simultaneously reducing the 

environmental impact and maintenance costs. Undoubtedly, one of the most 

significant obstacles to the practical deployment of aqueous ZIBs is the lack of 

adequate intercalation cathodes, which are capable of delivering high capacity while 

maintaining good structural stability during Zn2+ (de)intercalation during the process. 

In order to obtain stable zinc-ion storage in aqueous solution, the development of a 

high-performance ZIB cathode is required. 



52 

In the early stages of development, polymorphous MnO2 was carefully considered as 

prospective Zn2+ host material, but the results were disappointing52,56,82. Following 

that, Prussian blue analogs were proposed for the production of stable aqueous 

ZIBs54,55,62. Unfortunately, these electrodes have either a low capacity or very poor 

cycle stability, depending on the model. A few years ago, researchers discovered that 

layered and hydrated V2O5 derivatives (e.g. Zn0.25V2O5·nH2O) may be used as 

high-performance ZIB cathodes. These cathodes demonstrated high capacity (>300 

mA h g-1) and long-term cycling stability (>1000 cycles), as well as outstanding rate 

capability. In order to take advantage of these characteristics, we propose 

double-layered calcium vanadium oxide bronze (Ca0.25V2O5·nH2O or CVO) as a more 

suitable aqueous ZIB intercalation cathode than zinc vanadium oxide bronze 

(Zn0.25V2O5·nH2O) for the following reasons: As will be demonstrated later, the larger 

CaO7 polyhedra in CVO, when compared to the ZnO6 octahedra pillars in the 

Zn0.25V2O5·nH2O compound, may allow for further expansion of the cavity size 

between V4O10 layers83; 2) the smaller molecular weight and density of CVO may 

allow for greater gravimetric and volumetric capacity; and 3) the CVO exhibits four 

times the electrical conductivity of the Zn0.25V2O5·nH2O. In this study, we 

demonstrate that a freestanding CVO paper cathode can yield capacities of 340 and 

289 mA h g-1 at temperatures of 0.2 and 1 C, respectively84. The cyclic voltammetry 

technique is also used to demonstrate the quick electrochemical kinetics of CVO in a 

quantitative manner. We demonstrate that the CVO cathode retains ≈96% and ≈78% 

of its initial capacity after 3000 and 5000 cycles, respectively, even when cycled at 80 
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C. Ex-situ X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and 

transmission electron microscopy (TEM) research have been used to decipher the 

process of highly reversible Zn2+ intercalation in amorphous silicon. 

3.3 Experimental section 

3.3.1 Preparation of the Ca0.24V2O5·nH2O (CVO) 

In a typical synthesis, 356 mg commercial V2O5 and 111 mg commercial CaCl2 were 

firstly dissolved in 30 mL 1.17 M aqueous solution of acetic acid to form a 

homogeneous solution. The above homogenous solution was then transferred into a 

50 mL Teflon-lined autoclave, which was put in a constant temperature oven and 

maintained at 200 °C for 72 h. After cooling, the sample was collected and rinsed 

with ethanol and water, and dried in a vacuum at 50 °C for 6 h. 

3.3.2 Physical characterizations 

The as-synthesized samples were characterized using a Bruker D8 ADVANCE X-ray 

diffractormeter (XRD) using Cu Kα radiation (λ = 1.5406 Å), a FEI Nova Nano 630 

scanning electron microscope (SEM), and a FEI Titan 80-300 ST (300 kV) 

transmission electron microscope (TEM) with energy dispersive X-ray spectroscopy 

(EDS) capabilities. X-ray photoelectron spectroscopy (XPS) measurements were 

performed using a Kratos Axis Ultra DLD spectrometer with Al Kα radiation (hν = 

1486.6 eV). All XPS spectra were calibrated by shifting the detected adventitious 

carbon C 1s peak to 284.4 eV. Atomic force microscopy (AFM) images were 

recorded using a Digital Instrument Multi-Mode AFM with a Nanoscope 4 controller 

operating in tapping mode. ICP-OES test was performed on Varian 720-ES. 
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3.3.3 Electrochemical measurement 

To assess the battery performance, 2032 coin-type (MTI, Inc.) devices were fabricated. 

Self-supported Ca0.24V2O5·0.83H2O membrane was fabricated using vacuum filtration 

method to serve as the working electrode. Typically, Ca0.24V2O5·0.83H2O nanobelts 

were mixed with conducting Super P and a water-based composite binder 

(carboxymethylcellulose, CMC) and styrene-butadiene rubber (SBR) in a 70:27:2:1 

weight ratio. The composite film was punched into ~1 cm-2, and the active material 

mass loading is around 5.7 mg cm-2. Zinc foil was used as the counter and reference 

electrode, and glass fiber microporous membrane as separator. 1 M ZnSO4 in water 

was used as electrolyte. Stainless steel was used as current collector. The 

electrochemical performance of the assembled cells was measured at various rates 

(nC) in the voltage window from 0.6 to 1.6 V vs. Zn/Zn2+ using an Arbin battery 

tester (Arbin BT-2143-11U, College Station, TX, USA). The nC corresponds to the 

full Zn2+ extraction from electrodes in 1/n h. Cyclic voltammetry and GITT were 

performed using VMP3 Biologic potentiostat (Biologic, France).  

3.4 Results and discussion 

3.4.1 Structural characterization of Ca0.24V2O5·nH2O (CVO) 
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Figure 3.1 The crystal structure viewed along the b-axis of a) Zn0.25V2O5·nH2O and b) 
CVO. The Zn atoms in ZnO6, V atoms in VO6 and Ca atoms in CaO7 polyhedra are 
depicted in gray, red and blue, respectively.  

 

The CVO sample was made utilizing a one-step hydrothermal technique that included 

the use of V2O5, CaCl2, and acetic acid as raw ingredients. The crystal structure of 

CVO is remarkably similar to that of δ-type Zn0.25V2O5·nH2O, as seen in Figures 3.1 

and 3.2a85. Both of these oxides have the same structure, with V2O5 layers stacked 

along the c axis and intercalated metal ions (Zn2+ or Ca2+) and water molecules 

residing in the interlayer space86. The intercalated metal ions can form polyhedra 

pillars (ZnO6 and CaO7) by strongly bonding to V2O5 layers and H2O, which expands 

the interlayer gap of V2O5 and makes the produced crystal more stable. The Ca-O 

bonds in CaO7 pillars (2.38~2.57 Å)86, on the other hand, are significantly longer than 

the Zn-O bonds (2.03~2.13 Å) in Zn0.25V2O5·nH2O85, hinting that the CVO crystal 

will have more interlayer space. 
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Figure 3.2 a) Crystal structure viewed along the b-axis of CVO, which shows a 
double-layered structure with open-framework. The V atoms in V2O5 polyhedra are 
depicted in red. The blue-white and red-white atoms in the crystal represent the 
intercalated Ca ions and lattice water, respectively. b-c) Typical XRD pattern of 
as-synthesized CVO. 

 

Our hypothesis is supported by the XRD analysis. As illustrated in Figure 3.2b, the 

XRD pattern of pure CVO is dominated by (00l) reflections, indicating a strong 

preference for orientation parallel to the c axis. Additionally, the absence of any 

impurity peaks shows the CVO's single-phase nature. CVO's longer interlayer 

distance along the (00l) direction is confirmed by the decrease in the diffraction angle 

corresponding to its (00l) peaks when compared to Zn0.25V2O5·nH2O. Additionally, 

we discovered that the V2O5 open-framework of CVO allows for the introduction of 

water molecules from the electrolyte into its interlayer region, which is consistent 

with prior work34. The XRD result (Figure 3.2c) demonstrates that after immersion in 

electrolyte, the interlayer space of CVO increased from 10.6 to 14.1 nm, 

corresponding to water intercalation. Notably, vacuum drying can be used to regain 

the pristine XRD pattern. Water molecules can apparently be intercalated into the 

CVO lattice at a greater rate (3.5 fold increase in interlayer space) than in 

Zn0.25V2O5·nH2O (2.3 fold increase in interlayer space), demonstrating a more open 
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crystal structure for CVO. This property may make electrochemical (de)intercalation 

of Zn2+ ions into CVO crystals easier. 

 

Figure 3.3 a) TGA results on CVO samples. b-d) SEM and TEM images of CVO 
nanobelts. Inset in (c) shows the EDS spectrum of as-obtained CVO, showing the 
existence of O, Ca, and V elements. The Ca/V atomic ratio is ca. 0.13. e) The I-V 
measurement of individual CVO and Zn0.25V2O5·nH2O, and f) their corresponding 
electrical conductivities.  

 

In addition, thermogravimetric (TGA) and inductively coupled plasma optical 

emission spectroscopy (ICP-OES) measurements (Figure 3.3a) demonstrate that the 

stoichiometric formula for the as-prepared calcium vanadium oxide bronze is 

Ca0.24V2O5·0.83H2O. As-synthesized CVO nanobelts have a characteristic nanobelt 

morphology with a smooth surface, as shown in scanning electron microscopy 

pictures (SEM) (Figure 3.3b), which demonstrate that the nanobelts are several 

hundred nanometers in length and several hundred nanometers in width. The flat 

ribbon morphology and single-crystallinity of CVO materials are further illustrated in 

the representative TEM images (Figure 3.3c-d) of the materials. It can be seen in the 
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high-resolution transmission electron microscope image that a lattice fringe with 

d-spacing of 0.196 and 0.211 nm is present, which corresponds to the (601) and (005) 

planes of the CVO nanobelt, respectively. A study of the elemental composition of the 

nanobelt was conducted using energy-dispersive X-ray spectroscopy (EDS) (see inset 

of Figure 3.3), and the results revealed that the atomic ratio of Ca to V is around 0.13, 

which is close to the value found in Ca0.24V2O5·0.83H2O. We next carefully assess the 

electrical conductivities of as-prepared samples utilizing individual nanobelt based 

nanodevices, taking into consideration the importance of electrical conductivity of 

electrode materials for energy storage applications (Figure 3.3e). As demonstrated in 

Figure 3.3f, the electrical conductivity of the CVO sample is four times greater than 

that of the previously reported Zn0.25V2O5·nH2O sample. No doubt, increased 

electrical conductivity during Zn2+ (de)intercalation can improve electron transfer 

rates, hence improving the performance of the lithium-ion batteries. 

3.4.2 Electrochemical performance of the CVO cathode 

 

Figure 3.4 a) Long-term stability test of a Zn//CVO cell at a voltage window of 
0.6-1.6 V. b) Cyclic voltammetry curves of CVO at 0.1 mV s-1. 
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In aqueous ZIB, the freestanding CVO paper electrode served as the cathode, with 

zinc metal and 1.0 M ZnSO4 aqueous solution serving as the anode and electrolyte, 

respectively. A vacuum filtering process was used to create the CVO paper electrode 

(5.7 mg cm-2). Cycles of the Zn/CVO cells were performed within a voltage window 

of 0.6~1.6 V vs Zn, taking into account the structural stability of the cathode materials. 

As illustrated in Figure 3.4a, the Zn cell is relatively stable within this voltage region. 

The first, second, fifth, and tenth cycles of the cyclic voltammetry (CV) curves are 

shown in Figure 3.4b at a scan rate of 0.1 mV s-1. Multiple pairs of redox peaks are 

seen, indicating a multistep Zn2+ insertion/extraction mechanism. The CV analysis 

indicates that the Zn2+ (de)intercalation process in the Zn/CVO cell is extremely 

reversible, as no apparent peak current losses are recorded between the second and 

tenth CV scans. Outstanding reversibility of CVO cathodes during Zn2+ 

uptake/removal is also confirmed by their fully reproducible CV morphologies with 

distinct oxidation and reduction peaks. 
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Figure 3.5 a) Galvanostatic charge-discharge profiles for CVO electrodes at different 
current densities. b) Cyclic voltammetry curves of CVO electrodes at various scan 
rates. c) Capacity separation analysis at 0.3 mV s-1. The red-shaded data show the 
contribution to capacitive charge storage as a function of potential. d) Rate 
performance of CVO cathodes. e) Cycle performance at a current rate of 80 C. f) The 
Ragone plot of Zn//CVO cell in comparison with other aqueous ZIBs. 

 

Figure 3.5a depicts the galvanostatic charge-discharge (CD) profiles at a variety of 

current densities under varied conditions. At 0.2 C, a high initial capacity of 340 mA 

h g-1 is attained. The generally steep CD curves indicate that the process is of the 

solid-solution type, and that the kinetics are rapid in nature. For a deeper 

understanding of the electrochemical dynamics of the CVO cathode, we quantified the 

capacitive and diffusion limited contributions to the total capacity using a previously 

reported method by Dunn and colleagues, which we used to calculate the total 

capacity87. The CV curves of the CVO electrode are shown in Figure 3.5b, which 

range from 0.2 to 0.5 mV s-1. With higher scan rates, the CV curves retain their 

original shape, with only minor shifts in the redox peaks as a result of the increased 

scan rates. As shown in Figure 3.5c, when the scan rate is 0.3 mV s-1, the capacitive 

response of the CVO cathode accounts for 76% of the current, indicating that the 

solid-solution reactions are primarily constrained by the electrochemical reaction rates 

themselves rather than by the rate of mobile ion diffusion. 

As shown in Figure 3.5d, the rate performance of our CVO cathode was improved by 

increasing the current density in small steps from 0.2 to 80 C and then back to 0.2 C. 

The CVO electrodes preserve 85% of their initial specific capacity when the current is 

increased from 0.2 (340 mA h g-1) to 1 C (289 mA h g-1), exceeding previously 
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reported Zn0.25V2O5·nH2O electrodes (300 and 282 mA h g-1 at 1/6 and 1 C, 

respectively) by a factor of two. Despite operating at a high charge-discharge rate of 

80 C (45 s), these CVO electrodes retain their high capacitance of 72 mA g-1, which is 

attributed to the rapid Zn2+ ion migration. It is worth noting that when the current 

density was reduced to 0.2 C, the capacity of these CVO electrodes recovered to 323 

mA h g-1 (95%), indicating that they had remarkable structural stability. After that, we 

demonstrate that the CVO cathodes do not exhibit significant capacity loss over at 

least 3000 cycles (with 96 % retention), even when exposed to extremely high current 

densities of 80 C. (Figure 3.5e). The Zn0.25V2O5·nH2O cathode, on the other hand, 

only exhibits a 19% capacity loss after 1000 cycles at an 8 C rate. Note that the 

Columbic efficiency of the CVO cathode during cycling testing is about 100%, 

indicating that the excellent cycling performance is not the result of parasitic 

processes. Compared to other intercalation Zn cells that have been reported, our 

Zn/CVO cell has a better Ragone plot, as shown in Figure 3.5f. Our gadgets 

demonstrate a very high energy density of 267 Wh kg-1 at a power density of 53.4 W 

kg-1, which is rather impressive. Although the energy density of the cell is as high as 

133 Wh kg-1 even when the cell is charged in 45 seconds or less, the power density of 

1825 W kg-1 is exceptional. Our cells' high energy and power densities are among the 

greatest recorded so far among aqueous ZIBs, and they represent one of the most 

significant advances in the field. The performance of our cells is superior to cells 

based on Zn3V2O7(OH)2
88, Zn0.25V2O5·nH2O34, Zn3[Fe(CN)6]2

54, CuHCF62, VS2
57, 

FeFe(CN)6
89, and Na0.95MnO2

69
 cathodes., as demonstrated in the graph. 
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3.4.3 Analysis of the Zn-storage mechanism in CVO cathode 

 

Figure 3.6 Ex-situ high-resolution XPS spectra of the a) Zn 2p and b-c) Ca 2p regions 
in pristine and fully discharged state of the CVO electrodes. 

 

Ex-situ high-resolution XPS research demonstrates the successful and stable water 

storage of Zn2+ in CVO cathode. As illustrated in Figure 3.6a, the initial condition of 

the CVO cathode contains no Zn signal. However, when the CVO electrodes are 

discharged to 0.6 V, the Zn 2p peaks (2p3/2: 1022 eV)90 become visible. The newly 

generated Zn peaks reveal unequivocally that Zn2+ ions were successfully inserted 

into the porous CVO lattice. Following that, we demonstrate that the CaO7 pillars 

remain relatively robust during Zn2+ inclusion. Specifically, we detect no change in 

the intensity of Ca 2p peaks as we progress from the starting state to the fully 

discharged state (Figure 3.6b-c). Additionally, the fully discharged CVO electrode 

exhibits only one Ca 2p component (Ca2+), indicating that the CaO7 pillars are not 

substantially reduced as a result of Zn2+/2e- intercalation. The blue shift in the binding 

energy of the Ca2+ component in a fully discharged CVO cathode (346.9 eV for 

pristine CVO; 348.1 eV for discharged state) is attributed to the intercalation of the 

Zn2+ ions. Previously, a very similar blue shift was found in the Cr intercalated 

CaCO3 system91. 



63 

 

Figure 3.7 a) Ex-situ XRD patterns of (001) Bragg peak of the CVO cathode 5th 
charge–discharge scan as a function of discharge and charge voltage. b) Ex-situ 
high-resolution TEM images of the ZVO nanobelt at initial, fully discharged (0.6 V) 
and charged state (1.6 V). 

 

The evolution of the (001) peak of the ZVO electrode during the 5th cycle is depicted 

in detail in Figure 3.7a. Zn2+ ions are gradually intercalated into the V4O10 

double-layers during the discharge process, resulting in a contraction in interlayer 

space, which can be promptly restored upon voltage reversal. That the (001) peak is 

reversible and that it shifts in a gradual manner indicates that the linked solid-solution 

mechanism is associated with Zn2+ (de)intercalation from the CVO interlayer is 

demonstrated. We also see that when CVO is discharged to 0.8 V, a peak split 

emerges, which is most likely the result of a significant crystal distortion, as well. 

Peak split is clearly visible at 0.6 V, as is the evident peak separation. However, while 

cycling in a wide voltage window resulted in greater Zn2+ intercalation, the massive 

structural stress could result in extremely rapid capacity decay. As a result, we have 
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determined that the cut-off voltage for our Zn/CVO cells is 0.6 V. Intercalation of 

approximately 1.31 Zn2+  into the CVO lattice is possible without noticeable 

crystallization breakdown. 

The ex-situ high-resolution TEM research adds further evidence to the peculiar Zn2+ 

storage mechanism of CVO cathodes, which has previously been demonstrated. In 

Figure 3.7b, lattice fringes are visible in the (60 1) and (005) planes of virgin CVO 

nanobelt, with d-spacings of 0.195 and 0.211 nm, respectively. It is noted that when 

the capacitor is depleted to 0.06 V, a lattice fringe with d-spacings as small as 0.188 

and as large as 0.19 nm is observed, corresponding to the (601) and (005) planes, 

respectively. An extremely modest lattice contraction (3.6-9.9%t) is consistent with 

the results of our XRD analysis. When the Zn2+ ion was removed from the crystal 

structure, the contracted crystal structure instantly returned to its original 

configuration (0.195 and 0.201 nm for the (601) and (005) planes, respectively) in an 

impressively short period of time (1.6 V). These findings are consistent with the 

conclusions drawn from the ex-situ XRD and XPS experiments: the CVO nanobelt is 

a good cathode material for stable aqueous Zn-ion storage, as demonstrated by the 

XRD and XPS tests. Furthermore, given the abundance and low cost of both Ca and 

Zn, as well as the presence of V, our Zn/CVO cell represents a potentially safe, 

durable, and cost-effective device for large-scale energy storage, according to our 

findings. 

3.5 conclusion 
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Calcium vanadium oxide bronze (Ca0.24V2O5·0.83H2O) nanostructures are 

manufactured utilizing a one-step hydrothermal technique and used as an aqueous 

ZIBs cathode in this communication. At 0.2 and 1 C, the freestanding CVO paper 

cathode delivers 340 and 289 mA h g-1, respectively. Our Zn/CVO cells have a 267 

Wh kg-1 energy density and a 53.4 W kg-1 power density, exceeding most previously 

reported protypes. Cycling stability and rate capabilities were also proved (up to 5000 

cycles at 80 C). The structural evolution as well as the electrochemical kinetics were 

thoroughly examined. Nanostructured CVO is a feasible cathode for aqueous Zn-ion 

storage because of its low cost and long lifespan. Furthermore, our research on CVO 

may serve as a springboard for future research into additional vanadium bronzes 

based on divalent cations for ZIBs and beyond. 
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Chapter 4 Artificial Solid Electrolyte Interphase for Suppressing 

Surface Reactions and Cathode Dissolution in Aqueous Zinc Ion 

Batteries 

4.1 Summary 

Because of the numerous oxidation states of vanadium and the open framework 

structure of vanadium-based compounds, they have been widely employed as 

electrode materials in aqueous zinc ion batteries (ZIBs) for several years. However, 

due to the solubility of vanadium in aqueous electrolytes and the generation of 

byproducts during the charge/discharge process, the capacity fading and cycle life are 

severe, and cycle life of the device is severely limited. Here, we report the deposition 

of an ultrathin HfO2 film as an artificial solid electrolyte interphase (SEI) by atomic 

layer deposition, which is uniformly and conformally formed (ALD). The inactive 

Hafnium(IV) oxide (HfO2) film not only reduces the development of the byproduct 

(Zn4SO4(OH)6·xH2O) on the surface of Zn3V2O7(OH)2·2H2O (ZVO), but it also 

suppresses the dissolution of the ZVO cathode in the electrolyte by the electrolyte. 

The HfO2-coated ZVO cathodes produced as a result of this process had higher 

capacity and longer cycle life (227 mAh g–1@100 mA g–1, 90%t retention over 100 

cycles) as compared to pristine ZVO cathodes (170 mAh g–1, 45% retention over 100 

cycles). A mechanistic analysis of the involvement of HfO2 is presented, as well as 

data demonstrating that our technology may be used to improve the performance of 

various cathodes in aqueous ZIBs in a generic manner. 

4.2 Introduction 
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Lithium-ion battery (LIB) technology is the most essential energy storage technology, 

and it has been widely used in a wide range of applications for many years. However, 

there are certain drawbacks to present commercial LIBs, such as the use of a 

flammable electrolyte, a limited supply of lithium, and a high cost4,44,45,92. These 

concerns have prompted researchers to look for other battery technologies, such as 

rechargeable aqueous batteries, to address them. The strong ionic conductivity (≈1 S 

cm−1), ease of manufacturing, and safety of water-based electrolytes make them 

superior to organic electrolytes in many respects93-96. RAZIBs, which are among the 

numerous types of aqueous batteries, show significant promise because zinc has a low 

redox potential (0.762 V vs. SHE), a high theoretical capacity (819 mA g-1, 5851 mA 

h mL-1), is abundant on the planet, and is simple to manufacture97-99.  

To date, a variety of materials (including MnO2, Prussian blue analogues, and 

polyanion compounds) have been described as cathodes for RAZIBs100. Among them, 

vanadium-based compounds with open framework structure have a higher energy 

density than other cathodes, which can be attributed to the multiple oxidation states of 

vanadium and the stability of their layered structure101. Vanadium-based compounds 

with open framework structure have a higher energy density than other cathodes. 

Despite these improvements, vanadium-based compounds continue to suffer from 

rapid capacity fading, the cause of which remains a mystery at this time. In previous 

studies, the production of inactive byproducts on the surface vanadium-based 

cathodes was seen during the discharge process, an effect that was related to the 

reaction between OH- and ZnSO4 occurring during the proton co-insertion process102. 
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The unfortunate thing about this is that it acts as an insulator, slowing down the 

electrochemical reaction and causing higher resistance during repetitive cycling. The 

creation of Zn4SO4(OH)6·xH2O coats the cathode surface, resulting in a reduction in 

the electrochemically active surface area and a reduction in the ability of electrons to 

travel across the surface. In addition, as previously reported, vanadium-based 

cathodes are likely to dissolve in neutral or moderately acidic electrolytes when 

exposed to high temperatures103,104. Through the loss of cathode active materials due 

to the solubility of vanadium-based materials, direct capacity fading is observed with 

cycling of these materials. A number of ways have been tried in an attempt to address 

these disadvantages. According to Chen et al., a mixed aqueous electrolyte consisting 

of both Na2SO4 and ZnSO4 was produced, and this electrolyte was found to be 

effective in inhibiting the continuous dissolution of NaV3O8·1.5H2O. The addition of 

Na2SO4 to the electrolyte not only disrupted the dissolving equilibrium between the 

electrode and the electrolyte, but it also prevented the formation of Zn dendrites in the 

electrolyte. Thus, RAZIBs demonstrated excellent reversible capacity (380 mAh g–

1@100 A g–1) as well as improved long-term cycling performance (82% over 1000 

cycles) in comparison to other lithium-ion batteries. A protective layer of PEDOT 

with a 5 nm thickness was placed on the surface of V2O5 nanosheets by Hu et al. in 

order to increase the zinc storage performance as well as the zinc ion and electron 

transport kinetics105. When operated at a high current density of 20 A g-1, this hybrid 

PEDOT/ V2O5 electrode demonstrated outstanding specific capacity (97 % retention 
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after 600 cycles at 1 A g-1) and cycle life (89% retention after 1000 cycles at 1 A g-1), 

as well as great cycle life. 

Atomic layer deposition (ALD) is a technique for coating uniform and conformal 

layers on complex and large-area surface structures by using a sequential self-limiting 

gas/solid reaction106. It is an effective method for coating uniform and conformal 

layers on complex and large-area surface structures. It is possible to readily customize 

the thickness of an ALD coating on an atomic scale. The use of ALD coatings of 

TiO2
107, ZrO2

108, and HfO2
109 as surface passivation layers to increase the 

performance of LIB has been proposed. By applying a passivating ALD layer 

between the electrodes and electrolytes, it is possible to efficiently suppress the 

unwanted interfacial interactions between the electrodes and electrolytes. It is 

important to note that this passivation layer acts as an artificial SEI in the 

rechargeable aqueous battery, and it is critical in defining the electrochemical 

performance of the electrode110. To the best of our knowledge, no research has been 

published on the application of ALD surface engineering to increase zinc ion storage 

performance. 

This paper shows that HfO2 coated Zn3V2O7(OH)2·2H2O (also known as HfO2-coated 

ZVO) significantly reduces the development of the insulating side products 

(Zn4SO4(OH)6·xH2O) at the electrode/electrolyte interface during cycling and 

successfully prevents cathode dissolution. The result is that functional RAZIB with 

HfO2-coated surface of ZVO cathode exhibits higher specific capacity and improved 
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long-term cycling performance when compared to pristine ZVO (ZVO without 

coating).  

4.3 Experimental section 

4.3.1 Preparation of the HfO2-coated ZVO cathode 

 

Figure 4.1 Schematic illustration of the fabrication process of pristine ZVO cathode 
and the HfO2-coated ZVO by atomic layer deposition (ALD). The ALD coating acts 
as an artificial solid interphase layer, which significantly improves the performance 
and stability of the ZIB cathodes. 

 

Synthesis of Ultralong Zn3V2O7(OH)2·2H2O Nanowire:  

In a typical synthesis, 117 mg (1.0 mmol) commercial NH4VO3 powders were added 

into 20 mL distilled water with stirring at 80 °C for 10 min to form a homogeneous 

yellow solution. Then, 447 mg (1.5 mmol) commercial Zn(NO3)2·2H2O was dissolved 

in 20 mL deionized (DI) water to form a clear solution. Next, the above NH4VO3 

solution was dropwise into the zinc solution and stirred for 1 h. After the above mixed 

solution turns into yellow, transferred to a sealed glass vessel and placed in a CEM 

Discover SP microwave synthesis system. The system temperature was raised to 180 



71 

0C in 2 min and maintained for 6 h. After cooling, the as-synthesized product was 

collected and rinsed with ethanol and distilled water and dried in a vacuum at 60 0C 

for 24 h. 

ALD Growth of Hafnium Oxide:  

The HfO2 was grown according to a previously reported method with modifications. 

HfO2 ultrathin films were directly deposited on the prepared electrodes at 180 °C 

(Cambridge Nanotech Savannah). The HfO2 ALD reaction sequence was: 1) N2 dose 

to 20 psi; 2) H2O dose for 0.015 sec; 3) H2O reaction time 10sec; 4) Tetrakis 

(dimethylamino) hafnium (Hf(NMe2)4) dose to 0.2 sec; 5) Hf(NMe2)4 reaction time 15 

sec. This sequence constitutes one cycle of ALD HfO2. The ALD cycle repeated 40 

times. 

The process of preparation for self-standing HfO2 coated ZVO electrode could be 

divided into two steps, as illustrated in Figure 4.1. Firstly, ZVO nanobelts are 

prepared by the microwave synthesis and dispersed into deionized water with Super P, 

binder (carboxymethylcellulose (CMC) and styrene-butadiene rubber (SBR)) to form 

homogeneous dispersion. The mixture is assembled by a facile vacuum filtration 

system, yielding film that could be easily peeled off from filter membranes to form a 

free-standing ZVO electrode.  In the second step, the as-obtained electrodes are 

transferred into the ALD system for HfO2 surface deposition on ZVO at 180 °C.   
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4.3.2 Physical characterizations 

X-ray diffraction (XRD) data were collected on a Bruker diffractometer (D8 Advance) 

with Cu Kα radiation. The morphology and elemental ratio were confirmed by 

scanning electron microscope (SEM, Zeiss Merlin, Germany). The composition and 

surface oxidation state was probed by X-ray photoelectron spectroscopy (XPS, Kratos 

Axis Supra, U.K.). Transmission electron microscopy (TEM, FEI Titan, U.S.) 

equipped with an energy dispersive X-ray spectroscopy (EDS) attachment was used to 

obtain the high-resolution TEM images and the elemental maps. ICP-OES analyses 

were carried out on a PerkinElmer Optima 8300 optical emission spectrometer. 

4.3.3 Electrochemical measurement 

A freestanding film was fabricated by the simple vacuum filtration. In a typical 

process, the obtained ZVO nanobelts were mixed with Super P and 

carboxymethylcellulose (CMC) binder and styrene-butadiene rubber (SBR) in a 

weight ratio of 70:27:2:1. The mixture was dispersed in the water and ultrasonicated 

to obtain a stable homogeneous suspension, which was filtered through a 0.3 μm 

membrane. The freestanding composite film was punched into electrode coins. The 

mass loading of the electrode is ~ 5-7 mg cm-2. Zinc foil and 1 M ZnSO4 were used as 

anode and electrolyte, respectively. Glass fiber membrane was used as the separator. 

EIS was conducted at a frequency range of 100 kHz to 100 mHz. The electrochemical 

performances of the assembled cells were measured using VMP3 Biologic 

electrochemical workstation.  
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4.3.4 Estimation of the capacitive contribution and diffusion-limited contribution 

To quantitatively distinguish the capacitive and diffusion-controlled contributions to 

current, cyclic voltammetry curves at various sweep rates were recorded. The current 

response i upon varying the sweep rate (υ) is dependent on the charge-storage process. 

Generally, the relationship between the measured peak current (i) and sweep rate (υ) in 

a CV scan follows the power law: 

 i = aυb  

thus, log(i) = log(a) + b·log(υ) 

where a is a constant and b is the power-law exponent. Therefore, the b value can be 

acquired by the fitting slope of the log(i) versus log(υ) profile. A b value of 0.5 

indicates a diffusion-controlled behavior while the b value of 1.0 corresponds to a 

capacitive behavior. The capacitive contribution and diffusion-controlled contribution 

can be further quantitatively distinguished by assuming the current (i) is a combination 

of the capacitor-like and diffusion-controlled processes according to: 

 i = k1v + k2υ1/2  

We can estimate the capacitive and diffusion-limited contributions by determining k1. 

4.4 Results and discussion 
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4.4.1 Structural characterization of HfO2-coated ZVO cathode 

 

Figure 4.2 Morphology and structure of as-prepared HfO2-coated ZVO and pristine 
ZVO cathodes. a) XRD pattern showing the HfO2 coating does not change the ZVO 
cathode structure.  b-c) XPS high-resolution spectra of (b) V 2p and (c) Hf 4f 
obtained from HfO2-coated ZVO.  

 

The analysis of the crystal structure of bare ZVO and HfO2-coated ZVO cathodes was 

carried out using X-ray diffraction (XRD). In Figure 4.2a, it can be seen that all of 

the diffraction peaks observed for both samples are indexed as Zn3V2O7(OH)2·2H2O 

(JCPDS No. 500570), with no evidence of any impurity phases being present. It was 

not possible to distinguish between the distinct peaks associated with HfO2 in the 

XRD pattern because the ultrathin layer of HfO2 is only around 5 nm in thickness and 

exists in an amorphous state111. An investigation of the chemical composition and 

bonding state of the HfO2-coated ZVO cathode was carried out using X-ray 

photoelectron spectroscopy (XPS) in order to obtain additional information about it. 

Figure 4.2b shows the high-resolution spectrum of V 2p, which contains two peaks 

that are situated at 517.3 and 524.6 eV, respectively. Because both of these 

correspond to vanadium peaks with valences of V 2p3/2 and V 2p1/2, this indicates that 

the chemical valence of vanadium has not been changed by the HfO2 coating. It is 

assumed that the 4f5/2 and 4f7/2 peaks in the Hf 4f spectrum depicted in Figure 4.2c 
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are ascribed to HfO2 bonding because they are located around 17.0 and 18.7 eV, 

respectively112. 

 

Figure 4.3 a) HAADF-STEM image b) TEM image c) HRTEM image of 
HfO2-coated ZVO. d-h) TEM-EDS elemental maps of HfO2-coated ZVO individual 
nanobelt. 

 

As illustrated in Figure 4.3a, a distinct interface exists between the core and shell due 

to the differing atomic numbers of the atoms in these two locations. As illustrated in 

Figure 4.3b, a uniform HfO2 layer with a thickness of 5 nm maintains a well-defined 

nanobelt shape with a core-shell structure. In Figure 4.3c, the lattice spacing is 0.21 

nm, which corresponds to the interplanar spacing of (022) planes. Elemental mapping 

in Figure 4.3d-h indicated the nanobelts' homogeneous distribution of Zn, V, O, and 

Hf elements. These results demonstrate the effective deposition of an ultrathin HfO2 

layer on the surface of a ZVO free-standing electrode film. 
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4.4.2 Electrochemical performance of HfO2-coated ZVO cathode 

 

Figure 4.4 Electrochemical performance of the HfO2-coated ZVO and pristine ZVO 
cathodes: a) CV curves measured at a scan rate of 0.3 mV s-1. b) The b value for 
different redox peaks determined from the log(i) versus log(v) plots. c) Rate 
performance. d) Cycling performance at the current density of 100 mA g-1. e) 
ICP-OES results after the different number of cycles. f) Cycling performance at the 
current density of 10 A g-1. 

 

The electrochemical data were used to determine the stability and reversibility of the 

battery assembly, which consisted of a HfO2-coated ZVO cathode and a zinc foil 

anode. Figure 4.4a depicts the cyclic voltammetry (CV) plot acquired at a scan rate of 

0.3 mV s–1 throughout a voltage range of 0.2-1.8 V (versus Zn/Zn2+) using a scan rate 

of 0.3 mV s–1. The CV curves have a similar form to one another, demonstrating that 

the HfO2 layer does not appreciably alter the electrochemical reaction during Zn2+ 

de/intercalation and deposition. The RAZIBs with HfO2-coated ZVO cathode 

produced a smaller polarization than the other RAZIBs, indicating that they have 

faster kinetics. Figure 4.4b shows the results of calculating the b values of six peaks. 

The b values of the peaks identified as A1, A2, A3, C1, C2, and C3 for HfO2-coated 
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ZVO were 0.74, 0.98, 0.8, 0.77, 0.67, and 0.84, respectively, for the HfO2-coated 

ZVO and the uncoated ZVO. As expected, the b values for the HfO2-coated ZVO are 

greater than those for the pristine ZVO, showing that the reaction kinetics have been 

improved64,113,114. As shown in Figure 4.4c, the reversible discharge capacities of the 

HfO2-coated ZVO cathode are 215, 190, 165, 120, 106, and 88 mA h g-1 of ZVO 

cathode at current densities of 100, 300, 500, 800, 1000, and 3000 mA g-1, 

respectively. Using a current density as low as 500 mA g-1, it is possible to recover 

even a discharge capacity as low as 162 mA h g-1. As shown in Figure 4.4d, the 

HfO2-coated ZVO can be charged to a maximum capacity of 227 mA h g-1 at first and 

can be maintained at 90% of its initial capacity after 100 cycles at 100 mA g-1 after 

100 cycles at 100 mA g–1. ZVO, on the other hand, has a lower initial capacity and 

only 45% of that capacity is retained after the same number of cycles, suggesting that 

capacity deterioration occurs quickly. ICP-OES with a three-electrode electrolyzer 

was used to determine the electrolyte composition of pristine ZVO during cycling in 

order to get insight into the cause of the rapid capacity fading in pristine ZVO. The 

electrode was immersed in the electrolyte for 2 hours prior to testing in order to 

ensure that the electrolyte completely infiltrated the active material. The vanadium 

that was found in the electrolyte prior to electrochemical testing should be attributed 

to the dissolved cathode materials. As illustrated in Figure 4.4e, the concentration of 

vanadium in pure ZVO increases with cycling, showing that vanadium corrosion 

becomes more severe as a result of the direct interaction between the active material 

and the mildly acidic electrolyte (pH=5.1) during the cycling process. In contrast, 
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there is significantly less vanadium dissolution in the case of the HfO2-coated ZVO 

cathode, which is consistent with the cathode's superior performance at low current 

density. The HfO2-coated ZVO cathodes preserve 84% of their initial capacity after 

1000 cycles, even when operated at a high rate of 10 A g–1. This demonstrates 

exceptional long-term durability with little capacity degradation when compared to 

pristine ZVO electrode cathodes (only 70% of the capacity is retained). 

 

Figure 4.5 CV curves of a) HfO2-coated ZVO electrode at different scan rates. b) 
Contribution ratio of the capacitive-controlled charge for the HfO2-coated ZVO 
electrode at the scan rate of 0.3 mV s-1. 

 

To gain a better understanding of charge storage kinetics the host material, the 

diffusion-controlled and capacitive contributions were quantified using CV curves 

recorded at various scan rates (Figure 4.5a). As shown in Figure 4.5b, the capacitive 

response contributes 76.6% to the total capacity of HfO2-coated ZVO when the scan 

rate is 0.3 mV s–1, demonstrating pseudocapacitance-controlled electrochemical 

reactions. 
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4.4.3 Analysis of Charge storage mechanism for HfO2-coated ZVO cathode 

 

Figure 4.6 XRD characterization of the ZVO cathode during the charging and 
discharging process.  

Ex-suit XRD and EIS studies were carried out on the pristine ZVO and HfO2-coated 

ZVO electrodes during the charge/discharge process in order to obtain additional 

information about the energy storage mechanism. In the ex-situ XRD pattern of ZVO, 

as depicted in Figure 4.6, the peak positioned at 24.7° corresponding to (002) 

reflection shifts to a lower angle as a result of the co-insertion of H2O and Zn2+ in the 

third cycle after deep charging to 0.2V. The Zn2+ deintercalation causes the (002) 

reflection to relocate back to its original position during the subsequent discharge 

phase, indicating that the reaction is reversible and connected to Zn2+ uptake/removal 

from the ZVO lattice during the subsequent discharge process. The XRD pattern of 

ZVO contains a novel group of peaks that, in addition to the peak shifting, can be 

noticed. This is quite fascinating. This byproduct, Zn4SO4(OH)6xH2O, as having 

peaks at 26°, 27.6° and 28.8° has been identified in prior literature, and it may be 

ascribed to these temperatures with confidence115. The Zn4SO4(OH)6·xH2O has been 

continually forming as the voltage has been dropping, and it has been steadily 
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diminishing as the voltage has been reversed. The same phenomena has been 

observed in previous research as well. 

 

Figure 4.7 SEM images of a) HfO2-coated ZVO and b) ZVO electrode after cycling. 

 

The reversible formation of Zn4SO4(OH)6·xH2O is due to the reaction between ZVO 

and the electrolyte, which leads in the deposition of an insulating layer on the cathode 

surface (Figure 4.6). It is worth noting that this byproduct has the potential to 

drastically affect the electrochemical reaction occurring during the discharge process. 

 

Figure 4.8 EIS of a-b) the HfO2-coated ZVO and c-d) ZVO electrode at different 
stages during the charge/discharge process. The equivalent circuit model for e) the 
HfO2-coated ZVO and f) ZVO electrode. 
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In Figure 4.8, the ex-suit EIS measurement was taken and the EIS data have been 

fitted with the equivalent circuit, which is composed of two semicircles in the high 

and low-frequency regions, respectively. The first semicircle at high frequency is 

assigned to the HfO2 coating layer, and the second one is regarded as the impedance 

generated by charge transfer resistance. 

 

Figure 4.9 The charge transfer resistance of a) uncoated ZVO and b) HfO2-coated 
ZVO during the charge and discharge process.  

 

Figure 4.9 illustrates the charge transfer resistance (Rct) of two samples at various 

charge/discharge phases during the first cycle. Rct grows significantly throughout the 

discharge process (from 24.8 to 304.9Ω) and then returns to a near-original value 

during the charging phase (from 304.8 to 15.4Ω). Rct fluctuates dramatically 

throughout the process, as the byproducts partially shield the electrode surface, 

increasing internal resistance and impeding electron transit. In comparison to bare 

ZVO, the Rct changes more gradually with the HfO2-coated ZVO electrode (Figure 

4.9b). This result is due to the HfO2 layer acting as an artificial passive layer, 

successfully preventing the formation of Zn4SO4(OH)6·xH2O. It is worth noting that 
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the Rct of the HfO2-coated ZVO electrode is greater than that of the pristine ZVO 

electrode in the initial condition, which can be attributed to the low conductivity of 

HfO2. 

 

Figure 4.10 Schematic illustration of the RAZIB storage mechanism with a) ZVO 
and b) the HfO2-coated ZVO cathode. Color: (blue, dissolved V ions), (gold, Zn). 

 

We proposed the storing method indicated in Figure 4.10 based on our observations. 

OH- interacts with ZnSO4 during the discharge process, forming a considerable 

amount of Zn4SO4(OH)6·xH2O on the ZVO surface. As an insulating byproduct, 

Zn4SO4(OH)6·xH2O not only raises the internal resistance of the entire battery, but it 

also stifles reactions by reducing the electrochemically active region during cycling. It 

will have a negative impact on power output and cycling endurance. The electrode 

and electrolyte can be separated directly using an ultrathin HfO2 layer created using 

the ALD method. On the one hand, due to the various features of the interface, the 

development of the byproduct could be effectively prevented, resulting in a higher 

capacity. The HfO2 layer, on the other hand, prevents contact between the cathode and 

the electrolyte, reducing active material dissolution. Meanwhile, the Zn2+ may readily 
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flow through the interface, demonstrating that the passive layer has no effect on the 

Zn2+ diffusion kinetics due to the amorphous condition of the HfO2 layer. 

4.5 Conclusion 

In conclusion, we have demonstrated that using HfO2 as an artificial SEI to passivate 

ZVO cathodes considerably improves the performance of zinc ion batteries. When 

compared to pure ZVO, the HfO2-coated ZVO cathode demonstrates significant 

capacity and cycling stability improvements. The mechanism of capacity fading has 

been investigated, and it has been established that the artificial SEI HfO2 layer serves 

a dual purpose during the cycle process. It acts as a screen between the electrode and 

the electrolyte, preventing active elements from dissolving in the electrolyte and 

preventing the development of the insulating byproduct. This technique was proved to 

work with a variety of different cathode materials, demonstrating universality of the 

approach. 
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Chapter 5 Zincophilic Laser Scribed Graphene Interlayer for 

Homogeneous Zinc Deposition and Stable Zinc Ion Batteries 

5.1 Summary 

Zinc metal is a significant anode material for next-generation energy storage systems 

because of its high corrosion resistance. Unfortunately, uncontrollable dendritic 

growth produced by non-uniform Zn nucleation during the plating process 

significantly limits the practical applications of these nanoparticle materials. The 

interlayer in this study is a nitrogen-doped 3D laser scribed graphene (NLSG) with a 

large surface area and a uniform distribution of nucleation sites, which is employed to 

control Zn nucleation behavior and suppress Zn dendrite growth in order to control Zn 

dendritic growth. The N-containing functional groups in the carbon matrix are 

extremely zincophilic, which allows them to promote homogeneous Zn nucleation 

and deposition while also guiding the deposition of Zn. Meanwhile, the huge specific 

area has the potential to significantly reduce the local current density, making it more 

suitable for highly reversible Zn plating and stripping applications. In addition to 

increased electrochemical performance, the NLSG also has a high Coulombic 

efficiency (99.4%) and improved cycle performance as a result of the superior 

property (200 h). After 1200 cycles, the NLSG coated Zn/MnO2 batteries 

outperformed the bare Zn anodes in terms of capacity retention (72.3% vs. 59.3%), 

indicating a greater overall capacity retention. 

5.2 Introduction 
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Aqueous batteries that are rechargeable and contain multivalent ions have been 

proposed as an alternative battery chemistry for portable electronics and large-scale 

electrochemical energy storage systems because of their high ionic conductivity, 

environmental friendliness, low cost, and safety, among other characteristics116-118. 

Among the various options, the zinc ion battery (ZIB) has received extensive research 

attention due to the unique advantages of zinc anodes, which include a low 

electrochemical redox potential (0.76 V compared to SHE), a relatively high 

overpotential for hydrogen evolution in aqueous electrolytes, and a high theoretical 

capacity (gravimetric and volumetric)119-122. Significant effort has been expended in 

recent years on the exploration of suitable cathode materials with excellent and stable 

electrochemical performance in order to realize the practical use of ZIBs123-127. 

Although significant progress has been made in recent years, practical applications of 

lithium-ion batteries have been hampered by a number of critical issues relating to Zn 

anodes, including: 1) the uncontrolled growth of Zn dendrites, which is caused by an 

inhomogeneous electric field and uneven distribution of Zn2+ during the continuous 

Zn plating/stripping process128-130; 2) the uncontrolled growth of Zn dendrites, which 

can penetrate the cell separator and cause short-circuit. 2) Zinc dendrites are very 

susceptible to becoming isolated from their roots and turning into "dead zinc," 

resulting in capacity loss and low Coulombic efficiency (CE)131-135. Because of this, 

the desired solutions for protecting Zn anodes with increased reversibility would be 

absolutely necessary. 
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Multifarious techniques have been developed to address these essential concerns, 

including increasing the reversibility of Zn deposition processes in the neutral 

electrolyte and inhibiting dendrite formation. For example, in the quasi-solid-state 

zinc-ion battery, the anodes are supported by a 3D porous graphene foam with a high 

surface area and more reactive sites, which reduces dendrite formation and increases 

cycling stability136. Particularly noteworthy is the fact that the symmetric cell, which 

makes use of the 3D Zn array, maintains a stable voltage profile with minimal voltage 

hysteresis at 1 mA cm2 for more than 150 hours. Using a polyacrylamide electrolyte 

additive, Wang et al. discovered that the zinc anode could be changed, and that this 

modification served as a guiding intermediary during the Zn plating/stripping cycle. 

In tests conducted with the symmetric cell at 4 mA h cm2, the voltage hysteresis was 

shown to be significantly reduced137. In recent research, it has been proposed that a 

flexible 3D carbon nanotube network produced using the chemical vapor deposition 

approach could serve as an excellent conductor for zinc stripping and plating. Using 

this 3D carbon matrix with high electric conductivity, we were able to create a 

homogeneously distributed electric field that was conducive for the highly reversible 

deposition of Zn138. It appears that designing a carbon framework on the Zn anode has 

the potential to increase the electrochemical performance of aqueous ZIBs, according 

to all of these investigations. However, the above-mentioned technologies, which 

were based on a carbon matrix substrate, were unable to effectively avoid the large 

volume change that occurred during the stripping and plating of zinc metal. As a 
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result, the internal pressure changes and interfacial variations continued to occur 

throughout cycling operations. 

It has been demonstrated in this study that a functionalized 3D laser scribing graphene 

interlayer with zincophilic nucleation sites and porous architecture can be produced, 

which can be used to regulate Zn nucleation behavior and reversibly store Zn metal is 

possible. At the same time as the laser scribing process was taking place, the NLSG 

was being doped with nitrogen and being directly in situ attached to the zinc anode. 

Its zincophilic sites are formed by the evenly dispersed N-containing functional 

groups, which are capable of binding large amounts of zinc ions. This might result in 

uniform nucleation of Zn at the beginning of the process and direct Zn metal to plate 

homogeneously on the porous 3D matrix in the succeeding cycles of the process. The 

higher affinity has also been demonstrated through the use of density functional 

theory (DFT) simulations. The high specific surface area of NLSG combined with its 

porous framework has the potential to manage electric field distribution and reduce 

local current density, resulting in more uniform Zn deposition and enhanced cycle 

stability, among other benefits A high CE (about 99.4%) is achieved for around 200 

cycles, with improved kinetics towards Zn plating and stripping as a result of this. 

When compared to the ordinary Zn/MnO2 battery, the whole cell based on the 

NLSG-modified Zn anode (NLSG/Zn) and MnO2 cathode exhibits improved 

electrochemical performance with low polarization due to the use of the NLSG/Zn 

anode. 

5.3 Experimental section 
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5.3.1 Preparation of the NLSG coated Zn anode 

 

 

Figure 5.1 Schematic diagram showing the fabrication of the nitrogen-doped 3D 
graphene directly onto Zn foil through laser scribing. 

 

The synthesis details of NLSG coated Zn anode is shown in Figure 5.1. Polyamic 

acid (PAA) solution (12.8 wt. %) dissolved in the N-methyl pyrrolidone was 

purchased from the Sigma-Aldrich company. 15 wt. % of urea (relative to PAA) were 

added to the PAA solution and mixed under magnetic stirring for 12 h to form a 

uniform precursor solution. The solution was then cast onto Zn foil with 150 um. Next, 

the coated film was placed in the vacuum oven at 80 °C for 2 h, resulting in a solid 

PAA/urea film stitched to the current collectors. The PAA/urea film was finally 

converted into urea-containing PI film, which was used for the laser scribing process. 

The Laser scribing process was conducted using a commercial CO2 laser (10.6 µm) 

cutting machine (Universal X-660 laser cutter platform, Universal, Austria). The 

beam size of the laser was about 100 µm. The peak laser power was 75 W and the full 

scan speed was 75 in. s−1. The applied laser power was 4.5 W of the total laser power. 

The z-distance between the laser and the sample was optimized to 3 mm. The LSG 

modified Zn anode was prepared by the same method without additive urea. 
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5.3.2 Physical characterizations 

The structure of LSG samples was characterized through XRD with a Bruker 

diffractometer (D8 Advance) using Cu Kα (λ = 1.5406 Å) radiation. Raman spectra 

were recorded using a Haribo LabRAM HR spectrometer with a He–Ne laser with a 

wavelength of 633 nm. Additionally, XPS studies were performed with a Kratos 

AXIS Ultra DVD (Kratos Analytical Ltd) at a base pressure of 1 × 10-9 Torr with a 

monochromatic Al Kα X-ray source operating at 150 W. Scanning electron 

microscopy (SEM) images were taken on a field emission scanning electron 

microscopy (Merlin, ZEISS, Germany) operated at 5 kV and 100 pA. Transmission 

electron microscopy (TEM) images were taken on a transmission electron microscope 

(Titan 80-300 ST, FEI, Thermo Fisher Scientific). The surface areas of the samples 

were measured by the BET method, using ASAP 2420 at a bath temperature of 

-195.85 °C and N2 as the adsorbate gas.  

5.3.3 Electrochemical measurement 

Electrochemical testing of Zinc plating/stripping: Two-electrode coin cells (CR2032) 

were assembled with 2 M ZnSO4 as the electrolyte in the air. For the Coulombic 

efficiency testing, the NLSG layer was transferred from the Zn plate as the electrode 

as well as the current collector. Zn was deposited on different substrates (NLSG or Ti) 

at the desired current density and capacity and stripped away by charging to a cut-off 

voltage of 0.5 V vs. Zn2+/Zn. For the electrochemical testing based on the NLSG/Zn 

anode, the NLSG/Zn has placed both sides of the symmetric cell.  
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Electrochemical testing of Zn//MnO2 battery: In a typical process, the obtained 

β-MnO2 nanorods were mixed with Super P and polyvinylidene fluoride in a weight 

ratio of 70:20:10 using N-methyl-2-pyrrolidone as the solvent. The mixture slurry was 

pasted onto a Ti foil and vacuum-dried at 100 °C for 12 h. The mass loading of the 

electrode is ~ 2-3 mg cm-2. Zinc foil and 2 M ZnSO4/0.2 M MnSO4 were used as 

anode and electrolyte, respectively. Glass fiber membrane was used as the separator.  

All the electrochemical performances of the assembled cells were measured using 

VMP3 Biologic electrochemical workstation. 

5.3.4 Computation method  

We performed density functional theory (DFT) calculations using the 

projector-augmented wave (PAW) method as implemented in the Vienna Ab initio 

Simulation Package (VASP) code139,140. The generalized gradient approximation 

(GGA) together with Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional 

was used. The van der Waals (vdW) interactions were also included in the 

calculations using the zero damping DFT-D3 method of Grimme. A uniform grid of 

2×4×2 k-mesh in the Brillouin zone was employed to optimize the crystal structures 

of graphene and Zn/graphene interfaces. The energy cutoffs of wave functions were 

set at 500 eV. The atomic positions of all structures were fully relaxed until the 

Hellman-Feynman forces on each atom is less than 0.01 eV·Å-1. 

5.4 Results and discussion 

5.4.1 Structural characterization of the NLSG coated Zn anode 
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Figure 5.2 a) Raman spectra of the NLSG and LSG. b) Nitrogen adsorption–
desorption isotherm of the NLSG. c) C 1s and d) N 1s XPS spectra of the NLSG.  

 

Figure 5.2a shows the results of Raman spectroscopy, which was used to determine 

the degree of graphitization in NLSG. D and G bands of graphite are associated with 

the dominant peaks at 1336 and 1592 cm-1, respectively, in the X-ray diffraction 

spectrum. Because of nitrogen incorporation, NLSG's intensity ratio (ID/IG = 0.94) 

compares favorably to that of LSG (ID/IG = 1.07), which indicates structural 

deformation and defect density141. Because of its loose, interconnected 3D framework 

and macroporous architecture, the specific surface area of NLSG (as measured by the 

N2 sorption analysis) is extremely large (a whopping 387 m2 g-1) (Figure 5.2b). It is 

possible to reduce the local current density and efficiently reduce the nucleation 

overpotential for well-distributed Zn deposition thanks to the broad surface area. 

X-ray photoelectron spectroscopy (XPS) was used to examine the surface 
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composition and chemical state of NLSG in greater detail. The high-resolution C 1s 

spectra in Figure 5.2c show three distinct peaks that can be attributed to the sp2 C=C 

bond (284.4 eV), the C=O bond (285.2 eV), and the C–N bond (286.1 eV), 

respectively. Carbon matrix results in sp2-carbon dominance, indicating that the 

polyimide film has been successfully transformed to graphite through laser crimping. 

Figure 5.2d shows the high-resolution N 1s spectrum, which includes pyridinic 

nitrogen (pnN) found at 399.1 eV, pyrrolic nitrogen (prN) located at 400.2 eV, and 

quaternary nitrogen (qN) placed at 402.3 eV142-144. The zincophilic properties of 

NLSG are expected to be enhanced by the addition of nitrogen to the graphene 

framework during the graphitization process, as demonstrated by the presence of 

N-containing functional groups in these functional groups. 

 

Figure 5.3 a) SEM image of NLSG. b) Cross- sectional SEM image of NLSG. c) 
HRTEM image of the NLSG. d) Elemental mapping in SEM of the NLSG.  
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With the aid of scanning electron microscopy, the morphology and lattice structure of 

as-obtained NLSG generated from polyimide were studied and identified (SEM). The 

quick emission of gaseous products during the irradiation process, which is favorable 

to the impregnation of the electrolyte (Figure 5.3a), leads in the formation of a 

well-interconnected 3D framework with evenly distributed porous morphology145-147. 

As shown in Figure 5.3b, the holey foam-like structure with a thickness of 

approximately 30 µm, which is made of a multilayer graphitic structure, can be 

observed in the cross-sectional view. The high-resolution transmission electron 

microscope (HRTEM) image in Figure 5.3c reveals that the NLSG contains graphene 

ribbons with a lattice space of 0.36 nm, which corresponds to an interlayer spacing of 

(002), as previously described in the literature. Carbon, oxygen, and nitrogen are 

distributed uniformly throughout the NLSG, as illustrated in Figure 5.3d, which 

confirms the homogenous distribution of carbon, oxygen, and nitrogen. 
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5.4.2 DFT simulation for the NLSG  

 

Figure 5.4 Top view of optimized geomeities of a Zn atom adsorbed on the 
N-containing graphene surface with qnN, qN, pnN and prN groups. 

 

The density functional theory (DFT) calculations were further performed to 

investigate the relationship between Zn atom and graphene with different 

N-containing functional groups, i.e., quaternary nitrogen in the bulk (qnN), quaternary 

nitrogen on the edge (qN), pyridinic nitrogen (pnN), and pyrrolic nitrogen (prN). The 

interfacial models were built by placing a Zn atom on the N-doped graphene. After 

optimizations by considering the van der Waals dispersions, the stable interfacial 

Zn/graphene geometries without and with different functional groups are obtained in 

Figure 5.4. 
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Figure 5.5 a) Calculated binding energies and b) top- and side-view of 
three-dimensional charge density differences, defined as ρ(difference) = ρ(interface) – 
ρ(graphene) – ρ(Zn), for a Zn atom adsorbed on the N-containing graphene surface 
with qnN, qN, pnN and prN groups. All calculations were performed at GGA/PBE 
level of theory. 

 

As illustrated in Figure 5.5a, the predicted binding energy for graphene-prN is -0.36 

eV, which is greater than the binding energies for graphene-pnN (-0.27 eV), 

graphene-qN (-0.28 eV), and graphene-qnN (-0.21 eV), indicating a stronger 

interaction between the Zn atom and graphene-prN148. Additionally, the 

three-dimensional charge density redistributions at the Zn/graphene contacts support 

this (where the red electronic clouds represent the electron accumulation and blue 

electronic clouds indicate the electron depletion, see Figure 5.5b). In the case of 

graphene-prN, the high-density alternate electron accumulation and depletion layers 

would facilitate bonding and charge transfer between the Zn atom and the N atom 

from the pyrrole group. However, charge redistribution occurs mostly between Zn 

atoms and six-membered rings at other Zn/graphene contacts, weakening the 

connection between Zn and N atoms marginally. 
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5.4.3 Electrochemical performance of the NLSG coated Zn anode 

 

Figure 5.6 Nucleation overpotential and CE performance of Ti foil, LSG and NLSG. 
a) The voltage–time curves during Zn nucleation at 2 mA cm-2. b) The Zn nucleation 
overpotential at different current density. c) Coulombic efficiencies and d) Voltage 
profiles of the Zn plating/stripping process at 2 mA cm-2 with the capacity of 1 mA h 
cm−2.  

 

With galvanostatic charge/discharge (GCD), we were able to quantify the affinity of 

Zn for the heterogeneous electrode surface. Nucleation overpotentials were monitored 

at various current densities in order to determine the quantitative affinity of Zn for the 

heterogeneous electrode surface. Following the onset of zinc deposition, as illustrated 

in Figure 5.6a, the voltage for all electrodes immediately drops to below 0 V (in the 

direction of Zn/Zn2+), with a voltage spike at the onset of zinc deposition, which 

corresponds to the heterogeneous Zn nucleation process, and then rises to a nearly 

constant value. A broad definition of the nucleation overpotential is the gap between 

the bottom of the tip voltage and the flat section of the subsequent equilibrium 
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potential149. The nucleation overpotential is defined as follows: While the voltage dip 

at 2 mA cm2 is not as smooth as that of the Ti foil, the nucleation overpotential of the 

NLSG is 55.5 mV, which is significantly lower than the nucleation overpotential of 

the Ti foil (86.4 mV). However, the nucleation overpotential of LSG is 64 mV, which 

is better than the Ti foil but inferior to that of the NLSG electrode. This indicates that 

the lower nucleation barrier is primarily due to strong affinity for Zn caused by 

nitrogen-containing functional groups rather than a large specific surface area. Figure 

5.6b shows how this superiority is inherited at various current densities ranging from 

2 mA cm2 to 15 mA cm2 in the presence of a current source. Nucleation 

overpotentials for the NLSG are lower than those for its LSG counterpart from 93.1 to 

161.4 mV, indicating that nitrogen-containing functional groups do indeed stimulate 

the formation of heterogeneous nuclei and regulate Zn deposition in the region of the 

NLSG from 70 to 126.8 mV. An investigation of the CE was conducted using the 

usual asymmetric cell architecture operating at 2 mA cm2 and a plating capacity of 1 

mA h cm−2 (Figure 5.6c). After only a few cycles, the CE of the NLSG electrode had 

increased to approximately 70% and had stabilized at around 99.4% for nearly 200 

cycles after that. In contrast, the value for Ti may reach 50% during the first cycle and 

stability fluctuated up and down with rapid degradation to below 90% after 75 cycles, 

indicating that it was unstable. The charge-discharge curves of Zn plating/stripping on 

NLSG and Ti were used to characterize the voltage evolution of the materials. 

Because of the larger average CE in NLSG than in Ti, the discharge curves of NLSG 

are longer in the time scale than those of Ti, indicating a less irreversible capacity loss, 
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as shown in Figure 5.6d. While the NLSG displayed outstanding plating and stripping 

stability with a lower voltage hysteresis of 93 mV, the Ti foil exhibits a greater and 

more fluctuant overpotential of 200mV at the 30th cycle. In this case, the improved 

reversibility of Zn plating/stripping in the NLSG is due to the low local current 

density introduced by the large surface area and homogeneous Zn deposition by the 

zincophilic functional groups of the porous NLSG, which is due to the low local 

current density introduced by the large surface area and homogeneous Zn deposition 

by the zincophilic functional groups of the porous NLSG150. 

 

Figure 5.7 a-d) The morphology of NLSG and e-h) Ti foil with a specific capacity of 
1 to 5 mA h cm-2, scale bar is 2 μm. 

 

The ex situ SEM analysis of a continuous morphology of Zn plating with varied 

plating capacities at 0.5 mA cm2 was used to better define the continuous morphology 

of Zn plating. Figure 5.7a depicts the 3D linked graphitic layer structure of virgin 

NLSG, which has a smooth surface and a large number of macropores. Metallic Zn 

was deposited on NLSG, resulting in the formation of a dense and evenly distributed 

Zn nucleus nanoparticle layer with a practical capacity of 1 mA h cm2, indicating that 
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the plating of Zn was successfully controlled at the nucleation stage (Figure 5.7b). 

When the Zn deposition capacity was increased to 2 mA h cm2, a smooth surface of 

NLSG was seen, with more Zn uniformly tiled over the skeleton as a result of the 

increased Zn deposition capacity (Figure 5.7c). Further plating Zn on the NLSG with 

a total plating capacity of 5 mA h cm2, the slit pores are filled by a large amount of 

metallic Zn deposition with no discernible Zn dendrites after a total plating capacity 

of 5 mA h cm2 (Figure 5.7d). In contrast to the NLSG, a considerable number of Zn 

flakes formed on the smooth surface of the Ti foil due to uneven Zn nucleation was 

seen on the flat surface of the Ti foil (Figure 5.7e-f). In proportion to the rise in 

plating capacity, zinc deposited on the surface of titanium aggregates into a massive 

block that eventually exhibits a lumpy appearance (Figure 5.7g-h). It is clear from 

this behavior that NLSG in a 3D framework can effectively reduce Zn dendrite 

formation. This could be attributed to the uniform Zn2+ flux and lower nucleation 

overpotential caused by the strong interaction between the N-doped graphene and the 

Zn, as well as the uniform Zn2+ flux and lower nucleation overpotential151,152. 
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Figure 5.8 Long-term cycling performance of symmetric cells of NLSG modified Zn 
and bare Zn at a) at 1 mA cm−2 with 0.25 mA h cm-2; b) at 1 mA cm−2 with 1 mA h 
cm-2; c) at 2 mA cm−2 with 2 mA h cm-2.  

 

To further examine the long-cycle stability of NLSG-modified Zn anodes, we used a 

symmetrical cell arrangement to measure voltage fluctuation during the Zn 

plating/stripping reaction. The comparison of voltage-time profiles cycled at 1 mA 

cm2 for 0.25 mA h cm2 for these two anodes is shown in Figure 5.8a. Surprisingly, 
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the NLSG/Zn anode processes at a lower voltage hysteresis of 18.2 mV and has a 

longer lifetime of more than 250 h, outperforming Zn anodes with a higher 

overpotential (93.1 mV). The inset of Figure 5.8a shows magnified views of the 

detailed voltage profiles for the 160th, 320th, and 480th cycles. Even after 480 cycles, 

the NLSG/Zn anode exhibits steady charge-discharge patterns with flat voltage 

plateaus. During the plating and stripping processes, Zn anodes exhibit substantial 

voltage variability. The better durability of NLSG/Zn anodes was further 

demonstrated by testing them at a high current density (1 mA cm2 for 1 mA h cm2). 

Over a period of 250 hours, the NLSG/Zn anodes maintain a steady low 

plating/stripping overpotential (24.3 mV) without noticeable oscillation (Figure 5.8b). 

The Zn anodes performed worse, with an inconsistent voltage response (87.5 mV) that 

resulted in a short circuit after 65 hours. When the current density was increased to 2 

mA cm2 with a capacity constraint of 2 mA h cm2, the NLSG/Zn anode demonstrated 

steadily decreased voltage hysteresis with an overpotential of just 35.6 mV after 80 

hours, which is significantly better than that of Zn anodes (Figure 5.8c). 
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Figure 5.9 The morphology of a) Ti foil and b) NLSG after plating 2 mA h cm−2 Zn 
in the symmetrical cell. c) Rate performance of the symmetric cells based on 
NLSG/Zn and bare Zn anodes at current densities from 0.5 to 5 mA cm−2.   

 

The anodes in Figure 5.9a have been characterized by SEM after cycling for 35 hours 

at a capacity of 2 mA h cm2 at 2 mA cm2. The surface of the Ti anode is rough, with 

moss-like Zn dendrites, which results in significant polarization and cell failure. In 

comparison, the NLSG retains the three-dimensional skeleton with uniform Zn 

deposition on the top and cross-linked pores in the NLSG/Zn anodes (Figure 5.9b). 

The SEM observation confirms that the NLSG may effectively suppress the 

production of Zn dendrites and improve cycle stability. Additionally, Figure 5.9c 

illustrates the rate capabilities for various deposition capacities ranging from 0.5 to 5 

mA cm2. Throughout each cycle, the symmetrical cell based on NLSG/Zn anodes 

exhibits lower and more stable voltage hysteresis than the Zn anodes. All of these 
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enhancements should be attributed to the zincophilic spots dispersed throughout the 

porous matrix, as well as the NLSG backbone's high surface area. 

5.4.4 Mechanism of the zinc dendrite growth for the NLSG coated Zn anode  

 

Figure 5.10 The schematic illustrations of a) bare Zn anode and b) Zn deposition on 
NLSG modified Zn anode. 

 

As a result of the preceding discussion, Figure 5.10 summarizes the Zn deposition 

process on two distinct electrodes. Due to the rough surface of bare Zn foil, the 

nucleation of Zn ions is uncontrolled. Zn ions preferentially nucleate at protuberances, 

forming dendritic Zn. By comparison, the NLSG/Zn anode exhibits a distinct pattern 

of Zn deposition. As indicated in Figure 5.10b, during the nucleation phase, the Zn2+ 

ions can be uniformly deposited on the surface of NLSG. This may result in future 

homogeneous Zn plating within the cavity of the NLSG, resulting in a smooth, 

dendrite-free Zn plating morphology. Three reasons could be responsible for the 

homogenous Zn deposition of NLSG/Zn. To begin, the uniform N doping sites act as 
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nucleation sites, guiding the metallic Zn nuclei onto the anode surface, resulting in a 

more uniform distribution with a lower nucleation overpotential. This zincophilic 

characteristic adds to the smooth and dendrite-free morphology of symmetrical 

cell153,154. Second, the three-dimensional conductive host with a relatively large 

specific surface area can reduce the local current density and homogenize the charge 

distribution, thus preventing charge accumulation. Finally, the numerous pores 

provide sufficient Zn accommodation sites, allowing the three-dimensional-connected 

structure to maintain its mechanical strength even at high area capacities or current 

densities155,156. 

5.4.5 Application of the NLSG coated Zn anode 

 

Figure 5.11 Comparison of electrochemical performance of Zn/MnO2 based on the 
NLSG modified Zn and bare Zn anode. a) CV curves at 0.5 mV s-1. b) 
Charge/Discharge curves at 2 A g-1. c) cycling performance at 2 A g-1. d) Morphology 
of the anodes after 1200 cycles, scale bar is 2 μm. 
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Table 5.2 Comparison of typical parameters and cycling performance for this work 
with recently reported Zn-based symmetric cell. 

 

 

A Zn/MnO2 complete battery was created by coupling the β-MnO2 cathode with 

either NLSG/Zn or bare Zn anode in a mixed electrolyte of 2 M ZnSO4 and 0.2 M 

MnSO4 to evaluate the effectiveness and practicability of the NLSG/Zn anodes in an 

aqueous ZIB. A hydrothermal method was used to make the MnO2 nanorod with 

tetragonal phase157. To reduce the solubility of Mn2+ from the MnO2 cathode, 0.2 M 

MnSO4 was added to the electrolyte158. The voltage profiles of the various electrolytes 

exhibit comparable shapes and voltage hysteresis, demonstrating that the Mn2+ ion has 

no effect on the electrochemical reaction. The cyclic voltammetry (CV) curves at 0.5 

mV s-1 in Figure 5.11a show four different redox peaks in the voltage region of 

1.0-1.8 V. It should be observed that the voltage offsets for the redox peaks are lower 

in the NLSG/Zn/MnO2 battery than in the Zn/MnO2 battery. This suggests faster 

kinetics, implying that NLSG plays a beneficial function in enhancing Zn 

plating/stripping, as our earlier discussions have shown. The GCD curve of the 
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NLSG/Zn/MnO2 battery, shown in Figure 5.11b, exhibits a lower voltage polarization 

and somewhat larger capacity, which is consistent with the CV curve results. The 

cycling performance over long-term cycles at 2 A g-1 was also investigated, in 

addition to improved electrochemical performances (Figure 5.11c). After 1200 cycles, 

the complete cell produced with NLSG/Zn anode has a discharge capacity of 115 mA 

h g-1 and a retention of 72.3%. However, the battery's original capacity of 107 mA h 

g-1 is quickly depleted during cycling, with just 59.3 percent of the initial capacity 

remaining (Table 5.2). After cycle testing, these two anodes were further 

characterized by ex-situ SEM (Figure 5.11d). The NLSG/Zn structure is still a 

well-connected three-dimensional structure with a rather consistent surface shape. On 

the bare Zn anode, however, enormous Zn dendrites with plenty of flakes have 

accumulated. The homogeneous deposition of Zn after the introduction of the NLSG 

interlayer, which effectively lowers the irreversible loss of Zn and the quick capacity 

deterioration, is responsible for these excellent results. 

5.5 Conclusion 

In conclusion, we used laser scribing methods to create the NLSG in-situ grown on 

the surface of the Zn anodes. The strong interaction between Zn2+ and the N-doped 

graphene resulted in uniform Zn deposition, according to DFT calculations. 

Furthermore, the 3D NLSG could have a low current density because to its continuous 

porous nature and high surface area. In comparison, the NLSG modified Zn anode has 

a high CE of 99.4% and a minimal voltage variation of 93 mV after 200 hours of 

cycling. When used in a Zn-MnO2 battery, it also demonstrated increased 
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electrochemical performance. This research could open up new options for the 

rechargeable zinc ion battery 
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Chapter 6 Conclusions and Outlook 

6.1 Conclusions 

Rechargeable aqueous zinc-ion batteries (RAZIB) have gained extensive attention for 

large scale energy storage and portable electronics applications owing to their 

advantages of inherent safety, low cost, environmental benignity.  However, the 

state-of-the-art RAZIB still faces some critical issues, such as few reported stable 

cathode materials, side reactions, and uncontrolled zinc dendrite formation. In this 

thesis, we have designed zinc pyrovanadate nanowires with open-framework crystal 

structure (ZVO), which shows excellent rate behavior and energy density. Then, 

calcium vanadium oxide bronze with expanded cavity size, reduced molecular 

weight, and better conductivity were designed, delivering higher capacities and stable 

cycling performance.  Thirdly, we reported an ultrathin HfO2 film as artificial solid 

electrolyte interphase by atomic layer deposition strategy, which effectively prevented 

the cathode dissolution and decreased formation byproduct formation. Fourthly, we 

have designed a nitrogen-doped 3D laser scribed graphene (NLSG) with a large 

surface area and uniform distribution of nucleation sites, which could control Zn 

nucleation behavior and suppress Zn dendrite growth as the interlayer. Finally, the 

recent progress, challenges and prospects related to RAZIB have been 

comprehensively summarized. 

In the first case, the zinc pyrovanadate nanowires has been successfully prepared by a 

simple microwave approach to as cathodes for RAZIBs. Benefiting from its 

open-framework crystal structure and multiple oxidation states of vanadium, the 
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as-synthesized ZVO cathode delivers the specific capacity up to 213 and 76 mA h g-1 

at current densities of 50 and 3000 mA g-1, respectively. Due to the high ionic 

conductivities of aqueous electrolyte and slight structural modification of ZVO, the 

Zn//ZVO cells demonstrate excellent rate behavior good stability up to 300 cycles. 

The estimated energy density of our Zn cell is ~214W h kg-1 which is much higher 

than commercial lead-acid batteries. The mechanism of the charge storage based on 

Zn2+ ions intercalation were elucidated by ex-situ XRD, XPS and TEM. These good 

electrochemical performance makes our devices promising for stationary grid storage 

applications.    

In the second case, we have prepared the calcium vanadium oxide bronze via a 

one-step hydrothermal method. The freestanding CVO cathode with large expand the 

cavity size, smaller molecular weight and density and higher electrical conductivity delivers 

capacities of 340 and 289 mAh g-1 at 0.2 and 1 C, respectively. Our Zn//CVO cells 

show impressive energy density of 267 W h kg-1 at a power density of 53.4 W kg-1, 

outperforming most of previously reported protypes. Excellent cycling stability (up to 

5000 cycles at 80 C) and rate capability were also demonstrated. The low-cost and 

excellent lifespan show that nanostructured CVO is a viable cathode for aqueous 

Zn-ion storage. This work can bring new possibilities for the practical rechargeable 

zinc ion battery. 

In the third case, we have designed the ultrathin HfO2 film via ALD technique as an 

artificial SEI to alleviate the solubility of vanadium in aqueous electrolytes. The 

formation of byproduct (Zn4SO4(OH)6·xH2O) and active materials dissolution have 
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been effectively suppressed owing to its unique surface property. The mechanism of 

capacity fading has been studied, which demonstrates that the artificial SEI HfO2 layer 

plays a bifunctional role during the cycling process. The obtained HfO2-coated ZVO 

cathodes deliver higher capacity and better cycle life (227 mA h g–1@100 mA g–1, 90% 

retention over 100 cycles, which is superior to the battery with bare ZVO electrode). 

This is a general approach which could work with other cathode materials.  

In the fourth case, the NLSG with N-containing functional groups were in-situ grown 

on the surface of the Zn anodes via laser scribing methods. The zincophilic property 

of the NLSG can induce uniform nucleation of Zn and guide homogenous Zn 

deposition because of the strong interaction between Zn and NLSG, which is also 

confirmed by the DFT calculations. Moreover, the large surface area of the three 

dimensional structure NLSG could decrease the local current density, which is good 

for highly reversible Zn plating/stripping. Thus, NLSG modified Zn anode 

demonstrates high Coulombic efficiency (99.4%) and enhanced cycling performance 

(200 h). When employed in the Zn-MnO2 battery, the NLSG coated Zn//MnO2 battery 

also showed improved capacity retention (72.3% vs. 59.3%) after 1200 cycles. 

6.2 Outlook 

A detailed study of ZIB has greatly improved our understanding of battery chemistry 

during the past few years. However, to develop and commercialize RAZIBs, several 

issues and challenges still need to be considered: 

1) Commercially available Zn foil that acts as the Zn anode in the majority of the 

reported RAIBs directly. However, the following irreversible difficulties occur 



111 

during circulation in in a moderate electrolyte, for example, dendrite growth, 

corrosion and hydrogen generation. The generation of hydrogen will have an 

impact on the RAIBs. Establishing a stable artificial layer on the surface of the Zn 

electrode and optimizing the electrolyte composition should be an efficient 

strategy for limiting dendrite growth and obtaining high CE. Meanwhile, it is 

envisaged that through studying alternative metal anode protection strategies, such 

as Li/Na metal cells, greater progress would be made. Furthermore, the technique 

for improving zinc electrode performance should be proved in the entire cell for 

practical applications. 

2) The significant importance of the separators on ZIB performance has long been 

neglected. Indeed, due to the scarcity of separator alternatives, lightweight, high 

performance membranes for the ZIB are currently unavailable. Hydrogel 

electrolytes with high ionic conductivity are important for ZIB as they can replace 

diaphragms without sacrificing performance or safety. 

3) Stability and surface capacitance of the cathode are critical for practical 

applications since they are directly related to energy density. However, the mass 

load is less than 5 mg cm-2 as reported in previous papers. Particular attention 

should be given to the extensible preparation and proper evaluation of high 

performance cathode materials. It is both necessary and optimistic to be able to 

objectively assess the performance of zinc anodes. 
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