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PREFACE 
 

Aqueous zinc batteries (AZBs) offer a safe, low-cost, and environmentally safe 

pathway for grid-scale energy storage. However, commercialization has been hindered by 

zinc dendrite growth during cycling, parasitic hydrogen evolution at zinc electrode-

especially in acidic or poorly buffered media- and sluggish redox kinetics at sub-zero 

temperatures. This thesis investigates a 2.0 M Zn(ClO4)2 electrolyte modified with L-

histidine or L-glutamic acid to address these challenges. Compared with sulfate-based 

systems, perchlorate anions are weakly coordinating, enabling high ionic conductivity 

and faster Zn²⁺ desolvation, which benefits interfacial kinetics and supports operation 

below 0 °C. The amino acids further modulate the Zn2+ solvation sheath and locally 

buffer the interface, suppressing side reactions while promoting uniform nucleation and 

deposition. Collectively, these effects reduce effective water activity, mitigate hydrogen 

evolution, and stabilize Zn plating/stripping. 

Overall, this work demonstrates improved coulombic efficiency, extended cycle life, and 

robust sub-zero performance in Zn∥α-MnO₂ cells. These outcomes suggest strong 

potential for deployment in cold climates and renewable storage applications. 
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                                                    ABSTRACT 

 
Aqueous zinc batteries (AZBs) are promising for grid storage due to their safety, low 

cost, and eco-friendly nature. However, their application is hindered by challenges like 

zinc dendrite growth, the hydrogen evolution reaction (HER), and poor low-temperature 

performance. This study systematically investigates a 2.0 molar (M) zinc perchlorate 

(Zn(ClO₄)₂) electrolyte modified with bio-inspired amino acid additives, L-histidine (0.02 

M) and L-glutamic acid (0.05 M). Electrochemical analysis shows that these additives 

modulate the Zn²⁺ solvation structure, suppress HER, and enable highly reversible 

plating/stripping with coulombic efficiencies at ~98%. In Zn∥α-MnO₂ full cells, histidine 

provided superior long-term capacity retention (>80 mAh g⁻¹ after 100 cycles). Both 

additives also maintained a coulombic efficiency consistently ~99% at -20 °C. These 

findings demonstrate that combining chaotropic perchlorate electrolytes with amino acid 

additives yields high reversibility, cycling stability, and reliable sub-zero operation, 

highlighting their potential for grid storage and cold-climate applications. 

Keywords: Zinc battery, aqueous electrolyte, zinc perchlorate, hydrogen evolution 

suppression, amino acid additives, L-histidine, L-glutamic acid, cyclic voltammetry.  
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CHAPTER ONE  

INTRODUCTION AND GENERAL INFORMATION 

          1.1 The global energy transition demands advanced storage solutions 

The global transition from fossil fuels to renewable energy sources, such as solar 

and wind, is a cornerstone of strategies to mitigate climate change [5]. However, the 

inherent intermittency and fluctuating power output of these sources pose significant 

challenges to grid stability, reliability, and the balance between supply and demand [6, 7]. 

To effectively bridge this gap, the deployment of large-scale, efficient, and safe ESS has 

become indispensable [6]. Among various ESS technologies, EESS, particularly 

rechargeable batteries, are highly favored due to their scalability, high efficiency, and 

declining costs. While LIBs currently dominate the market for portable electronics and 

electric vehicles, concerns regarding the limited global reserves of lithium, high 

production costs, and severe safety risks associated with flammable organic electrolytes 

have spurred the search for alternative battery chemistries [1, 2]. 

1.2 Aqueous zinc batteries represent a safe and sustainable alternative 

AZBs have re-emerged as compelling candidates for grid-scale storage, primarily 

due to their intrinsic safety and economic advantages [2, 3]. The utilization of non-

flammable aqueous electrolytes fundamentally eliminates the risk of thermal runaway 

and fire, a significant drawback of LIBs. Furthermore, zinc metal is abundant, cost-

effective (~$2,800/ton), and environmentally benign, offering a sustainable and scalable 

material platform [8]. The Zn²⁺/Zn redox couple provides a high theoretical volumetric 

capacity of 5854 mAh cm⁻³ and a suitable operating potential (-0.76 V vs. SHE) that lies 



 

11 

 

within the thermodynamic stability window of water, enabling meaningful cell voltages 

[3, 9]. These attributes collectively position AZBs as a promising technology for 

stationary storage applications where safety, cost, and longevity are paramount. 

1.3 Fundamental challenges of zinc batteries 

Despite their considerable promise, the widespread commercialization of AZBs is 

hampered by several persistent challenges centered on the zinc metal anode. 

 1.3.1 Dendritic growth leads to safety hazards and efficiency loss 

During repeated cycles of plating and stripping, the uneven distribution of current 

density and ion flux leads to non-uniform zinc deposition. This results in the formation of 

dendritic or mossy zinc structures [4]. These dendrites irreversibly consume active 

material, reducing the battery's CE and pose a critical safety hazard. They can grow 

through the separator, creating an internal short circuit and potentially leading to battery 

failure [4, 15]. This phenomenon is known as the "tip effect," where the enhanced electric 

field at a dendrite's tip preferentially attracts Zn²⁺ ions, accelerating further growth of 

dendrites. 

1.3.2 HER consumes efficiency and alters local pH 

The operational potential for zinc plating is very close to the reduction potential 

of water [28], as summarized in Table 1.1. Consequently, the parasitic HER (2H₂O + 2e⁻ 

→ H₂ + 2OH⁻) readily occurs in competition with the desired Zn deposition [10, 28]. 

This side reaction consumes electrons, drastically lowering the CE.  
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Table 1.1. Comparison of zinc and water reduction potentials over varying pH conditions 

with reference to the SHE. 

Reactions E° (V vs SHE) 

Zn²⁺ + 2e⁻ → Zn –0.76 V 

Water → H₂ (acidic, pH=0) –0.41 V 

Water → H₂ (neutral, pH=7) –0.83 V 

Water → H₂ (alkaline, pH=14) –1.24 V 

 

More critically, the generation of OH⁻ ions leads to a sharp increase in the local pH at the 

electrode surface, facilitating the precipitation of insulating by-products like zinc 

hydroxide (Zn(OH)₂) [10]. 

1.3.3 Passivation and cathode dissolution cause rapid performance fade 

The Zn(OH)₂ layer forms a passivating film on the zinc anode, increasing 

interfacial resistance and hindering ion transport, which leads to voltage polarization and 

efficiency loss [1]. In unbuffered electrolytes, the zinc metal is also prone to corrosion, 

resulting in continuous loss of active material and "self-discharge" even during idle 

storage [2]. These interconnected challenges are summarized in figure 1.1.              
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Figure 1.1 Challenges of zinc anode with dendrite formation, corrosion and HER. 

1.4 Electrolyte engineering with Zn(ClO₄)₂ addresses AZBs challenges 

The electrolyte is a central component that governs ion transport, interfacial 

kinetics, and the suppression of parasitic reactions. Key parameters include the identity 

and concentration of the zinc salt, the coordinating strength of the anion, and the control 

of pH [11]. While zinc sulfate (ZnSO₄) is widely used, its kosmotropic SO₄²⁻ anion 

promotes strong ion pairing and the formation of passivating basic zinc salts (e.g., 

Zn₄SO₄(OH)₆·xH₂O, ZHS), which are detrimental to performance [18]. In this context, 

Zn(ClO₄)₂ presents a compelling alternative. The ClO₄⁻ anion is chaotropic (disrupts 

water structure) and weakly coordinating, which facilitates faster Zn²⁺ desolvation 

kinetics and results in high ionic conductivity (60–65 mS cm⁻¹ at 2.0 M) [11, 12]. This 

property is particularly advantageous for low-temperature operation, as it helps to 

maintain ion mobility and prevents the formation of rigid ice-like water networks and 

passivating phases that plague sulfate-based systems. Gao et al. demonstrated that 
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Zn(ClO₄)₂ electrolytes enable Zn∥MnO₂ cells to operate efficiently at temperatures as low 

as -60 °C [18]. However, a critical limitation of Zn(ClO₄)₂ electrolytes is their lack of 

inherent buffering capacity, which leads to pH drift and exacerbates HER, resulting in 

poor cycling stability and irreversibility [13]. This underscores the need for innovative 

stabilization strategies that can function effectively within the unique chaotropic 

environment of perchlorate electrolytes.  

   1.5 Amino acid additives offer a bio-inspired path to interface stabilization 

A promising approach to stabilize AZB electrolytes is the use of multifunctional 

additives. Recent research has shifted towards bio-inspired, green molecules, with amino 

acids standing out as particularly effective candidates. Amino acids possess functional 

groups that allow them to regulate the Zn²⁺ solvation sheath, adsorb onto electrode 

surfaces, and buffer local pH changes, as demonstrated in ZnSO₄ systems [16, 19, 21, 

29].  This precedent establishes a strong foundation for their use; however, their behavior 

and efficacy in a fundamentally different electrolyte chemistry like Zn(ClO₄)₂ remain 

unexplored.  

   1.6 A critical research gap exists in amino acid-regulated perchlorate electrolytes 

Despite significant advancements, a critical research gap remains. The promising 

additive strategy of amino acids has been predominantly investigated and developed 

within ZnSO₄-based electrolyte systems [13, 16, 19, 21]. A systematic understanding of 

their function in the more conductive but less buffered Zn(ClO₄)₂ electrolyte is 

conspicuously absent from the literature. The principal obstacle of pH drift and 

insufficient buffering in Zn(ClO₄)₂ electrolytes creates a unique challenge that amino 
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acids are uniquely positioned to solve. However, the synergistic effects of coupling 

chaotropic perchlorate anions with the solvation regulation and interfacial buffering of 

amino acids have not been thoroughly explored. There is a lack of comparative analysis 

on how different amino acids with distinct functional groups like the amino group in His 

versus the carboxylates in GA perform in this specific electrolyte environment. The 

understanding of their combined impact on long-term cycling stability, interfacial 

kinetics, and sub-zero temperature performance in full-cell configurations, remains 

incomplete.  

   1.7 This thesis aims to develop stable electrolytes for zinc batteries 

This thesis work is designed to fill this identified gap by systematically 

investigating amino acid-regulated Zn(ClO₄)₂ electrolytes. The primary objectives are: 

 To electrochemically characterize the role of His and GA as additives in a 

2.0 M Zn(ClO₄)₂ electrolyte.  

 To demonstrate enhanced full-cell performance by assembling and testing 

Zn∥α-MnO₂ batteries.  

By achieving these objectives, this research aims to establish a novel, high-performance 

electrolyte system that combines the intrinsic transport advantages of Zn(ClO₄)₂ with the 

multi-functional stabilization of amino acids, paving the way for more reliable and 

commercially viable aqueous zinc batteries for cold-climate and grid-scale storage 

applications. 
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CHAPTER TWO  

 LITERATURE REVIEW  

2.1 Fundamental electrolyte properties: From conductivity to interfacial transport 

The performance of AZBs is governed by bulk electrolyte properties and 

interfacial phenomena. While high ionic conductivity is desirable, the cation transference 

number (t₊), representing the fraction of current carried by Zn²⁺, is more critical for 

uniform deposition. A low t₊ leads to concentration polarization at the electrode, 

accelerating dendrite growth. Fundamental studies highlight the advantage of Zn(ClO₄)₂. 

Classic work by Dye et al. measured transference numbers, finding t₊ = 0.43 for 

Zn(ClO₄)₂ versus 0.33 for ZnSO₄ in 0.1 M solutions [35]. This difference arises from ion 

pairing: SO₄²⁻ forms mobile anionic complexes like Zn(SO₄)₂²⁻, carrying current away 

from the anode, while the weakly-coordinating ClO₄⁻ anion ensures more current is 

carried by Zn²⁺ cations towards the electrode. This intrinsic property makes Zn(ClO₄)₂ 

superior for maintaining uniform Zn²⁺ flux. 

2.2 Engineering the electrode-electrolyte interphase with additives 

The performance and longevity of AZBs are fundamentally controlled by the 

electrode-electrolyte interphase. This dynamic region governs the kinetics of Zn²⁺ ion 

transport and desolvation. An unstable interphase promotes heterogeneous ion flux, 

leading to the dendritic zinc growth detailed in the introduction. The strategic use of 

organic additives is a proven method to engineer a protective interphase. These molecules 

can adsorb onto the zinc surface, forming a barrier that homogenizes Zn²⁺ flux and 
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suppresses parasitic side reactions [36]. The mechanism of different additive classes in 

stabilizing the zinc interphase is summarized in Table 2.1. 

Table 2.1. Representative electrolyte additives for zinc anode stabilization and their 

primary mechanisms. 

Additive class Example Proposed primary mechanism Ref. 

Small organic 

molecules 

Ethylene glycol Solvation shell modification, 

free water reduction 

[31] 

Ionic liquids Imidazolium Adsorption, electric double 

layer regulation 

[32] 

Metal cations In³⁺ Alloying, reduced nucleation 

overpotential 

[33] 

Amino acids His Interfacial adsorption, pH 

buffering 

[21] 

 

2.3 Amino acids function as multi-functional interphase regulators 

Among the various additive classes, bio-inspired amino acids have garnered 

significant attention due to their ability to simultaneously modulate multiple aspects of 

the electrolyte and interphase. Their inherent safety, sustainability, and chemical 

versatility have made them a popular choice for electrolyte engineering. Different amino 

acids, with distinct functionalities that influence zinc deposition behavior and overall cell 

performance. A comparative analysis reveals clear structure-property relationships, as 

summarized in Table 2.2. 
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Table 2.2. Performance of various amino acid additives in half-cell (Zn||Zn) 

configurations using 2.0 M ZnSO₄ as a baseline electrolyte. 

Amino 

acid 

Additive 

concentration  

Key proposed 

mechanism 

Reported CE / 

performance 

Ref. 

Glycine 20 mM Solvation regulation, 

pH buffering 

~98.4% over 600 cycles (1 

mA cm⁻², 1 mAh cm⁻²) 

[36] 

Alanine 50 mM Weak adsorption, 

solvation shell effect 

~99.8% over 4500 cycles 

(1 mA cm⁻², 1 mAh cm⁻²) 

[37] 

Lysine 10 mM Strong solvation 

regulation (dual -NH₂) 

~99.8% for 2400 hr (2 mA 

cm⁻², 1 mAh cm⁻²) 

[38] 

GA 20 mM Solvation regulation, 

pH buffering 

For 4500 hr (5 mA cm⁻², 

1.25 mAh cm⁻²) 

[19] 

His 50 mM Adsorption, pH 

buffering 

For 4180 hr (2 mA cm⁻², 1 

mAh cm⁻²) 

[21] 

 

Simple amino acids like glycine provide moderate stability through solvation regulation. 

The enhanced performance of alanine suggests even a small methyl group improves 

interfacial interaction. More complex structures like lysine are highly effective at low 

concentrations due to strong, multi-dentate Zn²⁺ coordination. The two primary additives 

in this thesis exemplify distinct, high-performance pathways: GA acts as a robust 

solvation regulator, while His functions as an effective interfacial modifier. Both 

mechanisms enable long-term zinc cycling stability, underscoring the versatility of amino 
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acids for electrolyte engineering. These molecules act via several mechanisms: adjusting 

the solvation sheath of Zn²⁺, adsorbing on the electrode surface, buffering the local pH, 

and modifying the electric double layer. GA and His possess functional groups (–COOH, 

–NH₂) that are ideal for these regulations. By partially replacing water molecules in the 

primary solvation shell, they directly reduce free-water activity, which stabilizes 

nucleation and suppresses the HER [19]. The distinct chemical structures of these amino 

acids, shown in Figure 2.1 and 2.2. 

 

Figure 2.1 Structure of GA (Blue: Nitrogen, Red: Oxygen, Black: Carbon, White: 

Hydrogen). 
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Figure 2.2 Structure of His (Blue: Nitrogen, Red: Oxygen, Black: Carbon, White: 

Hydrogen). 

2.3.1 His: An interfacial modifier 

The imidazole and amine functional groups of His enable strong adsorption on Zn 

(002), as supported by DFT adsorption energy calculations in recent literature [16]. This 

adsorption modifies surface energetics, steering deposition toward uniform nuclei and 

denser morphologies. Post-cycling XRD of Zn deposits often show more crystalline with 

suppressed Zn(OH)2 or ZnO by-products. According to the DFT calculations reported by 

Dr. Wang et al., the dipole moment of H2O is 1.99 D, whereas that of His is significantly 

higher at 5.24 D. This indicates a stronger polar nature and greater ability of His to 

interact with Zn2+ ions compared to water molecules. Furthermore, the HOMO–LUMO 

energy gap analysis reveals that H2O possesses an energy level of 7.65 eV, while His 

exhibits a lower gap of 4.24 eV, suggesting enhanced electronic interaction and higher 

reactivity toward Zn2+. In addition, the calculated binding energy between Zn and His (-

0.60 eV) is notably more negative than that of Zn–H₂O (-0.37 eV), confirming that His 

can more easily coordinate with Zn2+ ions and stabilize the interfacial environment. This 
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strong adsorption ultimately leads to the formation of fewer, more stable nucleation sites, 

resulting in uniform and highly reversible Zn plating/stripping [13, 21]. 

2.3.2 GA: A Solvation Regulator 

According to Dr. Zheng et al., DFT calculations demonstrate that the binding 

energy between Zn and H₂O is -4.47 eV, whereas the Zn–GA interaction is significantly 

stronger at -7.19 eV. The interaction between GA and H₂O exhibits a comparatively 

weaker binding energy of -0.52 eV. These results clearly indicate that GA has a stronger 

affinity for Zn2+ ions than water, enabling it to preferentially coordinate with Zn2+ and 

alter the solvation structure in the electrolyte. 1H-NMR analysis further supports this 

coordination behavior. In a 2.0 M ZnSO4 electrolyte, the water proton resonance appears 

at 4.768 ppm; upon addition of 50 mM GA, the signal shifts slightly to 4.753 ppm. This 

downfield shift arises from changes in the local electronic environment of hydrogen 

atoms as water molecules become partially involved in a new Zn2+–GA–H2O 

coordination complex. The observed chemical shift confirms the modification of the 

hydration shell and the establishment of a new coordination equilibrium between Zn2+, 

glutamate anions, and water. Raman spectroscopy reveals an O–H stretching band shift 

from ~3000 cm-1 to ~3600 cm-1 after the introduction of 50 mM GA signifying reduced 

free-water activity and a reorganized hydrogen-bonding network. Morphological 

evidence from SEM images corroborates these findings: Zn deposits formed in plain 

ZnSO4 electrolytes exhibit a rough, dendritic surface, whereas those obtained with 50 

mM GA display a smoother, denser morphology. This confirms that GA effectively 
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regulates Zn nucleation and growth, mitigating dendrite formation and promoting 

uniform plating [19]. 

2.4 The critical role of local pH buffering and her kinetics 

The local pH at the electrode-electrolyte interface is a decisive factor in AZB 

performance, directly influencing HER kinetics and the formation of passivating layers. 

During plating, the rapid consumption of the few available H⁺ ions at the cathode surface 

creates a localized alkaline environment, even within a bulk acidic electrolyte. This 

drastic pH swing is a primary driver for the precipitation of insulating Zn(OH)₂ and basic 

zinc salts, which contribute to passivation and capacity fade. Amino acid additives are 

uniquely suited to mitigate this issue due to their amphoteric nature. They possess both 

acidic (carboxyl) and basic (amine) functional groups, allowing them to act as efficient 

molecular buffers within the critical pH window of AZB operation. Their buffering 

action resists the large pH swings at the interface, thereby stabilizing the electrochemical 

environment. The effectiveness of specific amino acids is determined by their pKₐ values, 

which dictate their buffering range, as shown in Table 2.3. 

Table 2.3. Buffering properties and pH modulation by amino acid additives. 

Amino acid Relevant pKₐ values Effective buffering range ref. 

GA pKₐ₁ (α-COOH) = 2.1, 

pKₐ₂ (γ-COOH) = 4.3 

~3.1 - 5.3 [19] 

His pKₐ (COOH) = 1.8,  

pKₐ (imidazole) = 6.0 

~4.8 - 7.2 [21] 
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The addition of 50 mM GA to a ZnSO₄ electrolyte (pH ≈ 4.2) raises the local pH to ~5.6, 

situating it perfectly within its buffering range and stabilizing Zn²⁺ coordination [19]. 

Similarly, His buffers effectively near neutral pH, countering the local alkalization during 

stripping and suppressing HER [13]. This pH regulation is a vital secondary mechanism 

that works synergistically with their primary functions of adsorption or solvation 

regulation to enhance overall cycling reversibility. 
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CHAPTER THREE  

MATERIALS AND METHODS 

3.1 Chemicals and reagents 

All chemicals were of analytical grade and used without further purification. GA, 

His, zinc perchlorate hexahydrate (Zn(ClO₄)₂·6H₂O), and zinc sulfate heptahydrate 

(ZnSO₄·7H₂O,) were procured from thermo fisher scientific for electrolyte preparation. 

Manganese(II) sulfate monohydrate (MnSO₄·H₂O), potassium permanganate (KMnO₄), 

and sulfuric acid (H₂SO₄) from thermo fisher scientific were used for the synthesis of α-

MnO₂. Ultra-pure water was used as the solvent for all aqueous solutions.  

3.2 Electrolyte preparation 

The baseline electrolyte, 2.0 M Zn(ClO₄)₂, was prepared by dissolving a 

calculated mass of Zn(ClO₄)₂·6H₂O in ultra-pure water under continuous magnetic 

stirring for 30 minutes at room temperature. Amino acid-modified electrolytes were 

formulated by dissolving His or GA into the prepared 2.0 M Zn(ClO₄)₂ solution to 

achieve final concentrations of 0.02 M and 0.05 M, respectively. Complete dissolution 

was ensured by stirring for 60 minutes, with mild heating to 40°C applied intermittently. 

All electrolytes were stored in sealed polypropylene bottles at ambient temperature to 

prevent contamination. 

                                              3.3 Electrode preparation 

Copper foil was cut into 1 cm × 1 cm squares, mechanically polished to remove 

surface oxides, and subsequently rinsed with ethanol followed by ultra-pure water. The 

Cu foils were ultrasonicated in ethanol and ultra-pure water for approximately 10 minutes 
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to ensure thorough surface cleaning. Zinc foil was prepared following a similar polishing 

and rinsing procedure. A SCE was employed as the reference electrode for all CV 

measurements. 

3.4 α-MnO₂ cathode preparation 

The α-MnO₂ cathode active material was synthesized via a hydrothermal method. 

Briefly, a 0.2 M MnSO₄ solution was added dropwise to a vigorously stirred 0.1 M 

KMnO₄ solution. The mixture was transferred to a Teflon-lined autoclave and reacted at 

120°C for 12 hours. The resulting precipitate was collected by vacuum filtration, washed 

thoroughly with ultra-pure water, and dried overnight in a vacuum oven at 80°C. The 

cathode slurry was formulated by mixing the synthesized α-MnO₂, Super P carbon, and 

PTFE binder in a 7:2:1 mass ratio. The components were blended into a homogeneous 

mixture and punched into 12 mm diameter electrodes. The electrodes were dried under 

vacuum at 100°C for 12 hours prior to cell assembly, yielding an active material mass 

loading of 3–4 mg per electrode. 

 3.5 Electrochemical measurements 

All measurements were performed on CH instruments CHI601D (serial #A2407) 

at room temperature (unless otherwise stated) in a three-electrode configuration: Cu 

working electrode, Zn counter electrode, SCE reference electrode. 

3.5.1 CV: Electrochemical analysis: 

CV measurements were performed within a potential window of -1.6 V to +0.5 V 

vs. SCE (unless otherwise stated) at a scan rate of 10 mV s-1. This potential range was 

chosen to capture Zn plating/stripping. 
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3.5.2 CE of Zn Plating/Stripping: 

The CE of Zn plating/stripping was quantified using a modified protocol in 

CR2032 coin cells [24]. The cell stack consisted of a Cu working electrode, glass fiber 

separator (whatman glass fibre), 40 µL of electrolyte, and a Zn foil counter/reference 

electrode. CE calculated from the final stripping capacity. 

3.5.3 Full cell assembly and testing: 

Zn∥α-MnO₂ full cells were assembled using the prepared α-MnO₂ cathode, Zn foil 

anode, glass fiber separator, and 110 µL of electrolyte. Galvanostatic charge-discharge 

cycling was performed on a Landt CT2001A battery test system within a voltage window 

of 1.0–1.8 V at 0.33C rate. Low-temperature performance was evaluated at -20 °C.  

  3.6 Optimization of additive concentration 

               Based on solubility, buffering ranges, and preliminary screening, 0.05 M GA 

and 0.02 M His were selected. Both 0.05 M GA and 0.02 M His concentrations avoid 

precipitation in 2.0 M Zn(ClO4)2. 
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CHAPTER FOUR  

RESULTS AND DISCUSSION 

                       4.1 Additive compatibility: Maintaining core zinc redox activity 

 CV was employed to evaluate the reversibility, overpotential, and CE of different 

electrolyte systems and was acquired at 10mV s-1 scan rate. All electrolytes showed clear 

cathodic (plating) and anodic (stripping) peaks, confirming that the fundamental Zn²⁺/Zn 

redox reaction remains accessible despite additive presence (Figure 4.1). The baseline 2.0 

M Zn(ClO₄)₂ electrolyte exhibited a first-cycle CE of approximately 70.4%, indicating 

significant parasitic reactions. Notably, both amino acid additives substantially improved 

electrochemical reversibility. The electrolyte containing 0.02 M His additive showed 

progressively sharper and more symmetric peaks, with CE improving to approximately 

99.1%. Similarly, 0.05 M GA additive produced stable, reproducible peak profiles with 

CE reaching 96.9%, accompanied by reduced background current. These improvements 

are attributed to suppressed hydrogen evolution through reduced water activity and 

interfacial stabilization. The overpotential values were extracted from the cathodic peak 

shifts where 2 M Zn(ClO₄)₂ electrolyte, the Zn plating overpotential was approximately 

108 mV, indicating higher kinetic resistance for Zn²⁺ reduction. Upon introducing amino 

acid additives, a significant decrease in overpotential was observed. With His additive, 

the overpotential decreased to ~60 mV, while GA additive further reduced it to ~38 mV. 

This reduction in overpotential demonstrates that both additives facilitate more favorable 

Zn²⁺ nucleation and faster interfacial charge-transfer kinetics. 
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Figure 4.1: Comparison of CV of 2.0 M Zn(ClO4)2 with and without additives showing 

Zinc plating/stripping on Cu foil at 10mV s-1 scan rate. 

4.2 Platting and stripping coin cell studies 

The electrochemical plating and stripping studies were conducted by coin cells. 

CEs were validated with a modified test protocol developed recently to better 

characterize the efficiency of metal anodes [23]. In this protocol, the current collector 

was conditioned with one plating step of 6.0 mAh cm-2 of metallic Zn. It was stripped 

completely and electroplated an additional 6.0 mAh cm-2 (Qt) Zn. The electrode was 

cycled 50 times at the current density of 5.0 mA cm-2 and capacity of 3.0 mAh cm-2 (Qc). 
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After cycling, the amount of electro-active Zn that remained was quantified by stripping 

to 0.5 V where the capacity was marked as Qs (Figure 4.2). Using these measured 

capacities the average faradic efficiency can be calculated by the following equation [28]: 

|𝐶𝐸| =
(𝑛𝑄𝑐+𝑄𝑠)

(𝑛𝑄𝑐+𝑄𝑡)
                                                                          (4.1) 

where n = 50 is the number of cycles, Qc = 3.0 mAh cm-2, Qt = 6.0 mAh cm-2, Qs is 

active Zn quantified from the final stripping. The voltage profiles was obtained from the 

three electrolytes using this protocol. 2.0 M Zn(ClO4)2 has stable cycling and has CE 

97.84%, Zn(ClO4)2 + 0.05 M GA plating plateau is more smooth/clean and the stripping 

is more coherent. The CE of 0.05 M GA additive is improved to 97.86% with stable 

cycles. 2.0 M Zn(ClO4)2 + 0.02 M His has very steady plating and the highest CE = 

98.20% (Figure 4.3, 4.4). These data correlates well with CV coulombic efficiency data. 
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Figure 4.2: Zn plating and striping of 2.0 M Zn(ClO4)2 electrolyte at 5.0 mA cm-2. 
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Figure 4.3: Comparison of Zn plating and striping voltage profile for 2.0 M Zn(ClO4)2 

with and without additives at 5.0 mA cm-2 .  
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Figure 4.4: Comparison of Zn final striping at 0.5 V for 2.0 M Zn(ClO4)2 with and 

without additives at 5.0 mA cm-2 .  

4.3 Full cell performance evaluation 

4.3.1 Room temperature performance: 

Zn∥α-MnO₂ full cells were evaluated to assess practical performance implications. 

At room temperature, the baseline electrolyte showed the highest first-cycle capacity 

(309.6 mAh g⁻¹) but experienced rapid capacity fade, finishing at only 39.1 mAh g⁻¹ after 

100 cycles. This rapid degradation is attributed to uncontrolled parasitic reactions, 

including hydrogen evolution and cathode dissolution exacerbated by free water activity. 

Both amino acid additives significantly improved capacity retention, though with reduced 

initial capacity due to modified interfacial kinetics. The GA additive cell showed 
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moderate stabilization, ending at 57.8 mAh g⁻¹ after 100 cycles. His additive cell 

demonstrated the most substantial improvement, maintaining 80.8 mAh g⁻¹ after 100 

cycles, representing the best capacity retention among all tested systems (Figure 4.5, 4.6). 

The first-cycle CE values showed an interesting trend: baseline electrolyte (95.44%) > 

His additive (89.82%) > GA additive (77.80%). This initial efficiency reduction in 

additive-containing cells reflects the energy barrier introduced by interfacial 

modification. However, over 100 cycles, both amino acid systems outperformed the 

baseline, stabilizing at ~98.5% CE for GA additive, ~98.9% CE for His additive versus 

95.44% for baseline, demonstrating their long-term stabilization benefits (Figure 4.6). 
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Figure 4.5: Comparison of the voltage profiles from batteries assembled with 2.0 M 

Zn(ClO4)2 electrolyte with and without additives, the cycling rate was 0.33 C. 
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Figure 4.6: Comparison of CE of 2.0 M Zn(ClO4)2 with and without additives over 100 

cycles at room temperature. 

4.3.2: Low temperature performance at -20°C 

Sub-zero temperature operation revealed particularly striking advantages for the 

amino acid-modified electrolytes. At -20°C, the baseline electrolyte showed poor 

performance with initial CE of 74.64% and anomalous behavior including CE spikes 

exceeding 160%, indicative of incomplete zinc stripping and recovery during discharge. 

In contrast, both amino acid additives maintained exceptional stability under these 

challenging conditions. GA and His additives achieved initial CEs of 90.55% and 

57.74%, respectively, and rapidly stabilized to near 100% CE for the remaining 100 

cycles. The absence of anomalous spikes in additive-containing systems highlights their 
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effectiveness in maintaining interfacial stability even when bulk electrolyte properties are 

compromised by low temperature (Figure 4.7). The superior low-temperature 

performance of amino acid-modified electrolytes can be attributed to their multi-

functional nature: solvation sheath modification reduces water activity and freezing point 

depression, while interfacial buffering maintains stable operation despite reduced ion 

mobility. These findings demonstrate the particular relevance of amino acid additives for 

applications requiring operation in cold climates.    
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Figure 4.7: Comparison of CE of 2.0 M Zn(ClO4)2 with and without additives over 100 

cycles at -20 °C. 
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CHAPTER FIVE  

CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

This research successfully demonstrates the effectiveness of amino acid additives 

in stabilizing Zn(ClO4)2 electrolytes for AZBs. The systematic investigation reveals 

several key findings: The amino acid additives maintained excellent compatibility with 

the fundamental zinc redox chemistry while significantly improving electrochemical 

performance. Both His and GA additives enabled highly reversible zinc plating and 

stripping, with CE improving from approximately 70.4% in the baseline electrolyte to 

over 98.9% in modified electrolytes. Full-cell evaluation demonstrated substantial 

practical benefits. While the baseline electrolyte showed rapid capacity fade, decreasing 

to 39.1 mAh g⁻¹ after 100 cycles, the His additive electrolyte maintained 80.8 mAh g⁻¹ 

under identical conditions. Both amino acid additives demonstrated exceptional stability 

at low temperatures, maintaining near 100% CE at -20°C compared to the unstable 

performance of the baseline electrolyte. The multi-functional nature of amino acids, 

combining interfacial regulation, solvation modification, and pH buffering, addresses 

multiple failure mechanisms simultaneously. This comprehensive stabilization approach 

proves particularly valuable under demanding operational conditions, highlighting the 

potential of bio-inspired molecules for advanced electrolyte engineering. 

    5.2 Recommendations 

Based on the findings of this study, several directions for future research are 

recommended: Advanced characterization using in-situ and operando techniques such as 
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XRD, Raman spectroscopy, and SEM would provide direct visualization of additive 

adsorption dynamics, solvation structure evolution, and interfacial development during 

cycling. These insights could further elucidate stabilization mechanisms. Systematic 

optimization of additive chemistry should explore different amino acid combinations, 

concentrations, and potential synergies with other bio-inspired molecules such as 

peptides or poly-amino acids. This could lead to enhanced performance through 

complementary stabilization effects. Cathode stabilization strategies should be integrated 

with electrolyte optimization. Surface coatings on MnO₂ or additional electrolyte 

additives that specifically suppress manganese dissolution could address capacity fade 

mechanisms not fully mitigated by anode-focused approaches. Practical cell validation 

under realistic conditions is essential. Testing in pouch cell configurations with high areal 

capacity electrodes (>10 mg cm⁻²) and limited electrolyte conditions would better 

demonstrate commercial viability. Scale-up to higher loading cathodes and evaluation 

under practical cycling protocols would bridge the gap between laboratory research and 

commercial application. 
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