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Abstract

Ongoing trends in electrification and digitalization have pushed forward the

diversification of energy storage systems, particularly rechargeable batteries,

to meet the demands of various applications. To date, lithium-ion batteries

remain the leading technology on the battery market, especially for electric

vehicles. However, no single battery chemistry is suitable for all use cases, which

emphasizes the importance of developing complementary battery technologies.

Rechargeable zinc batteries, particularly with zinc metal anodes, have been

suggested as an alternative solution due to cost, safety and sustainability

aspects. However, inhomogeneous Zn deposition and side reactions on the zinc

anodes continue to be major obstacles for the long-term stability of rechargeable

Zn-metal batteries.

The cycle life of Zn-metal batteries can be extended by regulating Zn

deposition and addressing interfacial issues on the Zn anode. In this thesis,

the fundamental mechanisms of Zn deposition and dissolution have been

investigated through real-time X-ray tomographic imaging, design of a

functional cellulose-based separator and optimisation of the electrolyte

formulation. From X-ray tomography we show how we can follow the

deposition and stripping processes on the metal anode in real time and that

we can quantitatively correlate the volume change of Zn during deposition and

stripping and the Coulombic efficiency obtained from electrochemistry recorded

simultaneously. To improve the processes at the metal anode interface we have

also investigated the role of a functional cellulose-based separator, built up

of (TEMPO)-oxidized cellulose nanofibrils and cellulose nanocrystals, as well

as the role of changing the solvation structure of Zn ions in the electrolyte

by a low-transition-temperature Zn(TFSI)2 and ethylene glycol electrolyte

formulation.

Keywords: metal anodes, zinc, stripping, deposition, imaging, separator,

electrolyte
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Chapter 1

Introduction

In the 21st Century, the shift from fossil fuel-based transportation to electric

vehicles is accelerating as part of global efforts for decarbonization [1]. Beyond

transportation, the rapid expansion of the Internet of Things (IoT) in

applications such as smart homes, cities, and healthcare necessitates batteries

to power a diverse range of small devices [2]. On a larger scale, grid applications

demand batteries capable of storing energy from renewable sources, ensuring

efficient storage and reliable future utilization of this energy [3].

Lithium-ion batteries currently dominate the market due to their high energy

density and long cycle life [4]. However, they face sustainability challenges from

both socioeconomic and environmental aspects [5]. One significant issue relates

to the extraction of raw materials such as lithium, cobalt, and nickel, which

impose substantial ecological burdens, while geopolitical risks in the supply

chain threaten long-term availability [5], [6]. Safety is another critical concern,

as Li-ion batteries can present fire and toxicity hazards in the event of thermal

runaway [7], [8].

No single battery technology can meet all the criteria of the diverse landscape

of electrochemical energy storage. Therefore, it is essential to consider how

various applications impose different demands on battery performance. While

Li-ion batteries will retain their role for high energy density applications, such

as electric vehicles, other sectors have different priorities [9]. For example, IoT

devices, which can operate at cell voltages of 1.2-1.5 V, do not require the

high voltage or energy density of Li-ion batteries [10]. Grid-scale prioritizes

affordability, low environmental footprint, long cycle life, high power, and high

energy efficiency [10], [11].

The diversity in requirements highlight the need for alternative and

sustainable battery chemistries that meet growing demand while delivering

longer lifetime, faster charging, enhanced safety, greater affordability, and

minimal environmental impact [12], [13]. Potential candidates include

rechargeable batteries based on monovalent metal ions, such as sodium

(Na+) and potassium (K+) [14], or multivalent ions, such as calcium (Ca2+),

magnesium (Mg2+), zinc (Zn2+), and aluminium (Al3+) [15]. Among these

options, multivalent ions are particularly promising because they can transfer

more electrons per ion in the redox process, potentially increasing volumetric
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Chapter 1. Introduction

energy density [16], [17].

Among multivalent battery chemistries, rechargeable Zn-metal batteries

offer several advantages, including a low toxicity, low raw material costs [18],

[19], and greater abundance of zinc in the Earth’s crust compared to lithium

[20]. In addition, rechargeable Zn-metal batteries with aqueous electrolytes

allow for simpler processing and manufacturing, as they require no specialized

atmosphere with controlled moisture and oxygen content [21], [22]. The use of

aqueous electrolytes also improves safety aspects by eliminating fire or explosion

risks, reducing the need for complex safety systems [23].

Nevertheless, despite these advantages, rechargeable Zn-metal batteries

face challenges at the electrode-electrolyte interface that must be overcome

before commercialization. Uneven deposition arises from the preferential

growth of Zn in areas with higher local current density [24]. Meanwhile, side

reactions occur due to the reactivity of water molecules in the electrolyte,

leading to hydrogen evolution, Zn corrosion, and passivation. These processes

decrease the reversibility of the Zn anode and reduce cycling stability [25],

[26]. Addressing these interfacial issues, particularly the uneven Zn deposition,

requires a thorough understanding of the processes that occur during cycling.

Real-time characterization is therefore essential, as it allows direct observation

of changes on the electrode during cycling [27] and provides mechanistic insights

to guide the design of more durable rechargeable Zn-metal batteries.

This thesis focuses on understanding the mechanisms of Zn deposition and

dissolution in aqueous electrolytes and investigating interfacial engineering

strategies, such as electrolyte and separator design, to enhance the stability

of Zn-metal anodes. Full cell data of Zn||KVO is presented, however, cathode

development and related storage mechanisms are outside the scope of this work.

In Paper 1, X-ray tomography is applied to study the growth and dissolution

mechanisms of Zn in an aqueous electrolyte during cycling. Building on these

findings, Paper 2 presents a functional hybrid cellulose separator that can

suppress the harmful growth morphology of Zn, while Paper 3 presents an

electrolyte design that extends cycling stability by reducing water-induced side

reactions. These studies provide a combined approach of advanced synchrotron

X-ray imaging with interface engineering to overcome the instability of the Zn

anode.
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Chapter 2

Rechargeable Zinc-Metal Batteries

This chapter begins by introducing how a metal battery operates and outlining

the basic processes of charging and discharging. The discussion then narrows

to the Zn-metal anode, first examining its electrochemical behavior in both

alkaline and acidic electrolytes. The chapter then explores the mechanisms of

zinc electrodeposition, including nucleation and growth. Finally, it addresses

the problems of Zn-metal anodes and electrolyte development for rechargeable

Zn-metal batteries.

Before delving into these topics, it is important to clarify the terminology

used in literature to describe rechargeable Zn-metal batteries. They are most

commonly referred to as zinc-metal batteries or zinc-ion batteries. The former

refers exclusively to systems that use metallic Zn as the anode, whereas

the latter may employ either Zn-metal or Zn-intercallating anodes (e.g.,

Mo6S8 andNa0.14TiS2) [28]. In this thesis, for simplicity, the term rechargeable

Zn-metal batteries will be used to denote all systems utilizing Zn-metal

anodes. Additionally, some authors refer to the anode as the negative electrode

during discharge and the cathode as the negative electrode during charge in

rechargeable batteries [29]. To ensure clarity, this thesis will consistently use

the term Zn-metal anode.

Figure 2.1: Schematic illustration of the working principle of a rechargeable Zn-metal
battery.
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Chapter 2. Rechargeable Zinc-Metal Batteries

2.1 Working principle of rechargeable zinc-metal batteries

Figure 2.1 illustrates a typical rechargeable Zn-metal battery that comprises

a Zn-metal anode, an intercalation-type cathode (e.g., MnO2 or V2O5), a

separator, and an electrolyte. During discharge, when the cell is connected to

an external load, electrons flow from the anode to the cathode (with current

flowing in the opposite direction). Charging reverses the processes, and the

repetition of these reversible reactions defines the battery life cycle, typically

considered to end when the discharge capacity falls below 80% of its initial

value [30].

Specifically for Zn metal anodes and as in other metal batteries, the electrode

undergoes redox reactions: during charging, Zn is deposited onto the anode

surface, whereas during discharging it dissolves back into the electrolyte [31].

These processes are often referred to as plating and stripping. However, for

consistency, this thesis will use the terms deposition and stripping.

2.2 Zinc metal anodes

Metallic zinc has played a key role in battery technology for a long time, starting

with the copper–zinc battery invented by Daniell in 1836 [32]. Zinc electrodes

were initially used in primary batteries such as zinc–air, zinc–manganese,

zinc–nickel, and zinc–silver oxide batteries. In 1986, a Zn/MnO2 chemistry

using an aqueous ZnSO4 electrolyte was developed [33], but gained little

attention due to unclear redox mechanisms. In 2009, Kang et al. demonstrated

reversible Zn2+ intercalation in MnO2 (Zn + 2e− + 2MnO2 ⇌ ZnMn2O4) and

later introduced the concept of “zinc-ion batteries (ZIBs)” in 2011 [34].

Figure 2.2: Pourbaix diagram of Zn in aqueous electrolytes with different pH.
Reprinted from Brochers et al. [35], Copyright 2021, with permission from Elsevier.
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Chapter 2. Rechargeable Zinc-Metal Batteries

To understand how rechargeable Zn batteries operate in different aqueous

electrolytes, it is essential to first consider the electrochemical behavior of Zn

as a function of pH. Figure 2.2 illustrates the various Zn species and their

stability across a wide pH range. As seen in the Pourbaix diagram, Zn is stable

as Zn2+ in acidic electrolytes, whereas zincate and ZnO dominate in alkaline

electrolytes. These stability regions determine the electrochemical reactions in

acidic and alkaline electrolytes, as outlined below.

In acidic electrolytes, the electrochemical reactions at the Zn metal anode

are more straight forward (Eq. (2.1) and (2.2)), as summarized by the following

reactions [36]:

Oxidation: Zn(s) → Zn2+(aq) + 2e− (2.1)

Reduction: Zn2+(aq) + 2e− → Zn(s) (2.2)

In contrast, the electrochemistry at the Zn-metal anode is rather complex

in alkaline electrolytes. During discharge, the Zn-metal anode reacts with

hydroxide ions (OH−) to form zincate ([Zn(OH)4]
−2) (Eq. (2.3)). The high

concentration of zincate causes the formation of zinc oxide (ZnO) (Eq. 2.4) once

the saturation limit has been reached. The ZnO passivates the metal surface,

reducing active material utilization [28]. Upon charging, zinc deposition occurs

through the reduction of zincate (Eq. 2.5).

Oxidation: Zn(s) + 4OH−
(aq) → [Zn(OH)4]

2−
(aq) + 2e− (2.3)

Precipitation: [Zn(OH)4]
2−
(aq) → ZnO(s) ↓ +H2O(l) + 2OH−

(aq) (2.4)

Reduction: [Zn(OH)4]
2−
(aq) + 2e− → Zn(s) + 4OH−

(aq) (2.5)

While these equations describe the fundamental redox reactions, the actual

reversibility of rechargeable Zn-metal batteries depends on how Zn dissolves

and deposits at the Zn anode. To better understand this process, we now turn

to the electrodeposition mechanisms.

2.3 Electrodeposition of zinc

In metal batteries, unlike ion batteries, the active material is stored directly

on the anode surface through metal deposition rather than intercalation into a

host material. Figure 2.3 illustrates the steps involved in Zn electrodeposition

in alkaline and acidic electrolytes, which proceed through mass transfer,

desolvation, charge transfer, and nucleation/electrocrystallization [37].

In the electrolyte, Zn2+ exists as solvent-coordinated Zn2+, such as zinc

hexaaqua ([Zn(H2O)6]
2+) in acidic and zinc tetrahydroxyzincate ([Zn(OH)4]

2−)

in alkaline electrolytes. Under an applied electric field, these solvated ions move
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Chapter 2. Rechargeable Zinc-Metal Batteries

in the bulk electrolyte toward the Zn anode surface (mass transfer). At the

surface, desolvation occurs, where the solvated ions release the ligand/solvent

molecules to form Zn2+ [37], [38]. Subsequently, the Zn2+ picks up electrons at

the interface and forms adsorbed Zn on the electrode surface (charge transfer).

Adsorbed Zn atoms either nucleate and grow, or they will diffuse to the proper

location (growth point) along the electrode surface and enter the metal lattice

[37]. This step determines the morphology of the Zn deposits. In addition,

both the Zn2+ solvation shell and the anode surface condition critically affect

the homogeneity of the deposition morphology of Zn [37].

Figure 2.3: Schematic of Zn electrodeposition in alkaline (left) and acidic (right)
electrolytes. Adapted from Ref. [38] (Copyright 2024, Royal Society of Chemistry),
under Creative Commons license.

2.4 Zinc nucleation and growth

To nucleate and form metallic Zn, Zn ions must overcome a nucleation

overpotential, which is influenced by desolvation of metal ions [39], electrode

roughness, electric field distribution, and substrate zincophilicity [40]. In

practice, electrode surfaces are rarely atomically smooth, leading to uneven

local electric field, variations in surface energy, and site-dependent nucleation

barriers [41], [42]. Once initial Zn deposits form, surface irregularities amplify

the local electric field, particularly at convex regions or tips. This “tip effect”

lowers the nucleation barrier at these sites, promoting preferential Zn reduction

and nonuniform growth [43]. Hence, to guarantee uniform nucleation and

growth, the interfacial electric field must be homogeneous to ensure cycle
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Chapter 2. Rechargeable Zinc-Metal Batteries

stability [44].

After nucleation, growth begins, which is also governed by the substrate’s

zincophilicity. Substrates with higher zincophilicity, that have strong Zn

bonding ability, promote uniform ion attachment, and direct the development

of smooth and continuous Zn deposits, thereby suppressing uneven growth

[45], [46]. Zn deposits can be classified according to (i) the shape of individual

Zn particles and (ii) the orientation of Zn plates. The first aspect often

refers to plate-like morphologies, since hexagonal close-packed Zn crystals

preferentially expose the (002) plane in aqueous electrolytes [47]. The second

aspect describes the alignment of Zn plates, which may be random, parallel,

or vertical [47]. However, no standardized terminology currently exists for

describing the morphologies of Zn deposits.

Figure 2.4: Illustration of hexagonal closed-pack Zn with different crystal plane
orientations. Reprinted with permission from Tian et al. [48] (Copyright 2024, John
Wiley & Sons).

Since Zn is a crystalline material, the crystal orientation determines the

growth pattern. When deposition favors the Zn (100) and (101) planes, Zn

tends to grow at a large angle (30°–90° to the substrate), forming nanosheet

structures. In contrast, preferential exposure of the Zn (002) plane leads to

growth at a small angle (0°–30°), resulting in horizontal deposition [48], [49]

(Figure 2.4). Among possible orientations, the Zn (002) plane is considered the

most desirable for achieving stable and reversible Zn deposition, as it promotes

lateral growth, smooth and dense deposits, resistance to side reactions, and

suppression of dendrite formation [48].

Nucleation and growth are also strongly influenced by applied current density

[50]. At low current densities (< 1mAcm−2), the deposits are commonly
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hexagonal Zn nanosheets. When the current density is increased to 10mAcm−1,

the Zn deposits become dense and spherical. Further increase of the current

density to > 100mAcm−2, non-uniform tree-like deposits have been observed

[51]. It should be noted that the separator microstructure also affects the Zn

deposition morphology [52]. For example, porous separators like glass fiber

can trap Zn within their pores, leading to inactive Zn after stripping, whereas

nonporous separators block dendrite penetration [52].

Figure 2.5: Illustrations of issues on Zn-metal anode in aqueous rechargeable
Zn-metal batteries and their relationship.

2.5 Challenges of zinc metal anodes

The Zn metal anode faces multiple interfacial issues at the electrode-electrolyte

interface in aqueous electrolytes, including hydrogen evolution, corrosion,

passivation, and uneven zinc deposition, which are closely related as shown in

Figure 2.5.

Inhomogeneous Zn deposition accelerates the hydrogen evolution reaction,

which increases the pH of the electrolyte due to the local accumulation of OH−

at the Zn anode–electrolyte interface. This leads to electrochemical corrosion

and the formation of corrosion by-products. When the concentration of these

by-products in the electrolyte reaches the solubility limit, they deposit on the

anode surface, further promoting uneven Zn deposition [53], [54], [55]. The

following sections delve into these issues in more detail.
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Chapter 2. Rechargeable Zinc-Metal Batteries

2.5.1 Hydrogen evolution reaction

The hydrogen evolution reaction negatively impacts rechargeable Zn-metal

batteries by competing with the reduction of Zn2+. The Pourbaix diagram

(Figure 2.2, section 2.2) shows that the equilibrium potential of H+/H2 is higher

than Zn2+/Zn in the whole pH region, implying that hydrogen gas evolution

is thermodynamically more favourable compared to Zn electrodeposition.

This side reaction consumes electrons and zinc, reducing Zn utilization and

thereby lowering Coulombic efficiency. In addition, the buildup of H2 gas

increases internal pressure, which can lead to battery swelling. The hydrogen

evolution reaction also alters the local pH, promoting the formation of

corrosive byproducts [56]. This latter effect will be discussed in more detail in

section 2.5.2.

The steps of the hydrogen evolution reaction differs depending on the pH

of the electrolyte [57] and involves two steps: 1) the Volmer step and 2) the

Heyrovsky step or the Tafel step [40]. In alkaline electrolytes, the hydrogen

evolution reaction proceeds according to:

1) Volmer step: Zn(s) +H2O(l) + e− → ZnH(ads) +OH− (2.6)

2) Tafel step: 2ZnH(ads) → H2(g) ↑ +2Zn (2.7)

or, Heyrovsky step: ZnH(ads) +H2O(l) + e− → H2(g) ↑ +Zn + OH− (2.8)

Compared to the hydrogen evolution reaction in alkaline electrolytes, the

Volmer and Heyrovsky steps in acidic electrolytes involve hydronium ions

(H3O
+), while the Tafel step remains unchanged. The steps of the hydrogen

evolution reaction in acidic electrolytes are:

1) Volmer step: H3O
+
(aq) + Zn(s) + e− → ZnH(ads) +H2O(l) (2.9)

2) Tafel step: 2ZnH(ads) → H2(g) ↑ +2Zn(s) (2.10)

or, Heyrovsky step: ZnH(ads) +H3O
+ + e− → H2(g) ↑ +H2O+ Zn(s) (2.11)

The hydrogen evolution reaction can also occur due to the dissociation

of water. The thermodynamic stability of water depends on the O–H

bond strength, with stronger bonds making water more stable. However,

intermolecular hydrogen bonding weakens the O-H bond and lowers the barrier

for water dissociation, leading to the generation of hydrogen gas [58] according

to

2H2O(l) + 2e− → 2OH− +H2(g) (2.12)

9
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Zn deposition can still dominate over hydrogen evolution due to the slower

kinetics of the hydrogen evolution reaction [43]. The hydrogen evolution reaction

is strongly influenced by the electrochemical overpotential, which is determined

by the binding strength between the adsorbed hydrogen intermediate (Hads)

and the Zn surface. Both very weak and very strong binding can suppress

hydrogen evolution: weak binding prevents protons from adsorbing onto the

Zn surface, while strong binding limits the release of hydrogen gas through the

Tafel process. In the case of Zn, the Zn–Hads bond is relatively weak, giving

metallic Zn a comparatively high hydrogen evolution overpotential [58].

The current density also affects the overpotential of the hydrogen evolution

reaction. Experimental results show that hydrogen evolution occurs at

potentials ranging from −1.08 to −1.54 V vs. Ag/AgCl, which are more

negative than those for Zn deposition (−1.02 to −1.12 V vs. Ag/AgCl) across

a range of current densities (0.1 - 5.0 mAcm−2) in various 2 M electrolytes: 2

M ZnSO4, 2 M Zn(OTf)2, and 2 M ZnCl2 [59].

Alloying Zn metal with tin (Sn) and bismuth (Bi) has been shown to

inhibit H2 formation. These metals increase the hydrogen evolution reaction

overpotential by altering the hydrogen adsorption behavior [60], [61]. Density

functional theory calculations indicate that Bi and Sn exhibit high Gibbs

free energy differences of H adsorption ((∆G∗
H)), meaning hydrogen evolution

requires a higher activation overpotential. By contrast, transition metals such

as Co and Ni can catalyze the hydrogen evolution reaction, thereby lowering

the overpotential [62]. Typically, linear sweep voltammetry is employed to

determine the cathodic onset potential at which the hydrogen evolution begins

[63].

Recently, surface engineering approaches have also been proposed to inhibit

hydrogen evolution. For example, 2D transition metal carbide [64] made

of Nb2C, denoted Nb2C@Znp, was applied to coat a 50 µm-thick Zn foil

(Nb2C@Znp− Zn) [65]. The strategy relies on regulating the M-H* bond

and first principle calculations show that a monolayer of Nb2C forms a

relatively weak M−H∗ bond, which reduces H∗ adsorption. This blocks the

rate-limiting Volmer step, thereby suppressing subsequent Tafel or Heyrovsky

steps. Electrochemical evaluation confirmed this effect. At 4 mA cm−2, the

hydrogen evolution potential of Nb2C@Znp− Zn electrodes reached 1.97 V vs.

RHE, which is 0.51 V higher than for bare Zn (1.46 V vs. RHE). This result

clearly demonstrates that the Nb2C@Znp layer effectively suppresses hydrogen

evolution [65].
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2.5.2 Corrosion and passivation

Two other issues that impact the lifespan of rechargeable Zn-metal batteries are

corrosion and passivation of the Zn anode. These phenomena are influenced by

the electrolyte pH and can be classified as chemical or electrochemical corrosion

[66]. With respect to electrochemical corrosion, it is related to hydrogen

evolution [66], which has been discussed in subsection 2.5.1.

The chemical corrosion in alkaline electrolytes can be expressed as [67]:

Zn + 4OH− → Zn(OH)−2
4 + 2e− → ZnO ↓ +2OH− +H2O (2.13)

The low thermodynamic stability of soluble Zn(OH)−2
4 eventually leads to the

formation of ZnO on the metal anode, resulting in chemical corrosion [53]. This

increases the internal resistance of the battery and surface roughness [68].

In contrast, in acidic electrolytes containing ZnSO4, for example, water

decomposition and H+ consumption lead to OH− enrichment at the electrode

surface. This OH− can react with SO2−
4 , forming an insoluble by-product [67]:

Zn2+ + 6OH− + SO2−
4 + xH2O → ZnSO4(OH)6.xH2O ↓ (2.14)

Depending on the Zn salt used, in the acidic electrolyte different corrosion

by-products are formed. For instance, in acidic electrolytes with Zn(NO3)2
and Zn(CH3CO2)2, the corrosion products have been reported to be

Zn5(OH)8(NO3)2.2H2O and Zn5(OH)6(CO3)2, respectively [69].

Notably, these corrosion byproducts typically exhibit poor electrical

conductivity and limited solubility in the electrolyte and ultimately passivate

the Zn anode, hindering further electrochemical reactions to take place

[53], [67], [70]. The corrosion reaction also leads to Zn consumption and

capacity fade [68]. Additionally, the rough surface morphology induced by the

accumulation of by-products on the anode surface will promote the growth of

Zn dendrites, further compromising battery performance [68].

To address the issues of of corrosion and passivation, a liquid-metal coating

of eutectic gallium–indium (EGaIn–LM@AZn) has been applied to the Zn anode

surface to improve both corrosion resistance and suppresses hydrogen evolution

[71]. Since Ga–In alloys are essentially insoluble in aqueous electrolytes, the

coating remains stable on the Zn anode. Furthermore, the EGaIn–LM layer

suppresses corrosion and passivation caused by hydrogen evolution reaction,

owing to the high overpotentials of Ga (Ga3+/Ga : −0.53V vs. SHE) and In

(In3+/In : −0.34V vs. SHE). As a result, the coating increases the corrosion

overpotential (Figure 2.6a) and reduces the formation of ZnSO4(OH)6xH2O

deposits (Figure 2.6b). However, achieving uniform coating is difficult because
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Zn has poor wettability toward liquid metals. Acid treatment of Zn metal anodes

improves the surface wettability, enabling the formation of a homogeneous

liquid-metal coverage [71], [72].

Figure 2.6: (a) Tafel plots from symmetric cells with bare Zn, acid treated Zn
foil (AZn) and liquid metal coated acid treated Zn foil (EGa-In-LM@AZn). (b)
XRD spectra after soaking electrodes (bare Zn foil, acid treated Zn foil and liquid
metal coated acid treated Zn foil) for 10 days in 2 M ZnSO4 aqueous electrolyte.
Reproduced from Yoon et al. [71] (Copyright 2025, John Wiley & Sons), under
Creative Commons Attribution License.

Side reactions can also be mitigated by introducing a strong Brønsted acid,

such as bis(trifluoromethanesulfonyl)imide (HTFSI), into the conventional 1

m ZnSO4 aqueous electrolyte, thereby modulating Zn corrosion pathways [73].

This shifts the corrosion potential from −0.99 to − 0.97V vs.Ag/AgCl and

reduces the corrosion current density from 1.62 to 0.64 mA cm−2, resulting

in a lower corrosion tendency and rate. Introducing the strong Brønsted acid

helps protect the Zn surface in several ways: (i) it maintains a relatively low

pH at the Zn/electrolyte interface, which suppresses the formation and buildup

of corrosion byproducts such as ZnSO4(OH)6xH2O; (ii) the bulky TFSI anions

create a hydrophobic interfacial region depleted of free water molecules, thereby

reducing direct Zn–water contact; and (iii) the presence of HTFSI promotes

the formation of a ZnS-rich interphase (arising from SO2−
4 reduction), which

further inhibits corrosion [73].

2.5.3 Non-uniform deposition morphology

The tendency of metals to form heterogeneous and rough electrodeposits poses

a significant challenge for the implementation of metal anodes in general, not

only Zn [74]. Although the exact mechanism remains unclear, key contributing

factors include uneven local current density, ion depletion at the electrode
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surface, and surface irregularities on the zinc electrode [75], [76].

During electrodeposition, the uneven electric field causes an uneven ion

distribution, which promotes nucleation at sites with higher local current

density [75], [76]. As a result, subsequent depositions take place on the existing

deposits, causing morphological and uneven deposition [77]. These irregular

deposits, particularly with sharp and needle-like morphology, as so-called

”dendrite”, can grow into the separator and bridge the cathode and anode,

short-circuiting the cell and even causing explosion. Over extended cycling,

the anode undergoes morphological changes that exacerbate side reactions and

cause physical orphaning (loss of electrical contact of metal deposits) [78]. The

loss of electrochemical connectivity leads to a decrease of active material on the

electrode and, as a result, reduced efficiency and lifespan of the battery [78].

Controlling the morphological changes of Zn during cycling and enhancing

reversibility are important for developing a high-performance Zn-metal anodes

for low-cost batteries [78]. As discussed in Section 2.4, substrate zincophilicity

strongly influences deposition uniformity. For example, coating the Zn anode

with monolayer graphene, with a strong Zn binding energy (4.41 eV), results in a

low nucleation overpotential and promotes uniform, planar Zn electrodeposition

[79]. Similarly, graphene substrates have been shown to induce epitaxial Zn

growth due to a low lattice mismatch with the Zn (002) [80].

Besides the Zn and substrate affinity, the electric field distribution on the

anode surface also plays a critical role. Hong et al. demonstrated that an

antimony (Sb) protective layer through an in situ replacement reaction reduced

the local electric field strength on the electrode surface from 256.3 to 130.6 V

m−1, thereby making the electric field uniform. This facilitates homogeneous

ion distribution and enabled dendrite-free Zn deposition [81].

An alternative route to achieve homogeneous deposition is through separator

engineering. The use of separators with more homogeneous interface and

with possibility for surface functionalization can provide a route to more

homogeneous deposition [82], [83]. Nanocellulose-based separators are attractive

since they can also add biodegradability, renewability, and lower end-of-life

recycling [84]. Their abundant hydroxyl groups enhance electrolyte wettability,

allowing for straightforward functionalization [85]. For instance, a cellulose

nanofiber/MOF-derived C/Cu nanocomposite separator with a pore size of

3–20 nm has been shown to lower local current density, promote uniform

Zn nucleation, and reduce charge-transfer resistance of zinc deposition [86].

Another strategy involves controlling the crystallographic orientation of Zn

growth through the design of the separator. A graphene oxide–modified cellulose

acetate separator, for instance, with low lattice mismatch between graphene
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oxide and Zn, together with its oxygen-containing functional groups, was shown

to promote uniform nucleation and epitaxial Zn growth along the (002) plane,

thereby achieving dendrite-free deposition [87].

2.6 Electrolyte development

Research on rechargeable Zn-metal batteries has primarily focused on aqueous

electrolytes due to their safety and low cost. Alkaline electrolytes, such as

KOH, NaOH, and LiOH, are commonly used. However, they present challenges,

as zinc dendrites and ZnO form more readily in strongly alkaline environments.

By comparison, highly acidic electrolytes risk corroding the zinc anode and

current collector. For this reason, neutral or mildly acidic aqueous electrolytes

are generally preferred [88].

Mildly acidic electrolytes (pH 4–6) [89] are commonly formed by zinc salts

dissolved in water. The salt can be, for instance, ZnCl2, Zn(NO3)2, Zn(ClO4)2,

ZnF2, ZnI2, ZnSO4, ZnBr2, Zn(CH3COO)2, Zn(CF3SO3)2 or Zn(OTf)2, and

Zn(CH3CH2SO3)2 or Zn(TFSI)2 [47], [90], [91]. Among these, ZnSO4 salt is

widely used for aqueous electrolytes in Zn-metal batteries due to low cost and

compatibility with common cathode materials, e.g. V2O5, in comparison with

Zn(CH3COO)2, Zn(NO3)2, and ZnCl2 [92], [93].

The interactions between zinc ions, solvent molecules, anions, and additives

directly determine the solvation structure of the Zn ions in the electrolyte.

In liquid electrolytes, Zn ions are surrounded by solvent molecules, forming

a primary solvation shell (e.g., [Zn(H2O)6]
2+), which is stabilized by strong

coordination and electrostatic interactions, and the Zn ions move together

with this solvation shell in the electrolyte [94]. However, the bulky nature of

[Zn(H2O)6]
2+ often results in sluggish ion transport and slow desolvation at

the electrode surface [95]. Therefore, tailoring solvation structures is essential

for the design of electrolytes, and design strategies include, for instance, using

highly concentrated electrolytes or incorporating organic solvents.

Highly concentrated electrolytes suppress the formation of [Zn(H2O)6]
2+

since at the high salt concentration there are not enough solvent molecules

(water) available to solvate the Zn ions and anions are introduced in the primary

solvation shell. In addition, since there is less water molecules in the primary

solvation shell, less water molecules are also present at the electrode surface and

thus, less H2 is formed [96]. A well-known example is a water-in-salt electrolyte

composed of 1 m Zn(TFSI)2 + 20 m LiTFSI [97]. In this electrolyte, anions are

also part of the solvation shell of Zn2+, decreasing the number of [Zn(H2O)6]
2+

species. However, the high salt concentration increases cost, undermining the

affordability of aqueous electrolytes. Moreover, the high viscosity of highly

14



Chapter 2. Rechargeable Zinc-Metal Batteries

concentrated electrolytes reduces the ionic conductivity compared to dilute

electrolytes [96].

Formation of solid electrolyte interphase (SEI) is another electrolyte design

strategy. The SEI is formed as a byproduct of electrolyte decomposition. It

enables ion transport while preventing direct contact between Zn metal and

liquid electrolytes [96], [98]. However, the components in conventional aqueous

electrolytes cannot form a good SEI [43]. In aqueous systems, functional

SEI layers can instead be created in situ through the reduction of organic

additives that are added to an aqueous electrolyte. Suitable additives are

selected based on their molecular orbital energies, specifically those with

higher HOMO (Highest Occupied Molecular Orbital) and lower LUMO (Lowest

Unoccupied Molecular Orbital) levels than water. This ensures that the

additives are reduced prior to hydrogen evolution, enabling the controlled

formation of a protective SEI layer [99]. For instance, introducing dimethyl

sulfoxide into aqueous ZnCl2 electrolyte alters the primary solvation shell of

Zn2+ and promotes the formation of a dense solid electrolyte interphase (SEI)

composed of Zn12(SO4)3Cl3(OH)15.5H2O− ZnSO3 − ZnS. This SEI permits

Zn2+ transport but but prevents H2O to reach the electrode surface, thereby

suppressing hydrogen evolution and inhibiting Zn dendrite growth [100].

Although there are many advantages with aqueous electrolytes, they have

a relatively narrow electrochemical stability window (ESW) of 1.23 V vs.

SHE [77], [101], [102], which limits the application of high-voltage cathode

materials and reduces the energy density of Zn-metal batteries [96]. The

solvent in the electrolyte determines, to a large extent, the electrochemical

stability window [103]. Unlike aqueous electrolytes, nonaqueous electrolytes can

operate across a wider voltage range. For example, acetonitrile− Zn(TFSI)2,

acetonitrile− Zn(CF3SO3)2, and propylene carbonate− Zn(TFSI)2 electrolytes

not only support highly reversible Zn deposition (≥ 99% Coulombic efficiency)

but also provide high anodic stability up to ∼3.8 V vs. Zn/Zn2+ [104].

In addition to conventional organic solvents, room-temperature ionic liquids

have also been explored as electrolytes for Zn-metal batteries. For instance,

an electrolyte formed by combining methylimidazole (EMI) with Zn(TFSI)2
(Zn(EMI)4.99(TFSI)1.01), showed excellent stability with a voltage window of

2.43 V vs. Zn/Zn2+. During the first cycle, the TFSI anion in the solvation shell

is preferentially reduced, forming a robust double-layer SEI rich in ZnF2, ZnS,

and ZnNx. This SEI effectively suppresses dendrite formation and facilitates

reversible Zn deposition/stripping [105].

Another promising class of nonaqueous electrolytes is deep eutectic

electrolytes (DEEs). These are synthesized by combining two or more hydrogen
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bond donors and hydrogen bond acceptors in a specific molar ratio [106]. A

key advantage of DEEs is their significantly lower melting point compared to

their individual components. For example, an acetamide–Zn(TFSI)2 eutectic

electrolyte shows an anodic stability of 2.4 V vs. Zn/Zn2+ [107]. In this

electrolyte, direct coordination between cations and anions forms large cationic

complexes. This induces decomposition of TFSI before Zn deposition during

initial cycling, producing a SEI layer rich in mechanically robust ZnF2 and

Zn2+-permeable organic components [107].
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Chapter 3

Experimental and Theory

This chapter describes the experimental procedures for sample preparation,

electrochemical measurements, and selected theoretical concepts used for

characterization in Papers 1-3.

3.1 Preparation of electrolytes, electrode, and cellulose separator

3.1.1 Standard electrolyte (2 M ZnSO4)

ZnSO4.7H2O (ACS Reagent 99%, Sigma Aldrich) was weighed and dissolved

in miliQ water to form a 2 M ZnSO4 electrolyte. This electrolyte was used in

Papers 1-3.

3.1.2 Low-transition-temperature electrolyte

In Paper 3, the low-transition-temperature electrolyte was prepared by mixing

anhydrous ethylene glycol (EG, 99.8%, Merck Germany) and Zn(TFSI2) (99.5%,

Solvionic) at various molar ratios. For example, the low-transition-temperature

electrolyte (1:7) was prepared by dissolving Zn(TFSI)2 at 2.30 molality by

heating the mixture to 80 ◦C and stirring for 2 hours to achieve a 0.125 mole

fraction of Zn(TFSI)2 in EG.

3.1.3 KVO electrode

Details of the synthesis of the K+ intercalated V2O5, abbreviated as KVO,

can be found in the literature [108]. In Papers 2 and 3, KVO electrodes were

prepared by grinding the active material with poly(vinylidene fluoride) and

Ketjen black (70:10:20 wt%), and pressing the mixture at 3 x 10−3 kt to form

13 mm in diameter of self-standing electrodes, weighing between 20–30 mg.

3.1.4 Cellulose separators

Figure 3.1 illustrates the preparation of the cellulose separators, Paper 2,

by solution casting. A solution of 1 wt.% cellulose nanocrystals (CNC)

dispersed in water with different weights of 2,2,6,6-Tetramethylpiperidine-1-oxyl

(TEMPO)-oxidized cellulose nanofibrils (TCNF) was poured into a petri dish

and allowed the solvent to evaporate at room temperature for a few days.
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The obtained hybrid CNC and TCNF separators, named HCT x:y, with x:y

representing the weight ratio between CNC and TCNF, see Table 3.1.

Figure 3.1: Schematic of hybrid CNC and TCNF separator (HCT) preparation via
solution casting.

Table 3.1: Separator sample names and corresponding CNC:TCNF weight ratios.

Separators Weight ratio of CNC:TCNF

CNC -
TCNF -
HCT 5:1 5:1
HCT 5:2 5:2
HCT 5:3 5:3

3.2 Electrolyte uptake

The electrolyte uptake of cellulose separators in Paper 2 was measured by

comparing the weight of dry separators before (Wo) and after 2 h immersion

in 2 M ZnSO4 electrolyte (W1). The values were calculated using Eq. (3.1).

%Electolyte uptake =
W1 −Wo

Wo
x100% (3.1)

3.3 Electrochemical experiments

3.3.1 Electrochemical cells

In Papers 2 and 3, coin cells (CR2032, Wellcos) were used for electrochemical

measurements. The coin cells consist of top and bottom caps, a gasket, spring,

and spacer, as shown in Figure 3.2a. The coin cells were used to measure cycling

stability of symmetric Zn cells and Zn||KVO cells, and asymmetric Zn||Cu
and Zn||Ti cells for Coulombic efficiency (CE) and linear sweep voltammetry

measurements.

Besides the coin cell, Swagelok cells were used in Paper 2 to measure ionic

conductivity and to deposit Zn on the Ti electrode before SEM imaging. The
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Swagelok cell consists of stainless steel plungers, spring, spacer, perfluoroalkoxy

(PFA) tube fitting with PFA front and back ferrules, as shown in Figure 3.2b.

Figure 3.2: Components of (a) coin cell CR2032 and (b) Swagelok cell.

3.3.2 Electrochemical impedance spectroscopy

The ionic conductivity (σ) of separators soaked in 2 M ZnSO4 aqueous

electrolyte in Paper 2 was evaluated using electrochemical impedance

spectroscopy measurement at room temperature in Swagelok Ti||Ti cells. The
experiment was performed using a Biologic VMP3 with an amplitude of 5 mV

and for frequencies ranging from 500 kHz to 10 Hz. The ionic conductivity

was calculated using Equation (3.2), where L is the thickness of the separator

after swelling with electrolyte, S is the contact area of the electrode, and R is

the intersection of the semicircle in the Nyquist plot with the real impedance

axis (Figure 3.3). The fitting was done on Biologic EC-Lab software.

σ =
L

SR
(3.2)

3.3.3 Linear sweep voltammetry

Linear sweep voltammetry (LSV) is used to measure the anodic and cathodic

stability of electrolytes, and from this, the electrochemical stability window
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Figure 3.3: Representative Nyquist plot, showing the fitting line where the intercept
indicates the electrolyte resistance (R).

Figure 3.4: Example of LSV curve of aqueous 2 M ZnSO4, depicting the voltages
at which the electrolyte starts to degrade.

(ESW) is determined. The anodic and cathodic stabilities refer to the highest

and lowest voltages at which a battery can operate without electrolyte

decomposition [109]. The typical cell configuration is a two-electrode setup,

in which the potential is swept linearly while measuring the resulting current

at the working electrode [110], [111]. Figure 3.4 shows a typical LSV curve

where the asymmetric cell was scanned from open circuit voltage (OCV) up

to 2.5 V. An increase in current is taken as an indication of degradation of

the electrolyte at the working electrode interface. The onset can be more

accurately determined from the x-intercept of the tangent of the first step of

the current increase [109].

The electrochemical stability window of the low-transition-temperature

electrolyte in Paper 3 was measured using LSV. A CR2032 coin cell was
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assembled in ambient environment with 60 µL of electrolyte 1:7 Zn(TFSI)2:EG

ratio and a glass fiber separator (Whatman GF/C). The coin cell had a Zn foil

(0.1 mm, Goodfellow) as the counter electrode and composite carbon as the

working electrode. The preparation for the working electrode is explained in

detail in Paper 3.

3.3.4 Galvanostatic cycling

To study Zn deposition and stripping (Papers 1-3), galvanostatic cycling was

used with three different cell setups: (1) symmetric Zn||Zn, (2) asymmetric

Zn||Cu or Zn||Ti, and (3) Zn||KVO.

Symmetric Zn ||Zn

To measure the Zn deposition/stripping overpotentials of an electrolyte, a

symmetric cell with the electrolyte or electrolyte-soaked separator, sandwiched

between two Zn foils, was used. The symmetric Zn cell was cycled at a

fixed current and fixed capacity over a number of cycles, and the resulting

potential, reflecting the overpotential, was recorded. As shown in Figure 3.5,

each discharge step is followed by a current reversal for the same duration,

and this cycle is repeated to assess the long-term stability of the Zn anode in

the given electrolyte. Lower overpotentials typically indicate lower interfacial

resistance, and higher ionic conductivity of the electrolyte.

Figure 3.5: Example of galvanostatic discharge/charge of symmetric Zn||Zn at 1
mA cm−2 and 5 mAh cm−2 with 2 M ZnSO4 electrolyte.

Unless otherwise stated in both Papers 2 and 3, symmetric Zn cells were

assembled with Whatman glass fiber (GF/C) or the HCT as separators,

and with the 2 M ZnSO4 electrolyte (Paper 2) or low-transition-temperature

electrolyte (Paper 3).
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Asymmetric Zn ||Ti or Zn ||Cu

Galvanostatic cycling can also be used to investigate the reversibility of Zn

deposition/stripping in asymmetric Zn ||Ti (Paper 2) or Zn ||Cu (Paper 3) cells.

The reversibility was assessed through the Coulombic efficiency (CE). In Paper

2, the CE was determined by applying a constant current to the cell until the

desired amount of deposited Zn was achieved on a Ti electrode, followed by

Zn stripping from the Ti electrode until a cut-off voltage of 0.4 V was reached.

The CE was calculated by the amount of charge passed during deposition (Qp)

divided by the amount of charge passed during stripping (Qs):

CE:
Qp

Qs
(3.3)

In Paper 3, an alternative method was used to determine the CE [112],

[113], as shown in Figure 3.6. The difference with the previous method is

that initially, a certain amount of Zn was deposited and stripped on a Cu

current collector, followed by another deposition of Zn at a fixed areal capacity,

referred to as Zn reservoir (Qr). Then, the cell was cycled for m times at

a fixed, but lower capacity of Zn (Qc) before all Zn was stripped from the

Cu current collector (Qs). The average CE was then determined using the

following equation [112], [113]:

CE:
mQc +Qs

mQc +Qr
(3.4)

Figure 3.6: Example of voltage vs. time profiles of galvanostatic cycling protocol for
evaluating Coulombic efficiency in Paper 3. Reproduced under Creative Commons
license. Copyright 2025 Elsevier.
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Asymmetric Zn ||KVO full cells

To evaluate the performance of full cells, galvanostatic cycling was performed

with Zn ||KVO cells. Here a current was applied at a given rate (A g−1) with

respect to the active material weight of the KVO electrode, and the voltage

response was measured with voltage limits being applied (V1) and (V2), as

shown in Figure 3.7. These measurements provide information on capacity

by measuring how long the current is sustained before reaching the voltage

cut-off limit, rate capability by observing the effect of increased applied current

on the capacity, and CE. After prolonged galvanostatic cycling, comparisons

can be made between cycles to determine capacity decay or changes in cell

polarisation.

Figure 3.7: Example of a galvanostatic voltage profiles of Zn||V2O5 at different
current densities ranging from 0.2 to 5 A g-1. Reproduced from Yoon et al. [71]
(Copyright 2025, John Wiley & Sons), under Creative Commons Attribution License.

3.4 Imaging techniques

Imaging techniques offer the benefit of presenting information intuitively, often

described as “what you see is what you get” [114]. Early battery research

relied on “ex situ” imaging methods, which involve disassembling batteries

at certain stages to analyze their components outside of operation. To gain

deeper insights, imaging techniques need to be performed within the battery’s

closed system. “In situ” imaging means “in place” and refers to methods that

visualize battery components without disassembly, including observations at

specific states before reactivation. The term “operando” imaging (meaning

“during operation”) refers to imaging the battery while it is actively functioning,

capturing the effect of electrochemical reactions in real time. Both in situ and

operando techniques are essential for accurately monitoring processes inside

working batteries [115].

Paper 1 primarily uses operando synchrotron X-ray tomography to track
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Zn deposition and stripping in real time, while Papers 2 and 3 employed ex

situ scanning electron microscopy (SEM) imaging of electrodes before and after

cycling, and to image the surface of cellulose separators. This section provides

a detailed overview of these techniques.

Figure 3.8: (a) Photographic image of operando cell and (b) schematic drawing of
operando cell and its components.

3.4.1 Operando synchrotron X-ray tomographic microscopy

Operando cell setup

For synchrotron X-ray tomographic microscopy (XTM) experiments, a special

cell was designed, adapted from Sadd et al. [116]. Figures 3.8a,b show a

photograph of the operando cell (a) and a sketch of the cell components (b).

There are several considerations to take into account for the design of the cell:

(1) the size of the cell and the geometry, (2) X-ray transparency, and (3) sample

mounting. The inner diameter of the cell allows a maximum electrode size of

1.59 mm. This size was chosen to match the field of view when using a 10x

objective at the at the TOMCAT beamline at PSI. The housing of the cell

was made of polyether ether ketone (PEEK), which has relatively low X-ray

absorption, thereby minimizing interference with the X-ray beam and reducing

background noise. PEEK is also resistant to many chemicals, which prevents

contamination of the samples. Furthermore, the geometry and size of the cell

need to be compatible with the beamline, securely mounted on the sample

stage, and allow for electrical connections.

Synchrotron X-ray tomography experiment

Figure 3.9 shows the setup for the experiment, with the operando cell placed

between the X-ray source and the detector, and connected to a potentiostat

24



Chapter 3. Experimental and Theory

Figure 3.9: Illustrations of operando experiment XTM setup. Inspired from Ref.
[117].

(Biologic SP300). A synchrotron X-ray beam with an energy of 20 keV was

chosen to maximize the contrast of the cell components. Images were taken

before, during, and after galvanostatic cycling, with a half-acquisition method

(rotating the sample up to 180o). For every scan, a total of 1,000 projections

were recorded with a typical exposure time per projection of 50 ms.

As the X-rays pass through the cell, they are partially absorbed by the

materials. The transmitted X-rays are detected by a scintillator and detector to

produce 2D cross-sectional images. These images reflect how much the X-rays

were attenuated, a process explained by the Beer–Lambert law [118]:

I = Ioe
−µd (3.5)

where I and Io represent the intensity of the transmitted and incident

X-rays, respectively, d is the attenuation length, and µ is the linear

absorption/attenuation coefficient. The attenuation coefficient is unique to

each material and allows the differentiation of components within the cells.

Due to differences in linear attenuation coefficient (µ) [119], [120]:

µ =
4πβ

λ
(3.6)

where λ is the X-ray wavelength and β is the material specific attenuation

coefficient (absorption). In absorption contrast tomography, the main

interaction between X-rays and the sample is absorption, and β is defined as:

β =
h4c4

2π
ρ
Z3

E4

[
1

m

]
(3.7)

where ρ, Z, E, h, and c are the electron density of the material, atomic number of
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the material, beam energy, Planck constant, and the speed of light, respectively.

The resulting image contrast is the differences between different β(∆β) [119].

We can infer from this equation that a large difference in Z gives high contrast.

It also means that, although Z is large, if two materials have similar Z values,

they might still be difficult to separate.

Image analysis

The general workflow of image analysis is illustrated in Figure 3.10. The

reconstructed image was first filtered with a median filter to decrease noise in

the image. The median filter was selected since it preserves the edges of objects.

The next step is to choose the volume of interest by cropping. After that,

image segmentation is used to separate the component of interest from other

components. In Paper 1, the goal was to separate the Zn deposits from the other

cell components. Here, a thresholding-based segmentation was applied. The

segmented image is a binary image, consisting of black and white images with

values of either 0 or 1. Typically, 0 is assigned for foreground and 1 is assigned

to the segmented object. From this binary image, 3D volume rendering or

quantitative image analysis can be done. The volume rendering was performed

using Paraview software, while the other image analysis was conducted with

home-built Python scripts.

Figure 3.10: Workflow for image processing and analysis.

3.4.2 Scanning electron microscopy

In Paper 2, SEM (JEOL JSM-7800F Prime) was used to characterize the

electrodes and cellulose separators after cycling. This method was also employed

in Paper 3 (SEM Phenom ProX, Thermo Fisher) to image the Zn anode before

and after cycling with low-transition-temperature electrolyte (1:7) and 2 M

ZnSO4 electrolyte.

In SEM, high-energy electrons (typically 2–40 keV) from an electron gun

interact with the sample, generating signals that are detected to form detailed
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images [121], [122]. When the primary electron beam interacts with the sample

surface, it produces various signals that are collected by different types of

detectors in the SEM chamber, such as secondary electrons, backscattered

electrons, Auger electrons, characteristic X-rays, and cathodoluminescence

[121], [122], [123], as illustrated in Figure 3.11. Secondary electrons provide

surface topography, while characteristic X-rays are analyzed and quantified by

energy dispersive X-ray spectroscopy (EDS) to determine elemental composition

[122], [123], [124].

Figure 3.11: Illustration of various signals produced by electron beam and sample
interaction in SEM and the regions from which the signals can be detected. Adapted
in part with permission from Liu et al. [123]. Copyright 2025 American Chemical
Society.

SEM sample preparation

The samples were mounted on SEM stubs with electrically conducting pads

(PELCO Tab), Carbon Conductive Tabs, 12 mm OD). To effectively use SEM,

samples often need to be conductive. Non-conductive specimens, like biological

materials, are typically coated with a thin layer of gold to prevent charge

buildup, which can distort images [124], [125]. The charging effect occurs when

electrons accumulate in certain areas, leading to image distortion [124]. The

coating helps dissipate excess electrons by homogenizing surface charge and

is the standard method in high-vacuum conditions [124]. In Paper 2, since

the cellulose separators are nonductive, an ultra-thin conductive Au layer was

applied (∼2 nm) using Leica EM sputter coater. For Zn electrodes, the images

were obtained without any coating. However, before SEM imaging, the Zn

electrodes were taken from coin cells and washed. In Paper 3, the Zn electrodes
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retrieved from the Zn||KVO cells were washed with water and dried, then

subsequently treated in an ultrasonic bath at 60 kHz for 15 minutes in water,

followed by a second drying step.

3.5 Vibrational spectroscopy

Vibrational spectroscopy techniques, such as Raman and Fourier transform

infrared (FTIR) are highly valuable tools for probing molecular structures

and interactions. The two techniques differ in their interaction with molecular

vibrations, making them highly complementary, and using them together offers

a powerful tool for structural characterization [126].

Raman spectroscopy involves inelastic photon scattering due to a change

in polarizability of a molecule, that is, how readily its electron cloud

can be distorted by the incident monochromatic light [126], [127]. When

monochromatic light interacts with molecules, it can be scattered elastically or

inelastically, as shown in Figure 3.12a. Elastic scattering (Rayleigh) occurs

when scattered light has the same frequency as the incident beam. In inelastic

scattering, the scattered light has a different frequency than the incoming

light. When a photon loses energy to the molecule’s vibrations, the scattered

photon has a lower frequency than the original light, and this is called Stokes

Raman scattering. If the photon gains energy from the molecule’s vibrations

(phonons), the scattered photon will have a higher frequency than the incoming

light, and this is called anti-Stokes Raman scattering [126], [128].

FTIR spectroscopy detects molecular vibrations that result in a change in

dipole moment by measuring the absorption of molecule-specific wavelengths

from polychromatic light [126], [127]. Among the various IR spectroscopy

techniques, attenuated total reflection (ATR)-FTIR spectroscopy is one of the

most widely used [129]. This method is suitable for analyzing liquid or solid

samples placed directly on an ATR crystal (e.g., ZnSe, diamond, germanium,

and silicon), thereby eliminating the need for complex sample preparation [127].

In ATR-FTIR, the light undergoes internal reflection at the interface between

the crystal and the sample, as illustrated in Figure 3.12b. When the refractive

index of the crystal is higher than that of the sample, the incident IR beam

undergoes total internal reflection at the interface, generating an evanescent

wave that penetrates the sample to a certain depth. Depending on the crystal

shape, the IR beam may reflect once for higher spatial resolution or multiple

times to increase signal strength [127]. The reflected beam travels to the

detector, where an interferogram is generated and processed into a spectrum

[129].

In Paper 2, FTIR spectroscopy was used for identification of functional
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groups in cellulose separators in comparison with CNC and TCNF separators.

In Paper 3, both FTIR and Raman spectroscopies were used to probe the local

structures of the low-transition-temperature electrolyte.

Figure 3.12: (a) Schematic drawing of light scattering when the sample is exposed
to a monochromatic beam. Adapted in part with permission from Agrawal et al. [128].
Copyright 2018 American Chemical Society. (b) ATR-FTIR experiment. Adapted
with permission from Weber et al. [129]. Copyright 2023 American Chemical Society.

29





Chapter 4

Results and Discussion

This chapter presents the findings from Papers 1-3. The discussion is organized

based on three research questions: (i) how Zn microstructures evolve during

deposition and stripping, and how this relate to the reversibility of the Zn

anode (Paper 1), (ii) how separator design affects Zn deposition morphology

(Paper 2), and (iii) how electrolyte composition influences Zn2+ solvation and

interfacial stability of the Zn anode (Paper 3).

4.1 Mechanisms of Zn deposition and stripping

The electrochemical reversibility of the Zn metal anode is strongly influenced

by the evolution of the morphology during Zn deposition and stripping

[130]. However, the relationship between the morphology and electrochemical

reversibility remains unclear. To address this, we employed operando

synchrotron X-ray tomography to directly visualize Zn growth and dissolution

in 3D at a Cu current collector during the first cycle. While the configuration

with an asymmetric Zn||Cu cell without a separator does not fully represent a

practical Zn-metal battery, it enables high-resolution observation of deposition

and stripping processes, providing crucial mechanistic insights into how

morphology affects the reversibility of the Zn anode.

Figure 4.1: 3D renderings of segmented Zn deposits at selected (a) deposition and
(b) stripping time at a current density of 10 mA cm−2 and an areal capacity of 5
mAh cm−2, and (c) individual Zn deposits at the end of deposition.
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Figures 4.1a,b depict 3D volume renderings of segmented Zn during Zn

deposition and stripping on the Cu current collector at a current density of

10mAcm−2. During deposition (Figure 4.1a), Zn deposits grow both vertically

and laterally across the Cu substrate. Figure 4.1c shows that at end of

deposition, 5 mAh cm−2, Zn deposits with different thicknesses and sizes are

found. Conversely, the amount of Zn gradually decreases with time during

stripping, reflecting the dissolution of Zn metal (Figure 4.1b). However, even

after reaching the stripping cut-off potential (0.4 V vs. Zn/Zn2+), there is still

Zn left on Cu current collector, indicating incomplete dissolution of the Zn.

This is evidenced by the Coulombic efficiency obtained from electrochemistry

data (Figure 4.2a) and imaging data (Figure 4.2b), that are 94.5% and 93.7%,

respectively.

Figure 4.2: (a) Voltage versus time profile during XTM experiment and (b) changing
in the volume of Zn deposits from image analysis. The stars indicate where the
tomograms were taken.

To further understand the evolution of the morphology, we isolated a smaller

3D volume rendering of Zn. Figure 4.3a shows the volume of interest during

Zn deposition. The operando 3D images reveal two different growth modes

during deposition: (i) successive deposition on existing Zn deposits, resulting

in thickening, and (ii) coalescence of smaller Zn deposit into larger deposits.

During stripping (Figure 4.3b), dissolution occurs at the tip and root of Zn

deposits at different rates. This causes the fragmentation of larger clusters

into smaller ones during stripping. When the stripping occurs from the root,

it causes detachment of Zn deposits from the Cu electrode, leaving Zn that

is electronically disconnected from the Cu electrode, known as dead Zn [131],

[132]. The accumulation of dead Zn on the electrode can cause passivation

of the electrode surface and reduce the amount of electrochemically active

material, leading to irreversible capacity loss [133], [134]. This finding suggests

that strategies to regulate morphology are critical for improving Zn anode

reversibility.
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Figure 4.3: (a) Top view of 3D Zn deposits at various deposition times. (b) Side
view of 3D images of Zn deposits at different stripping times. Yellow, red, and white
ovals indicate the formation of large Zn clusters at three locations. The white arrow
shows the fragmentation and detachment of a Zn deposit from the Cu surface.

4.2 Separator design

A separator must both keep the anode and cathode apart and retain enough

electrolyte to enable efficient ions transport [135]. Beyond these basic roles,

separators can also be functionalized to regulate interfacial chemistry and

further enhance battery performance [136]. In Paper 3, we developed a hybrid

functional separator made of cellulose nanocrystal (CNC) and TEMPO-oxidized

cellulose nanofibrils (TCNF), named HCT, to tailor Zn deposition.

Figure 4.4: (a) FTIR spectra of CNC and HCT separators in the range between
1800-1500 cm−1. The red dashed-line highlights the carboxyl (−COO−) peak. (b)
Electrolyte uptake of the HCT separators after 2 h immersion in 2 M ZnSO4 aqueous
electrolyte. (c) Ionic conductivity of HCT separators and commercial filter paper
after soaking in 2 M ZnSO4 aqueous electrolyte.

Figure 4.4a shows that the HCT separators exhibit a peak at 1602 cm−1,

attributed to carboxyl groups (−COO−) [137] after TCNF addition, confirming

successful incorporation. The presence of these hydrophilic groups improves
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electrolyte uptake (Figure 4.4b) and ionic conductivity (Figure 4.4c) of the

HCT separator to some extent. Among the HCT separators, HCT 5:1 achieves

the highest electrolyte uptake, and its ionic conductivity even surpasses that

of commercial filter paper. This suggests that HCT 5:1 provides efficient ion

transport channels that enables uniform Zn deposition and suppressing the

uneven growth that leads to dead Zn [138], as discussed in Section 4.1.

Figure 4.5: SEM images of (a) pristine Ti current collector and Zn deposited on Ti
current collector using (b) HCT 5:1 and (c) filter paper separators, at 1 mAh cm−2

and 10 mA cm−2. The images on (d–f) show higher magnifications of (a–c). Surface
morphology of cycled separators after deposition under the same conditions: (g) filter
paper, (h) HCT 5:1, and (i) higher magnification of (h).

To assess the influence of separator chemistry on Zn growth, the Zn

deposition morphology after first deposition on a Ti current collector was

examined using SEM (Figure 4.5a–f). The HCT 5:1 facilitated the formation

of uniformly distributed Zn deposits (Figure 4.5b,e), whereas the commercial

filter paper resulted in deposits of varying sizes and inhomogeneous distribution

(Figure 4.5c,f). In particular, Zn tended to accumulate within the pores

of the filter paper, forming irregularly shaped deposits (Figure 4.5g). By

contrast, the HCT 5:1 effectively suppressed the formation of harmful, sharp

Zn deposits (Figure 4.5h,i). The SEM results also confirm that chemical

functionalization effectively regulates the initial growth of Zn. This early
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morphological control is critical, as demonstrated in Section 4.1, because

cluster merging and irregular shape during deposition promote fragmentation

and the formation of electrochemically inactive Zn.

The influence of morphological control on practical battery performance

was assessed using symmetric Zn||Zn and Zn||Ti cells (Figure 4.6a,b). Both

Zn||Zn and Zn||Ti cells with HCT 5:1 separator exhibited longer cycling

lifetimes than with filter paper separator. The HCT 5:1 separator enabled

improved reversibility with an average Coulombic efficiency of 98.8% after 100

cycles. These results demonstrate that early growth regulation via separator

functionalization leads to improved reversibility and mitigates the formation of

dead Zn, as identified in Section 4.1. To demonstrate the practical application

of HCT 5:1, a full cell with KVO cathode was measured. Figure 4.6c shows

the voltage vs. specific capacity of Zn ||KVO with HCT 5:1 separator. In the

first cycle, the cell exhibited a specific capacity of 150 mAh g−1. Figure 4.6d

shows that the capacity decreases over first 10 cycles but then recovers and

maintains a stable discharge capacity of 150 mAh g−1 up to 100th cycles.

Figure 4.6: (a) Zn||Zn and (b) Zn||Ti cells with HCT 5:1 and filter paper separators
cycled at 10 mA cm−2 and 5 mAh cm−2. (c) Selected galvanostatic discharge/charge
curves and (d) long-term cycling performance of Zn||KVO with HCT 5:1 separator at
a current density of 0.5 Ag−1.
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4.3 Electrolyte engineering

Nonaqueous electrolytes have the potential to broaden the electrochemical

stability window and inhibit interfacial reactions, such as the hydrogen evolution

[139]. In Paper 3, we developed a new nonaqueous electrolyte consisting of

Zn(TFSI)2 and ethylene glycol (EG) with the aim to modify the primary

solvation structure of Zn2+ and to improve the electrochemical stability window.

Figure 4.7: (a) ATR-FTIR spectra of ethylene glycol (EG), ZnTFSI2, and various
low-tansition-temperature electrolyte ratios. Raman spectra in the regions of (b) 2750
and 3050 cm−1 and (c) 730 and 760 cm−1. (d) Peak areas fitted from the Raman
spectra in (c). Figures are from Paper 3, reproduced under Creative Commons license.
Copyright 2025 Elsevier.

To probe the local structure of our low-transition-temperature electrolytes,

we employed FTIR and Raman spectroscopy. In Figure 4.7a, the FTIR spectra

of low-transition-temperature electrolytes with different Zn(TFSI)2:EG molar

ratios are shown. A decrease in the -OH stretching peak at 3300 cm−1 upon

increasing salt content indicates weakening -OH bonds between ethylene glycol.

The appearance of shoulder peak near 3500 cm−1 suggests stretching of free

O-H bond in ethylene glycol that do not form H-bonds. An observed blue shift

in FTIR for the C–H stretching bands at 2873 cm−1 and 2936 cm−1, supported
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with the Raman spectra in Figure 4.7b, indicate the weakening bonds between

ethylene glycol after salt addition.

Further deconvolution of the Raman band between 730-760 cm−1 of the

TFSI anion (Figure 4.7c) reveals three distinct regions: Region I at 740

cm−1 corresponding to free TFSI anion in the C1 configuration, Region II

at 744 cm−1 corresponding to free TFSI anion in the C2 configuration, and

Region III at 751 cm−1 corresponding to TFSI anion coordinated with Zn2+.

Figure 4.7d shows the Raman band deconvolution results of the fraction of

the different TFSI anion configurations: free and associated to Zn2+ across

varying low-temperature-transition electrolyte concentrations, which indicates

that ≧ 12% of TFSI anions are present in the solvation shell of Zn2+ at

electrolyte molar ratios up to 1:9. This anion coordination is favorable for

forming anion-derived solid electrolyte interphases (SEI) on the Zn metal anode,

which can enhance interfacial stability [107], [140].

Figure 4.8: (a) LSV of LTT (1:7) at 0.2 mV s−1 for ESW determination. (b)
Coulombic efficiency of LTT (1:7). (c) Voltage evolution vs. time for Zn||Zn symmetric
cell with LTT (1:7) and standard electrolyte at 0.1 mA cm−2, 0.1 mAh cm−2. Figures
are from Paper 3, reproduced under Creative Commons license. Copyright 2025
Elsevier.

Figure 4.8a reveals that the 1:7 low-transition-temperature electrolyte

broadens the electrochemical stability window to 2.73 V. The Coulombic

efficiency measured was 95.9%, as shown in Figure 4.8b. Although the value is

lower than in common aqueous electrolytes, the Zn||Zn symmetric cell with

low-transition-temperature electrolyte (1:7) (Figure 4.8c) extends the cycle

life of the cell in comparison with 2 M ZnSO4 at low current density of (0.1

mA cm−2). These observations demonstrate that the engineered electrolyte

stabilizes Zn deposition and stripping, despite the trade-off in overpotential

and efficiency.

SEM images of Zn electrodes (Figure 4.9a-c), retrieved from Zn||Zn cells

after 10 cycles, revealed smoother and more uniform Zn deposition with

low-transition-temperature electrolyte (1:7) compared to the 2 M ZnSO4

aqueous electrolyte. Full-cell measurement with a KVO cathode (Figure 4.9d)
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confirmed the practical feasibility of the low-transition-temperature electrolyte

(1:7). The full cell could be cycled up to 50 cycles with a maximum capacity of

90 mAh g−1 before dropping to 50 mAh g−1 after 50 cycles. We acknowledged

that this is likely due to high viscosity of the electrolyte, which increases the cell

polarization. Nevertheless, these results suggest that electrolyte design has the

potential to mitigate interfacial side reactions on the Zn anode caused by the

hydrogen evolution reaction, thereby promoting more uniform Zn deposition.

Figure 4.9: (a-c) SEM images of pristine and cycled Zn metal anode after 10 cycles
in LTT (1:7) and standard electrolyte. (d) Voltage vs. specific capacity of Zn||KVO at
10 mA g−1. Figures are from Paper 3, reproduced under Creative Commons license.
Copyright 2025 Elsevier.
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Conclusions and Outlooks

Given the prospect of rechargeable Zn-metal batteries as complementary to

the existing Li-ion batteries, it is crucial to pay attention to the problems

on the Zn anode. This thesis has shown that strategies to stabilize the Zn

anode can be built on integrating imaging techniques, separator design, and

electrolyte engineering. Paper 1 uses synchrotron X-ray tomography to provide

a mechanistic insight into the growth and dissolution of Zn in an aqueous

electrolyte. Specifically, the initial Zn deposits guide the subsequent growth of

Zn either by thickening or merging to form bigger Zn clusters during deposition,

whereas stripping results in fragmentation of the Zn clusters. The finding

revealed the cause of irreversibility and dead Zn formation during stripping.

Paper 2 shows a strategy to regulate Zn deposition with a hybrid CNC:TCNF

separator. The hydrophilic group (−COO−) enhances the electrolyte uptake

and ionic conductivity of the separator, thus promoting uniformly distributed Zn

deposits, improving the cycling stability, and reversibility. Paper 3 demonstrates

that nonaqueous electrolytes offer the chance to extend the electrochemical

stability window of the electrolyte, thus minimizing the interfacial hydrogen

evolution reaction. The results showed improvement in cycle life and smoother

Zn deposition. All in all, the studies presented in this thesis establish systematic

design approaches for rechargeable Zn-metal batteries: early-stage deposition

control and electrochemical environment optimization are both critical to

improve the cycling stability of the Zn anode.

For future work, further investigation of interface engineering, such

as applying liquid metal on the Zn anode or substrate, holds potential

for mitigating uneven Zn deposition and interfacial side reactions on the

Zn anode [71]. Pursuing multiple strategies, including separator design,

electrolyte optimization, and Zn-metal anode coatings, coupled with advanced

characterization techniques, represents a promising avenue for future research.

This way, the potential of rechargeable Zn-metal batteries as environmentally

friendly, more secure, and durable batteries can be unlocked.
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