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Abstract 

 

Rising global demand for energy supply, storage and portability in a sustainable manner 

needs significant improvements to be made in the next generation of batteries, as 

rechargeable batteries for electric vehicles and energy storage applications are considered 

to be an effective solution for lower carbon electric mobility and balancing intermittent 

renewables in low carbon energy systems In particular because to their potential to store 

relatively high amounts of energy per unit volume (energy density).The need to develop 

better (i.e. lower cost and longer lifetime) batteries for these emerging applications drives 

the need to better understand battery performance, and this in turn is linked to a better 

understanding of the role of battery electrode microstructure. This will be improved 

through the ability to directly image changes as they occur within the battery which can be 

linked to battery degradation. Although the irreversible microstructural transformations in 

battery electrode structures is one of the key processes associated with battery degradation 

and failure, their mechanisms are poorly investigated, and existing data is not sufficient to 

draw clear guidelines for better electrode design. 

The performance of the battery is dependent on nano/micro-structure while during 

processing or operation microstructural evolution may degrade electrochemical 

performance. Degradation and failure mechanisms in electrochemical systems lead to poor 

cycle life, in particular dendritic growth and volume expansion of anode materials. These are 

important failure mechanisms in various battery systems. Understanding their 3D 

microstructure is essential for developing high performance batteries for electric vehicles 

and energy storage applications. Tomographic techniques allow for the direct 3D imaging 
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and characterisation of complex microstructures from millimetres down towards 

nanometres and in real time during operation. The performance of the battery is dependent 

on the nano and micro-structure achieved during manufacture.  Furthermore 

microstructural evolution during operation may degrade electrochemical performance. 

Here in this thesis, results from in-situ, in-operando 3D x-ray and ex-situ FIB-SEM 

tomography, enabling analysis of complex micro-structures during battery operation, are 

presented. 3D imaging of Zn dendrites formation, down to resolutions of tens of 

nanometres facilitating analysis at different scales especially of nano structures can provide 

exciting opportunities to study dendritic growth.  

This approach was found to be effective in understanding how dendrites growth at high 

resolutions and consequently that tomography coupled with modelling/experiments can 

provide new insights into degradation mechanisms.   

The growth of dendrites represents a limiting failure mechanism in some battery systems; in 

particular this can be a challenge in zinc-air batteries. Furthermore volume expansion during 

lithiation is another major failure mechanism. Tomographic techniques allow the direct 3D 

imaging and characterisation of complex microstructures, including the observation and 

quantification of dendrite growth and volume expansion.  

Moreover, in this thesis, a new methodology of contrast enhancement for multi modal 3D 

imaging, including novel advanced quantification, on a commercial Lithium Iron Phosphate 

(LFP) LiFePO4 cathode is presented. This enables higher focused ion beam – scanning 

electron microscope (FIB-SEM) resolution (3D imaging), which is amongst the highest ever 

reported for carbon containing electrode materials (e.g. composite LFP cathodes) using FIB-
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SEM. In turn it means that the particles are well defined and the size distribution of each 

phase can be analysed accurately from the complex 3D electrode microstructure using 

advanced quantification algorithms.  
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1. Introduction  

A battery is a device that stores electrical energy in a chemical form; it converts chemical 

energy into electricity, producing electricity by a spontaneous reduction oxidation (redox) 

reaction. In the case of a rechargeable system, the battery is recharged by a reversal of the 

redox process. Rechargeable batteries are defined as a secondary battery, while a primary 

battery is classified as a non-rechargeable battery. 

Batteries are generally classified according to their chemistries. Depending on the chemistry 

of the battery, different materials are used to make its components 1,2.  

Lithium-ion batteries (LIBs) provide the end user with high energy and power density in 

comparison to other types of battery chemistries 3. Nevertheless, LIBs have certain 

limitations for many electric vehicle or grid scale energy storage applications, such as a 

relatively short life span and high cost, especially when compared to conventional 

combustion engines. Therefore, there is considerable interest in developing new batteries, 

with not only lower cost and longer life span, but also with high energy and power density. 

The basic unit in a battery is a cell; a battery consists of one or more cells which are 

connected in parallel or in series, or in a combination of both. The cell consists of the 

following main components: The anode, the negative electrode; the cathode, the positive 

electrode. The electrolyte, the ionic conductor, which is the medium that transfers the ions, 

and the electrolyte is located in between the two electrodes which separated by a 

separator. In its most conventional structure, a LIB consists of a graphite anode, a cathode 
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made of lithium metal oxide (LiMO2); and a separator soaked with an electrolyte consisting 

of a solution of lithium salt (e.g. LiPF6) in a mixed organic solvent 2,4. 

 

Figure 1 Schematic of a lithium-ion battery containing LiFePO4 cathode and graphite anode. Each lithium-ion 

battery consists of an anode and a cathode separated by an electrolyte containing dissociated lithium salts, 

which enables transfer of lithium ions between the two electrodes 
5
. 

Tomography techniques provide three-dimensional (3D) imaging, avoiding potential 

confusion in the interpretation of two-dimensional (2D) images (as demonstrated in Figure 

4, in the next chapter), and enable quantification of microstructural parameters over a wide 

range of length scales. X-ray and dual-focused ion beam and scanning electron microscope 

(FIB-SEM) tomography techniques provide high quality 3D imaging at the nano and micro-

scale. Using FIB-SEM imaging it is possible to observe nm size features. X-ray tomography is 

a non-destructive technique; it can provide direct imaging and in-situ characterisation either 

using lab source or using high energy x-rays via synchrotron sources enabling high resolution 

3D imaging at the nano and micro-scale.  

In order to improve the performance of electrochemical devices such as batteries and fuel 

cells, it is important to characterise real electrode structures and understand how their 3D 
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structure may affect performance 6.  Understanding the real geometry of the electrode is 

also required for better design and for scale up from electrode level to system level. Battery 

electrodes comprise a porous structure in 3-dimensions, where the microstructural 

characteristics have a strong relationship to battery properties and to battery performance. 

X-ray and FIB-SEM tomography techniques have been attracting interest in the field of 

batteries and fuel cells to characterise their electrode structure. These techniques are 

suitable for imaging at the electrode length scale; nm-µm scale features can be resolved. In 

this work advanced 3D imaging and characterisation was applied to different types of 

battery chemistry. 

This work is focused on 3D imaging and characterisation of secondary battery materials, 

with a focus on lithium ion and zinc-air.  Specifically the study considers: 

1.1 Zn anode in the Zn-air system 

1.2 Lithium Iron Phosphate (LFP) cathode and Carbon materials for lithium ion batteries 

1.3 Silicon anode for lithium ion batteries 

1.1 Zn-air  

The pursuit of high capacity batteries has expanded to improved electrodes, such as the air 

cathode in the metal air system, which are also termed metal-air batteries. Metal air 

batteries are an alternative to advanced rechargeable batteries due to their high specific 

energy as they use air as the positive active material and light metals as the negative active 

material. 2 

Examples of such metal air systems are Al-air, Li-air and Zn-air batteries.  
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The Zn-air system is attractive system because of its high power density and 

environmentally friendly and low-cost materials, and therefore is being considered as a 

power source for electric vehicles 7. The concept of the rechargeable zinc electrode is based 

on the formation of insoluble zinc oxide (ZnO) in the electrode during discharge that can be 

reduced to metallic zinc on charging. A schematic of a Zn-air battery is presented in Figure 2.   

Anodes in metal–air batteries usually have lower (negative) electrode reduction potential 

and are chemically reactive. Therefore, the capacity of most of the current metal-based 

batteries usually deteriorates within several hundred cycles, whereas several thousand 

cycles are required for large electrical storage applications 8.  In the Zn-air system, when 

charging, Zn dendrites (a characteristic tree-like structure of metallic crystals growing upon 

charging, the tree-like shape produced by faster growth along energetically favourable 

crystallographic directions) may grow from the anode and possibly penetrate into the 

separator, leading to Zn loss and to internal short-circuit when the dendrites reach the 

cathode, resulting in a capacity loss, low cycle life and in extreme conditions it can also catch 

fire.  Notably, dendritic growth is one of the main failure mechanisms in various metallic Li 

systems as well. 

 

Figure 2 Working principle and each electrode reaction of zinc‐air battery 
9
. 
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Li-air technology is an additional example of a prospective metal-air system with a potential 

energy density approaching  that of gasoline 10. The practical development of the Li-air 

battery, however, is still inhibited by many difficulties in understanding the Li-air system, 

some of this is dendritic growth which will discussed later in the thesis, and observations 

from the Zn-air system can be reflected on the Li-air system as well. 

Better understanding of the dendritic growth mechanism in electrochemical systems is 

therefore essential for developing metal-air systems as a future energy storage technology. 

Furthermore, novel dendrite mitigation approaches, and a better insight into dendrite 

nucleation and growth, are needed to improve the cycling performance of such 

rechargeable batteries.   

The study which is presented in this thesis (chapter 5) is focused on understanding the 

degradation of Zn air batteries, in particular the evolution of Zn dendrites, one of the main 

degradation mechanisms. Complementary tomographic techniques allow the direct 3D 

imaging and characterisation of complex microstructures, including the observation and 

quantification of dendrite growth. Here we present results from 3D x-ray and FIB-SEM 

tomography of Zn dendrite formation in a zinc-air battery, down to resolutions of tens of 

nanometers, enabling analysis of complex micro-structures. This approach is shown to be 

effective in understanding how electrochemical dendrites grow, and demonstrates that 

tomography coupled with modelling can provide new insights into dendrite growth in 

electrochemical systems. 
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1.2 LFP cathode and Carbon materials 

Lithium Iron Phosphate (LFP) LiFePO4 is a commercially available electrode (cathode) 

material for Li-ion batteries for electric vehicles and energy storage applications; which 

attracts lots of interest today 11,12. The interest in LFP is motivated by the many advantages 

of this material, which include excellent cycle life and a high intrinsic safety 4. It is, however, 

a very challenging material to image in 3D since it is a porous electrode, which consists of at 

least three phases: LFP particles, polymer binder and conductive carbon powder, distributed 

at the tens of nanometre length scale, which requires high resolution techniques to image. 

This electrode composite emphasises the importance of the relationship between electrode 

microstructure and performance in lithium ion batteries. For example, as the electronic 

conductivity of LFP is low 13; the distribution of electronically conducting carbon black, 

which offsets this issue, becomes of particular importance 14-16.  

 

Figure 3 SEM secondary electron (SE) images of LFP electrode plan view, the selected red grains represent 

LFP particles while selected carbon black particles are shown in green 
17,18

. 

Figure 3 shows an SEM plan view image of an LFP electrode, a porous electrode which 

exhibits a variety of particle sizes, shapes and contrast highlighting the presence of both 
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carbon particles and the LFP active material particles. For illustrative purpose, selected 

grains of LFP are shown in red, while some of the smaller carbon black particles are shown 

in green.  

The first report of a doped epoxy pore-filling for the microstructural analysis of a fuel cell 

catalyst layer was reported recently 19. The report shows that the application of an epoxy 

doped with metal containing particles provided a smooth cross section of the layer using 

FIB-SEM, and provided clear bi-segmented images with bimodal grey-scale distributions 19. 

Another recent approach to fill the pores of the catalyst layer with ZnO via atomic layer 

deposition (ALD) prior to tomography was reported recently 20. By using ALD, even the 

nanometre sized pores could be filled with ZnO, which exhibits a good contrast to the 

catalyst layer in SEM images 20.  

Of these approaches, epoxy impregnation offers the simplest approach to improve image 

contrast, and does not require sophisticated techniques 20,21. Hence this was the approach 

used in this work (chapter 4). 

Three different types of epoxy were used for vacuum impregnation of an LFP cathode in 

order to improve the image contrast, and hence improve the ability to distinguish between 

different phases. Two of the epoxies, a carbon epoxy resin (C-epoxy)  and Si resin (Si-epoxy), 

have previously been used and reported in the literature 18,22 for the impregnation of LFP 

electrodes. Although some progress in contrast improvement was shown, artefacts and 

charging remained a problem and further improvement in the image quality was needed. 

Hence a novel (denser) brominated epoxy (Br-epoxy), which never previously reported for 

electrode impregnation, and for image contrast enhancing, is introduced in this work and 

compared with the obtained results from the two previously reported epoxies.  
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Specific technological interest in porous carbon electrodes has been increasing in recent 

times not only to the conventional LIB’s also for other energy conversion and storage 

applications such as in fuel-cells and Li-air batteries 23.  Porous carbon electrodes are light 

and have porous nature; hence, they offer an attractive energy-to-weight ratio. However, 

several experimental challenges are slowing the technological development of these 

batteries and fuel-cells such as the difficulty in quantitative structural characterisation of the 

porous-carbon electrode. One of the biggest difficulties in 3D imaging of battery materials is 

in the characterisation of carbon due to (i) the low X-ray attenuation coefficient of graphite 

when using X-ray imaging and (ii) the inhomogeneous interaction of graphite with the ion 

beam using FIB-SEM imaging.  

The structural features of the carbon electrodes such as porosity, tortuosity and pore-size 

distribution are essential parameters that play dominant role in the kinetics of the 

electrochemical reactions 24. Therefore, a thorough quantitative microstructural 

characterisation of the porous-carbon electrode is essential for a complete understanding of 

the electrochemical behaviour. 

The authors present for the first time a new methodology of contrast enhancement for 

multi modal 3D imaging, including novel advanced quantification, on a commercial Lithium 

Iron Phosphate (LFP) LiFePO4 cathode thesis (N.B.: this work will be published in January 

2017 and is already available online 25). The aim of this work is to improve the quality of the 

3D imaging of challenging battery materials by developing methods to increase contrast 

between otherwise previously poorly differentiated phases. This is necessary to enable 

capture of the real geometry of electrode microstructures, which allows measurement of a 

wide range of microstructural properties such as pore/particle size distributions, surface 
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area, tortuosity and porosity. These properties play vital roles in determining the 

performance of battery electrodes.  

1.3 Silicon anode for lithium ion batteries 

A new anode of interest in the search of high capacity batteries is the silicon anode. Silicon 

is an alternative to the graphite anode commonly used in lithium-ion cells. Silicon-Lithium 

batteries offer the highest gravimetric capacity of all lithium based rechargeable batteries26.  

When intercalated with lithium, Silicon has a theoretical capacity of 10 times more than that 

of graphite. 4200 mAh/g in Li22Si5 27,28 compared to 372 mAh/g in LiC6 
29.  

 

Figure 4 Capacity and potential of various candidates for anode and cathode materials  
30

.  
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Despite the advantages of the silicon anode, it has at least two major drawbacks: large 

volume expansion and low cycle performance 31. Silicon anodes have 300 to 400% volume 

expansion during lithium intercalation, whereas graphite has only a 10% volume expansion. 

This gives rise to rapid solid electrolyte interphase (SEI) layer growth. This reversible lithium 

intercalation process, discussed later in the thesis, competes with the loss of electro-active 

material due to island formation (the anode surface can crack and separate into islands 

resulting in low cycle life).  

In this thesis (chapter 6), a work which was published recently 26, describes the 

development and implementation of a Si based battery anode imaging method is presented. 

It enables in-operando tracking and direct 3D imaging of the Si anode microstructure. Using 

this approach it is possible to discover evolutionary processes and quantify them at different 

length scales, in real time, and additionally to study induced failure mechanisms as they 

occur. The work also provides a platform for future studies to explore the effects of key 

factors such as preparation routes, composition, charge/discharge conditions, etc. on 

composite silicon anodes. 
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2. Literature review 

2.1 Why do we need energy storage applications and electric vehicles? 

Reduced Carbon dioxide (CO2) emission is essential to protect our life and nature. The 

increasing growth of human population causes high energy demand e.g. globally car and 

light truck ownership will increase to around 2 billion vehicles in 2050 32. The use of fossil-

fuels is currently necessary to meet these energy demands. Today, there are no doubts on 

the negative effect of the resulting carbon emissions on climate change and yet, the global 

emissions continue to accelerate (Figure 5) 33.   Recent studies show the need to reduce CO2 

emissions by at least 50-60% by 2050 to limit the damage humans cause to the environment 

34.  

 

Figure 5 CO2 annual emissions from fossil fuel use and cement manufacture, based on data of British 

petroleum  
33

. 

Renewable and sustainable energy sources can satisfy the need for CO2 reduction but those 

energies such as wind and sun are intermittent, meaning they are irregular and/or not in a 
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continuous supply.  Therefore, there is a need for the development of reliable energy 

storage systems that enable significant utilisation of renewable resources 35. Rechargeable 

batteries are a promising solution to store renewable energy and release it during periods of 

high demand, due to their relatively high energy density. In 2007, transport was responsible 

for 6.6 gigatonnes of CO2 emissions globally, 23% of all energy related CO2 emissions 36. 

Shifting to electric and hybrid vehicles from combustion engines is another solution which 

can dramatically reduce greenhouse gas emissions as well as improve local air quality in 

cities. This highly depends on battery cost, energy density, power density and lifetime.            

2.1 Objective of the thesis and research questions 

Battery degradation and irreversible chemical processes, which are poorly understood, are 

key factors in the design of future batteries which can meet the requirements for electric 

vehicles and energy storage applications. Moreover, since the battery performance depends 

on its electrode microstructure, it is essential to develop methodologies for understanding 

these parameters, and to link them to battery performance. Overall, the aim is to contribute 

to understanding of how to design a long cycle life, high energy density and high power 

density battery.             

The characterisation techniques used in this work, in particular 3D imaging techniques 

combined with advanced characterisation, are chosen on the basis of answering the 

following research questions: i) How does one improve the 3D imaging of challenging 

battery materials such as composite battery electrodes containing carbon, ii) by which 

methods can the contrast between different phases be increased, iii) by doing so, how may 
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the irreversible chemical processes in battery materials be rigorously explained? And iv) 

What are the effective ways to mitigate dendritic growth in batteries?  

The latter points explore in particular microstructural degradation mechanisms by dendritic 

growth as one of the main degradation mechanisms in the Zn-air system and volume 

expansion of Si anode, a promising anode in LIBs. This is carried out by advanced 3D in-situ 

and ex-situ imaging and characterisation.  

 

2.2   Batteries 

Batteries are classified according to their chemistries. Depending on the chemistry of the 

battery, different materials are used to make its components 1. In batteries and in particular 

in LIBs (here, with LFP as an active cathode material - Figure 6) the battery kinetics describes 

the charge transfer reaction, which takes place at the surface of the active material particles 

(surface of LFP). The reactions are reversible and are described by the Butler-Volmer 

equation: 

𝑗 = 𝑗0 [𝑒𝑥𝑝 (
𝛼𝑎𝑛𝐹𝜂

𝑅𝑇
) − 𝑒𝑥𝑝 (

𝛼𝑐𝑛𝐹𝜂

𝑅𝑇
)]                                                                                          (1) 

Where, 𝑗 is the electrode current density; 𝑗0 is the exchange current density; 𝑛 is the 

number of electrons involved in each electrode reaction; 𝜂, is the activation overpotential; 

𝛼𝑎/𝛼𝑐 the anodic and cathodic charge transfer coefficients; 𝐹 is the Faraday’s constant; 𝑅 is 

the gas constant and 𝑇 is the temperature.  

The Butler-Volmer equation describes how electrical current on an electrode depends on 

the electrode overpotential at the electrode-electrolyte interface. The activation 

overpotential, 𝜂, is described by the difference between real and equilibrium potentials.   
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Figure 6 Multi-scale schematic illustration of a lithium ion battery. On the nano scale (50-1000 nm) it 

describes the active material as spherical particles, a single repeat unit -cell (electrodes, separator and 

current collectors) on the micron scale and a pack which is multiple repeat units on the macro scale  
37

. 

2.2.1 Lithium Ion batteries 

Sony commercialized the first lithium-ion battery in 1991, and since then it has been 

growing and gaining popularity at a rapid speed. The lithium-ion battery was initially used in 

mobile phones and laptop computers. This battery exhibits no memory effect and requires 

minimal maintenance. Its energy density is the highest among the other chemistries. 

Recently, due to its improved load characteristics and ability to draw high currents, it has 

also been used in power tools, medical devices and electrical vehicles. A protection circuit is 

often found in lithium-ion battery systems to limit the charge and discharge rate, voltages 

and currents for safety reasons. In spite of requiring a protection circuit and a risk of 

thermal runaway, lithium-ion batteries have emerged as the single most favourite for 

portable applications, due to the advantages as high energy density and a low rate of self-

discharge it has over the alternate battery chemistries. 
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2.2.1.1 Electrochemistry of lithium ion batteries 

The anode in a lithium-ion battery is mostly made up of graphitic carbon, while a variety of 

materials such as LiCoO2, LiMnO2, and LiFePO4 are used for the cathode. The electrolyte in a 

lithium-ion battery is a lithium salt, such as LiPF6, LiBF4, and LiClO4, soluble in an organic 

solvent, such as dimethyl carbonate and/or ethylene carbonate. The chemical reaction in 

the case of the lithium-ion battery is based on intercalation. In an intercalation reaction, 

guest ions are introduced in the host structure 38. The intercalation reaction is a reversible 

reaction and barely modifies the host structure. The host structure can be either two-

dimensional or even three-dimensional. Figure 7 shows an illustration of an intercalation 

reaction between a carbon anode and a LiFePO4 cathode. As seen in the schematic, 

intercalation reaction occurs during charging, and Li+ ions are transferred from the cathode 

into the anode. During discharging, a de-intercalation reaction occurs, and Li+ ions are 

transferred from the anode to the cathode while the electrons flow through the external 

circuit. The following chemical reaction occurs in a lithium-ion battery with a carbon anode 

and a LiFePO4 cathode: 

Li(1-x)FePO4 + LixC6  ↔ Li(1-x)C6 + LixFePO4                                                                                   (2) 

In LIB’s, Li+ ions are intercalated and de-intercalated to and from the anode or cathode or 

both. In this example, Fe in LiFePO4 undergoes oxidation from Fe+2 to Fe+3 during charging, 

and reduction from Fe+3 to Fe+2 during discharge. This is different from the reaction in many 

other rechargeable batteries, where the anode undergoes oxidation and the cathode 

undergoes the reduction reaction.  
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Figure 7: Schematic of intercalation-de intercalation process. During charging Li
+
 ions are inserted in the 

anode structure by intercalation and during discharging, these Li
+
 ions are removed from the anode 

structure by virtue of de-intercalation and transferred into the cathode 
38

. 

A recent LFP electrode X-ray imaging study was done and reported by Cooper et al 39. The 

electrode was obtained in a fresh state (before incorporation into a battery) and a section of 

the electrode sheet was cut using a sharp blade, to form a point which matched the field of 

view of the X-ray microscope. The sample was characterised using X-ray nano tomography 

at the Stanford synchrotron radiation light source (SSRL), imaged, segmented and 

quantified.   
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Figure 8 (a) Representation of stacked tiff files after threshold segmentation; (b) pore network of LFP 

electrode after reconstruction and segmentation 
39

. 

The authors pointed out that high resolution is required to capture the microstructure of 

the LFP which could be achieved by the FIB-SEM technique. From Figure 8a we can resolve 

only 2 phases, the active phase (red) and the pore phase (grey), which means the carbon 

particles are not visible using this technique/resolution. A cuboid volume of 900 × 600 × 600 

voxels corresponding to a total volume of ~ 3000 µm3 (Figure 8b) was selected for use in the 

subsequent simulations. Cooper et al were amongst the first to study the 3D microstructure 

of an LFP electrode using synchrotron X-ray microscopy 39. They pointed out that a high 

resolution (typically <100 nm) is required to accurately capture the LFP particle structure, 

which could be easily achieved using FIB-SEM techniques, as long as this method can 

provide sufficient contrast to distinguish between the active material, binder/carbon black 

and pore phases 39. The first micro CT of a cylindrical Li-ion battery cathode (Bruker high-

resolution micro-CT Skyscan 1172 scanner) 40, including charge/discharge cycles, indicated 

that both porosity and phase fraction changed as a function of ageing. Structural breakdown 

of the composite cathode material, such as a loss of three phase boundaries between LFP, 
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carbon and electrolyte, and a changes in the porosity and LFP phase fraction during charge 

and discharge cycling, was proposed as a possible mechanism to rationalise those results.40  

This work presents the next step forward in 3D reconstructing an LFP cathode, utilising new 

contrast enhancing epoxies to deliver high resolution and high quality data of the three 

phases involved, namely the LFP active material, carbon black and pore phase; enabling 

each phase to be accurately analysed from the complex 3D electrode microstructure using 

an advanced quantification algorithm. The approach can be applied to both X-ray and FIB-

SEM based analysis. 

In FIB-SEM tomography, a 3D reconstruction of the porous material is obtained by 

successive FIB milling followed by SEM imaging. However, a major drawback of this method 

is the lack of image contrast between solid particles and the pore space of porous materials 

such as the LFP electrode (Figure 3). A correct segmentation is vital for the quantification of 

morphology and transport parameters, which can then be used to better understand the 

studied material, and to develop improved materials.20 Tomographic data sets can be 

segmented automatically, but when there is a lack of sufficient grey level contrast a tedious 

manual segmentation is needed which can be done using specialised software such as  Avizo 

(FEI, Bordeaux, France).41 Manual segmentation is time consuming and depends on the skill 

and experience of the operator. Hence, the use of automatic segmentation when possible is 

preferred. However, the common automated segmentation by relatively simple 

thresholding allocates pixels to a phase only according to their greyscale values, and is not 

capable of distinguishing between particles at the front of the pore from particles in the 

image background. The most direct approach to overcoming the segmentation challenge is 

the use of a filling material in order to obtain a contrast between pores and solid particles 
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that enables accurate automated segmentation. Finding a filling material that gives good 

discrimination between pores and solid materials is not an easy task; the major requirement 

is that the filling material must show a strong contrast with the porous material in the SEM. 

As the SEM contrast can strongly depend on the atomic number,42 the filling material must 

consist of elements that are significantly heavier or lighter than the elements of the porous 

material. This is especially difficult when the sample of interest is a composite and even 

more so when the sample contains carbon additives since the carbon has nearly the same 

contrast as the commonly used epoxies, and hence cannot be differentiated in the 

segmentation process. (Section 4.2)  

2.2.1.2 Materials for lithium batteries 

Lithium ion batteries are complex electrochemical system, whose performance is highly 

dependent on the thermal, mechanical and physical stability of its materials. The main 

components of the lithium ion battery are the anode, cathode, separator and the 

electrolyte. The electrodes are a composite structure comprising active material, binders, 

and additives. The separator is made up of a polymer which prevents contact between the 

anode and cathode, but allows the lithium ions to pass through it. The electrolyte provides 

the path for the lithium ions to travel between the electrodes during the cycling of the cell. 

Due to the potential application of these batteries in the transportation industry, there have 

been significant efforts to develop cheaper, reliable and more stable materials. In doing so, 

often extraordinary claims are made about the long term electrochemical performance of 

the system and the intrinsic limitations are overlooked. In the following sections certain 

active materials for anode and cathode and electrolytes will be discussed 43.  
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2.2.1.2.1 Anodes 

Lithium is an ideal anode material for LIBs, but it is not a safe material and the cell might be 

short-circuited by dendrite formation. Instead, carbon materials are preferred for anodes in 

most commercially available Li-ion batteries 44. Studies have been conducted on graphite,45 

C-C composite mesocarbon microbeads (MCMB), 6,46 carbon nanotubes and carbon films. 

These anodes have a very good rate of lithium insertion/removal and thus improve the 

charge/discharge rate (power rating) of the battery. Nonetheless, in any Li-ion cell with a 

carbonaceous anode (i.e. all non-aqueous lithium batteries) a solid electrolyte interphase 

(SEI) is formed. The SEI is formed from the electrolyte decomposition products during 

cycling of the cell47. The SEI model first suggested in 1979 by Peled 47 and a model 

Illustration is presented in Figure 9.  This SEI layer prevents the graphite surface from 

further exfoliation and also prevents further reduction of the electrolyte and consumption 

of active lithium. 

 

Figure 9 SEI model suggested by Peled, after 
47

 

 Also, it is important to note that the lithium is intercalated into graphite at potentials less 

than 100 mV versus Li/Li+. There is always a risk of lithium depositing on the graphite 
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surface resulting in dendrite formation and fatal short circuiting of the cell 45. To overcome 

some disadvantages of graphite, recent research has been focused on alternatives such as 

titanium oxide among other similar oxide including Sn, Co, and oxides 45. Lithium metal 

alloys such as Li4.4Sn (993 mAh/g) and Li4.4Si (4200 mAh/g) with high specific capacity are 

also being considered as anode materials in Li-ion batteries. The concept of the silicon 

anode is discussed in more detailed in the introduction and later on 48.  

2.2.1.2.2 Cathodes 

A potential area of exciting opportunity for nanomaterials is the cathode of the Li-ion 

battery 49. The most common cathode materials are layered oxides LiMO2, the spinels 

Li[M2]O4 and olivines LiMPO4 where M is a transition metal atom. Nanoparticles of these 

materials reduce the diffusion length, provide a higher electrolyte/electrode contact area, 

and thus improve the charge/discharge kinetics of the Li-ion batteries. The nanoparticles of 

these lithium compounds are made by grinding, synthesis from solution, or by sol-gel 

approaches 45. LiCoO2, was developed as the cathode material for commercial Li-ion 

batteries, but due to expensive and toxic cobalt they were later replaced by oxides such as 

LiNi0.8Co0.15Al0.05O2, LiNi0.8Co0.2O2, Li1-xNi1-yCoyO2,and LiMn0.5Ni0.5O2 in commercial     

batteries 38. These oxides have a high operating voltage, in the range of 2.75 V to 4.3 V 50. 

They have very high energy and power density, but they have a relatively short cycle life due 

to poor structural stability during which the host oxide structure collapses upon removal of 

more than 50 % of the Li. Li spinel compounds, such as LiMn2O4 have good structural 

stability 45. They also have higher operating voltage and high charge/discharge rate but low 

energy density. Among these lithium compounds, the olivine structured LiFePO4 (LFP) has 

received a lot of attention. It has a lower operating voltage of ~3.3 V but demonstrates 
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higher power and energy density along with a good structural stability. The LFP cathode is a 

promising cathode and will be discussed in more detail later in the material section.  

2.2.2 Metal–Air battery  

Metal-air batteries are a possible battery systems for energy storage and for the automobile 

industry, because their energy density is high compared to that of other rechargeable 

batteries 51 (Figure 10). Metal-air batteries have an open cell structure, since these batteries 

use oxygen gas accessed from the ambient air as their cathode material, while the cell 

configuration of conventional rechargeable batteries is a closed system. There are a number 

of metal-air batteries based on different metal species; their reaction mechanisms are 

varied, resulting in requests for different types of cell components 9. Metal-air batteries can 

be divided into two types according to their electrolytes. One is a cell system using an 

aqueous electrolyte; such a system is not sensitive to moisture. The other is a water-

sensitive system using an electrolyte with aprotic solvents. Among metal-air batteries, 

metals such as Ca, Al, Fe, Cd and Zn are suitable for the aqueous system. Zn-air batteries in 

particular have potential for use as alternative energy storage devices with a theoretical 

specific energy density of 1084 Wh·kg−1 9. The Li-air battery was initially proposed in the 

1970s for automotive applications 52. In 1996 Abraham et al introduced a rechargeable Li-air 

battery, which was composed of a Li+ conductive organic polymer electrolyte membrane, a 

Li metal anode and a carbon composite electrode 53. Li metal is explosively reactive with 

water, and thus a non-aqueous electrolyte is required. Oxygen is reduced when discharging 

to form Li2O2 or Li2O. Then, the lithium oxides are electrochemically decomposed to Li and 

O2 on charging. The specific energy density of Li-air batteries is 5200 Wh·kg−1 when the mass 

of oxygen is included 9. However, Li-air batteries did not attract wide attention when they 
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were introduced, although they have much higher energy densities than those of 

conventional Li ion battery systems (about 200–250 Wh·kg−1). In 2006, Bruce et al showed 

promising electrochemical performance of Li-air batteries for practical applications, and 

their work stimulated new research on Li-air batteries 54.  

 

Figure 10 Theoretical and practical specific energy of various rechargeable batteries 
9
. 

Zn-air battery 

As discussed previously in the introduction section and described schematically in Figure 2, 

the basic concept of the rechargeable zinc electrode is based on the formation of insoluble 

ZnO in the electrode during discharge that can be reduced to metallic zinc during charge. Zn-

air batteries consist of three parts; zinc metal anode, air electrode as the cathode, and a 

separator. It is essential to use oxygen in the gas phase and not liquid since its solubility is 

very low at atmospheric pressure 55. A porous carbon electrode can be used, enabling 

oxygen diffusion from air, together with a catalyst for the reduction of oxygen to hydroxyl 

ions in the alkaline electrolyte, coupled with electrons transport. This process is called a 

three phase reaction: catalyst (solid), electrolyte (liquid) and oxygen (gas) 9. The overall 
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procedure during discharge can be described as the following electrochemical reactions of 

anode and cathode in alkaline solution, respectively 56. 

Anode: Zn + 4OH
−
 → Zn(OH)4

2−
 + 2e

−
 (E0 = －1.25 V) 

Fluid: Zn(OH)4
2−

 → ZnO + H2O + 2OH
−
 

Cathode: 1/2 O2 + H2O + 2e
−
 → 2OH

−
 (E0 = 0.34 V pH＝11) 

Overall: 2Zn + O2 → 2ZnO (E0 = 1.59 V) 

2.2.2.1 Dendrites in the Zn-air battery - during the deposition of zinc from an aqueous 

solution of potassium hydroxide saturated with zinc oxide  

The Zn-air system is attractive because of its potentially high power density, environmental 

compatibility and low-cost materials 7. However, as discussed previously this system suffers 

from dendrite formation at the zinc electrode. Dendritic growth is one of the main causes of 

the poor cycle life of the Zn-air battery; better understanding of the growth mechanism 

combined with conventional and novel suppression approaches could lead to design a 

better Zn-air battery with a better cycle life.     

Zinc electrodeposition in alkaline solutions has been studied extensively, and a few 

correlations have been established between deposit growth rate and morphology, and 

overpotential, concentration and temperature 57-62. At a given zincate concentration the 

transition of zinc deposition into dendritic mode was found to be governed by the 

overpotential, with higher values of overpotential tending to increase the tendency for 

dendrite formation and growth (the only way to decoupled overpotential from current 

density is to use a reference electrode). Moderate and low values of overpotential 

significantly affect the morphology of zinc deposits that may be described as boulder, 
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layered and/or mossy structures 63-65 (Figure 11). The morphology is also affected by forced 

convection of the zincate electrolyte commonly used in zinc-air and zinc-nickel flow   

systems 66-68. In previous work, the electrochemical formation of various metal dendrites 

was predominantly studied ex-situ. However, recent advances in scientific instrumentation 

and electrochemical cell design have enabled in-situ and in-operando studies of dendrite 

formation by means of confocal laser scanning microscopy, nuclear magnetic resonance 

spectroscopy, transmission electron and transmission X-ray microscopy 69-72. Synchrotron X-

ray computed tomography (SXCT) further offers an opportunity for powerful non-

destructive analytical insight capable of providing high resolution two and three-

dimensional data of electrode microstructures with a sufficiently large field of view (e.g. 500 

x 500 x 500 nm3 resolution for 5 x 5 x 5 mm3 sample size) and in a time-resolved manner. 

Synchrotron and lab-source XCT have been successfully implemented to study the 

behaviour of zinc anodes and air cathodes in zinc-air batteries during operation 73-75. 

However these publications have not dealt with the in-situ observation and quantification of 

zinc dendrite formation and dissolution in 3D. The latter is pivotal in providing mathematical 

metrics for dendrite microstructure and growth. 
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Figure 11 SEM images of five distinct Zn deposit morphologies. a: heavy spongy, b: dendritic, c: filamentous 

mossy, d: boulder and e: layer-like morphology. After 
76

. 

Chapter 5 includes a further insight into the dendrite formation in the Zn-air system. An 

investigation of zinc dendrite growth, dissolution and regrowth on bare and separator 

enclosed zinc electrodes at different length scales is presented. Regrowth and re-dissolution 

are of specific importance given that rechargeable cells are expected to run for thousands or 

more cycles of charge and discharge.  
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2.2.2.1.1 Dendrite Mitigation approaches  

To improve the cycling performance of rechargeable Zinc–air batteries, the dendritic 

morphology of electrodeposited zinc should be effectively controlled.  

Since the 1960s, many efforts have focused on characterizing and suppressing dendritic 

growth during Zn electrodeposition and different aspects which may supress dendrite 

evolution were investigated such as surface roughness, current, crystal orientation, 

separators, the use of additives and more 9,77-79. 

In this work we focus on the investigation of additive addition to the alkaline electrolyte and 

the crystallographic preferred orientation of the dendritic growth using advanced 

characterization techniques.     

2.2.2.1.1.1 Electrolyte additive  

Banik et al reported the use of branched polyethylenimine (PEI) as an effective electrolyte 

additive for suppressing dendrite growth during electrodeposition in alkaline solution 80. 

They reported the suppression of Zn dendrites using PEI and found it very effective, at a PEI 

concentration of 50 ppm or higher, dendritic morphology during Zn plating was eliminated 

(Figure 12). The PEI is suitable for supressing dendritic growth by absorbing onto the Zn 

anode surface and acting as a physical blocking barrier to supress the Zn electrodeposition 

kinetics.   
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Figure 12 Optical microscopy images of a Zn wire electrode after potentiostatic Zn electrodeposition at –1.57 

V for 30 min. Electrolyte contains 0.1 M ZnO + 4.0 M KOH with various concentrations of PEI: 0 ppm (a), 10 

ppm (b), 50 ppm (c), and 100 ppm (d) 
80

. 

They reported promising first results on the use of PEI in suppressing Zn dendrite formation 

in alkaline Zn electrodeposition, but they also pointed out that more work is needed to fully 

characterize the PEI additive chemistry. In particular, PEI stability during actual battery 

cycling is an area for further development 80.  

2.2.2.1.1.2 Crystallographic orientation   

Naybour et al characterized the crystal orientation of the electroformed Zn dendrites and 

examination of dendrites by TEM showed that they were mono-crystalline with the stem 

and side branches growing in the <1210 > directions 78. Orientation selection in dendritic 

evolution has been study extensively and fascinated researchers for many years 81, but the 

focus is on metal dendrites and not on electrochemical dendrites. Most of the studies were 

carried using TEM to determine the dendrites crystallographic orientations 82.  
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The use of the EBSD technique for the study of the crystallographic orientation of 

electrochemical dendrites is introduced in this work for the first time.   The initial idea to use 

the EBSD technique for this purpose came after observation of a cross section of a single 

dendrite using backscattered electron (BSE) signals for imaging. Different contrasts from 

different branches of a single dendrite were observed using FIB-SEM, as can be seen in 

Figure 13.b, Figure 13.c and Figure 13.d. This could indicate different crystal orientations of 

Zn from different branches. This observation can be seen by BSE image and cannot be 

observed in a secondary electron image (Figure 13.a). 

 

Figure 13 FIB-SEM images of a cross section of a dendrites a. SE image b. BSE image c. high magnification 

with sizes of the branches d. higher magnification contrast between different parts of the dendrite 
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The grain orientation contrast in this image (Figure 13) is explained by the high collection 

efficiency of the high-energy BSEs, which carry the channelling contrast information. This 

observation is a result of a fine polishing of the surface using the FIB 83.     

2.2.3 Importance of electrode structure and its real geometry 

It is important to have a method to quantitatively characterise the electrode 3D 

microstructure. As can be seen from the sketch of a battery (Figure 14) the structure of both 

electrodes is a porous 3 dimensional structure. The microstructure has a strong relationship 

to battery properties and battery performance. In most cases of electrochemical reactions 

and in particular in rechargeable LIBs, the chemical diffusion of Li ions within the bulk 

electrode material is a rate-limiting step 84. Porous structures, which act as transport 

systems facilitate the accessibility of Li ions, insertion and storage in the host sites due to 

increased surface area 85. Understanding of the real geometry of the electrode is required 

for better battery design and to better scale up from the electrode level to a cell and pack 

level. Moreover, investigating a 3D microstructure, allows interconnectivity and porosity to 

be visualised, segmented, quantified and used as a base for electrode, cell and higher length 

scale models. It is important to note that the data obtained with imaging methods have a 

resolution limitation, for instance nm scale porosity or nano particles can be undetectable. 

Ageing and failure analysis related to the microstructure could also be done using this 3D 

data. The reconstruction of an electrode by FIB-SEM tomography, followed by image 

processing, has been shown to be a useful tool for quantitatively characterising the 

electrode microstructure 18. In addition, the X-ray tomography technique is a non-

destructive technique which allows in-situ experiments, and direct and real time 3D imaging 

study of real systems.   
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Figure 14 Schematic representation of typical battery structure 
86

. 

Dual beam FIB-SEM is one of the tools used to conduct this research. This technique enables 

3D material characterisation from micro down towards nano scale resolution through 

destructive serial sectioning experiments. 3D images of the microstructure can then be built 

using images which are taken through the FIB-SEM technique. Precise ion milling through 

the electrode in combination with electron imaging can be used on various materials to 

reveal the true size, shape and distribution of microstructural features 87. Importantly, FIB 

tomographic experiments cover a length-scale that is suitable for investigating the electrode 

microstructure 87. These instruments have enabled serial sectioning tomography 

experiments to be scaled down to study of micron-scale and smaller features. These 

microscopes have the ability to focus highly energetic ions (up to 30 kV Ga+) to extremely 

small spot sizes — in the order of 5–20 nm. This small spot size in conjunction with the 

movement of the ion beam enables the controlled removal of material at the nano scale via 

ion sputtering interactions. 
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Figure 15 Schematic diagram of FIB-SEM setting. After 
88

. 

The use of micro and nano X-ray computed tomography (CT) enables non-destructive in-situ 

measurements of the electrode microstructure. The X-ray CT facilitates in laboratory (Figure 

16) and in synchrotron based (Figure 17) CT analysis of micro/nano structures and 

morphology, providing exciting opportunities to study evolutionary processes in    

electrodes 89. 

 

Figure 16 Schematic of the X-ray tomography GE Phoenix Nanotom S system | Micro CT Computed 

Tomography System (lab source based) 
90

. 
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Figure 17 Schematic of the X-ray nano tomography beam line setup (synchrotron based) at 6-2-C at Stanford. 

After 
6
. 

An example of the current work of 3D imaging of a battery anode using X-ray nano 

tomography is demonstrated in Figure 18. The anode was imaged using the beam line setup 

presented in Figure 17. 

 

 

Figure 18 (a) 3D MCMB based battery anode microstructure. (b) Microstructure of an agglomeration of 

smaller particles segmented from the bulk reconstruction 
6
. 

This example emphasises the importance of acquiring 3D images of the electrode 

microstructure, the porosity and connectivity microstructure properties were quantified. 

Moreover, this data is used to estimate the tortuosity factor, which influences the effective 
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transport properties of the microstructure. 3D images of the micro structure of battery 

electrodes could help reveal some of the mechanisms which cause battery degradation.  

 

Designing innovative battery in-situ measurements and characterisations in the sub-micron 

and in the nanoscale size are critical for the understanding of the microscopic mechanisms 

during electrochemical reactions behind battery material degradation. This is a vital key for 

the rational design of high-performance LIBs. New in-situ electrochemical experiments using 

TEM has been recently published 91. It is demonstrated that it is possible to carry out in-situ 

nano-battery experiment inside a TEM, which is a powerful tool for investigating the atomic 

and microstructural mechanisms of electrochemical energy conversion and material 

degradation in LIBs. A novel battery assembly and testing platform inside a microscope, 

which allows a direct high resolution in real time study of the structural evolution of the 

irreversible chemical processes in the electrodes, could bring new insights for better battery 

design. 
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2.3  Tomography  

Tomography is a general term referring to 3D imaging techniques, some of the techniques 

using cross sections and non-penetrating waves such as the FIB-SEM tomography where a 

physical “slice and view” approach is taken. Other techniques, such as X-ray tomography, 

acquire 3D images through the use of a penetrating wave (transmission signals) which 

interact with the matter, and are then projected and reconstructed. The Greek word for 

“cut” or “slice” is tomos and is the origin for the term tomography, the family of methods 

that generate 3D images from internal structure of an object 92.   

2.3.1 Background; the relation to battery applications 

Hundreds years ago the only way to look into the interior object was using a sharp knife to 

slice thin sections off and then draw each one, and it easily forgotten that to look into a 

patients’ body was via invasive procedures only 93. The first clinical X-ray was made in 

America more than 100 years ago, a year after Roentgen’s discovery 94.  

The advantage of tomography is that it avoids potential confusion that may arise from the 

interpretation of 2D images, as illustrated in Figure 19. This confusion is a well-known 

problem, particularly in microscopy and especially since almost all objects in nature are 

structured in 3D and not in 2D. 



58 
 

 

Figure 19 Photograph of two zebras taken so that, in one projection, they appear as one headed beast 
95

.  

The use of tomography for imaging battery microstructure has been a relatively recent 

innovation. Advances in tomography methods, specifically in spatial resolution and image 

reconstruction times, have made it possible to characterise electrode microstructure in 3D 

with a resolution of c. 10 nm using a synchrotron sources 96 or FIB-SEM 97. This provides us 

the opportunity to further develop, and apply, tomography methods for the study of battery 

electrodes, extracting microstructural data and linking this to battery performance.  The 

exact details of the relationship between geometry and battery performance remains 

unclear.   

2.3.2 X-ray computed tomography 

Characterisation using X-ray computed tomography (CT) is a non-destructive, 3D imaging 

method. Two examples of cases where non-destructive 3D imaging is critical are fragile 
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materials which cannot be sectioned (e.g. powders), or valuable materials (e.g. living 

humans, archaeology, treasure materials), which cannot be replaced 98.  

2.3.2.1 Basic principles of the method  

There are two categories of X-ray source used in modern tomography 99. The first is the X-

ray tube, which is found in lab CT systems (see Figure 16) and generates polychromatic (i.e. 

a broad range of frequencies) X-rays by accelerating electrons to a target. The target is 

made of a metal such as tungsten 100. The second type is a synchrotron source where X-rays 

are generated by accelerating electrons through magnets. In this process a high X-ray flux is 

produced, which can be refined to a monochromatic beam, allowing for various refinements 

of the tomographic method, such as phase contrast imaging (a schematic sketch of lab 

source system and synchrotron source are presented in Figure 16 and Figure 17 

respectively).     

There are different modes of X-ray CT (attenuation, phase, fluorescence, and diffraction), 

that rely on the different interactions of X-rays with the specimen. Absorption-based CT 

measures the fraction of X-rays passing through the sample and produces a map of linear 

attenuation coefficient  (cm-1) versus position. When an X-ray beam with sufficient spatial 

coherence crosses regions of different electron density within the specimen, the X-ray wave 

front interferes and provides a signal that can be used for phase contrast CT. The vast 

majority of CT is performed using absorption as the contrast mechanism. CT converts 

projections (radiographs) through a specimen into a volume of cross-sections; to 

understand how this is done, we first need to understand how contrast is measured in 

radiographs. Radiographs are maps of the spatial variation of X-ray transmission, that is, 

“shadowgraphs” of the object. Recording a series of projections through an object with 
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precisely defined rotation increments around a well-defined rotation axis in tomography is 

more complex than recording a single projection in radiography, and requires sophisticated 

reconstruction algorithms, discussed further in this chapter. 

For incident X-ray intensity I0, the intensity of X-rays transmitted through the specimen of 

thickness t is:  

𝐼 = 𝐼0 exp(−𝜇𝑡)                                                                                                                               (3)  

Where  depends on the type and number of atoms traversed by the beam, in other words 

it depends on the material type and its thickness. The ratio of  to the density, ρ, of a 

material is called the “mass attenuation coefficient” and spectra of this coefficient can be 

obtained for many materials from standard organisations such as NIST (see the example of 

Zn in Figure 20).   

 

Figure 20 X-ray mass attenuation coefficient μ/ρ of Zn as a function of photon energy. after 
101

. 
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X-ray radiography physics is based on the Beer-Lambert law (Eq. 2) 102:  

𝑁1

𝑁0
= exp [− ∫ 𝜇(𝑠)𝑑𝑠

𝑆∈𝑟𝑎𝑦
]                                                                                                             (4)  

At photon energy E, the ratio of the transmitted photons, N1, to the incident photons, N0, 

can be descried by an exponential of the integral through the sample at the corresponding 

attenuation coefficient . The attenuation coefficient measures the total loss of intensity 

including absorption and scattering. Many projection images are collected and can then be 

reconstructed back into the 3D sample geometry using a variety of methods.  

2.3.2.2  Reconstruction  

The resulting reconstructed 3D volume is an array of voxels (volume elements) with nonzero 

thickness normal to the slice plane. The input for the reconstruction is the measurement 

data from Eq. 2, and in most cases in materials science, as well in this study, this dataset is 

reconstructed using a filtered back projection (FBP) algorithm in order to generate the 

image. 98 It is therefore an extension of the back projection algorithm, which takes the line 

integral from different angles of the projected back absorption, first suggested in 1917 by 

Radon103, and then inverses the images, as illustrated in Figure 21b. The resulting image can 

include artefacts such as blurring (Figure 21b), which emphasises the need for a special 

reconstruction algorithm to reduce such artefacts. In 1984 Feldkamp et al presented the FBP 

algorithm which dramatically reduced those artefacts for originally a standard fan beam 104 

and is now also widely used for cone beams as an extension to the original case 98. As 

previously mentioned the FBP is the most commonly used algorithm and solves the blurring 
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problem (Figure 21c).  The process of generating 3D image using the back projection 

approach and FBP approach is illustrated in Figure 21.    

  

 

Figure 21 Illustration of the CT process which acquires a set of views and then reconstructs the 

corresponding image. Each sample in a view is equal to the sum of the image values along the ray that 

points to that sample. (a) The image is a small pillbox. In this Figure only three views are shown, while a 

typical CT scan uses hundreds of views at different angles. (b) Back projection reconstructs an image by 

taking each view and spreading it along the path it was originally acquired. The resulting image is a blurry 

version of the correct image and illustrates the need for a process to reduce the noise; e.g. filtering. (c) 

Filtered back projection reconstructs an image by filtering each view before back projection. This removes 

the blurring seen in simple back projection, and results in a mathematically exact reconstruction of the 

image. After 
105

. 
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2.3.2.3 Field of View (FOV) and Resolution 

Submicron X-ray tomography, termed Nano tomography, is attracting lots of attention since 

it reveals the 3D structures of very fine features at the nanometre scale length. Such 

resolution is available in X-ray systems due to the implementation of X-ray optics 106. 

Conventional X-ray CT systems, which use cone-beam laboratory sources, used to have a 

resolution limitation of ca. 1 µm. This resolution is determined as a function of the source 

spot size and the detector geometry. Recent developments both in the source and 

microscope optics have improved this resolution in lab systems, with spatial resolution of 

less than 50 nm commercially available 107. Fresnel zone-plate (FZP) focusing optics is the 

most common way to produce a magnified image on the detector 106.  FZPs are diffraction-

based lenses which can be used for both pre- and/or post-transmission focusing of the X-ray 

beam; implementation of FZP achieved resolution improvements of more than one order of 

magnitude 108. It is important to note that there is often a trade-off with the FOV, as 

resolution is increased, the FOV decreases. This trade-off can be resolved using multi-scale 

imaging with different tomographic techniques, each providing different resolution and 

different FOV, as illustrated in Figure 22 where a LFP cathode, and a LIB electrode, imaged 

by X-ray CT and FIB-SEM tomography at different length scales over different sample 

volumes, are shown.  
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Figure 22 Multi scale imaging of LFP electrode impregnated with Br-epoxy. (a) Schematic of the X-ray 

tomography GE Phoenix Nanotom S system | Micro CT Computed Tomography System (lab based). 
90

 (b) A 

schematic diagram of FIB-SEM setting is presented. After 
88

 (c)  X-ray imaging, one slice of the reconstruction 

data and (d) High resolution FIB-SEM 3D image. 

 

2.3.3 Scanning Electron Microscope   

A scanning electron microscope (SEM) is a powerful tool and one of the most versatile 

available instruments which permits the observation and characterisation of materials in the 

micron and nanometre length scales. SEM systems can generate a stable electron beam in 

two main ways, using a thermionic gun source usually a tungsten filament or LaB6 and a field 

emission gun (FEG source) which today in a more extensive use than before, enabling high 
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resolution imaging. A schematic description of an SEM column is presented in Figure 23, it 

can be seen that it involves sets of electromagnetic lenses which focus electrons using an 

electromagnetic field including apertures and specific detectors for the relevant signals.  

 

Figure 23 A diagram showing the working principle of the SEM. 
109

 

The area of the sample to be characterised is irradiated with a fine focused electron beam. 

The types of the emitted signals include secondary electrons (SE), backscattered electrons, 

Auger electrons, characteristic X-rays and photons of various energies. These signals are 

obtained from a specific interaction volume (Figure 24) which is influenced by the beam 

energy and can be used for imaging and spectroscopy to examine many characteristic such 

as composition, surface topography, and crystallography, etc. 110.  
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Figure 24 A Schematic illustrations of interaction volumes for various electron-specimen interactions. Auger 

electrons emerge from a very thin region of the sample surface (maximum depth about 50 Å). The outline of 

the volume of characteristic X-ray production is defined by the case where the energy of an electron, E, is 

just sufficient to produce X-rays requiring energy, Ec. The critical energy, Ec, varies with the X-ray of   

interest 
109

. 

In the SEM, the imaging signals are the secondary electrons and the backscattered 

electrons. Secondary electrons are low energy electrons which do not belong to a specific 

atom and their emission is confined to near the sample surface (~5-50 nm) allowing images 

to be obtained at high resolution. Recent developments made it possible to achieve sub nm 

resolution with this technique 110,111. The secondary electron resolution depends mainly on 

the electron source and the spot size of the electron beam, with a field emission source 

used for imaging nano scale structures. The backscattered electrons provide useful signals 

for imaging in SEM, being elastically scattered electrons that give compositional contrast 

depending on the atomic number of the sample. These electrons have high energy, ~0.5 of 

the incident beam energy, and they come from much deeper depth (~1 m) than the 

secondary electrons 111. In addition to the imaging signals which emerge from the 
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interaction volume (Figure 24) characteristic X-rays are emitted as a result of interaction of 

electrons from the electron beam with inner electrons (core electrons) of the inspected 

material and can be used to give analytical information by using the energy dispersive (X-

ray) spectroscopy (EDS or EDX) technique which will be described later. SEM is not a 

tomography method and when used standalone it provides 2D images only but, when 

combined with FIB milling, it can generate high resolution 3D images. 

2.3.4 EDS 

EDS is a chemical microanalysis technique used in combination with an electron microscope. 

EDS uses characteristic X-rays (see Figure 24) to provide elemental information from a 

sample, generating characteristic sets of peaks in its X-ray emission spectrum (Figure 26). 

This method is the most conventional in the area of analytical electron microscopy 112. A 

characteristic X-ray production process can be seen in Figure 10 where a primary electron 

(incident beam electron) is knocking out an inner shell electron of the sample and creating a 

hole in the core shells (in Figure 25: K shell). Electrons from the outer level (in Figure 25: L 

shell) fill the hole in the inner shell. The energy difference caused by those transitions is 

emitted as a characteristic X-ray, with a characteristic energy of the specimen atomic 

number. The spatial resolution corresponds to the interaction volume and since the X-ray 

signal emerges from a deeper volume than SE and BSE signals, it has much lower resolution. 

Therefore X-ray analysis provides complementary chemical information to the imaging 

signals.     
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Figure 25 EDS principle process of a characteristic photon emission   

The EDS detector converts X-rays into an electronic signal, proportional to the characteristic 

X-ray energy.  The EDS detector can be combined with the SEM and with the transmission 

electron microscopy (TEM). Each characterisation method yields a different spatial 

resolution (as extracted from the interaction volume, directly related to the sample 

thickness) and combining these methods brings about new analyses.  

 

Figure 26 an example of an EDS spectrum.  
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2.3.5 Dual beam tomography 

During the last 30 years, FIB instrumentation has become an important technology for a 

wide array of materials science applications, from circuit editing and TEM sample 

preparation to microstructural analysis and prototype nano-machining. Most modern FIB 

instruments supplement the FIB column with an additional SEM column so that the 

instrument becomes a versatile “dual-beam” platform (FIB–SEM, Figure 15) for imaging, 

material removal and deposition at length scales of a few nanometres to hundreds of 

microns 113. Since their inception they have been utilised in a variety of different 

applications and this work will specifically cover their use in ‘slice and view’ tomography.  

FIB instruments use an ion beam for milling away the specimen surface under vacuum. The 

ions are generated using liquid metal ion sources (LMIS) developed around the 1980s; there 

are a number of different types of LMIS sources, the most widely used being a Ga-based 

blunt needle source. Ga was chosen over other LMIS metals because of its combination of 

low melting temperature (30°C), low volatility and low vapour pressure 113. The ions are 

extracted using an electric field across a gallium-wetted tungsten needle. The capabilities of 

the FIB for small probe sputtering are made possible by the LMIS, which has the ability to 

provide a source of ions of ~5 nm in diameter 114. Accelerated Ga+ ions impact the material 

sample and kinetic energy is transferred to the specimen atoms by collisions. These 

collisions remove physical material (known as sputtering/milling) from the surface of the 

specimen as well as causing ions, electrons and electromagnetic radiation to be emitted and 

can be collected as signal. It is important to note that the Ga+ ions may become implanted in 

the specimen, causing atomic translational changes or deposits on the surface of the 

material. Before sputtering a gold thin film is usually deposited on the surface area of the 

volume of interest, which helps charge conduction and prevents unwanted ‘curtaining’. 
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These affects are artefacts caused by local charges or phase differences in the material and 

reduce the accuracy of the final three dimensional reconstructions. These instruments 

combine an ion source with a field emission electron column. The ion source is usually at an 

angle of 54° to the electron source. The electron beam can be used for imaging while ion 

milling occurs simultaneously. The columns are arranged so the two beams are coincident 

on the specimen at the same point. For ‘slice and view’ the Ga+ is only used for milling and 

the specimen is tilted so that its top surface (x-z plane) is normal to the ion beam (y-

direction). Sections can then be sputtered away (z direction) and subsequently imaged (x-y 

plane) using the electron column without reorientation of the specimen 87. The principle 

geometry is shown in Figure 27. 

 

Figure 27  Schematic of FIB-SEM tomography ‘slice and view’. 

The stack of the 2D images are reconstructed into a 3D image, the volume reconstruction is 

much simpler than X-ray reconstruction followed by image alignment (Figure 28) and 

segmentation which will discussed later in the experimental section.  
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Figure 28 Illustration of the alignment process. (a) A stack of unaligned 2D images are computationally 

aligned to a continuous 2D images as shown in (b), then the aligned stack of 2D images can be reconstructed 

to a 3D image.  

2.3.6 Electron Backscattered Diffraction (EBSD) 

EBSD is a characterisation technique which enables characteristics such as grain orientation 

and phase identification and distributions to be determined on the surface of a bulk 

polycrystalline material by acquisition of diffraction patterns 115. EBSD gives crystallographic 

data and microstructural level information along with the regular imaging capabilities of the 

SEM. Prior to the EBSD it was possible to receive structural and crystallographic data only 

using X-ray diffraction (XRD) or using electron diffraction in TEM. The technique has been 

extensively used in metallurgical and materials laboratories in recent years. The most 

attractive feature of EBSD is its unique capability to perform fast automatic diffraction 

analysis and this technique become the backbone of most microstructure research. It is the 

most suitable and widely used experimental technique for the determination of 

microstructure texture and orientation of crystalline materials 116. The EBSD system 

generally consists of a sensitive CCD camera and an image processing system for pattern 

averaging and background removal as shown in the schematic diagram (Figure 29). The 
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EBSD software will solve the diffraction pattern combined with imaging it can directly link to 

the microstructure and then to generate a crystal orientation map.    

 

Figure 29 Schematic diagram of a typical EBSD installation 
117

.  

One of the most common limitations on the performance of modern commercial EBSD 

systems is the quality of the pattern obtained after sample preparation 118. The 

backscattered electron signal increases with the atomic number (z) of the sample. Hence, 

the quality of the diffraction pattern increases with z, which also effects the spatial 

resolution 119.  The diffraction pattern (see example in Figure 30) comes from the near 

surface layer and in many cases an electro-polished surface is required, though at times a 

good mechanical polish is enough for hard materials. The EBSD patterns are formed from a 

depth of 10-50 nm, and any residual surface deformation introduced during the preparation 

must be minimized to maximize pattern quality. The goal of EBSD sample preparation is to 

yield a flat deformation free surface that gets the most out of the pattern quality from the 

entire surface 118. 
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Figure 30 EBSD pattern from an Mg alloy 
118

.  
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3. Experimental  

Lithium Iron Phosphate (LFP) LiFePO4 is a promising electrode material for future Li-ion 

batteries for electric vehicles and energy storage applications. Commercial LFP electrodes 

will be used as the basis for this study. This interest is motivated by the many advantages of 

this compound, which include lower cost than that of original presented LiCoO2 cathode 120, 

excellent cycle life and most significantly a high intrinsic safety and environmental friendly 

(the strength of the P–O covalent bond rules out any risk of oxygen release) 4. It is however 

a very challenging material to image. Cooper et al were amongst the first to study the 3D 

microstructure of a LFP electrode using synchrotron X-ray microscopy 39. They point out that 

high resolution (typically <100 nm) is required to accurately capture the LFP structure, which 

could be achieved by using FIB-SEM techniques, where sufficient resolution and contrast 

have been achieved to discriminate between the active material, binder and pore phases.  

In order to investigate dendrite growth, which is one if the main failure mechanisms in 

metal-air systems, an innovative Zn-air cell has been designed that enables in-operando 

measurements and characterisation at the sub-micron and in the nanoscale size. A novel Zn-

air half-cell assembly and testing platform inside an X-ray device was designed; which allows 

the non-destructive study of the structural evolution of the irreversible chemical processes 

in the cell by means of high resolution characterisation in real time. The in-situ X-ray 

tomography and radiography characterisation were carried out at the Diamond synchrotron 

light source in the Rutherford Complex at Harwell, UK at I13 beam line. Along with using 

synchrotron radiation for in-situ 3D imaging, in-situ and ex-situ experiments were carried 

out using lab base source radiation as well as FIB-SEM tomography.   
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Furthermore, in order to investigate the real time volume expansion of silicon anodes during 

lithium intercalation, cutting edge Si-Li half-cell in-situ characterisation experiments in the 

sub-micron and in the nanoscale size have been designed and conducted.  

3.1 3D Imaging Characterization tools  

3D imaging characterization tools were used to evolve the real microstructure of battery 

materials. FIB-SEM tomography and the X-ray tomography were found to be the most 

suitable 3D imaging techniques to provide the necessary information on battery 

microstructure, especially at the electrode level where micron and submicron-sized particles 

are present, and reveal a better understanding on those features at the micro and nano 

scale level.    

3.1.1 FIB-SEM tomography  

Sample preparation for FIB-SEM analysis is similar to SEM sample preparation; the sample is 

mounted on a specimen stab using silver paste or a carbon tape then, in a case of non-

conductive sample, it is coated with gold or other conductive metal or carbon to prevent 

charging during imaging under the electron beam. The samples in this thesis were coated 

using a gold sputtering unit; a 10 mA current was applied for 2 min to provide an ultrathin 

gold film to prevent charging. Porous samples were vacuum impregnated with epoxy to 

improve the imaging (better contrast, fewer artefacts and the ease of segmentation) by 

encapsulate the samples without changing their dimensional or functional characteristics121. 

The conventional approach is to mix the C-epoxy resin SpeciFix-20 (Struers, Copenhagen, 

Denmark) with its hardener inside a clean plastic container in a ratio of 25:3 respectively. 

Gentle mixing was used for 2 minutes in order to avoid bubble formation. After mixing, the 
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epoxy was poured onto the porous sample and then vacuum impregnated at a pressure of 

0.9 Bar for 10 minutes using a CitoVac vacuum impregnation unit (Struers, Copenhagen, 

Denmark). The sample was left for 24 hours to let the epoxy fully cure. Excess of epoxy was 

removed prior to imaging in order to avoid charging artefacts. Sample was cut using an 

Accutom 50, (Struers, Copenhagen, Denmark), an automatic precision cut-off machine.  The 

FIB-SEM system used the most was the Auriga 40, equipped with a Gemini FE-SEM column 

(Carl Zeiss, Oberkochen, Germany), the SEM column is coupled with a Ga+ ion FIB. A 

secondary electron detector was used for the microstructural observation with an 

acceleration voltage around 1 to 5 kV. 3D imaging was conducted using FIB-SEM 

tomography, which sections an exposed surface of a specimen using a Ga+ ion beam prior to 

imaging the surface with a high resolution electron beam. 

3.1.2 X-ray tomography  

X-ray tomography using a lab based source is used in this study and well described in the 

literature review chapter. Lab source x-ray micro tomography (XMT) systems such as the GE 

Phoenix v|tome|x in the research complex at Harwell, Diamond and the GE Phoenix 

Nanotom S in the department of Earth Science at Imperial College were used in this 

research. 

Varied numbers of projections were captured over a 360° angular range and a filtered back 

projection tomographic reconstruction was performed in order to obtain the 3D structure of 

the samples. The projections were reconstructed using a weighted Fourier back projection 

algorithm and ring artefact correction algorithm 26,104.  
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Along with lab source XMT, in-situ and ex-situ X-ray tomography and radiography 

characterisation was carried out at the Diamond synchrotron light source in the Rutherford 

Complex at Harwell, UK at I13 beam line.    

3.2 Contrast improvement for carbon materials 

A fresh commercially available LFP cathode, manufactured by Hydro Quebec, was used as 

the basis for the study, which aimed at improving the 3D imaging of the electrode structure 

by developing a method for contrast enhancement between the different phases present in 

the electrode. The LFP electrode is a model system for other electrodes contain carbon 

phase or carbon systems as well. The sample preparation process for imaging by FIB-SEM 

tomography was done according to that reported in a previous study.22 A small section of 

the electrode sheet was cut and mounted onto an SEM specimen stub (Agar) using silver 

paste (Agar) and coated with gold prior to characterization. The sample was characterised 

using SEM to capture the electrode microstructure and the shape, size and the distribution 

of the particles. A reference sample was epoxy impregnated in order to improve the 

contrast between the phases, which improves the quality and speed of the segmentation 

process 88.  

Prior to FIB-SEM imaging, the sample was mounted in an X-ray Micro tomography system, 

Phoenix nanotom S, (GE, Boston, USA) for direct imaging/ tomography, operated at 70 kV. 

The 3D structure of the LFP electrode was reconstructed using 1200 projections captured 

over a 360◦ range and a filtered back projection algorithm; producing a final voxel size of 

1.2 μm.  
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The sample was characterised using SEM to capture the electrode microstructure and the 

shape, size and distribution of the particles. The FIB-SEM system, NVision 40, was equipped 

with a Gemini FE-SEM column (Carl Zeiss, Oberkochen, Germany), a zeta FIB column (SIINT, 

Tokyo, Japan) and a multichannel gas injection system (SIINT). An in-lens secondary electron 

detector was used for microstructural observation with an acceleration voltage around 1 to 

2 kV. The impregnation quality and the contrast enactment were investigated.  

3D imaging of the LFP electrode was then conducted using FIB-SEM tomography, which 

sections an exposed surface of the specimen using a Ga+ ion beam prior to imaging the 

surface with a high resolution electron beam. The process is sequentially repeated at 

regularly spaced intervals until a 3D volume size has been acquired for analysis, as detailed 

in several studies 22,88. A final volume of ∼10 m × 4 m × 1 m with voxel size of 10 nm was 

produced following image alignment, foreshortening corrections and reconstruction.  

In order to improve the segmentation process and the ability to distinguish between the 

phases, the porous electrode was vacuum-impregnated with three types of epoxy: 

i)  A C-epoxy resin SpeciFix-20 (Struers, Copenhagen, Denmark), extensively used for 

impregnation.  

ii) A Si-epoxy resin ELASTOSIL RT426 catalysed by T-40 (Wacker Chemie AG), which was first 

used by Ivers-Tiffée et al 15.  

iii) A novel Br-epoxy. The Br-epoxy was produced by the reaction of Brominated Bisphenol A 

diglycidyl ether (Sigma Aldrich, St. Louis, Missouri, United States) and 3-Diethylamino 

propylamine (Sigma Aldrich, St. Louis, Missouri, United States), referred to as Br-BADE and 

DAPA respectively in the following, and their chemical structure is described in Figure 31. 7 

gr of BADE were heated above its melting point to 200 ⁰C. After 5 min at this temperature, 2 

https://www.google.co.uk/search?num=20&espv=2&q=st+louis+missouri&stick=H4sIAAAAAAAAAOPgE-LUz9U3sLC0SK5U4gAxzcoryrW0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxQDMHhGVQwAAAA&sa=X&ved=0CLMBEJsTKAEwG2oVChMIotWd0eaFyQIVxFIUCh0z4g6d
https://www.google.co.uk/search?num=20&espv=2&q=st+louis+missouri&stick=H4sIAAAAAAAAAOPgE-LUz9U3sLC0SK5U4gAxzcoryrW0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxQDMHhGVQwAAAA&sa=X&ved=0CLMBEJsTKAEwG2oVChMIotWd0eaFyQIVxFIUCh0z4g6d
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ml of DAPA were added and mixed for 5 min and then poured onto the sample and vacuum 

impregnated.  

The resulting samples were compared in terms of contrast, impregnation quality and phase 

identification and the result are summarised in table 1 in the result chapter 4.  

The infiltrated LFP cathode samples with Si-epoxy and with Br-epoxy were then 

encapsulated in C-epoxy to provide additional mechanical stability.  

 

Figure 31 Chemical structures of (a) epoxy resin (Brominated -BADE) and (b) curing agent (DAPA) used for 

pore-filling of LFP electrode 
122

. 

A fully automated segmentation process was carried out using only a grey level thresholding 

using Avizo Fire software.  Alignment of the SEM images followed median noise filtering to 

equalise the greyscale, using Avizo.  

Caesium Iodide incorporated with the polymer Polyethylene oxide. PEO(CsI) was 

synthesised in the lab and a complex of CsI was obtained by mixing CsI salt in molten PEO in 

order to develop another type of material, which can increase the contrast of carbon 

materials. The resulting polymer was used to impregnate carbon fibre electrodes to increase 

imaging contrast. Figure 32 demonstrates evidence of a poor impregnation quality with very 

low mechanical properties and stability as well as segregation of the CsI (shown as a yellow 

phase in Figure 32a) from the PEO polymeric matrix. 
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Figure 32 PEO(CsI) (a) two sides of a piece of a carbon fibers sample which vacuum impregnated with 

PEO(CsI) and (b) the sample in (a) was cut and was embedded in C-epoxy to give additional mechanical 

stability.  

The Br epoxy was impregnated into carbon felt and carbon fibres in order to improve 

imaging quality, mainly in FIB-SEM of carbon materials which are in extensive use for 

electrochemical devices.   

3.3  Zn dendrite formation 

The Zn-air system was chosen for investigating dendrite formation in battery systems, which 

can be an important degradation mechanism.  An in-situ X-ray tomography electrochemical 

cell was constructed inside of a 6 mm wide Kapton® polyimide tube with a 5 mm zinc rod 

(Goodfellow, London, UK) as anode and a dense carbon hollow tube (Goodfellow, London, 

UK) as cathode. The end of the zinc anode, where the reaction took place, was machined 

into a tip of c.a. 200 m diameter. The electrodes were physically separated from each 

other by 5 mm, since no membrane was employed. The aqueous electrolyte containing 5M 



81 
 

KOH and 0.15 M ZnO was added once the cell was assembled (Figure 33). The cell was 

cycled at a constant current of 10 mA (20 mA/cm2 for the conically shaped zinc working 

electrode – used to minimize the attenuation distance of X-rays through the electrode for) 

both zinc deposition and dissolution using a VERTEX, (Ivium, Eindhoven, Netherlands) 

potentiostat at room temperature and ambient pressure. Each half cycle (either charge or 

discharge) was carried out for 15 minutes.  

 

Figure 33 Zn-air cell schematic construction, after 
26

 

 

3D imaging and tomography of the cell was carried out using a GE Phoenix v|tome|x (GE, 

Boston, USA) X-ray Microtomography (XMT) microscope. The electrochemical cell was 

inserted into the GE Phoenix v|tome|x XMT system (Figure 34) to provide a pixel size on the 

projected image of 9.3 µm. Electrical wires were attached to the cell to allow a controlled 

current resulting in the formation Zn dendrites. The current was controlled by a 
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potentiostat-galvanostat. After several minutes, dendrite growth was observed; after 40 

minutes the current was stopped, electrical connectors were removed and an X-ray 

tomography scan was performed by rotating the sample. 602 projections were captured 

over a 360° angular range and a filtered back projection tomographic reconstruction 

performed in order to obtain a 3D structure of the tip with the dendrites.  

 

Figure 34 GE Phoenix v|tome|x  X-ray microtomography system (a) the Zn-air cell inserted to (c) a close-up 

look into the X-ray system (b).  

Along with analysis using lab source XMT, radiography imaging of the operating cell was 

performed at the Diamond Light Source using the Diamond-Manchester imaging beamline 

I13-2. 3D tomography imaging was carried out at the same beamline at the end of each 

deposition-dissolution step with the cell held at open circuit voltage (OCV). The imaging was 

taken at a voltage of 22 KeV.   

 3.3.1 Single dendrite  

A new methodology was developed to capture high resolution 3D images of a single Zn 

dendrite. This was achieved by cutting a small piece of carbon tape and attaching a single 



83 
 

dendrite onto it under a microscope (Figure 69). The dendrite was then covered with a 

micro drop of epoxy of a volume of 0.5- 20 l using a micropipette to ensure its mechanical 

stability during the FIB-SEM slice and view process (Figure 69). 

Prior to modelling, the measured 3D microstructure of the dendrite with the neck 

connecting to the square base was converted into a volumetric finite-element (FE) mesh 

using Simpleware ScanIP combined with adaptive meshing strategy (Simpleware, Exeter, 

UK). After meshing, the model was imported into ABAQUS CAE for static loading simulation. 

The base of the model was fixed with no displacement or rotation permitted. One of the 

branches near the top of the dendrite was statically loaded with a point force parallel to the 

base plane for the simulation of the bending process performed in accompanying micro-

mechanical measurements using micromanipulator, Kleindiek Nanotechnik, (Reutlingen, 

Germany).  The in-situ micro bend test was carried out using the MM3A-EM 

micromanipulator shown in Figure 73a inside an Auriga 40 FIB-SEM for high resolution 

imaging simultaneously to the bending test, and is described in detail elsewhere 123,124. In 

this study, a mechanical model of a single dendrite is demonstrated; the dendrite is 

considered as polycrystalline zinc, with a Poison’s ratio of 0.26 and an elastic modulus of 97 

GPa 125, with the assumption that the polycrystalline zinc is isotropic, linear and elastic. A 

maximum principal stress criterion was considered in this study to identify the critical stress, 

and hence, the critical force required to fracture this particular single dendrite. 

3.3.2 Mitigation approach 

New modifications of the original sample were carried out in order to preform new insights 

on supressing the dendritic growth.  
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3.3.1.1 EBSD – Preferred crystallographic orientation  

Zinc dendrites were grown using the same cell (Figure 33) on the Zn tip, the cell was 

disassembled, the electrolyte was rinsed and then the Zn tip was filled with epoxy to cover 

the dendrites. After the epoxy solidified, the tip was cut to two parts (Figure 35) and was 

then mounted in Bakelite to ease polishing while holding the sample. 

 

Figure 35 the Zn rod with a tip head was sectioned to two parts  

The samples were polished mechanically with 1 μm diamond paste and colloidal silica to a 

mirror finish. These obtained samples were mounted on standard aluminium stubs and 

examined in a JEOL JSM 6500-F SEM. The crystallographic information was obtained using a 

TSL EBSD system. 20 KV accelerating voltage and ∼17 nA current were used to scan 

different area sizes in a range of 100 m2 – 1 mm2, in several samples. High quality EBSD 

patterns (4×4 hardware binning, zero gain and zero black level) were recorded to 12 bit 

depth 225 pixel × 225 pixel images using a Digiview II camera. 
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3.3.1.2 Electrolyte additives 

The cells presented in Figure 33 were modified and only a small area, 0.0314 mm2, of the Zn 

tip took part in the reaction. The idea is to carry out in-situ X-ray imaging experiments and 

to focus only in a small area, in higher resolution and higher FOV than previous experiments.  

The modification steps that were taken are shown in Figure 36, first the cell was filled with 

epoxy to cover the Zn tip (Figure 36a), the excess epoxy material above the tip was removed 

using an Accutom 50 (Struers, Copenhagen, Denmark), and then a mechanical polished was 

applied to produce a flat surface with an area of 0.0314 mm2 and to expose a small area of 

the Zn tip (see Figure 36b). 

 

Figure 36 Schematic illustration of the new cell design (a) at the first step, the original cell which described in 

Figure 33 is filled with epoxy. (b) The tube was cut and polished - on the top, a plan view of an epoxy 

surrounded Zn tip, with a diameter of 200 m, is shown.  

Similar conditions to those described in section 3.3 were introduced in order to carry out in-

situ imaging using a Phoenix nanotom S (GE, Boston, USA), as shown in Figure 34. The 
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dendritic growth was observed using a modified Zn-air cell without additives in the 

electrolyte and in the presence of 100 ppm of PEI in the electrolyte. Since the tip or the 

active area is much smaller than that of the one in previous experiments (i.e. only a circle 

with a 100 m radius compared to the whole tip), 2 mA current was enough to observe 

massive dendrite growth, as can be seen in chapter 5.6.1.   

 

Figure 37 Zn-air modified cell inside X-ray Micro tomography system, Phoenix nanotom S, (GE, Boston, USA).   

3.4  Si based anodes for lithium-ion batteries 

In order to be able to investigate volume expansion in battery materials, in-situ imaging of a 

silicon anode was carried out. A customized Si-Li half-cell was designed and assembled 

(Figure 38) for this purpose. Lithium metal was used for the anode and a silicon-carbon 

mixture was used for the cathode. Ionic liquid made from 0.3 M LiTFSI (Lithium Bis 

(Trifluoromethanesulfonyl) Imide) in PYR14 TFSI was chosen as the electrolyte for its low 
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ionic resistance and low X-ray attenuation. Copper rods were employed as current 

collectors, where the silicon side was machined into a conical tip to minimize the 

attenuation distance of X-rays through the electrode. The active materials were enclosed by 

a Kapton® polyimide tube and sealed air-tight using a Torr® epoxy seal. Kapton® tubes were 

used for their low X-ray attenuation. For the purpose of this investigation, the half-cell was 

made cathode limited at approximately 200 – 400 µAh capacity (0.1 - 0.2 mg of silicon 

slurry). The final design was 6mm in diameter and 53 mm in length.  

The silicon electrode was made by dip coating the copper current collector into the silicon-

carbon slurry and then drying in a furnace. The cell was assembled inside a glove box filled 

with argon to avoid oxidization of lithium metal with air. The sample was mounted in a 

holder in-line with the X-ray beam and subsequently connected to an Ivium VERTEX (Ivium, 

Eindhoven, Netherlands) potentiostat to control the current. A galvanostatic charge current 

of 100 μA was applied to the cell for ca. 1 hour, whilst monitoring voltage and 

simultaneously imaging the battery anode using X-rays. Direct 3D imaging and tomography 

of the cell were carried out using a GE Pheonix v|tome|x (GE, Boston, USA) X-ray 

Microtomography (XMT) microscope. The electrochemical cell was imaged at the same GE 

Phoenix v|tome|x XMT system (See above) and the X-ray tube was operated at 70 kV to 

provide a brehmstrallung spectrum with sufficient contrast between the silicon, electrolyte 

and the copper components in the cell. Electrical wires were attached to the cell to allow a 

current to flow, lithiating the silicon cathode. After ca. 1 hour the electrode was partially 

lithiated and delamination was observed, then the current was stopped, electrical 

connectors were removed and an X-ray tomography scan was performed by rotating the 

sample. The projections were captured over a 360° angular range and a filtered back 
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projection tomographic reconstruction performed in order to obtain a 3D structure of the 

final partially lithiated electrode, surrounding electrolyte and copper current collector over 

a volume (8 mm)3. The projections were reconstructed using a weighted Fourier back 

projection algorithm and ring artefact correction algorithm.  

Radiography imaging of the operating cell was performed at the Diamond Light Source using 

the Diamond-Manchester imaging beamline I13-2. 3D tomography imaging was carried out 

at the same beamline after lithiation of the Si anode. The imaging was undertaken at a 

voltage of 22 keV.   

 

 

Figure 38 Si-Li half-cell schematic construction 
26

. 

In conclusion, novel experimental methods have been developed in this thesis to improve 

imaging conditions such as imaging contrast and resolution. Additionally, an innovative 

system for in-operando imaging experiments has been developed and tested on various 

battery systems, mainly on LiBs, Si-Li and Zn-air. These new methods and system provide a 
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better understanding of the degradation mechanisms in relevant materials for batteries and 

energy storage systems, which is directly relevant for both industrial applications and opens 

up new research prospects.         
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4. Contrast enhancement of composite electrodes containing carbon 

Imaging porous composite battery electrodes which contain carbon is a challenging task. As 

discussed earlier, imaging of carbon materials using FIB-SEM and X-ray tomography is 

challenging due to damage caused by the ion beam during interaction with carbon when 

using FIB-SEM, and the low attenuation coefficient of carbon when using X-rays. For X-ray 

imaging, this problem becomes even more challenging when the material is porous since 

the pore phase and the carbon phase have similar attenuation coefficients, as seen in Figure 

39.  

 

Figure 39 X-ray mass attenuation coefficient μ/ρ of (a) Carbon and (b) Air as a function of photon energy. 

After 
101

. 

A novel approach to enhanced imaging of lithium ion battery electrode materials was 

developed here for an LFP electrode containing carbon.  

The sample shown in Figure 3 was impregnated with each of the three different epoxies 

described in the experimental section (C-epoxy, Si-epoxy and Br-epoxy). The quality of the 
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impregnation and the ability to efficiently resolve different phases were the basis for 

comparison among the different types of epoxy.  

4.1 X-ray imaging 

A previous synchrotron study of LFP presented a reconstruction of the LFP and pore phases 

only, without resolving the carbon black phase due to lack of contrast (Figure 8). Cooper et 

al reported considerable difficulty in distinguishing this important phase from the bulk 

cathode 39.  

Recently, a few studies have utilised the addition of additives to the inspected specimen in 

order to increase contrast from X-ray tomography. For instance, LiI was selected to enhance 

the contrast between graphite and binder 126 while in another example KI was used to 

guarantee high contrast between air, fluid, and rock particles 127.   

Here we present a novel method of enabling contrast differentiation between the pore/air 

and the carbon phase via Br-epoxy impregnation 25.  The comparison between attenuation 

coefficients between Br and carbon can be seen in Figure 39 and Figure 40. A tungsten 

source generally used in X-ray lab CT machines, gives characteristic radiation energy around 

60 keV. At that energy the difference between the attenuation coefficients of Br and carbon 

is more than an order of the magnitude allowing the carbon, and the pores filled with Br 

epoxy, to be resolved. 
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Figure 40 X-ray mass attenuation coefficient μ/ρ of Br as a function of photon energy. After 
101

. 

A four-layer epoxy sample was prepared to examine the efficacy of the three considered 

epoxies under X-ray imaging – C-epoxy, Si-epoxy, Br-epoxy and again C-epoxy are all shown 

in Figure 41a. The reasons of consider these three epoxies is explained in the experimental 

section. It was found that the Br-epoxy had the best contrast enabling an easier 

segmentation process and an improved ability to distinguish between different phases 

under X-ray imaging (Figure 41b).  
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Figure 41 (a) an image of a four-layer epoxy sample (b) GE Phoenix nanotom S X-ray imaging –contrast of the 

different epoxies, in one slice of the 3D reconstructed data set 

Therefore the LFP electrode was vacuum impregnated with Br-epoxy and compared to the 

non-impregnated LFP electrode. Under X-ray imaging the non-impregnated sample did not 

show any contrast between the Al current collector and the LFP layer (Figure 42a region 

1+2) while the Br-epoxy impregnated LFP showed sufficient contrast to distinguish between 

the Al and the LFP (Figure 42b region 1 and region 2). Good contrast was also seen between 

the Br impregnated LFP and the Br-epoxy without LFP, represented by region 3 in Figure 

42b. Although the Br epoxy delivers better contrast for the LFP electrode under X-ray 

imaging which provides a non-destructive route for large field of view, large volume 3D 

imaging, the lab based X-ray tomography used does not have sufficient resolution to 

quantify the tens of nanometre size particles that are present.   
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Figure 42 GE Phoenix nanotom S X-ray imaging, one slice of the reconstruction data (a) LFP electrode 

without impregnation (b) Br-epoxy impregnated LFP electrode. Area 1 represents the Al current collector, 

area 2 represents the Br-epoxy impregnated LFP and area 3 is only Br-epoxy without LFP 

4.2  FIB-SEM imaging  

Figure 42b (area 2) was taken using X-ray imaging at a 1.2 m voxel size resolution. It 

reveals the sample to be homogeneous, with no outstanding features observed except for a 

fine crack resulting from sample preparation. Finer features may be further investigated 

using higher magnification and resolution imaging methods. FIB-SEM tomography provides 

high resolution 3D images, which may reveal information otherwise not accessible with 

conventional lab source X-ray tomography.  

The same sample used in previous x-ray imaging was found to be suitable for additional 

inspection and therefore further investigated using FIB-SEM tomography at higher 

resolution, down to tens of nanometres. This resolution allows for the examination of finer 

particles and differentiation of the phases involved (Figure 3). 
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4.2.1 The choice of the imaging detector  

SE in-lens, conventional SE, and BSE detectors can be used for imaging during FIB milling. In 

this study, an image was taken at low voltage using SE In-lens detector and at a minimum 

working distance to deliver a high quality image. In-lens detector imaging works best for LFP 

samples as well as for several SOFC electrode materials and provides a clear contrast to 

distinguish the different phases 21,22,128. The in-lens detector is located inside the electron 

column of the microscope and is arranged in rotational symmetry around the optical axis. 

The secondary electrons are collected with high efficiency, since high a magnetic field at the 

pole piece is present. At low voltages and at small working distances, images with high 

contrast can be obtained. In addition to the information about morphology and surface 

topography from the typical contrast of a conventional SE detector, the in-lens detector 

images provide differences in the work function (e.g., electronic variations) of the sample 

with a higher lateral resolution than a conventional SE detector 129. Moreover, the in-lens 

detector observes the sample from right in front of the cross section during milling, while 

the conventional SE detector observes the sample with a tilted angle; therefore the 

conventional SE detector collects the information of the surface roughness to some extent, 

which is unnecessary, or sometimes even problematic for phase segmentation. 

4.2.2 Impregnation quality 

While the C-epoxy and the Si-epoxy have already been used and found useful in terms of 

impregnation quality, filling most of the open pores and generating one homogenous pore 

phase, the Br-epoxy had not previously been reported or used, so it was important to 

analyse these characteristics prior to studying any contrast improvement. It is also 
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important to note that cutting and polishing the impregnated Si-epoxy to achieve a smooth 

finish is quite difficult since the Si-epoxy is relatively soft. 

The Br-epoxy was found to be particularly attractive in terms of its impregnation quality as 

the epoxy consists of only one homogeneous and uniform phase without segregation, as 

shown in Figure 43. This epoxy is stable under the electron and the ion beam, and does not 

result in any major charging effects or related artefacts, unlike the previously used carbon 

and silicon based epoxies (Figure 44 and Figure 45). 

 

Figure 43 In-Lens SE SEM micrographs emphasising the impregnation quality of the Br-epoxy as one 

homogenous phase (a) and (b) a magnified image of a region of interest 

Figure 43 emphasises the impregnation quality as the left side of Figure 43a shows the LFP 

electrode impregnated with Br-epoxy, while the right side of Figure 43b shows the epoxy 

itself which can be seen to be dense and highly homogenous at the given resolution. The 

blue rectangle in Figure 43a is shown in higher magnification in Figure 43b but not yet 

sufficiently magnified to distinguish individual particles.  



97 
 

4.2.3 Charging and artefacts 

 
Figure 44 Cross sectional In-Lens SE SEM images of LFP electrode microstructure impregnated with (a) C-

epoxy (b) Si-epoxy (c) Br-epoxy 

A common problem with imaging is that artefacts manifest during the ‘slice and view’ 

process 88, especially with porous materials due to the difference in density of the phases; 

uniform milling of the observation surface is then a challenging task. Some vertical lines, 

which are caused by preferential milling under the ion beam, often appear on the lower half 

of the cutting plane. They can cause local brightness change, or introduce artefacts 

impacting the imaging of the microstructure of the cathode 88, creating difficulties in 3D 

image reconstruction. In Figure 44a, these lines, called the “curtaining effect” 130 as well as 

bright spots caused by localised charging, are visible. Imaging of the sample impregnated 

with the Si resin is not an easy task; with both severe charging and drifting problems were 

evident, especially at low scan speeds, resulting in a distorted image (Figure 44a). Small 

image drift is an unavoidable problem during image acquisition but a severe drift can 

adversely impact the image alignment essential for the quantitative analysis of 

microstructures. 21 High scan speeds result in a low image quality (Figure 44b), but are 

needed when severe drifting is otherwise observed at low scan speeds (Figure 45a).  
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Figure 45 In-Lens SE SEM Cross sectional images of LFP electrode impregnated with Si epoxy (a) low scan 

speed caused drifting (b) additional osmium coating to prevent drift in (a), and (c) low scan speed image 

showing a higher magnification image of the blue rectangle in (b). 

Coating the sample with Osmium was then carried out before beginning the milling and 

imaging sequence to minimise the charging and drift effects. Although the re-coated sample 

had a better stability under the beam, the charging problem of the Si-epoxy still exists, as 

can be seen in Figure 45b and Figure 45c. 

The Br-epoxy impregnated electrode did not show any imaging artefacts, such as drift or 

charging (Figure 44c). Hence, slower scan speeds were possible and higher-quality and 

higher-resolution images were captured. A better signal to noise ratio was achieved, 

resulting in a better quality image in terms of sharpness and clarity, which enables a fully 

automated segmentation process.  

4.2.4 Contrast and ability to distinguish the different phases  

It can be clearly seen from Figure 44a that it is difficult to distinguish between the carbon 

epoxy (pore) phase and the small carbon black particles due to lack of contrast between the 

carbon particles and the C-epoxy. In contrast to the C-epoxy, the Si-epoxy (Figure 44b) 

appears to show a clearer contrast to the carbon black particles, but is still not sufficient to 

separate the phases without overlapping, resulting in a more difficult image segmentation 

process. In addition, a charging problem is still observed, as discussed previously.  
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A histogram of the distribution of the pixel intensity values for the SEM micrographs of each 

of the three samples is presented in Figure 46. Each pixel has a value that represents the 

brightness of the pixel. A peak in the histogram indicates a grey scale level that can be 

associated with a given phase; hence a well resolved image will contain one distinct and 

resolved peak in the histogram per phase of interest.  

The three different phases can be clearly distinguished in the Br-epoxy impregnated sample, 

and they were also confirmed by the pixel intensity histogram (Figure 46). In the histogram 

of the C-epoxy (Figure 46b) it is difficult to distinguish between peaks without overlapping 

areas, which is not favourable for segmentation in comparison to the histogram of the Br-

epoxy (Figure 46f). In the histogram of the Si-epoxy (Figure 46d) only one broad peak is 

shown without indication of the presence of individual peaks that are overlapped across the 

greyscale. As a result the automated segmentation of the image is extremely difficult. 

However, the histogram of Br-epoxy shows 3 different brightness regions and two distinct 

peaks, which enable much improved image processing and segmentation, a precursor for 

high resolution 3D imaging and quantification. The carbon black particles which represent 

the lowest brightness region are only present in a small amount in the analysed sample; 

hence the intensity from this region is relatively lower. The PVD binder is likely to be an 

ultra-thin layer below the resolution limit; hence it cannot be distinguished using these 

techniques.    
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Figure 46 (a) High resolution In-Lens SE SEM image of the LFP impregnated with C-epoxy (b) a graphical 

representation of the distribution of the pixel intensity values (histogram) of the left image (a). (c) High 

resolution SEM image for LFP impregnated with Si-epoxy, (d) histogram of (c). (e) High resolution SEM image 

of LFP impregnated with Br-epoxy, (f) histogram of (e) 
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The Br-epoxy appeared to be the best epoxy among the three investigated in this study in 

terms of image quality (Figure 46e) and contrast enhancement without large areas of 

brightness overlapping (Figure 46f). 

 

Figure 47 EDX analysis of LFP electrode impregnated with Br epoxy showing the presence of Br, C black 

particles and LFP active material particles   

Energy dispersive X-ray (EDX) spectroscopy inspection (Figure 47) confirmed that the dark 

particles were carbon particles. Although P and Fe were indicated in the grey phase, Br 

intensity is significantly higher in this phase than other areas, which confirms the grey area 

is the epoxy/pore. Strong P and Fe peaks were observed in the brightest areas, which 

represent the LFP particle. Since Li is a light element and the X-ray fluorescence yield 

probability is very low, it was undetectable using the EDX analysis. The work shows that the 
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Br-epoxy has the ability to distinguish between different phases present in an LFP composite 

cathode.  

4.2.5 Advanced quantification and significance of results 

A fully fast automated high resolution 3D image segmentation of 50 cross-section images 

which took only a few minutes was applied. Importantly, no time consuming manual 

segmentation was required due to the high quality contrast images. This was shown to be 

an issue in previous studies as the carbon black and epoxy-filled pores had similar      

contrast 18. This also eliminates any human error or unconscious bias in the data analysis.   

To the authors knowledge the resulting reconstructed 3D image (Figure 48) represents the 

highest resolution 3D image reported for LFP electrode materials (ca. 10 nm lateral (x-y) 

spatial resolution and 15 nm longitudinal (z) spatial resolution), with the ability to image 

tens of nanometre-sized particles.   

High resolution imaging often reduces the field of view acquired for a given sample. In this 

study a 10 nm lateral and 15 nm z-depth voxel size was achieved, with an average of 20 LFP 

particles resolved in the x,y, and 5 in the z, direction.  It is generally accepted that at least 7-

10 particles along a given axis need to be analysed for the sample to be taken as being 

volume representative (30). Hence in this work, with an average particle size of carbon and 

LFP of < 200 nm, and field of view of 10 m × 4 m × 1 m, the imaged volume can be 

considered representative of the bulk electrode in the x and y directions, but the data 

quantified in the z direction may not be fully representative.   
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Figure 48 high resolution 3D image with 15 nm spacing and 10 nm pixel size (Blue –LFP phase, yellow – 

carbon black phase) 

In a previous study there was an attempt to quantify various phases with a particle size 

distribution. 131  However, given the excellent imaging quality attained here, it was possible 

to apply more robust algorithms for particle separation and advanced quantification to 

break down the complex 3D structure of the LFP phase (Figure 49) and the carbon phase 

(Figure 50b) using proprietary software QuIQ 3D (IQM Elements, London, UK) a 

development of the utilities by ITK Kitware (Kitware Inc, New York, USA)132 described 

elsewhere.133,134 In doing so, particle sizes, shapes, distributions as well as their interfaces, 

and the number and nature of neighbouring particles were quantified. The size of the 

particles of each phase is shown in Figure 51. It can be seen that the particle size 

distribution of the carbon black particles is not uniform, which potentially may cause 

localised performance loss and degradation of such electrodes.135 Furthermore the spatial 
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distribution of the carbon black phase in the reconstructed volume is also not uniform 

(Figure 49b). Dominko et al have reported on the role of the carbon black distribution in 

cathodes for Li ion batteries and indicated that the uniformity of carbon black distribution 

significantly affects the cathode kinetics 135.  

 

Figure 49 High resolution 3D image of (a) LFP particle size distribution (b) Carbon particle size distribution 

(each colour represent a different particle size which is quantified and described in Figure 50)  

 

Figure 50 (black) Carbon particle size distributions, (blue) LFP particle size distribution and (red) a pore size 

distribution   
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As the uniformity of carbon black distribution is reported to be important, the interfaces 

between the carbon black particles and the LFP particles becomes of particular significance, 

since the role of the carbon black phase is to provide electronic conductivity. Figure 52 

visualises for the first time, to the knowledge of the author, the interfaces between two 

important phases, namely carbon black and LFP, which affect both the electrode kinetics 

and the transport properties of the composite material.  

 

Figure 51 Particle equivalent spherical radius size versus average of roundness for (black) carbon particles, 

and (red) LFP particles  

The roundness graph (Figure 51) presents particle equivalent spherical radius size versus 

average of roundness for carbon particles and LFP particles (black and red respectively). It is 

based on a hyper sphere fit around a given particle and its subsequent deviation from it. A 

perfect sphere would have a roundness value of 1 and irregular shaped particles would have 
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lower values 136. As seen from Figure 49 and Figure 51, the carbon black particles are less 

rounded than the LFP particles across most sizes for which there is data. In addition, as 

particle sizes increase, roundness is found to decrease for both phases. However, for carbon 

particles >125 nm equivalent spherical radial size an increase in roundness is observed, 

which may be a result of carbon particle agglomeration. 

Moreover, useful metrics were calculated to present the number of neighbours and the 

interfacial equivalent spherical radius of the interfaces. These graphs emphasise how these 

small particles of tens of nanometre are structured, and how they can potentially impact on 

electrode performance. That result also provides a basis for tracking degradation 

mechanisms in LFP and other electrodes, by comparing the interfaces within a fresh and 

cycled electrode.  

Videos of the slice and view process and the advanced quantification of the structure are 

available online in the supplemental material section 25. 
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Figure 52 (a) 3D image of the interfaces between the LFP phase and the Carbon black phase, statistics from 

this image can be seen in (b) the number of neighbours and (c) normalised number of interfaces with an 

interfacial equivalent radius. 

According to the graphs in Figure 50, Figure 52b and Figure 52c it can be seen that most of 

the carbon black particles have a size < 100 nm, and almost all of them are in a good contact 

with the LFP phase (Figure 52b, Figure 52c) which means that the surfaces of those particles 

are well electrically connected, enabling electrochemical reaction.  

Following the contrast improvement and the quantifiable values from the graphs (Figure 50, 

Figure 51 and Figure 52b and Figure 52c), a more accurate 3D data set is obtained, which 

offers an excellent basis for future work on mechanical and electrochemical 
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property/performance simulations, relating electrode structure with performance which is 

an important area of development in electrochemical devices more generally. 137,138  

Table 1 : Summary of results from the study 

 C-epoxy Si-epoxy Br-epoxy 

Contrast Improvement  X XX 

Resolution   X 

Less Artefacts   X 

Ease of Segmentation   X 

 

Table 1 Summary of the key characteristics of the three epoxies evaluated in this study, 

where “x” refers to minor improvements and “xx” refers to significant improvements 

achieved by the respective method.   

4.3 Conclusions 

A novel Br-epoxy was successfully applied to a LFP electrode and allowed a straightforward 

analysis of the various phases, including the carbon phase which was previously an imaging 

challenge task. This Br-epoxy was applied for contrast improvement when imaging lithium 

ion battery carbon based electrodes. This delivered superior contrast and fewer imaging 

artefacts than other previously reported epoxies, enabling a fully automated segmentation 

process. Use of the Br-epoxy made it possible to quantify the particles size and distribution 

within the battery electrode. This confirmed that the size and distribution of the carbon 

black particles were non-uniform; these in-homogeneities are likely to affect performance 
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and provide cause for initiating degradation within battery electrodes. The Br-epoxy worked 

very well with the carbon materials studied here, enabling high resolution (10 nm pixel size) 

and high quality 3D imaging and quantification that could also be applied more widely to a 

greater range of materials.  Additionally, Br-epoxy was found to be suitable for multi-scale 

imaging using both x-ray tomography and FIB-SEM tomography. Therefore, a wide range of 

materials may be investigated and imaged at different scales using this novel approach of 

impregnation, including light element and biological materials such of hard tissues, bones 

and teeth. In summary, this method offers a simple and effective route for high quality 3D 

imaging compared to the other methods previously reported and also provides a basis for 

tracking degradation mechanisms in LFP and other electrodes, by comparing the interfaces 

within a fresh and cycled electrode.  
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5. Imaging and quantification of zinc dendrite formation and growth in 

the Zn-air battery  

5.1  Multi-scale in operando 3D imaging of Zn-air battery anode failure mechanisms 

Authors comment “This chapter was done in collaboration with Vladimir Yufit, Farid Tariq, 

Billy Wu, Zhangwei Chen, David Eastwood, Peter Lee and Nigel Brandon. My role was to 

conduct the work on dendrite imaging and characterisation“. 

To eliminate the detrimental growth of Zn dendrites in Zn-air batteries, it is imperative to 

gain an insight into the mechanisms of dendrite formation through the use of advanced in-

operando techniques.  This study focuses on the initial growth, dissolution and regrowth of 

zinc dendrites in alkali zincate electrolyte, which is widely employed for static and flow zinc-

air batteries. The findings of this study can also benefit other metal based systems such as 

lithium or sodium-air batteries. 

This study presents an in-operando and temporally resolved investigation of zinc dendrite 

growth, dissolution and regrowth on bare and membrane separator enclosed zinc 

electrodes at different length scales by means of synchrotron X-ray computed tomography 

(SXCT).  Analysis of regrowth and re-dissolution of zinc dendrites is critical, given that 

rechargeable cells are expected to run for thousands of charge / discharge cycles. 

Although time-resolved tomography is an indispensable method to study the mechanisms of 

metal dendrite formation during the metal solidification at high temperatures, it is a 

relatively novel tool for in-operando study of electrochemical systems 26,139,140. SXCT offers 
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the opportunity for non-destructive analytical insight into electrode microstructures with 

high spatial and temporal resolution of 2D and 3D data and with a large field of view 

(typically 1 µm resolution for 5 × 5 × 5 mm3 sample size).  

The synchrotron growth/dissolution studies were combined with higher resolution ex-situ 

FIB-SEM to provide true multi-length scale imaging and accurately capture the precise 

structure of dendrites, down to tens of nanometres, as dendrites even of such scale may 

initiate piercing of battery membranes, leading to a permanent failure of the 

electrochemical cell. In addition, high resolution is vital for a variety of battery systems 

comprising a metal anode, such as metallic lithium, sodium or magnesium; which enables to 

capture nano-scale features at the electrode/electrolyte interface that are crucial for the 

battery performance. Altogether, this methodology provides a dynamic and multi-length 

scale understanding of growth and dissolution mechanisms of Zn dendrites and the effect of 

a membrane separator on these processes.  

While both the size and density of Zn dendritic microstructure was strongly dependant on 

current density and duration of deposition; the different stages of cycling and presence of a 

membrane also affect the resulting microstructure.  

5.2 Initial Free-surface Growth  

In the absence of a membrane, a free surface for zinc deposition rapidly results in Zn 

dendrite formation (theoretical background of dendrites formation in electrochemical 

system is discussed in the literature review – section 2.2.2.1). The subsequent dendrite 

growth is uninhibited and the mechanism of growth appears to be strongly affected by 

current density, overpotential and the concentration of Zn ions that reach active growth 
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surfaces. Zinc dendrites do not start to develop until a critical overpotential is reached, 

which initiates dendrite growth 62. The time taken to achieve it is dependent on various 

parameters such as local current density, concentration, and temperature. This results in a 

dense covering of dendrites across the electrode tip. As apparent from radiography 2D 

images recorded after 15 minutes of charging at 10 mA applied current (experimental 

details reported 8in the experimental chapter – section 3.3) (Figure 53E), very little 

dendrite-free surface remains on the electrode tip. The dendrites also vary in thickness and 

height across the electrode. After 15 minutes, the largest dendrites are approximately 

200 µm in height; whereas the average dendrites are of approximately of 100 m. It is 

important to note, those dendrites are growing as long as the current is applied, and the 

growth can be stopped as a result of a short circuit caused by those large dendrites. The 

total resulting surface area is also significantly greater (ca. 20 times) than of the initial tip. 

However, the resulting structure of the dendrites, which was recorded after 15 minutes of 

charging via in-operando X-ray imaging, is strongly influenced by the early stage of growth. 

Those dendrites that form on the free Zn surface remain the largest by the end of the 

charge phase. Therefore, as Zn deposition occurs, the dendrites grow taller as well as denser 

at their bases. In all cases (Figure 53), the Zn dendrites retain this microstructure. Secondly, 

they also all retain sharp pointed tips most likely influenced through regions of high current 

density where preferential deposition occurs. The final result is of a dense “forest” of 

dendrites. 
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Figure 53 In-operando SXCT 2D radiography snapshots of zinc dendrite growth, dissolution and regrowth in 

the cell without membrane. Zinc dendrite growth after A) 214 s, B) 388 s, C) 561 s, D) 734 s and E) 918 s. Zinc 

dendrite dissolution after F) 10 s, G) 229 s, H) 447 s, I) 655 s and J) 873 s.  Zn dendrite regrowth after K) 122 s, 

L) 589 s, M) 1028 s, N) 1485 s and O) 1953 s. 

Following initiation, Figure 53 shows dendrites, which can be termed small (≤ 30 m) 

formed on the left part of the tip after 214 s of deposition. Under the synchrotron imaging 

conditions, the first dendrites were seen after 100 s. Their height was below 10 m; hence a 

micron scale resolution was achieved; indicating the initiation time below 100 s. 

Furthermore it is also seen that zinc dendrite formation is accompanied by a side reaction 

resulting in hydrogen evolution (visible as white semicircles around the zinc tip) formed via 

water electro-reduction 141. As the deposition proceeds, dendrites appear on various 

locations on the tip of the cone electrode as well as around it (Figure 53B and Figure 53C 

after 388 and 581 s of deposition respectively). The different initiation times of various 

dendrites are likely to be associated with a non-uniform surface finish on the zinc electrode, 
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responsible in turn for non-uniform local current density that affects the critical potential 

and thus the initiation time.  These primary dendrites appear to be growing perpendicularly 

to the surface of the zinc electrode cone indicating that the growth is diffusion controlled. 

After a period of sufficient deposition (Figure 53D and Figure 53E after 734 and 918 s) 

secondary dendrites become visible and more dominant. The secondary dendrites grow on 

the trunk of the primary dendrites rather than directly on the electrode tip itself and 

prevent primary become any thicker. However, the morphology of both primary and 

secondary dendrites does not change with main supporting trunks and blade-like branches. 

This appears to suggest strong dependence on local crystallography and localised current 

flowing along the secondary dendrites. As before, after a period of growth (Figure 53E) it is 

possible to see the development of ternary dendrites that are growing from the trunks of 

secondary dendrites. 

The thickness of the primary dendrite has been estimated to be around 2-5 m and this 

does not seem to increase further with deposition time. However, the length/height of 

dendrite trunks and number of branches clearly increase with deposition time, indicative of 

diffusion controlled growth 63,65. The growth of small primary dendrites (longer initiation 

time) was inhibited by surrounding larger counterparts ( >200 m long) a result of higher 

surface area of the large dendrites that effectively draw the localised current away from the 

small dendrites 58. Moreover, the local current is affected by formation of mechanical 

contacts between branches of two or more neighbouring growing dendrites facilitated by 

evolving hydrogen bubbles.  

The radiography data was used to calculate the estimated growth rate of dendrites at 

different locations on the tip. Figure 54 presents growth curves of individual dendrites at 
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three locations on the zinc anode tip as also schematically indicated in on the bottom right 

of Figure 54. Dendrites growing on different locations are characterised by different 

initiation times. Furthermore, the growth rate at these locations is not homogenous and 

deviates from the reported linear behaviour 62. Such deviation points out the change of 

localised current during dendrite growth, likely associated with the increase of active 

surface area due to formation of secondary and ternary dendrites as well as with the density 

and the size of the surrounding primary dendrites. For example the growth rate of the right-

side dendrite located in the less dense area of the tip surrounded by smaller dendrites 

appears to be linear, as opposed to dendrites in the denser centre and the left side Figure 

54. Moreover, the figure confirms that larger primary dendrites have a shorter initiation 

time.  

 

Figure 54 Dendrites height/length versus time on certain locations on the tip, a positive 10 mA current for 15 

min was applied in ambient conditions.  

It was possible to acquire 3D synchrotron tomograms of the dendrites; although a few 

collapsed prior to the start of the experiment (Figure 53F).  Application of a positive 10 mA 
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current for 15 min between the Zn anode and carbon cathode initiates dendrite electro-

dissolution or thinning (both branches and trunks) over the electrode surface (Figure 53G). 

This thinning begins from the topmost parts of the dendrites and propagates down to the 

tip. This mechanism appears to be quite different from dendrite growth where the primary, 

secondary and ternary dendrites appeared sequentially one on top of another.     As electro-

dissolution proceeds, branches of the dendrites become thin enough to collapse on 

neighbouring dendrites. This proceeds until dendrite trunks thin to the point where they are 

no longer attached to the tip resulting in a fallen matt of dendrites on the electrode tip 

(Figure 53H, 447 s of dissolution). Subsequently, the Zn anode itself starts to dissolve and 

recede (Figure 53I and Figure 53J, after 655 s of dissolution). Based on comparison of 

radiographs between start and end of the dissolution (15 min) at different locations, the Zn 

anode recession was estimated to be approximately 60 µm.  

The second cycle starts with an application of negative 10 mA current between the partially 

dissolved tip covered by matted layer of collapsed dendrites formed during the first cycle 

(cyc1) and the carbon cathode. As in the first cycle, the growth of new dendrites (cyc2) on 

the tip surface accompanied by hydrogen bubble formation was observed in radiography 

mode. As result, the collapsed and detached cyc1 dendrites were mechanically pushed 

upwards (Figure 53K and Figure 53L). It was not possible to follow the initial growth of cyc2 

dendrites in radiography mode due to their fine features below the resolution (0.5 m) of 

the detector and also the presence of cyc2 dendrites surrounding the tip. Eventually, after 

1028 s into the second deposition step (Figure 53M) the cyc2 dendrites reconnected with 

cyc1 ones.  The morphology of the dendrites, as before, remained unchanged. The second 

cycle is therefore strongly dependent on the surface left from the first cycle indicating a 
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memory effect, which may be useful in controlling dendritic growth in the battery.  As the 

deposition continued the fallen dendrites provide a means to form a dense network, with a 

moss like structure around the tip as new dendrites formed on the top of the dendrite 

network. By the end of the second deposition step the Zn anode displays a completely 

different morphology with a dense mossy layer formed around the receded tip, and new 

dendrites on top of this layer. The presence of a dense dendrite layer around the electrode 

top effectively impedes dendritic growth on the electrode tip as well as dissolution of the tip 

due to increased tortuosity of the mossy layer that affects zinc ion mass transport.  

However, the growth of new dendrites from the top surface of the mossy layer is not 

affected and results in a decreased distance to the counter-electrode. Essentially, charge 

and discharge cycles have modified a dense Zn metal surface with a porous and tortuous Zn 

"sponge” that will have a strong impact on subsequent battery lifetime.  

In order to compare the morphology of cyc1 and cyc2 dendrites SXCT scans of the tip of the 

zinc electrode were carried out at the end of the each electro deposition step. The 

reconstructed and post-processed 3D visualisations of whole and specific regions of the tip 

after two successive depositions are presented in Figure 55 and Figure 56. As illustrated by 

Figure 55 after the first deposition, the grown dendrites do not cover the whole electrode 

tip. Moreover, it is clear that the dendrites grow mainly from circular grooves around the tip 

formed during the machining of the tip. This observation is also confirmed by high 

resolution SEM images and will be discussed later in this chapter.  This surface roughness is 

responsible for shorter initiation times in comparison to dendrite growth on smooth 

surfaces 62. 
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Figure 55 SXCT Reconstruction of a 3D image of Zn dendrites, a reconstruction of a whole tip 

As also shown by the in-operando x-ray radiography, the resulting structure reflected 

different initiation times across the surface, i.e. the dendrites that formed first remained the 

largest at the end of the deposition and dominated the overall growth. Moreover, a 

significant number of small dendrites appear around the large ones, resulting in 

densification of the dendrite base during the first deposition cycle (Figure 56B). 3D 

tomography confirmed the presence of primary, secondary and ternary dendrites, 

confirming that the growth in dendrite height occurs at a faster rate than densification of 

the dendrite base resulting in a “tree” like microstructure, with the trunk and branches 

protruding from it. Skeletisation done by using the Avizo software (FEI, Bordeaux, France) of 

the final structure (Figure 56) attests to the densification of dendrites at the base, and 

provides an average branch length of 6 µm.  

The dendrites also vary in thickness and height across the electrode with the highest one 

located on the top of tip likely due to high value of localised current. The height of largest 

dendrites varies between 200 - 300 µm while for small dendrites, it is between 50 – 100 µm. 
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Dendrites smaller than 50 m are also likely to be present, however these would not be 

seen under the imaging conditions.   

 

Figure 56 (a) SXCT 3D reconstruction image of Zn dendrites covering Zn-tip following 15 minute of growths 

during battery operation at 10 mA. Almost all free Zn tip surface is covered (sub-volume shown) (b) side 

cross-section showing a dense covering of dendrites and variation in dendritic height (c) skeletonised 

dendrites across tip surface 

The result following a complete charge/discharge of a membrane-less cell is shown in Figure 

57. By comparing this with Figure 56, it is apparent the microstructure of the same Zn 

dendrites has changed within a single cycle. The tomography data confirms the radiography 

observation. Moreover, tomography provides three dimensional data sets which are used to 

quantify microstructural characteristics such as surface to volume ratio of the dendrites and 

to provide a further insight into the morphological changes. The base of the Zn dendrites 



120 
 

connected to the electrode tip is considerably narrow when compared with their 

microstructure further away from the tip. This is the consequence of several mechanisms at 

work outlined in further detail below. 

 

 

Figure 57 (a) SXCT reconstructed 3D of Dendrites following a complete charge/discharge cycle. The dendrite 

base connecting with the Zn tip is narrow compared with a dense region of thick growth further from the tip 

(image de-cluttered to show small portion of all dendrites) (b) skeletonised dendrites across tip surface 

Firstly, as shown from radiography the dendrites undergo thinning upon dissolution on 

charge reversal. However, in parallel this is also accompanied by Zn anode recession. 

Therefore as the electrode tip recedes and existing dendritic widths thin, eventually 

dendrites begin collapsing, which in turn results in their loss of electrical contact. 

Subsequently the anode experiences further recession and the process continue. However 

once deposition is re-initiated, those fallen dendrites with electrical contact begin to grow in 

the same manner as was the case in first growth. As Zn ion deposition proceeds on dendrite 

tips, it forms a dense region thick dendritic growth far above the electrode surface. This also 

prevents rapid covering and densification of the electrode surface as occurred in initially. 
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The combination these mechanisms of anode recession and screening effects cause a 

change in microstructure as seen in Figure 57.  

These effects are undesirable for a working battery as the dendrites continue to grow to 

greater heights away from the Zn electrode surface as well as broaden across it. 

Accompanying this is also an increase in the total surface area of the Zn dendrites of ca. 3 

times more than the first growth, although skeletisation reveals that the average branch 

length remains similar at 5 µm. However, given that these changes have occurred within a 

single cycle, it is likely that these will continue to occur until either a stable steady-state is 

reached or an internal short circuit is formed. It is expected that the depth of each charge 

cycle and number of total cycles would continue to affect the Zn microstructure, but 

ultimately lead to short circuit and failure through these growth/recession mechanisms.  

The morphology of the dendrites completely changed when the dendrites were subjected to 

dissolution and second deposition or regrowth. Following that it is apparent that, at the 

region extending from the tip up to a height reaching c.a. 30 µm above the electrode tip, the 

dendrites were significantly less dense and narrow when compared with their 

microstructure when further away  from the Zn anode tip (Figure 57A and Figure 57B). This 

is the consequence of several mechanisms. Firstly, as mentioned and supported by the 

radiography measurements during the dissolution step, dendrites undergo thinning across 

their whole length. As a result some dendrites become so thin (below the resolution of the 

X-ray detector) that they eventually collapse leading to the loss of electrical contact. 

However, once deposition is re-initiated, these collapsed dendrites become “re-attached” to 

the zinc tip and new dendrites start to grow from around old ones. As the deposition 

proceeds a dense and thick region forms above the electrode surface preventing 
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densification of the electrode tip surface, as occurred in the first deposition step. The 

skeletonised structure of the dendrites (Figure 57B) reveals that the average branch length 

remains similar at around 5 µm between the two successive depositions. However, there is 

a significantly larger number of branches than in the first deposition and they appear 

substantially more entangled and densely packed.  

5.3 The effect of the porous separator/membrane on dendrite formation  

In order to minimise internal resistance while maintaining proper electrical insulation 

between the battery anode and cathode an ionically conductive separator (either a porous 

film or an ion-exchange membrane) is employed. The presence of such an electrically 

insulating layer adjacent to the electrode will affect the performance of the battery in 

general, and dendrite formation in particular. In order to investigate the effect of a porous 

membrane separator on the earlier characterised dendrite growth, similar in-operando 

experiments were carried out with a micro porous hydrophilic polypropylene membrane 

separator (0.5 µm mean pore size and 100 µm thickness) between the zinc and carbon 

electrodes. (Figure 58a)  
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Figure 58 a schematic sketch of the Zn cell (a) with a presence of a membrane (b) with a free surface without 

a membrane  

Following the same electrochemical procedure a negative current of 10 mA was applied 

between the zinc and carbon electrodes to initiate zinc deposition. As in the previous case 

the electrodeposition of zinc was accompanied by hydrogen evolution, with some hydrogen 

bubbles trapped between the membrane and the anode.  
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Figure 59 SXCT In-operando 2D radiography snapshots of zinc dendrite growth, dissolution and regrowth in 

the cell with the porous membrane. Zinc dendrite growth after A) 200 s, B) 300 s, C) 430 s, D) 590 s and E) 

890 s. Zinc dendrite dissolution after F) 120 s, G) 240 s and H) 680 s.  Zinc dendrite regrowth after I) 304 s and                   

J) 656 s 

The morphology of the Zn inside the membrane is very different from the morphology of 

the dendrite outside the surface of the membrane and can explain the tearing of the 

membrane (Figure 61a, Figure 61b) when the Zn is growing from the tip through the 

membrane. The nature of these finer structures within the membrane, below the resolution 

limit of the synchrotron, was later captured ex-situ in 3D by high resolution FIB-SEM, as seen 

in Figure 60. To analyse the microstructure of zinc deposited within the membrane, a 

fraction of the membrane was imaged using FIB-SEM tomography. The first 40 slices were 

segmented and reconstructed (Figure 60). It can be clearly seen from the reconstruction 

area that Zn in the bottom of the membrane is much denser, which is positioned closer to 

the tip of the anode then the top surface of the membrane.  
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Figure 60 (a) SE SEM image depicting a tilted part of the membrane surface after cycling; (b) SE SEM image of 

a 2D slice of the area in the green rectangle in (a); (c) Illustration of the zinc structure within the membrane 

combined with an SEM image. (d) FIB SEM 3D representation of the zinc within the membrane (purple) and 

the porous membrane (transparent) reconstructed from FIB-SEM tomography.  

The Zn deposits penetrate the membrane through the pore network (Figure 60) resulting in 

catastrophic failure of the membrane in some areas. (Figure 61b) One of the causes of this 

failure is the presence of Zn rods, much larger than the membrane pores, which penetrate 

the membrane.  Different morphologies of Zn deposits are seen in SEM images on the 

surface of the membrane; well defined Zn rods up to 10 m in length along with dense 

polycrystalline areas aggregated on the surface of the membrane (Figure 61c and Figure 

61d). As stated in the literature review, different morphologies of zinc deposits can be a 

result of different overpotential values and of the convection of the zincate electrolyte 

which can be affected by the membrane presence.      
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Figure 61 SE SEM images of the surface of the membrane after Zn dendrite growth. (a) with visible ruptures 

due to Zn penetration upon charging and discharging cycles (b) magnification of the yellow box region in (a), 

(c) Deposited Zn in different morphology, (d) magnification of the blue rectangle in (c) which confirm 

different morphology with faceted grains. (e) Different magnification of the green rectangle in (c), (f) 

different magnification of the blue rectangle in (c) shows a polycrystalline structure of Zn deposition.  

 

5.3.1 Through membrane growth 

The presence of a membrane within the Zn-air cell affects the Zn dendrite microstructure by 

inhibiting growth (Figure 59). In comparison to Figure 53 there is very little direct coverage 

of the electrode tip with Zn dendrites. This is supported by the radiography data shown in 

Figure 59B which shows a lag period of ca.200 seconds before full dendritic growth resumes. 

Interestingly, while the membrane reduces the quantity of initial dendrites formed on the 

initial electrode tip, it does not prevent the formation and ultimately perforation of the 

membrane itself by Zn dendrites. However, it is apparent that this occurs more 

preferentially at the top of the electrode tip and demonstrates a strong dependence on 
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regions of high current density. Solute ions of Zn diffuse through the membrane and begin 

deposition under the membrane, and on the electrode tip.  As shown in Figure 53, the sharp 

pointed microstructure of the Zn dendrites would further encourage local Zn deposition as 

well as facilitate mechanical perforation of the membrane layer. Although this appears one 

method of breaking through the membrane, as shown through high resolution FIB-SEM 

tomography (Figure 60) the microstructure subtly changes within the membrane and it is 

unlikely that sharp mechanical perforation is the main failure mechanism. Instead, the 

membrane pore structure provides diffusion pathways for Zn ions resulting in a rounded Zn 

microstructure. Eventually as discussed these Zn crystallites break apart the membrane to 

reach the top surface away from the electrode. 

Upon perforation of the membrane by Zn dendrites (Figure 59B onwards), a rapid dendritic 

growth is observed, following the same mechanisms as in the cell without a membrane. In 

addition, a considerable lateral growth of the dendrites is observed on the top surface of 

the membrane. This does not result in the same level of dendritic density across the surface 

above the membrane as was evident on the membrane-free surface. Secondly, as rapid 

deposition progresses above the membrane, there is also a slower but continual 

densification of the Zn dendrites within the membrane. This is also accompanied by 

continual membrane perforation at other points. Both these mechanisms result in 

accelerated further perforation of the membrane. Within 15 minutes, and despite an initial 

lag period, the dendrites have a total surface area comparable to that shown in Figure 53, 

although the skeletonised average branch length of ca.10 µm reflects a lower density of 

dendritic cross-linking above the membrane. 
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Although it is challenging to view the exact moment of dendrite formation on the tip, 

dendrites nonetheless become visible as fine structures developing inside the porous 

membrane after 36 s of deposition.   

As deposition proceeded, dendrites continued growing inside for a further 124 s before 

reaching the other side of the membrane (Figure 59A). Once the dendrites broke through 

the membrane they then started grow on top of it. As a consequence the membrane 

provides a very different initial morphology (as can be seen later in the reconstructed 3D 

image in Figure 64A) but does not prevent dendrite penetration. As the deposition 

proceeded a substantial number of dendrites penetrated the membrane in multiple 

locations and continued to grow on the membrane surface in different directions (Figure 

59B). After 430 s (Figure 59C) the surface of the membrane became fully covered with 

dendrites.  Also noteworthy is the densification of dendrites inside the membrane. These 

“interior” dendrites are attached to the anode tip as well as to the dendrites on top of the 

membrane. This connection is necessary for continued dendritic growth. The presence of 

the electronically insulating membrane alters the local potential distribution inside the 

membrane pores as well as imposing mass transport limitations on the diffusion of zincate 

and other ions through the tortuous pore network, affecting the growth of dendrites inside.  

With deposition progressing, dendrites inside the membrane become increasingly dense 

(Figure 59D) and eventually damage the membrane, altering the growth mechanism once 

more.  

In contrast to the previous case without the membrane, when dendrites were growing 

everywhere on the tip (e.g. Figure 53E), dendrites on top of the membrane both grow 

vertically and spread laterally along the membrane surface. Such lateral growth was likely 
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affected by the position, size and shape of the carbon counter electrode. A simple and 

preliminary 2D COMSOL model, with no membrane is presented in Figure 62. It was built to 

illustrate the effect of the carbon counter electrode position on the electrolyte current 

density (Figure 62). In this model the electrolyte current was solved by Ohms law and only 

current density phenomena was taken into the account;  the secondary current distribution 

interface in the batteries and fuel cells module in COMSOL was employed. The Zn electrode 

is grounded and the graphite is set to a cell potential to comply with a total current 

condition (see appendix for more details). A short distance between the counter graphite 

electrodes to the Zn anode results in an increase of the local current density due to a 

decrease of the ohmic resistance of the electrolyte, and hence the dendrite growth rate is 

expected to be faster in those areas. Future and more complex models will take in account 

mass transport effects and local current density/charge transport effects to describe more 

accurately the system.  

 

Figure 62 A simple 2D COMSOL model of the electrolyte current density distribution (A/m
2
) along the Zn cell 
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By the end of the deposition (Figure 59E) the grown dendrites formed a complex dense 

network of branches connected to the zinc anode tip both on top of and inside the upper-

most layer of the membrane, with new finer dendrites growing in all directions out of the 

membrane. The denseness of the dendrite network is also inhomogeneous i.e. the closer 

the dendrite to the membrane surface the higher the density of the dendrites. 

Application of a subsequent positive 10 mA current between the zinc and carbon electrodes 

did not initiate immediate zinc dendrite dissolution. Instead, after 20 s the formation of 

oxygen bubbles around zinc dendrites was first observed as result of the water oxidation 

reaction. The dissolution of dendrites was discerned in radiography mode only after 90-120 

s but it is possible that the process may have started earlier but was not detected due to a 

resolution limit (Figure 59F).   

As zinc dissolution proceeds (after 170 s) the top layer of dendrites began to dissolve. As a 

result, dendrites became sufficiently thin that they collapsed under their own weight over 

dendrites beneath them, and also on the membrane itself. This is in a manner similar to that 

outlined earlier without a membrane. However, after 240 s (Figure 59G) it can be seen that 

fallen dendrites had accumulated on the membrane, forming an electronically conducting 

and hence short-circuiting path between the anode and counter electrode.  However, short-

circuits are a dynamic process and occur intermittently during dissolution rather than as a 

permanent state of the cell, since the electronic paths are continuously created and 

disconnected as the dendrites collapse and dissolve during the discharge step. The rate of 

dendrite dissolution is significantly reduced since part of the current flowing through the 

zinc electrode is the short-circuiting current. From 680 s to the end of the dissolution step, 

no significant change in the size and denseness of dendrites (Figure 59H) was observed. This 
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indicates that the formation of partial short-circuits becomes a dominant effect, preventing 

further dissolution. Surprisingly, the membrane did not prevent the zinc anode from 

undergoing dissolution as well, which resulted in reduction of the height by approximately 

11 µm. This may have been caused by losing the contact between the tip and the 

membrane. An attempt to re-grow partly dissolved dendrites was then carried out by 

applying a negative 10 mA current for 15 min. Despite being partially short-circuited, new 

dendrites started to form during the deposition step, as indicated by densification of the 

dendrite network on top of the membrane surface and the emergence of new dendrites on 

the edges of the old ones (Figure 59I, after 304 s). However as a result of the re-growth, the 

formation of partial short-circuits intensified by reconnecting fallen dendrites located on the 

membrane, impeding the growth of new dendrites. By 656 s of the deposition, it can be 

seen that new large dendrites (c.a. 150 µm) grew on the edges away from the tip between 

the membrane and the dendrite network (Figure 59). There were no new dendrites formed 

subsequent to 656 s of the deposition i.e. by this time the zinc-air cell had become 

completely short-circuited and no more electrodeposition was possible. 

In the previous case of the cell without membrane, it was possible to evaluate the dendrite 

growth with respect to time at different directions on two specific locations around the zinc 

tip (Figure 54). The growth profiles presented in Figure 63 indicate dendrite formation both 

in the membrane and on top of it. The first dendrites that started to grow inside the 

membrane were located on the left side of the tip. The profile indicates that, before the 

dendrites break out of the membrane; their vertical growth slows down after approximately 

84 s of the deposition. This may be ascribed to mass transport limitations of zincate ions 

imposed by the tortuous structure of the microporous membrane separator.  The growth 



132 
 

inside the membrane on the right side started later (c.a. 200 s), however the dendrite 

reached the membrane surface faster than those that grew on the left.  This may indicate 

different growth mechanisms when dendrites were already present inside the membrane.  
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Figure 63 Dendrite growth vs. time on the zinc electrode, in a presence of a membrane.  The dashed line 

separates the dendritic growth in the membrane and in the solution. Coloured lines represent different 

growth directions and locations as a function of the deposition/growth time. The yellow arrows in the inset 

represent the lines inside the membrane, the red arrows in the inset represent a vertical growth in the 

solution and the blue arrows in the inset represent a horizontal growth in the solution 

The dendrite growth on top of the membrane can arbitrarily be resolved into horizontal and 

vertical components as indicated by the inset of Figure 63. Due to resolution limitations 

(0.81 µm pixel size) and the high density of the growing dendrites, it was not possible to 

follow the growth of individual dendrites. Instead the growth rate was estimated based on 

the expansion of the dendrite “front”. Measured at two different locations on the tip, it is 

clear that the rate of vertical and horizontal growth is different up to 413 and 326 s for the 

right and left regions respectively. Thereafter, the rate of vertical and horizontal 

components of the dendrite growing front on both sides appears to be very similar, though 

shifted along the X-axis (time) as result of the different start times of dendrite growth on the 
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membrane surface. The difference between the rate of horizontal and vertical growth arises 

as a combined effect of two main factors- the location and shape of the counter electrode 

and the density of dendrites inside the membrane (Figure 64). During the zinc deposition 

step the number of dendrites breaking out of the membrane increases, enabling further 

growth on the surface of the membrane. The change in the growth rate for vertical 

components may therefore be a result of reaching a certain “critical number” of dendrites 

inside the membrane necessary for dendrite expansion on the membrane. It appears that 

after approximately 600 s dendrite growth vertical and horizontal components become 

linear up until the end of the deposition.  

 

Figure 64 (A) SXCT Reconstructed 3D image of dendrites that have passed through the after first growth and 

(B) skeletonised rendering of dendrites following membrane perforation. The dashed white line refers to a 

typical and preferential growth pathway through and above the membrane.  

The sample with dendrites grown on the membrane was analysed by 3D SXCT (Figure 64). 

The 3D morphology of the grown of Zn dendrites from a Zn-tip through a membrane is 

presented in Figure 64A. The effect of the membrane is to reduce the quantity of dendrites 

initially formed, although a similarly dense structure forms as before once a dendrite has 

successfully passed through the membrane as also seen in the skeletonised dendrites 
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following membrane perforation (Figure 64B). Figure 64A presents the reconstructed and 

post-processed 3D visualisation of the cross section of the zinc tip. In comparison to Figure 

56A there is very little coverage of whole electrode tip with zinc dendrites on the tip itself 

due to the screening effect of the membrane separator. Nevertheless, while the membrane 

limits dendrite formation on the electrode tip, it cannot prevent perforation by the growing 

dendrites. As seen in HR SEM images (Figure 65), the sharp “blade-like” microstructures of 

the forming dendrites facilitate mechanical perforation of the membrane layer. At the 

present resolution it appears highly irregular and is characterised by the presence of regions 

with dense deposits. These zinc deposits promote further dendrite growth on top of the 

membrane, serving as highly electrically conductive current pathways.    

The dendrites grown on the top of the membrane appear to be substantially denser, in 

contrast to those grown on zinc electrode with no membrane separator present (compare 

with Figure 56B). This is likely due to the lower zinc metal surface area (and therefore higher 

local current density) when the dendrite grew initially prior to membrane separator 

perforation. As stated earlier in order to characterise and accurately capture the high 

resolution sub-micron structure of the dendrites, ex-situ FIB-SEM analysis was carried out. 

The dendrites that grow under mass transport limitations on zinc electrodes appear like a 

“forest” of pine-tree like shapes over the electrode (Figure 65). 
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Figure 65 SE SEM image of large size Zn dendrites appear like a “forest” of trees 

Clearly it is possible to identify a trunk (primary dendrites) and branches (secondary 

dendrites) attached to it. However, due to the denseness of the dendrites it was difficult to 

observe the structure of a single dendrite.  For better visualisation of single dendrite 

structure, an individual dendrite was picked up, isolated from the “forest” and embedded in 

epoxy for a slice and view experiment using FIB-SEM, this is described in more detail in the 

next section of this chapter. 

In summary, the membrane presence acts as a mechanical barrier which decreases the rate 

at which dendrites initially form. The Zn dendrite microstructure in the cell with the 

membrane is significantly different than the membrane-free Zn electrode surfaces. Zn 

dendrites do not form within the membrane but rather form deposits which then initiate 

dendritic growth on the membrane surface. The dendritic network is less homogenous than 

in the membrane-free system, with higher density closer to the membrane surface. In, 

addition, the lateral growth of the dendrites on the surface of the membrane is observed 

and, to our knowledge, has never been reported before. Ex-situ characterization confirms 
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the presence of different Zn morphologies above the membrane and damage caused by the 

growth.  

5.4 Integrating Multi-Length Scale High Resolution 3D Imaging and Modelling in the 

Characterisation  

A study of dendrite formation in the Zn-air battery system, which is one of the main 

degradation mechanisms9; was reported previously in this chapter. SEM images (Figure 66) 

of the Zn tip were taken in order to better understand dendrite microstructure in high 

resolution.   

 
Figure 66 SE SEM images (a) evolution of Zn dendrite on the Zn anode (b) close-up of single dendrite.

142
 

The evolution of the dendrites from the nucleation stage through the entire growth to the 

full sized dendrite can be seen in Figure 66a. At the edge of the tip, full sized dendrites are 

seen. In that location the current density is higher resulting in the highest observed growth 

rate. X-ray tomography imaging was then carried out to capture the geometry of the 

dendrites in 3 dimensions and to provide surface to volume ratio and quantitative insight 

into the shape, size, roughness and network of the dendrites.   
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Figure 67 GE Phoenix v|tome|x XMT Tomography after initial growth (a) all rod view (b) from single 

nucleation site on Zn rod (c) Close-up of single dendrite.
142

 

Long dendrites grow out from the surface of the bulk Zn tip, with competitive growth in 

denser regions of dendrites (Figure 67). Dendrites’ arms grow outwards from the main trunk 

to form branches, which can also display herringbone type needles growing out of them. As 

mentioned earlier, the final structure after 15 minutes of charging at 10 mA appears as a 

dense array of dendrites of various heights, roughly reaching ca.200 m from the bulk 

surface.  

Surface roughness, full size dendrite and secondary features cannot be seen in detail using 

X-ray imaging (Figure 67). High resolution (typically <100 nm) is required to accurately 

capture the dendrite structure, which can be readily achieved using FIB-SEM techniques, 

which will result a higher resolution image.  

From Figure 67b it is possible to see some branches of a zinc dendrite in high resolution 

using X-ray imaging, but not the full size of the dendrite as this is too large for the available 

field of view.  
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Figure 68 Unsuccessful results of FIB-SEM Tomography images after segmentation and reconstruction (a) 

without epoxy (b) with epoxy impregnation. 

Ex-situ analysis of the dendrite microstructure was carried out using the FIB-SEM technique. 

The 3D image of the dendrite in Figure 68a is a result of a dendrite which was milled, 

imaged, reconstructed and segmented without keeping it in place with epoxy; the resulting 

3D structure was mechanically unstable during the slice and view process and misalignment 

between the slices caused a noisy and low quality image. In Figure 68b, branches of 

impregnated epoxy dendrites sample are shown. The epoxy covered the surface and was 

added to bring mechanical stability to the dendrite branches during the milling process. 

Achieving high resolution 3D FIB-SEM imaging of a full single dendrite is a difficult task as it 

is necessary to precisely mill the volume that contains the full dendrite. An example of an 

unsuccessful process for achieving the desired 3D full dendrite image is presented in Figure 

68b, instead of a full dendrite only segmented branches of dendrites are seen. Thus, a new 

methodology for imaging a single dendrite (Figure 66b) was developed as described in the 

Experimental section and presented in Figure 69 and Figure 70. 
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Figure 69 Optical microscope images of dendrites after detaching them from the carbon tape (a) several 

dendrites and (b) single dendrite. 

 

Figure 70 SE SEM image of a 2D slice in high resolution in the ‘slice and view’ process, the slicing occurred in 

the Z direction; a ‘micro-drop’ of epoxy covered a full dendrite.  

The slice and view direction is represented by the blue arrow (Figure 70-Z direction), the 

micro drop of epoxy was dropped on the area which can be seen in Figure 70.  

A high resolution 3D image, with a lateral resolution of 500 nm pixel size, of a full size single 

dendrite is presented in Figure 71. 
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Figure 71 Reconstructed 3D image of a Single zinc dendrite obtained using both X-ray tomography and FIB-

SEM tomography 

The advantage of the FIB-SEM technique in terms of resolution, in addition to the 

complementary X-ray tomography technique, is clearly seen in Figure 71. Using the FIB-SEM 

it is possible to see small features in a 3D image which were not possible to examine using 

X-rays in this study. However, it is important to note that higher resolution images could still 

be obtained by X-ray tomography using a higher resolution X-ray system. The FIB-SEM data 

reveals thinner and smaller branches as well as the roughness of the surface of the dendrite 

along secondary dendrites which cannot be observed in the X-ray image.  While the 

reconstructed dendrite is not the largest dendrite present (c.a. 150 m) the results show 

similar characteristics for most of the deposited dendrites. The dendrite stem is not entirely 

straight and starts to bend at c.a. 60 m from the bottom, probably as result of interactions 

with the surrounding dendrites as they grow, or possibly due to damage arising from sample 

preparation. The stem at the bottom (the part that was attached to zinc electrode) is only 5 

m in length with no large branches grown on it up to a height of around 60 m. In contrast 
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the middle part of the dendrite has branches/secondary dendrites, some of which extend up 

to 30 m from the trunk. At the top of the dendrite the length of the branches decreases to 

c.a. 10 m.  It is possible to discern nucleation sites on the arms where ternary branches 

could start to grow.  

Skeletonised visualization (carried out using Avizo software) of the dendrite presented in 

Figure 71 is shown in Figure 72a describes a network of the dendrite branches and how they 

are connected; quantification (Figure 72b and Figure 72d) confirms that there are more 

neighbours in the dense region, a region which contain more branches and secondary and 

ternary dendrites. Each coordination number (which refers to the integer of connections 

between the neighbouring nodes) as a function of distance from the anode is represented 

as a separate box (Figure 72b). Box-and-whisker plots were introduced by the statistician 

Tukey in 1977 for the purpose of giving rapid visualization of data.143 These displays have 

been found to be useful in numerous areas. It has found that such displays can be effectively 

used for the presentation of the coordination number as a function of distance from the 

anode. The box is determined by the 25th and 75th percentiles of coordination number 

population as distance from the anode while the whiskers are determined by the 5th and 

95th percentiles (See Figure 72c). Additional values including the minimum, median (the line 

inside the box), mean (the small square inside the box), the 1st (the small X on the edge at 

the bottom) and 5th (the horizontal line on the edges at the bottom) percentiles, and 95th 

and 99th (same as at the bottom on the opposite edge) percentiles are presented (Figure 72c 

explains how to read the data in Figure 72b). 
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Figure 72 (a) A visualisation of skeletonised dendrite carried out using AVIZO software combined with 

shaded 3D image of the single dendrite (b) Scatter chart of the number of neighbours as a function of 

distance from the anode (c) description of the whisker plot 
144

 and (d) Histogram of coordination number, 

can also be found in 
145

. 

The coordination number of each node, and number of connections to neighbouring nodes, 

quantifies network connectivity (represented by the whisker box chart) suggests that this is 

a valuable approach to quantify the nature of this dendrite network, offering a point of 

reference for other dendrites. The nodes with coordination number 1 represent the end tips 

and are the most abundant while those with coordination number 3 are the dendrite 

branches. There is no coordination number 2 as expected since it represents a line, and 

those with coordination number 4 occur at the lower part of the dendrite and in small 

quantity. For the first portion from the base of the dendrite, up to ~50 m, there are fewer 

neighbours hence almost no branches occur at that area as can be seen (Figure 72a). High 
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coordination numbers indicate dense and branched dendritic structures while a low 

coordination number demonstrates a relatively less dense and less branched dendritic 

structure. This observation can reflect and give a better insight on the growth mechanism. 

As seen the lower middle part of the dendrite (ca. 60 m in height) is relatively thin, and yet 

there is high coordination number. This observation can be explained, as discussed in the 

first section of this chapter, by current density and by the counter electrode position and 

distance from the Zn dendrites. Therefore, it is expected that under these conditions the 

upper region of the dendrite will preferentially grow, resulting in a more developed 

branched structure and a higher coordination number than the lower and middle regions of 

the dendrite.   

5.5 Identification of Mechanical Failure Sites in Electrochemical Dendrites     

A new approach for mechanical testing was used for the first time to measure the 

mechanical properties of electrochemically deposited dendrites. (Figure 73). 
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Figure 73 micromanipulator and force measurement analysis of a single dendrite. (a) The force 

measurement probes inside the Auriga 40 (b) SE SEM image of the micromanipulator pushing the dendrite 

(c) a graph showing the force applied to the dendrite until it fails.  

For insight into the strength of these dendrites, a force measurement probe of Kleindiek 

Nanotechnik, (Reutlingen, Germany) was used for the first time for this purpose. This is a 

compact force readout tool for the micromanipulator which allows force measurements to 

be performed inside the SEM chamber on specific dendrites (Figure 73a). The force 

measurements are based on Hooke's law which states that the restoring force F of a spring 

is directly proportional to the spring displacement x, where k is the spring constant: 

∆𝐅 = 𝐤 × ∆𝐱                                                                                                                                         (5) 

From the plot shown in (Figure 73c), the corresponding force applied to fracture the 

dendrite is 14 N. We can see from the SEM image (Figure 73b) that other dendrites are 
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also affected when the target one is pushed. This means that in the ‘forest’ of dendrites it is 

difficult to accurately measure the fracture force of a single dendrite without taking into 

account other dendrites surrounding it, but it can be seen that the dendrite was broken at 

the bottom at the connection point to the electrode, an observation later supported by 

modelling.  This suggests that this observation is still relevant for the individual dendrite 

since it confirms the point of failure. Further treatment will be needed to isolate a single 

dendrite for the extraction of a more accurate fracture force. A short video which describes 

the observation in Figure 73b and Figure 73c was recorded.  

For a mechanical ABAQUS model (described before in the experimental section); a single 

dendrite was considered to comprise polycrystalline zinc with a Poisson’s ratio of 0.26 and 

an Elastic Modulus of 97 GPa 125, with the assumption that the polycrystalline zinc is 

isotropic, linear and elastic. A maximum principal stress criterion was considered in this 

study to identify the critical stress, and hence, the critical force required to fracture this 

particular single dendrite. 

A boundary condition was applied to the model by fixing the base (i.e. no displacement or 

rotation in any direction were allowed). Then a point force parallel to the base plane was 

applied at one of the branches near the top of the dendrite (Figure 74a) to mimic the 

experimental bending process of the single dendrite using the micromanipulator. The 

modelling results shown in Figure 74 clearly indicate that the stress sits at the neck 

connecting to the base, as expected. Therefore the maxima reached in this case are just 

above the fracture strength, and the corresponding force is approximately 0.7 µN 125.  
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Figure 74 (a) maximum principal stress (unit=100MPa), the maximum stress at the neck = 566 MPa, which is 

just above the fracture strength (500 MPa). (b) Displacement (unit=0.1µm), the maximum displacement is 

0.538 µm at the top of the dendrite. 

The predicted force needed to break a single dendrite from the neck according the model is 

approximately 0.7 µN, which is much smaller than the force shown in the experiment using 

the micromanipulator (14 µN). The major reason for this difference is that the single 

dendrite presented in Figure 73b is not completely isolated as assumed in the model and it 

is supported by other dendrites; hence a greater force is needed to reach failure. Another 
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reason could be that the modelled dendrite could not be exactly the same one that was 

selected to perform the bending experiment, in terms of size and geometry.  

According to the results, only a small force is required to break the dendrites. It gives 

additional insight into the degradation mechanism. Furthermore, the presence of a 

membrane could result in pressure on the dendrite base, especially when the dendrites are 

big and the membrane is dense. This could result in the detachment of dendrites, with a 

resulting capacity loss of active material 146.  

In summary, integrating multi-length scale high resolution 3D imaging and modelling in the 

characterisation and identification of mechanical failure sites in electrochemical dendrites 

was successfully developed. A novel approach was used to enable the mechanical 

stabilization of a single dendrite.  When combined with FIB-SEM tomography this allows 

high resolution 3D imaging of a full size dendrite.  A combined experimental and modelling 

approach based on 3D imaging has been used to investigate zinc dendrite growth in a zinc-

air battery. This approach is not limited to the Zn-air system but also it can be applied to 

other metal-air systems, such as Al-air, Mg-air and Li-air. However, Li-air cells would require 

a dry or inert atmosphere because of moisture sensitivity of lithium metal 147. From the 

results it has been shown that the electrochemical dendrite morphology is more developed 

in the top region of the dendrite, further from the electrode, where there are long 

secondary arms. Micro-mechanical measurements were successfully introduced for the first 

time to study dendrites with a good agreement with the finite element simulations which 

suggest that dendrite necks connecting to the base are most likely the points of failure, as 

observed using the micro-mechanical manipulator. 
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5.6 Mitigation approaches to supress dendritic growth  

Suppressing dendritic growth of zinc in typical aqueous alkaline solutions during 

charge/discharge remains a great challenge, as demonstrated earlier in this chapter. Here, 

two different approaches were explored to mitigate this issue. Firstly, through the addition 

of polyethylenimine (PEI) to the electrolyte solution which was previously reported by Banik 

et al 80. These authors reported that this additive adsorbs on the Zn surface resulting in 

suppression of the Zn electrodeposition kinetics, suppressing dendrite growth. PEI was also 

found effective in suppressing roughness evolution during charge-discharge cycling of Zn 

anodes 80. However, this prior study lacked advanced 3D data which can contribute to 

further understanding of the process of Zn dendrite formation. The second approach 

includes a novel crystallographic study to characterise Zn dendrites and to provide 

crystallographic information. This has not been previously reported in studies on 

electrochemical deposition of dendrites. The potential information using this approach can 

provide insight into how a crystallographic orientation can limit dendritic growth on the 

metallic anodes.      

5.6.1 Electrolyte additive  

A new generation of a Zn-air cell was designed to study the effect of adding the PEI additive 

to the electrolyte solution in order to suppress dendritic growth. Dendritic growth was 

established from a polished Zn tip with a diameter of 200 m (See experimental section 

Figure 36). A final stage of the growth after 15 minutes of charging at 2 mA applied current 

is presented in the radiographs in Figure 75. It is seen from the radiographs shown in Figure 

75a and Figure 75b that the presence of 100 ppm of PEI in the electrolyte solution 

significantly affects the morphology and the number of dendrites. Namely, there are less 
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dendrites and they have less developed structure and smaller size in comparison to the cell 

where no additive was added to the electrolyte. Dendrites in the presence of a PEI additive 

were grown to final size of under 200 m (Figure 75a), while dendrites without the additive 

exceeded 350 m (Figure 75b) under the same conditions. It is important to note that 

although the same cell was used in both of the cases; the initial surface of the Zn anode was 

different as seen in Figure 75. The initial surface of the Zn anode was changed due to 

dendrites dissolution and/or discharging of the Zn-air cell which caused the Zn tip to 

dissolve as well, below the epoxy cover level, for the PEI experiment.        

 

Figure 75 GE Phoenix Nanotom S Radiography images of the final stage of the dendritic growth in cell upon 

charging for 15 minutes at 2 mA:  (a) with and (b) without addition of 100 ppm PEI in the electrolyte. 

A previous study of PEI addition to supress dendritic growth showed that 100 ppm of PEI will 

completely stop the growth 80. As discussed earlier, many parameters can affect dendritic 

growth; concentration of KOH and ZnO in the electrolyte, surface roughness, current 

density, and charge time and/or system configuration will all influence the growth.  

Tomographic data can provide further insight on the effect of PEI addition compared to the 
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additive-free electrolyte in terms of dendritic structure and morphology. The previous study 

80 was focused on the electrodeposition kinetics and to lesser extent on high resolution 

imaging; only snapshot images using an optical microscope were shown.  

Tomography characterisation provides additional information in terms of morphology, 

dendrite length, density and surface area.  3D images (Figure 76 and Figure 77) of the 

structure confirm the previous observations from data collected in radiography mode. The 

3D images also confirmed that the morphology in the presence of the additive was less 

developed, dense and branched than the morphology in the case without additives. 

Interestingly, in this work, the additive did not stop dendritic growth as reported previously 

by Banik et al.  

As this was the first attempt to study these phenomena with this cell design and with this 

system, it was not possible to apply advanced quantification at this stage because the 

tomography data suffered from precession and limited resolution of the rig.  In future work, 

a better design and a rig modification will provide a better quality 3D data enabling an 

advanced quantification and a more reliable comparison.  
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Figure 76 GE Phoenix Nanotom S system Reconstructed 3D images of the final stage of dendrite growth 

without additives obtained using X-ray tomography (a) a direct view emphasising a developed dense 

morphology and (b) a bottom-view from an angle below the tip.  

3D tomography confirmed a dense “forest” like microstructure with the presence of 

primary, secondary and ternary dendrites, very similar to the structure of the dendrites 

which were observed with the previous design (Figure 33). The new design, which employed 

a Zn anode with a restricted surface area (Section 3.3.2.2 in the Experimental Section) was 

found to be well suited for these tomography experiments;  the growth occurred from area 

of ~ 0.07 mm2, in contrast to the previous design were dendrites grew in all directions and 

from a much larger surface area. 

The morphology of the dendrites changed when the cell contained PEI additives, as 

reported with 2D data obtained from X-ray radiography (Figure 75) and also based on 3D X-

ray tomography data.   



153 
 

 

Figure 77 GE Phoenix Nanotom S Reconstruction of 3D image of a final stage of dendrite growth in the 

presence of 100 ppm PEI using X-ray tomography 

3D tomography of the final stage of the growth confirmed that the addition of PEI reduced 

the growth rate but did not succeed in suppressing the growth completely. Early 

tomography studies of the previous design, reported earlier in this chapter, presented a 

similar morphology to the morphology shown in Figure 77. The same, ‘forest’-like dendrites 

were observed in both cases. Therefore, it is assumed that the new design and the presence 

of additives only affect the growth rate.     

The Future Work section at the end of this thesis discusses how to improve the current 

approach and potential new routes to further explore the effect of additives on dendrite 

formation using 3D tomography.   
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5.6.2 EBSD study – Crystallographic orientation  

Authors comment “This work was carried out in collaboration with Dr. Jun Jiang who helped 

with the EBSD analysis and contributed to some of the discussion.“  

The presence of the exact orientations of the Zn dendrites can be confirmed using high 

resolution electron back scattered diffraction (EBSD). 

EBSD inspection was used in order to examine the dendrite’s preferred crystallographic 

orientation. The new approach may enable EBSD inspection on areas where dendrites are 

connected to the tip. It is necessary to examine the areas beneath the dendrites, i.e. the 

bottom of the dendrite at the origin of the dendrite stem, in order to find any correlation 

with a growth direction or a preferred crystallographic orientation to the zinc support.   

Initially, EBSD was applied on a polished cross section of a Zn anode as highlighted in an SEM 

image in Figure 78b. The electron beam was directed at the edge of the tip (Figure 78a) in 

order to observe the preferred crystallographic growth orientation. Small grains can be 

clearly seen, as well the as the grain boundaries and a relatively big grain located on the tip 

edge. One of the assumptions is that these small grains on the edge of the tip belong to the 

surface beneath the dendrites which detached during the polishing process. Those small 

grains with a different Zn crystal orientation can be seen in different colours in Figure 78c, 

where each colour represents a different crystal orientation. Those small grains could 

represent nucleation sites of dendritic growth at the bottom of the dendrites, which were 

lost during sample preparation for EBSD analysis. Further improvements in the sample 

preparation process are expected to shed more light on the dendrite preferred crystal 

orientation.      
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Figure 78 SEM and high resolution EBSD images of a polished cross section of a Zn tip (a) high resolution 

diffraction contrast mode of the area in the red rectangle in (b), same area which presents different Zn 

crystal orientation is in (c) and the same area in a conventional SE mode is in (d). (Each colour represents a 

different crystal orientation)  

The next aim of the EBSD analysis was to develop a method which could retain dendrites 

attached to the tip of the anode during preparation of a defined cross-section. In addition, it 

would be beneficial to focus on a small area where dendrites are connected to the Zn bulk. 

For this purpose, the idea of analysing a cross section of the Zn tip was maintained but a few 

modifications were implemented in order to avoid dendrite detachment during mechanical 

polishing. In this study, an epoxy resin was employed to immobilise the dendrites and to 
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avoid any structural damage or changes when revealing a cross-section of the sample. 

Hence, a Kapton® tube was filled with an epoxy resin (see Figure 36a in the experimental 

chapter) and vacuum impregnated to make sure the dendrites were fully embedded in the 

epoxy resin before solidification of the latter. The Zn tip inside a Kapton® tube filled with a 

solid epoxy encapsulated additionally in a ceramic tube to increase the cross-section of the 

holding area for cutting.   

 

Figure 79 Cross section optical image of the two parts of a Zn tip with dendrites. The piece on the right hand 

side is encapsulated in a Kapton® tube inside a ceramic tube while in the piece on the left the encapsulation 

was removed and only the epoxy remains connected to the tip.  

The prepared samples were then polished for EBSD analysis. Prior to EBSD characterisation, 

SE SEM images were taken (Figure 80) in order to find areas where the dendrites were 

connected to the tip and to examine the impregnation quality. A small continuous area of 

separation, seen as a black strip surrounding the tip, with a varied thickness between the tip 

and the epoxy was observed in Figure 80.  A higher magnification of these areas showed 

that the epoxy resin has not sufficiently infiltrated the sample, resulting in the dendrites 

being not fully embedded in the epoxy resin (Figure 80b, c and d). Nevertheless, the SEM 
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images demonstrate that the dendrites remain intact with the bulk of Zn and can potentially 

be inspected with EBSD. 

 

Figure 80 SE SEM images of (a) the Zn tip and (b, c and d) different areas of the polished Zn tip covered with 

epoxy resin.    

Subsequently, EBSD characterisation of Zn dendrites was carried out to provide 

crystallographic information.  
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Figure 81 (a) SEM image of the Zn tip confirmed a very fine polished surface, (b) a high resolution EBSD grain 

map in a diffraction contrast mode, (c) each colour represent a different crystallographic orientation and (d) 

a high magnification view of the Zn tip right edge as specified by the arrow in (c). 

EBSD characterisation confirmed the polycrystalline nature of the Zn anode (Figure 81), with 

the grains varying in size and orientation. However, no evidence of dendrites was observed.     

A sample preparation process for EBSD, as mentioned in the literature review and in the 

experimental section, is required to achieve a fine polished surface. This preparation 

process could cause dendrite detachment from the tip due to mechanical stress during 

polishing. Therefore, in order to obtain a signal from EBSD and to reveal the crystallographic 

orientation of the Zn dendrites it is important to pinpoint areas where dendrites are 

attached to the Zn tip. Hence, a high resolution SEM inspection was carried out to find those 
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areas prior to EBSD analysis. High resolution SEM images shown in Figure 82 confirm the 

presence of dendrites connected to the Zn tip and those areas were selected as suitable for 

subsequent EBSD analysis of this sample.  

 

Figure 82 SE SEM images of different areas of dendrites which are still attached to the Zinc tip.  

High magnification SEM images of these areas show that the Zn dendrites which grow from 

the Zn tip have a different microstructure from the Zn bulk tip itself.  
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Figure 83 SE SEM images of (a) the tip surface, (b) the dendrite fine surface and (c) a dendrite cross sections 

which were milled by the ion beam in the FIB-SEM Auriga 40.   

The different structure of the Zn dendrites is also confirmed in SEM images shown in Figure 

83a-b, where it can be seen that the dendrites are less dense as expected than the Zn tip. 

SEM cross-sections of a dendrite at different magnifications shown in Figure 83c reveal the 

porous nature of the dendrite.  Dendrites milled with the ion beam to expose the inner 

morphology of a full size dendrite revealed a different microstructure and a distinctive 

sponge-like surface with a visible degree of micro porosity. 

Regions with connectivity between dendrites and Zn anode, shown in HR SEM images (e.g. 

Figure 82), were subsequently investigated with EBSD. A crystal orientation map of the edge 

of the tip is shown in Figure 84.  
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Figure 84 EBSD inspection of the dendrites area which found connected to the dense tip; (a) SE SEM image of 

the same area, (b) a grain map of the area and (c) EBSD map of the area.  

However, the dendrites could not be clearly seen the EBSD map; moreover it is difficult to 

find a trend between crystallographic orientation of the grains and the dendrites, nor to 

examine if a preferred dendrite growth orientation is present.  

The difficulty in understanding the EBSD map of this region may be due to the lack of 

perfect epoxy impregnation and resulting cracking of the dendrites as shown in Figure 85. 

Those cracks and voids in the region between the dendrites and the tip may indicate that a 

continuous contact area between the dendrite and the Zn tip was destroyed during the 

polishing process and, therefore, no EBSD signal from the dendrites was recorded. 
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Figure 85 High magnification SE SEM images of the examined area for the EBSD inspection, the orange 

arrows point on cracks and voids.  

Such problems, which prevent an analysis of crystallographic orientation of dendrites in the 

Zn-air system, could be solved by improving the sample design. Applying the design which 

was developed in Section 3.3.2.2 will utilise a much smaller area from which the dendrites 

can grow. Focusing on a small area can also increase the ability to find regions where 

dendrites are connected to the anode. A further suggestion is to grow relatively large and 

dense dendrites, which will also increase the probability of revealing dendrites attached to 

the bulk of the tip.      

5.7 Conclusion   

Dendrites in the zinc-air system significantly influence the cycling performance of this 

system. This chapter provides better insight on dendrite morphology and their formation 

mechanism. It also shows the dendrites stability during operation, through different stages; 
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initial growth, dissolution and regrowth. The presence of membrane, which describes a 

more real system, confirms the damage, capacity loss and a potential short circuit in the 

system which is caused by the dendritic growth. Novel methods were developed and 

applied for the first time to provide high resolution 3D images of a single dendrite combined 

with modelling, and experiments using a micro manipulator identified that the dendrite’s 

mechanical failure occurs at the bottom of the dendrites. Both a conventional and a novel 

approach were taken to supress dendritic growth. The later suggest a potential correlation 

between the Zn grains crystallographic orientation and preferential direction of the 

dendritic growth. But, a more research needs to be done in order to use this approach for 

studying dendrite growth of metal–air batteries as well as metal electrodeposition.   
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6.  Silicon anode for lithium ion batteries 

Authors comment “This study was done in collaboration with three different research 

groups: Prof. E.Peled’s group from Tel-Aviv University, Prof P.Lee’s group from Manchester 

University and the Imperial group led by Prof. Nigel Brandon. Cell design sketches were 

done by Yu Merla. The authors’ role was to assemble the cell in Prof E.Peled’s lab in Tel-Aviv 

University in co-operation with Yu Merla, and to undertake imaging studies in the Research 

Complex at Harwell, Diamond, and to conduct image segmentation reconstruction and 

analysis with the support of Farid Tariq. “    

6.1  In-operando Lab-source X-ray experiments  

An In-situ electrochemical Si-Li half-cell was used for imaging via X-ray tomography in order 

to investigate volume expansion in Si electrodes. The structure of this cell is presented in 

Figure 38. Most of these results were published in 2014 26. Video of the Si anode expansion 

is available online in the supplemental material section 26. 

This study successfully demonstrates a novel approach for capturing valuable in-operando 

information regarding silicon based anode failure mechanisms. While previous similar in-

operando X-ray imaging studies have focused mainly on SnO particles 148, no Si based 

anodes, which present difficulties in acquisition and data analysis due to low X-ray 

attenuation, had been studied until this work was first published 26.  

The cone-tip design applied here allows for imaging the electrode at many locations 

simultaneously, as there is material applied in the circumferential direction there is less 
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attenuation which increases the likelihood of observing failure mechanisms. This is similar to 

the reason it is used for studying other degradation mechanisms, such as dendritic growth in 

the Zn-air system.  

As silicon covers the entire cone tip, the electrode has the ability to be imaged at many 

different locations simultaneously while minimizing attenuation from the copper current 

collector. This design also maximizes the ability to capture failure mechanisms as they occur. 

The current design of cell with a coned-tipped electrode enables good quality in-operando x-

ray imaging. Nevertheless, there is some artefact generation. This may be further mitigated 

through alternative designs using a planar raised electrode area. The compact design also 

allows for the minimization of the object-source distance, improving the x-ray resolution. 

Radiograph images during lithiation at 100 μA, which represents a current density of 2.39 

mA/cm2, show delamination of the silicon electrode material from the copper current 

collector (Figure 86 and Figure 87).  

The results also show a clear difference between two regions of the silicon electrode: white 

Ar bubble and dark electrolyte. The electrode region in contact with an argon bubble, (white 

region in Figure 86), showed neither lithiation nor delamination, whereas the region in 

contact with the electrolyte lifted off and delaminated away from the current collector upon 

lithiation. The Ar bubble was present from battery making. However, these results 

demonstrate that lithiation results in anode expansion that causes severe delamination. 
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Figure 86 A GE Pheonix v|tome|x XMT radiograph after lithiation at 100 A for 60 minutes.  

New Surfaces were created as a result of the stresses which were generated by volumetric 

expansion, causing the anode to move away from the current collector (Figure 86 and Figure 

87). During the in-operando imaging, in a few locations the anode maintains good adhesion 

with the current collector allowing the anode to continue to function. But, during lithiation, 

delamination eventually results in areas of crack propagation through the electrode 

thickness to the electrolyte. This is also evident from the reconstructed 3D images (Figure 

88) where it is possible to see delamination leading to cracks propagating from the 

electrode-current collector interface through to the surface of the electrode. It is important 

to note that the local electrode-current collector adhesion and the quality of the 

manufacture would influence this behaviour. Over the working lifetime of the battery (Si 

anode), those cracks can combine and would therefore result in loss of active material and 

hence capacity loss.  
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The 3D data also shows the presence of intrinsic porosity within the silicon electrode, 

although this accounts for <1 vol %, these pores are ca. 30 – 50 μm wide and may induce 

crack propagation. The nature and the microstructure of the Si anode will be investigated in 

future studies. 

 

Figure 87  GE Pheonix v|tome|x XMT 3D reconstruction after lithiation with delamination.
48

 showing the Cu 

current collector in red, the pores phase in yellow and delaminated Si anode in green.  

A rapid decrease in the cell potential is observed from the measured voltage data, 

suggesting that the electrode-current collector contact resistance is increasing due to the 

volumetric expansion caused by the lithiation. After 500 sec the performance of the cell 

improves until the 1500 sec point. The cause of this is hypothesized to be due to the 

increase in available active surface area caused by the delamination. Through 3D data 

analysis it is evident that the electrode-current collector area decreases as a result of a 

severe delamination by 1.84 mm2 from an original 4.17mm2, which is equivalent to a 44.1 % 

loss of contact area (Figure 88). Furthermore, the pore-silicon interfacial area increases to 

2.13 mm2, which corresponds to 21.2 % of the total silicon anode area following lithiation 

(Figure 87). 
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Figure 88 GE Pheonix v|tome|x XMT radiography during lithiation and delamination, whereas the region in 

contact with the electrolyte upon lithiation lifted off and delaminated in a concave ‘bow shape’ away from 

the current collector 
48

. 

From the results it is evident that lithiation results in the anode expansion that causes 

severe delamination. Upon volumetric expansion, stresses are generated which are 

accommodated through the creation of new surfaces and this results in the lifting of the 

anode away from the current collector, delamination would therefore facilitate reducing 

stresses at the electrode-current collector interface. A few locations of the anode maintain 

good adhesion with the current collector, which ensures that the anode continues to 

function; however, in-situ imaging also shows that lithiation delamination eventually results 

in areas of crack propagation through the electrode thickness reaching to the electrolyte. 

Coalescence of cracks would therefore result in loss of active material and capacity loss.  

A volumetric expansion of silicon anodes causes a significant increase in cell resistance due 

to delamination of the electrode from the current collector.  
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6.2  Synchrotron X-ray experiments  

A further investigation of the Si-Li anode at higher resolution using a synchrotron source is 

essential to get a better understanding on the degradation mechanism in this system. The 

same design of the Si cell was used in SXCT imaging in order to present an in-operando 

investigation of Si anode volume expansion at higher resolution and at different length 

scales. The imaging of a fresh Si electrode, before lithiation, was taken at a voltage of 22 KeV 

at the Diamond Light Source using the Diamond-Manchester imaging beamline I13-2. 1800 

projections were recorded in order to achieve a 3D image with a 0.81 m voxel resolution. 

Reconstructed 3D images of the anode before lithiation are presented in Figure 89. 

Evidentially there are metallic particles within the Si anode, which were not observed by the 

Lab source due to insufficient resolution of the technique.  

 

Figure 89 SXCT 3D reconstructed images before lithiation (a) the Cu current and random distributed metallic 

particles and (b) the 3d image in (a) including the Si anode showing as a transparent yellow/brown phase   

Those metallic particles can be useful and beneficial for tracking, especially for degradation 

after lithiation, as those particles can serve as a marking agent. Those metallic particles are 

randomly distributed throughout the Si electrode, and to the best to our knowledge they 
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were accidently incorporated into the anode. It might be difficult to observe small changes 

via these images but the changes can be quantified using the position of the metallic 

particles.  The Si electrode was found to have thickness of ca. 40-45 µm and diameter of as 

ca. 200 µm.  Large cracks are observed as well, which can reach an 80 µm length even 

before lithiation. This is related to battery manufacture.  

 

Figure 90 SXCT top view high resolution image of tip covered with the Si anode before lithiation 

A top view of the tip is presented in Figure 90. It can be clearly seen that on the top, there is 

an area of the tip which is not fully covered by the Si anode. Cracks are also observed; 

probably initial battery manufacture produces stresses, which cause the cracks to develop 

during manufacture. It is seen in a fresh electrode before lithiation or battery operation. 

This area dimensions are specified in Figure 90; the area is relatively big which reflects the 

poor manufacturing quality.     

Ex-situ imaging of a lithiated Si electrode was taken with the same imaging conditions in 

order to achieve a 3D image with a 0.33 m voxel resolution. Reconstructed 3D images of 

the anode after lithiation are presented in Figure 91. 
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Figure 91 Ex-situ SXCT 3D imaging of the Si anode after lithiation (a) the Cu current and random metallic 

particles:  the small particles moved upwards and the bigger particles moved towards the surface (b) the 3D 

image in (a) including the Si anode presented as a transparent yellow/brown phase after volume expansion.   

Non-uniform expansion of the Si anode occurs after lithiation. The, expansion of electrode 

in all directions is observed (Figure 91b) and it is clear that it results in the creation of a new 

free surface. Recently, a tomographic analysis study of porous silicon electrode was 

reported by Pietsch et al 149, they reported high resolution in-operando synchrotron 

radiography and tomography. The results confirm a volume expansion during lithiation, they 

showed that the whole electrode is almost fully lithiated after 895 minutes and an overall 

expansion of 86%, the separator is pushed out of the observation window, and they also 

showed that the lithiation is accommodated with developing an high pressure according to 

the porosity change (suggested on the order of 1GPa) resulting in crack formation within 

some Si particles. According to quantification of the tomographic data presented in Figure 

91, the Si thickness measured ca. 55 µm, which is a volume expansion of ca. 22%; the Si 

diameter ca. 445 µm means a lateral expansion of ca. 225%. The movement of the particles 

also occur in all directions, which reflects this expansion. The smaller particles moved 

upwards and the bigger particles which moved towards the surface. This concurs with the 
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observation that the Si anode has lifted upwards and outwards from the Cu current 

collector tip.  

 

 

Figure 92 Top view high resolution synchrotron image of tip covered with the Si anode after lithiation which 

can be compared to Figure 87.   

By comparing the top view image of the Si anode before lithiation (Figure 90) to the top 

view image of the Si anode after lithiation (Figure 92) it is possible to track degradation. 

Volume expansion of the Si anode, as a result of the battery operation, can be calculated, as 

well as the new surface area, using this comparison. The area which is not covered by the Si 

anode was expanded after lithiation and a new surface creation occurred. According to the 

previous results, Figure 87 and the recent study 48 the anode lifted up. This happened in this 

case as well and caused new surface creation and crack expansion. It also confirmed that 

the expansion happens in all directions. The longest length of this area increased by 100 m 

after lithiation and the longest width of this area increased by 70 m.      
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6.3 Conclusions  

A new cell design was successfully developed to carry out novel X-ray radiographic and 

tomographic imaging to study in-operando degradation mechanisms in a Si anode based 

battery. The lithiation caused stress cracking and was followed by electrode-current 

collector delamination. This delamination led to an increase in contact resistance of the cell. 

Quantitative analysis showed that 44.1% of the initial electrode-current collector area was 

lost within just 1 hour of operation at 100 μA (2.4 mA/cm2) (Figure 87). The volume 

expansion caused by the lithiation of the silicon anode resulted in a 21.2% increase of fresh 

electrode new surface.  Metal particles incorporated with the Si anode were found 

beneficial as marking agents for degradation tracking.   
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7. Conclusions and future work 

This thesis emphasises the importance of advanced 3D imaging and quantification of battery 

materials. The research found that a better understanding of the real geometry and the 

distribution of the different phases within the battery materials microstructure, especially 

during operation via in-operando experiments, is essential to study degradation 

mechanisms.  

Novel techniques, new rigs, original cells and innovative methods were designed, developed 

and used in this study. Those new developments improved the ability to image battery 

materials in 2D and 3D, and enabled direct imaging during battery operation at different 

length scales and at different operation stages.   

Additionally, this work opened up new possibilities and new research directions by bringing 

a multidisciplinary approach to mitigate and track degradation mechanisms in 

electrochemical devices by using advanced characterisation tools and quantification 

software.  

7.1    Contrast enhancement of composite electrodes containing carbon 

A Br-epoxy was successfully developed and applied for the first time for contrast 

improvement when imaging lithium ion battery carbon based electrodes. This delivered 

superior contrast and fewer imaging artefacts than other previously reported epoxies, 

enabling a fully automated segmentation process. Use of the Br-epoxy made it possible to 

quantify the particle size and distribution within the battery electrode. This confirmed that 
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the size and distribution of the carbon black particles lacked uniformity; this lack of 

homogeneity in particles is likely to affect performance and provides possible sites for 

initiating degradation within battery electrodes.  

The Br-epoxy worked very well with the carbon black phase studied here, enabling the 

highest resolution ever reported for LFP electrode material (10 nm lateral (x-y) spatial 

resolution) and high quality 3D imaging and quantification, which could also be applied 

more widely to a greater range of materials. This novel epoxy was also suitable for X-ray 

imaging. In summary, this method offers a simple and effective route for high quality multi 

modal 3D imaging, without the need for stringent vacuum conditions, compared to other 

methods previously reported.  

In future work, a degradation study of different cycled LFP electrodes will be carried out 

using the methodology presented here, and the study will be expanded to other materials 

including particular porous carbon electrodes via X-ray and FIB-SEM tomography. Better and 

higher resolution X-ray tomography rigs will be used to examine fine particles e.g. carbon 

black in LFP and to further examine whether Br epoxy is useful for X-ray imaging.  

7.2 Zn Dendrites in the Zn-air system  

In-operando synchrotron tomography studies provide unique insights into the formation of 

Zn dendrites during the charge and discharge step of a Zn-air battery. In the absence of a 

separator, on charging, the dendrites start to grow at different times in various locations 

across the tip. The dendrite formation was accompanied by hydrogen generation. The 

growth rate of these dendrites varies from dendrite to dendrite. 3D tomography analysis 

indicated at least a 20 times surface increase with dendrite growth. Moreover, it also 
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appears that dendrites grow in height faster than the densification of their bases resulting in 

‘pine tree’ like microstructures. The discharge phase led to dendrite thinning followed by 

partial collapse of their structure and bulk dissolution of the Zn anode. During the second 

charge step collapsed dendrites were mechanically ‘lifted’ up by newly formed dendrites 

and hydrogen bubbles. Eventually the collapsed dendrites were reconnected with new ones, 

resulting in a highly entangled structure that continued growing until the end of the 

experiment.  Based on 3D tomography data, the surface area increased 3 times more than 

on the first charge step. Additionally, the second charge step resulted in dendrites that were 

considerably thinner and less dense at the point of their attachment to the anode than 

further away from it, with considerably more entangled branches compared to those 

formed after the first charge cycle.  

During the first charge step with the separator/membrane present between anode and 

cathode, dendrites that initially formed on the tip expanded into, and penetrated through, 

the separator microstructure, and then continued growing on its surface. The growth rate of 

dendrites in the separator was inhomogeneous and non-linear. When on the surface of the 

separator, the dendrite growth rate was initially nonlinear for horizontal and vertical 

components but after a while attained a linear behaviour. Moreover, dense and irregularly 

shaped deposits and morphologies were found in the separator microstructure that acted as 

conducting pathways between the electrode tip and the dendrites on top.  During the 

discharge step some dendrites thinned and collapsed on the separator causing temporary 

short-circuits. Though the Zn anode receded as a result of dissolution, most of the dendrites 

remained attached to it. The second charge step caused densification of these dendrites and 

new dendrites grew on top of them. However it also resulted in the formation of a 
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permanent short-circuit that prevented further experiments.  The observed complexity of 

dendrite electrode position, anode erosion, and separator performance, highlighted the 

difficulty of managing durability and safety in the Zn-air battery system. 

Future work will deal with the effect of surface roughness, current densities and separator 

microstructure on kinetics and morphology of Zn dendrites in aqueous alkali solutions. 

High resolution ex-situ characterisation revealed the fine structure of an individual dendrite 

growing on Zn electrode with primary, secondary and also ternary dendrite parts clearly 

distinguished.  From being highly anisotropic and having a ‘pine-tree’ shape on the Zn tip, 

the morphology of dendrites inside the separator is completely different, and appears to be 

dense and tortuous interconnected deposits that were also connected to dendrites growing 

on top of the separator.   

Integrating multi-length scale high resolution 3D imaging and modelling in the 

characterisation and identification of mechanical failure sites in electrochemical dendrites 

was successfully developed. A novel approach was used to enable the mechanical 

stabilization of a single dendrite.  When combined with FIB-SEM tomography this allows 

high resolution 3D imaging of a full size dendrite.  A combined experimental and modelling 

approach based on 3D imaging was used to investigate Zn dendrite growth in a Zn-air 

battery. This approach is not limited to the Zn-air system but can be applied to other metal-

air systems, including the Li-air system. From the results, it is clear that the electrochemical 

dendrite morphology is more developed in the top region of the dendrite, further from the 

electrode, where there are long secondary arms. Micro-mechanical measurements were 

successfully introduced for the first time to study dendrites with a relatively good 

agreement with the finite element simulations, which suggest that the dendrite necks 
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connecting to the base are most likely the points of failure, as observed using the micro-

mechanical manipulator. 

A deeper insight on mitigation approaches to supress dendrite growth, such as PEI additive 

addition, was carried out. It found that the present design does not provide sufficient 

evidence about the effect of the additives on supressing dendrites growth. A number of 

identical cells with the latest version design (Figure 36) will be used in future work to study 

the effect of additives on dendrite growth in the Zn-air system via 3D imaging and advanced 

quantification.  

The additive approach was taken along with a novel crystallography mitigation approach via 

EBSD, which was introduced for the first time for this purpose in this thesis. This method 

was developed in order to study the preferred orientation of the dendritic growth and to 

seek a relationship between the orientations of the nucleation grains/sites for the growth to 

the dendrites. The initial results reported in this thesis indicate a correlation between a 

growth direction and a preferred crystallographic orientation of the zinc, which open new 

routes for supressing dendritic growth via controlling the structural properties of the 

metallic anode.  

Future work for EBSD will be carried out using the design which was found successful in the 

study of PEI addition (Figure 36), in order to reveal crystallographic data via EBSD analysis. 

Thick and big dendrites were grown, to maximise the cross section area of the dendrites 

after cutting. A better and more precise sample preparation procedure, including improving 

the epoxy impregnation approach, should be carried out in order to stabilise the dendrites 

connecting to the Zn anode during sample preparation.     
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7.3 Silicon anode for lithium ion batteries 

A novel in-operando cell was successfully designed to perform in-operando direct imaging of 

a lithiated Si anode in a LIB’s.  Volume expansion and severe delamination were observed. 

Lithiation induced stress cracking followed by severe electrode-current collector 

delamination was observed, which led to an increase in contact resistance of the cell, 

capacity loss and eventually was likely to cause a total cell failure. Synchrotron in-operando 

X-ray experiments provide better understanding of the volume expansion of the Si anode 

during operation and confirmed a poor manufacturing quality and non-uniform expansion 

which was observed. Furthermore, a new approach to tracking degradation is suggested by 

adding metallic particles during the preparation of the porous anode slurry, which can serve 

as marking agents for tracking degradation.      

The ability to quantify in 3D, the detailed microstructural developmental changes in a Si 

based anode as it operates, provides opportunities to understand sources of battery 

degradation and failure. Furthermore, the approach is not limited only to Si anodes but can 

be applied to composite Si anodes and to other chemistries, and offers insights into 

evolutionary microstructural changes and observed battery performance/lifetime. An 

improved design will be developed to minimise the cell resistance by adding a heating 

element for a high temperature operation and by designing a shorter electrode separation 

distance.  
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8. Appendix 

 

The model for the currents is set up using the Secondary Current Distribution interface 

(COMSO Inc.). In this model a zinc anode is used as one of the electrodes, giving rise to the 

following electrode reaction:                 Zn(s) → Zn2+ 2e-      Eeq, 0= –0.76 V 

The other electrode consists of carbon, and here hydrogen evolution is assumed to take 

place:                                                          2H+ 2e- → H2(g)      Eeq, 0 = 0 V  

The electrolyte current solved for by Ohms law. The conductivity of the metal Zn is so high 

that the electrode domains are not included in the model, instead boundary conditions on 

the Zn surfaces are used to set the Zn potentials. One side is grounded and the other one is 

set to a cell potential to comply with a total current condition. This would correspond to a 

situation where the cell is controlled galvanostatically, for instance by the use of a 

potentiostat. Butler-Volmer type expressions, with concentration dependent exchange 

current density for the zinc reaction, are used for the electrode kinetics on the surface of 

the Zn within the cell. The initial value of the electrolyte potential is set to correspond to the 
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potential of a cell at open circuit (that is, no activation potential). Following the definition of 

the overpotential:                         η = φs – φl – Eeq 

 The initial value becomes:          φl, init = φs – Eeq – η = 0 – Eeq, Zn – 0 = –Eeq, Zn  

The zinc concentration is set to 0.001 mol/m3 at the start of the simulation. All boundaries 

except the zinc electrode are insulated. 

The geometry in (b) is an example of suggested electrodes geometries which can be printed 

using selective laser sintering (SLS). Based on modelling, different geometries of Zn 

electrodes can be designed and produced.   

 


