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Abstract 
Hedman, J. 2022. Fiber Optic Sensors for Monitoring of Lithium- and Sodium-ion Batteries. 
Digital Comprehensive Summaries of Uppsala Dissertations from the Faculty of Science and 
Technology 2126. 99 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-1444-0. 

Rechargeable batteries, particularly lithium-ion batteries, have rapidly evolved since their 
introduction and now dominate the market, owing primarily to their high energy and power 
densities. With growing demand for high-performance batteries in portable electronics and 
electric vehicles, the need for safe, efficient, and reliable batteries is crucial. Conventional 
battery management systems, which generally rely on parameters such as current, voltage, and 
temperature, provide limited information on the chemical and physical processes taking place in 
the battery during operation. The understanding of degradation processes and how they evolve 
with time is also limited due to the complex nature of batteries. In order to enhance the battery 
lifetime, safety, and reliability of current batteries as well as for emerging battery technologies, 
more detailed information from the cells is required. Developing sensors that can be used to 
probe the batteries could allow for optimized performance and a more accurate determination 
of cell state. In this regard, fiber optic sensors are promising candidates. 

This work explores the use of fiber optical evanescent wave (FOEW) sensors for monitoring 
chemical and electrochemical reactions in lithium- and sodium-ion batteries under working 
conditions. The sensor response and battery performance were compared with the sensor either 
fully embedded in a lithium iron phosphate cathode or positioned at the electrode surface. The 
optical response was further linked to the oxidation and reduction of the active material during 
cycling by means of galvanostatic and voltammetric experiments. The influence of cycling rate, 
sensor position, and electrolyte salt concentration was also discussed. The work also shows the 
ability of the FOEW sensors to detect lithium and sodium plating, both as a result of insufficient 
storage capacity and high cycling rates. This is an important finding as plating poses a serious 
risk for short circuit in batteries. A correlation with the sensor response and lithium staging in 
graphite anodes could also be seen. 

These findings highlight the value of optical sensors for monitoring batteries under working 
conditions. The concept of fiber optic sensing in batteries is still in its early stages, but the 
research field is gaining more interest. This work has aimed to advance the understanding of 
FOEW sensors in particular, and the results could help to provide directions for the research 
community for the realization of fiber optic sensing in commercial batteries. 
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1 Introduction 

1.1 Rechargeable Batteries 

Rechargeable batteries are electrochemical storage devices where chemical 

energy is converted to electrical energy through electrochemical reactions dur-

ing discharge. A battery consists of two electrodes, an anode and a cathode, 

which are separated by an electrolyte. The electrochemical reactions at the 

electrode-electrolyte interfaces are accompanied by an ionic current in the 

electrolyte, which is typically a liquid based on a non-aqueous organic solvent 

and a salt. The electrolyte conducts ions between the two electrodes but not 

electrons, these are instead passed through an external circuit where they do 

electric work. A porous membrane called separator physically separates the 

two electrodes while still allowing ions to be transferred between them. The 

anode and cathode each consist of various active materials coated on current 

collectors, which enables transport of electrons to or from the active material 

in the electrodes. The cell voltage is determined by the difference in electro-

chemical potential of the cathode and anode. Current lithium-ion batteries em-

ploy electrode materials of insertion type for both the cathode and the anode 

side, which allow reversible insertion and extraction of lithium ions from the 

electrode host structure. The cathode is the electrode where the lithium ions 

are stored during discharge and common cathode materials for lithium inter-

calation are LiFePO4 (LFP), LiCoO2 (LCO), Li(Ni0.80Co0.15Al0.05)O2 (NCA), 

and Li(Ni0.33Mn0.33Co0.33)O2 (NMC).1,2 The anode is the electrode where the 

lithium ions are stored when the battery is charged, and the vast majority of 

lithium-ion batteries employ graphite as the anode, but hard carbon and lith-

ium titanium oxides are also used.3 In batteries, the terms positive and negative 

electrode with respect to cathode and anode are commonly used in an implicit 

manner. The positive electrode being the higher potential electrode. 

A schematic illustration of the working principle of a rechargeable battery 

is demonstrated in Figure 1. During discharge, the negative electrode (anode) 

is oxidized and electrons are at the same time passed through the external cir-

cuit towards the positive electrode (cathode). To maintain charge neutrality, 

lithium ions simultaneously leave the anode and enter the cathode on the other 

side to balance the corresponding reduction. When charging the battery, the 

reactions proceed in opposite direction. Whether it is a lithium-ion battery or 

sodium-ion battery, the operating principle remains the same. How batteries 

are operated have significant influence on their performance and degradation, 



 

 12 

which unavoidably occurs with usage. Battery lifetime is for example influ-

enced by the currents used during cycling, state of charge (SOC), depth of 

discharge (DOD), extreme temperatures, and storage conditions.4–6 Therefore, 

most batteries in applications such as portable electronics or electrical vehicles 

have some kind of management system to control and regulate the batteries 

within safe limits. However these have their own limitations, which will be 

further discussed below. 

 

Figure 1. Schematic illustration of the working principle of a conventional lithium-
ion battery. The red spheres represent lithium ions moving between the electrodes via 
the electrolyte during charge or discharge while electrons are passed between the cur-
rent collectors through an external circuit. 

1.2 Why Battery Sensors? 

To meet demands for high-performance batteries, it becomes more and more 

important to accurately control and monitor battery functionalities such as 

SOC, state of health (SOH), and temperature during battery operation to en-

sure high safety and reliability. To do this, a battery management system is 

used which typically rely on input data from current, voltage, pack tempera-

ture and in some cases also pressure.7 However, these are weakly informative 
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when it comes to understanding the complex nature of the reactions taking 

place in the battery cell during cycling. The task of monitoring is further com-

plicated by ageing processes in the batteries,4,8 and accurate SOC and SOH 

estimations hence remain a challenging task. There are several methods for 

estimating SOC and SOH, such as direct discharge test under controlled con-

ditions, coulomb counting by means of current integration, open circuit volt-

age or Kalman filters9, neural networks and fuzzy logic which use advanced 

adaptive algorithms and data models.7,10,11 For cell state determination, cou-

lomb counting and the OCV method are most commonly used.11 The short-

comings with coulomb counting is mainly related to sampling accuracy, as 

inaccurate measurements can add up to significant errors. Another complica-

tion is related to coulombic efficiency since not all current supplied to the 

batteries translates into stored charges due to parasitic reactions, which have 

to be accounted for.10,11 The voltage-based method is fairly accurate, but re-

quires long resting times to reach equilibrium and thus cannot be used while 

for example driving an electric vehicle.7,11 In addition, voltage is usually rec-

orded at the pack level and not for individual cells, which further complicates 

SOC estimations. Some electrode materials also have a flat voltage profile, 

such as LiFePO4 or Li4Ti5O12 (LTO), which makes accurate SOC estimations 

based on OCV difficult. While reference electrodes in a three-electrode cell 

are optimal for providing an accurate reading of the individual electrode po-

tentials or to gain insight on degradation processes to understand which elec-

trode limits performance, they are not used in commercial cells due to manu-

facturing challenges, increased costs, and potential impact on the cell perfor-

mance.12,13 

Conventional methods for battery management rely on external sensors 

such as thermocouples or electro-mechanical sensors, which are not suffi-

ciently accurate at determining the internal state of the battery and they can 

also be influenced by the surrounding environment.14 Developing compact 

and miniaturized sensors that could complement or improve existing data ac-

quisition techniques in order to provide a more detailed view of the complex 

internal cell chemistry is therefore of great importance and could help to in-

crease safety and reliability and ensure longevity. They could also provide an 

early warning of degradation or harmful chemical processes, which could pre-

vent catastrophic failure. 

Fiber optical sensors have several desirable properties that make them 

promising candidates for use in battery diagnostics. They are inherently im-

mune to electromagnetic interference (EMI), electrically insulating, mini-

mally invasive as they can be made very thin and are lightweight.15–17 They 

are also resistant to harsh chemical environments, such as those found in lith-

ium- or sodium-ion batteries, and can measure multiple parameters with high 

sensitivity using the same fiber (a process known as multiplexing). Several 

different fiber-optic sensing methods are currently being explored for use in 

battery sensing applications.15,18,19 These include mainly fiber Bragg grating 
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sensors20–31, fiber optic evanescent wave sensors32–39, Fabry-Perot Interfero-

metric sensors26,40, and Photoluminescent sensors41,42, where the fiber Bragg 

grating sensors are the most mature of them all in terms of technological read-

iness. Fiber optical sensors could be placed outside or inside battery cells and 

provide information about the internal cell temperature, strain, pressure, re-

fractive index, and concentration of various chemical species, to mention a 

few common measurands.15 This has, for example, been used to evaluate 

heat31,43 and volume evolution in battery cells26,27, intercalation stages in 

graphite23,34, ion diffusion through strain relaxation22, concentration of oxy-

gen41, and for SOC40 and SOH estimates21,34. Depending on the sensor method 

and configuration, information is obtained through optical data such as wave-

length shifts (e.g., Bragg wavelength shifts or plasmonic resonance wave-

length shifts), phase shifts, and modulated intensity output.15 The main goal 

of fiber optical sensors is to complement BMSs with more informative data 

input which could be used in algorithms for more accurate thermal manage-

ment or determination of actual cell state, tracking degradation or other harm-

ful processes, which could allow the batteries to operate closer to their limits 

while still maintaining safe and reliable operation. This is in turn expected to 

reduce costs and increase energy density at both pack and cell level, since 

batteries are conservatively dimensioned to ensure safe operation. The ad-

vantage with optical fiber sensors is that they can be applied directly to the 

interior of cells where the reactions of interest take place. The limitations are 

mainly that practical implementation is challenging and the many processes 

that occur simultaneously in batteries can cause cross influence on the sensor 

response, for example strain and temperature effects in the case of fiber Bragg 

grating sensors, which makes it challenging to separate different contribu-

tions. This is also a challenge with other optical fiber sensors such as the in-

tensity based sensors used in this work and effort has to be directed towards 

further understanding the optical response and its connection to the chemical 

and electrochemical reactions taking place in the batteries during operation. 

In this regard, the use of different types of optical fiber sensors or using mul-

tiplexing, each sensitive to different processes in the batteries, is a promising 

approach to gain further understanding of the complex nature of batteries. 

1.3 Background to Fiber Optics 

This chapter aims to provide some key aspects, terminology and basic under-

standing of light guidance in optical fibers. Light can be considered as either 

electromagnetic waves or particles (photons). A simplification when describ-

ing light guidance in fiber optics is to consider light as rays. Using a ray-trac-

ing model to describe how light propagates through space and optical devices 

such as optical fibers is useful for visualization, but is an approximation since 

light is not strictly made up of rays. The physics behind light guiding in optical 
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fibers is considerably more complex and the ray-tracing concept will suffice 

to give a basic understanding in this chapter. 

1.3.1 Reflection, Refraction and Refractive indices 

The maximum speed of light possible is in vacuum and is about 300 000 km/s. 

The speed of light depends on the material it is passing through, and slows 

down when it passes a transparent material as compared to vacuum.44 When 

light passes through one material to another, for example from a dense me-

dium such as a glass prism to air, the phase velocity of light changes. Because 

different wavelengths will travel at different speed in the same material, they 

will change speed at different rates, causing the light to bend when traveling 

from one medium to another. A classic example of this is white light striking 

a glass prism, producing a spectrum of colors. The light bending is called re-

fraction. How fast electromagnetic waves move through a transparent optical 

medium relative to the speed of light in vacuum is described by the refractive 

index, denoted as n as shown in (Eq. 1). Most optical fibers are made of fused 

silica glass (SiO2) and the refractive index, depending on the wavelength, typ-

ically ranges from 1.44 to 1.46.  

Refractive index =
velocity of light in a vacuum

velocity of light in a material
= n (Eq. 1) 

The higher the refractive index, the lower the phase velocity of light is in that 

medium. By definition, the refractive index of vacuum is 1.0. However, in 

practice the refractive index of different materials is measured relative to the 

speed of light in air as opposed to vacuum. The difference in refractive index 

between air and vacuum is small at standard temperature and pressure, with 

air having a refractive index of 1.000293.45 Light bending at a surface is de-

termined by the refractive indexes of these two materials as well as the angle 

of incidence at the surface.44 The refractive index of a material will influence 

light waves differently depending on if light waves travel from a medium with 

low refractive index to a material with high refractive index, or vice versa. 

Light is partially transmitted and partially reflected when it strikes an interface 

between two mediums, and the transmitted component becomes refracted.46 

This is illustrated in Figure 2a, where the incident light travels from a medium 

of low refractive index towards the surface of a medium with high refractive 

index and, depending on the angel of incidence, some of the light is transmit-

ted into the second medium, while some is reflected. Another scenario is il-

lustrated in Figure 2b, where light travels from the high refractive index me-

dium towards the interface with the low refractive index medium at a certain 

angle of incidence and reflects back into the medium of high refractive index. 

The angle of reflection in this scenario is equal to the angel of incidence. 
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Figure 2. Refraction of light in mediums of different refractive indices. 

1.3.2 Snell’s law  

The angle of incidence and angle of refraction of light are both measured with 

respect to the normal, which is a line perpendicular to the surface between two 

mediums. The angle of incidence describes the angle of incoming light rays 

with respect to the normal, whereas the angle of refraction describes the angle 

of outgoing light rays.44,45 The relationship between the sine of these two an-

gles and the refractive indices of the media are governed by Snell’s law of 

refraction, and is given in (Eq. 2) below.44,47,48 

𝑛1 sin 𝜃1 = 𝑛2sin 𝜃2   (Eq. 2) 

Here, n1 and n2 are the indices of refraction of the two media and ϴ1 and ϴ2 

are the angles of incidence and refraction, respectively. The ratio between the 

sine of the angle of incidence and the sine of the angle of refraction should 

thus always be constant. As illustrated in Figure 3, a ray of light passes from 

a medium of high refractive index n2 to a medium of lower refractive index 

n1, which means that the angle of refraction increases relative to the normal. 

If light path would be reversed and the light is incident from the medium of 

lower refractive index instead, it would bend towards the normal when enter-

ing the medium of higher refractive index. Snell’s law of refraction can thus 

be used to explain the path of light waves moving through different media. 
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Figure 3. An illustration of Snell’s law. 

1.3.3 Angle of Incidence and Critical Angle 

As was illustrated in Figure 3 above, electromagnetic waves are refracted 

through the interface, away from the normal as they pass from an optically 

dense medium (higher refractive index) to a less dense medium. If the angle 

of incidence in the medium of high refractive index increases, the reflected 

ray approaches the boundary of the two media since the angle of refraction 

also increases. At some point, the angle of refraction will eventually reach 90° 

and light is partially reflected, while only a residual refracted ray will travel 

along the interface of the two media.46 The angle at which this occurs is called 

the critical angle. If the angle of incidence is increased beyond the critical 

angle, Snell’s law of refraction indicates that refraction can no longer take 

place and the partial reflection instead becomes totally internally reflected 

(TIR) at the boundary, since light can no longer escape the medium of higher 

refractive index (see Figure 4).45,47 Using Snell’s law of refraction and the 

refractive indices of the two media, the critical angle of refraction can be de-

termined by assuming that the angle of refraction is 90° where the sine gives 

a maximum value of 1.0. The critical angle is thus given by (Eq. 3) below 

𝜃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 = sin−1 (
𝑛1

𝑛2
)   (Eq. 3) 
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Figure 4. Critical angle and the principle of total internal reflection. 

1.3.4 Total Internal Reflection (TIR) 

At TIR, the angle of incidence is equal to the angle of reflectance. This is the 

working principle of light guidance in all optical fibers since light cannot es-

cape the fiber if the incident angle of a ray at the core-cladding interface is 

greater than the critical angle and remains so as it continues to reflect along 

the length of the optical fiber. Thus, light is guided from one end of the fiber 

to the other. For TIR to occur, the medium from which light is incident from 

must have a higher refractive index than the second one. Furthermore, the an-

gle of incidence light must also exceed or be equal to the critical angle in order 

to confine the light in the optical fiber. The principle of TIR in an optical fiber 

is illustrated in Figure 5. 

 

Figure 5. Total internal reflection of light in an optical fiber having higher refractive 
index than the surrounding medium. The incident light ray will be reflected at an angle 
equal to the angle of incidence and the angle will be the same along the length of the 
fiber if the sides are parallel. 

Although total internal reflectance occurs beyond the critical angle, it indi-

cates that there is no electromagnetic field beyond the interface of the two 

media. However, in the external medium, there exists a specific type of elec-
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tromagnetic field known as the evanescent wave, which can be seen as a rem-

nant of a light wave reflected at the interface.46 The light reflected at the inter-

face forms a standing wave perpendicular to the interface in the medium of 

higher refractive index, and an evanescent field that is non-propagating ex-

tends into the media of lower refractive index.49 If the external medium is 

lossy (i.e. energy is transferred), the evanescent wave can be absorbed so that 

the reflection at the interface would not be total. In other words, the light prop-

agating in the medium of high refractive index becomes attenuated. This is the 

working principle of attenuated total reflection (ATR) spectroscopy. 

1.3.5 Light Guiding in Optical Fibers 

An optical fiber is a thin cylindrical dielectric waveguide, usually made of 

glass materials such as fused silica, which can collect light in one end and 

guide it to the other. The basic principle of light transport in an optical fiber is 

TIR, as light strikes the outer surface of the fiber at an angle equal to or greater 

than the critical angle as was illustrated in Figure 5. Optical fibers consist of 

at least two essential components, namely the core and the cladding as can be 

seen in Figure 6.45,48 The core is the central part of the fiber and generally 

guides most of the transmitted energy. The size of the core varies depending 

on the type of optical fiber but is about 50 μm in diameter for a standard mul-

timode fiber and usually consists of pure silica glass. In order to confine the 

light to the core, a second layer of glass with lower refractive index, called the 

cladding, completely surrounds the core, giving the optical fiber an outer di-

ameter of about 125 μm.47,50 The core and the cladding are manufactured sim-

ultaneously and the refractive index of the cladding is made lower relative to 

the core so that light incident on the core-cladding interface at angles greater 

than the critical angle undergoes TIR without refracting into the cladding. This 

can be done by using fluorine-doped silica. The difference in refractive index 

between the core and the cladding is however small, typically less than one 

percent.45,51 Optical fibers are in general made of different types of glass for 

both the core and the cladding, but optical fibers can also be produced com-

pletely out of plastic depending on the field of application. To give the optical 

fiber mechanical strength and protection, a third layer of polymer, called 

buffer or coating, is often added on top of the cladding but does not participate 

in the light transmission. 
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Figure 6. An optical fiber is a cylindrical waveguide that consists of two dielectric 
materials, the core and the cladding. A polymer buffer or coating is added for me-
chanical strength and protection. The figure demonstrates light guiding under total 
internal reflection and the structure and typical dimensions of an optical fiber. 

1.3.6 Acceptance Angle and Numerical Aperture 

In order for light to be coupled into the fiber core and guided under the re-

quirements of TIR, the light has to strike the fiber end within a certain angle, 

known as the acceptance angle. The ability of an optical fiber to accept light 

is defined by the acceptance angle, size, and refractive index distribution of 

the core.48 The acceptance angle is the maximum angle an external ray can 

have relative to the axis of the fiber in order to be guided in the core, and it is 

limited by the critical angle of incidence at the boundary between the core and 

the cladding.51 The acceptance angle is determined by the difference between 

the refractive index of the core and the cladding: the greater their difference, 

the larger the maximum acceptance angle.47 Light rays launched at an angle 

less than or equal to the acceptance angle are totally internally reflected and 

guided in the fiber core, as illustrated in Figure 7. On the other hand, rays 

incident on the front face of the fiber with an angle greater than the acceptance 

angle will enter the core and approach the core-cladding interface where it 

refracts, since the angle of incidence is less than the critical angle.47,50 The 

light will enter the cladding and propagate for a while but loses power at each 

reflection and will eventually be lost, as demonstrated in Figure 8.  
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Figure 7. A light ray incident on the front face of the optical fiber at an angle equal 
to or less than the acceptance angle is initially refracted into the core and then under-
goes total internal reflection at the core-cladding interface since the angle of incidence 
is greater than the critical angle. 

Because the optical fiber is a cylindrical waveguide, the angle of acceptance 

forms a cone for within which all angles of incident light are refracted into the 

core and guided under TIR.50 An alternative way of describing the acceptance 

angle and thus the light gathering capability of an optical fiber is the numerical 

aperture (NA), which is essentially the same thing but more commonly used 

than the acceptance angle.45,47,50,52 The numerical aperture is given by the sine 

of the acceptance angle according to (Eq. 4): 

𝜃𝑎𝑐𝑐 = sin−1(𝑁𝐴) = sin−1 (√𝑛𝑐𝑜𝑟𝑒
2 − 𝑛𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔

2 ) (Eq. 4) 

where ϴacc is the acceptance angle and ncore and ncladding are the refractive indi-

ces of the core and the cladding, respectively. An optical fiber with a high NA 

can accept more light than a fiber having a lower NA, because light can enter 

the fiber at a wider angle and still remain guided under the requirements for 

TIR.47,51 Because the path of light is reversible, the numerical aperture also 

describes the cone of light at which light emerges from the optical fiber and 

NA is thus an important design feature to consider when it comes to coupling 

light in and out of an optical fiber. 
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Figure 8. A light ray entering the fiber end face at an angle greater than the acceptance 
angle. The ray is refracted into the fiber core but approaches the core-cladding inter-
face at an angle less than the critical angle, which is given by the ratio between the 
refractive index of the core and the cladding. The light ray will enter the cladding as 
it does not undergo total internal reflection and will only be guided in the cladding for 
a short distance. 

1.3.7 Intrinsic and Extrinsic Losses in Optical Fibers 

Loss mechanisms are important to consider in optical fibers since they affect 

the light guiding properties and makes the signal strength fade with distance, 

which in turn limits how far a signal can travel along an optical fiber before it 

becomes too weak to detect. There are several factors that contribute to atten-

uation in optical fibers, which can be both intrinsic and extrinsic. Photons can 

for example be scattered, absorbed or radiated through light leakage as light 

propagates through the optical fiber. The sum of all loss contributions gives 

the total attenuation and is typically expressed as loss per kilometer since it 

accumulates over the length of the fiber. The losses are dominated by absorp-

tion and scattering mechanisms although these are generally extremely small 

in optical fibers. Other sources of losses in optical fibers are dispersion due to 

spreading of light pulses and polarization, but those are not discussed further 

here. 

1.3.7.1 Scattering Losses 

Scattering is considered an inherent loss mechanism and is a result of imper-

fections in the composition and density of the optical fiber. The light is not 

absorbed, but rather redirected in a different direction. There are two main 

types of scattering processes, Rayleigh scattering and Mie scattering.47 Of 

these two, Rayleigh scattering is the most important to consider and is respon-

sible for the majority of scattering in optical fibers. 
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1.3.7.2 Rayleigh Scattering 

Rayleigh scattering, together with absorption in the infra-red region, is the 

dominating loss mechanism in optical fibers.53 The scattering of light is caused 

by random localized variations in the atomic and molecular structure of the 

glass itself, where the density and composition of the optical fiber are slightly 

different, which causes random discontinuities in the refractive index of the 

core and the cladding materials.47,51,54 These regions are inherent in the man-

ufacturing process and cannot be completely eliminated. They depend on the 

glass mixture and how the silica cools and solidifies, locking them in place 

during fabrication.54 The localized inhomogeneities in the refractive index act 

as tiny scattering centers and redirect light traveling in the core in all direc-

tions, resulting in Rayleigh scattering as illustrated in Figure 9.51 If the critical 

angle of reflection is maintained, light scattered in a forward direction will 

continue to travel through the fiber without loss.54 However, some of the light 

will be scattered in such a way that it strikes the core-cladding interface at an 

angle less than the critical angle, causing it to refract and escape the core, 

resulting in attenuation. Portions of the light are also scattered back towards 

the light source. 

 

Figure 9. Rayleigh scattering at fluctuations in the refractive index of the core, which 
act as scattering points in the optical fiber. Light is scattered in all directions. 

The scattering occurs for irregularities with dimensions much smaller than the 

wavelength of the light, and a majority of the light is therefore unaffected.47,54 

Rayleigh scattering is independent on the type of material and the amount of 

scattering rather depends on the size of these irregularities relative to the 

wavelength.45 The degree of scattering is proportional to the negative forth 

power of the wavelength (λ−4) and is larger the closer the size of the fluctua-

tions are to the wavelength.47,51,54,55 This means that Rayleigh scattering is 

stronger for light of shorter wavelength (i.e. higher frequencies) which under-

goes scattering to a greater extent compared to longer wavelengths. This type 
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of scattering is also the same mechanism that makes the sky blue and consti-

tutes the main source of loss in optical fibers in the visible part of the spectrum. 

As the wavelength increases, the losses from Rayleigh scattering decreases 

rapidly, and at wavelengths longer than 1.6 μm, infrared absorption losses be-

comes dominating.51,53 

1.3.7.3 Mie Scattering 

Mie scattering is another type of linear scattering that occurs at inhomogenei-

ties larger than about ten percent of the wavelength, or close to the wavelength, 

and arise from imperfections in the fiber geometry or irregularities in the re-

fractive index of the core and cladding.47 Other sources are presence of con-

taminant atoms in the core cladding interface, voids or bubbles caused during 

fiber manufacturing. Mie scattering is not strongly wavelength dependent and 

can be reduced to negligible levels by carefully controlling the manufacturing 

process of optical fibers. 

1.3.7.4 Absorption Losses  

Every material absorbs light energy to some extent. Even optical fibers of pure 

silica, which are specifically designed to be highly transparent, absorb some 

of the light passed through it. The amount of absorption varies depending on 

the wavelength and the characteristics of the material. Although optical fibers 

normally are extremely pure, a small portion of the light guided in the fiber is 

absorbed by the material.45Absorption losses, like scattering losses, are cumu-

lative and increase with the length of the optical fiber. In contrast to scattering 

or radiation losses, where photons change direction or sometimes energy level, 

energy carried by the photons is absorbed and transferred into other forms of 

energy such as heat by the atoms or the electrons of the absorbing material.56 

For silica-based optical fibers, intrinsic absorption losses occur strongly in 

both the ultraviolet and infrared spectral regions.48 Electronic and molecular 

transitions are responsible for the absorption at shorter wavelengths in the UV 

range, while vibrational transitions caused by strong resonance of the silicon-

oxygen bonds are responsible for absorption at longer wavelengths in the IR 

range.51,53 The absorption loss at UV wavelengths is, however, insignificant 

compared to Rayleigh scattering. 

Absorption in optical fibers is also strongly influenced by impurities in the 

glass, which are considered extrinsic contributions to absorption. The absorp-

tion loss from impurities is mainly caused by the presence of metal and hy-

droxyl ions, and the degree depends on the wavelength and the concentration 

of the contaminants.47,48,53,55 Hydroxyl ions are of particular concern and are 

related to water molecules embedded in the glass.48,51,55 The water molecules 

cause molecular vibrations which produce several strong absorption peaks in 

the visible and near infrared region of many commercial optical fibers. Impu-

rities from traces of metal ions, in addition to the presence of water molecules, 
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contribute to absorption losses. 45,51,53–55 This is inherent from the manufactur-

ing process, because while glass fibers are extremely pure, producing fused 

silica that is perfectly pure is extremely difficult, and some impurities of tran-

sition metal ions such as copper, chromium, cobalt, iron, nickel, vanadium, 

and manganese will still remain in the silica structure.47,53–55 Because of in-

complete inner electron shells, these metal impurities usually have electronic 

absorption in or near the visible spectral region as light interacting with these 

metal ions can induce electronic transitions between different energy levels.53 

Absorption from impurities can be limited by carefully controlling the manu-

facturing process of optical fibers. 

1.3.7.5 Bending Losses 

Propagations losses may also be induced by external factors such as bends in 

optical fibers or an abrupt change in radius of curvature, resulting in losses as 

light energy is radiated from the fiber. This is called bending losses and can 

be separated into two types of bending, macro and micro bending depending 

on the size of the bend. 

Macrobending occurs when an optical fiber is bent with a radius that is 

large compared to the fiber diameter and is typically in the range of centime-

ters.55 A tight bend in an optical fiber can result in considerable loss as well as 

mechanical failure if the bend is too sharp, and the loss may even exceed the 

loss in one kilometer of fiber under normal conditions.54 Using the ray tracing 

approach as was previously employed, bending losses can be easily explained 

in multimode optical fibers as illustrated in Figure 10.45,54,55  

 

Figure 10. Schematic illustration of macrobending in an optical fiber. 

If the optical fiber is straight, the radius is uniform and the normal of the op-

tical fiber is perpendicular to the surface of the fiber core. Light incident on 

the core-cladding surface at an angle greater than the critical angle is confined 

within the fiber as the conditions for TIR are satisfied. Bending the fiber 

breaks the cylindrical symmetry and changes the angle of incidence of light 
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striking the core-cladding interface as the normal follows the curvature of the 

fiber. If the bend is significant, the angle of incidence is less than the critical 

angle, causing light to radiate out from the core into the cladding and escape 

from the bent part of the fiber. A more accurate description is that the field 

distribution of guided modes in the optical fiber is not entirely restricted to the 

core of the fiber, but a part of the energy travels in the cladding in the form of 

an evanescent field.53,55 As an optical fiber undergoes bending, the evanescent 

field towards the outside of the bend has to move faster than the maximum 

velocity of light allowed in the cladding in order to keep up with the field in 

the core, which is not possible. As a result, a portion of the evanescent field is 

radiated from the fiber, reducing the energy of light guided in the core. Bend-

ing losses increase significantly when the bend radius decreases and sharp 

bends in optical fibers should therefore be avoided.48,54,55 

Microbending is due to small scale bending or distortions of the core-clad-

ding interface which lead to microscopic axial displacement of the fiber from 

a straight position as shown in Figure 11.55 Losses from micro bends are sim-

ilar to macrobending as they also influence the guiding mechanism at the core-

cladding interface, but the size and the origin is different.45,54 These bends may 

not be visible to the naked eye and the radius of the micro bend is equal to or 

less then the diameter of the optical fiber.54 Microbending losses are mainly 

induced during jacketing and spooling of optical fibers and may be related to 

temperature, surface pressure and tensile stress exerted on the fiber.45,48,53 

Temperature can for example give rise to micro bends if the fiber and the outer 

jacket expand at different rates. If the outer jacket shrinks relative to the fiber 

or vice versa so that the fiber expands with temperature relative to the outer 

jacket, a microbend may form.45,54 The loss is due to transfer of energy from 

guided modes to lossy modes which are radiated from the fiber. Microbending 

losses decrease rapidly as the difference between the core and cladding refrac-

tive indices increases, and the loss contribution is small and independent of 

wavelength in multimode fibers.47,53,55 For single-mode fibers there is a sharp 

increase in loss at large wavelengths that is strongly oscillatory.55,57 

 

Figure 1. Schematic illustration of microbending in an optical fiber. 
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1.4 Optical Fiber Sensors Used in Energy Storage 

Devices 

Optical fibers, having excellent light guiding propertifiges, can be modified to 

function as optical sensors. The working principle and application of a few 

common fiber optic sensor techniques in the field of batteries is discussed in 

this section. 

1.4.1 Fiber optical Evanescent Wave Sensors 

Perhaps the simplest form of an optical fiber sensor is the fiber optic evanes-

cent wave (FOEW) sensor. As was mentioned previously, when light is guided 

in an optical fiber under the conditions of total internal reflection, a part of the 

electromagnetic energy extends into the cladding of the fiber. When light is 

reflected at the core-cladding interface, a standing wave is formed which is 

perpendicular to the interface and extends into the cladding of lower refractive 

index.49 This is referred to as an evanescent wave since its field component 

decays exponentially with distance d away from the interface and falls to zero 

within the cladding. The evanescent field is given by:  

E(d) = E0exp (
−d

dp
)   (Eq. 7) 

where E0 is the amplitude of the field at the core-cladding interface and dp is 

the penetration depth, defined as the distance at which the evanescent field 

strength falls to 1/e of its value at the interface. The penetration depth of the 

evanescent field is short and is typically in the range of a few wavelengths 

(nm). The penetration depth46,49,58–60 is given by: 

dp =
λ

2πn1√sin2 θ−(
n2
n1

)
2
   (Eq. 8) 

where λ is the wavelength of the light source, n1 the refractive index of the 

fiber core, n2 is the refractive index of the cladding or surrounding medium, 

and ϴ the angle of incoming light at the core-cladding interface. By reducing 

the cladding of a standard optical fiber through etching processes or removing 

it completely, the evanescent field is exposed and can be made accessible for 

sensing through interaction with the surrounding environment.49,58,59,61 If the 

surrounding medium is lossy, the evanescent wave can be absorbed, resulting 

in some loss of the electromagnetic energy in the fiber core.46,49,58,59,61–64 The 

sensitivity of FOEW sensors is related to the degree of absorption of the sur-

rounding medium, the number of ray reflections per unit length and the pene-
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tration depth at the sensing region. Figure 12 demonstrates the working prin-

ciple of a FOEW sensor where evanescent waves present at the sensing region 

of the optical fiber interacts with the surrounding medium, which takes energy 

from the light guided in the fiber thus modulates the intensity output. 

 

Figure 2. Working principle of a fiber optic evanescent wave sensor. 

The main benefit of FOEW sensors is their simplicity, as they require few 

modifications, are simple to manufacture, and have a lower overall interroga-

tion system cost. They are, however, not as sensitive as grating based or inter-

ferometric sensors. 

Ghannoum et al. have demonstrated several examples of FOEW sensors 

for monitoring the graphite electrode in lithium ion batteries in both Swagelok 

and pouch cells.32,33,35 The same group also demonstrated the feasibility of us-

ing FOEW sensor for SOH monitoring of the graphite electrode in pouch 

cells.34 A fiber optical sensor based on evanescent waves was also used by 

Hedman et al. to monitor lithium iron phosphate (LFP) cathodes in Swagelok 

cells during half-cell cycling,38 and constitutes Paper I in this thesis. The in-

tensity output, modulated by the lithium extraction and insertion in LFP was 

found to correlate with capacity. 

1.4.2 Fiber Bragg Grating Sensors 

The fiber Bragg grating sensor (FBG) is a type of optical fiber sensor that has 

been widely used in various sensing applications15,18, in particular for measur-

ing changes in temperature and strain. It can be embedded in a variety of ma-

terials to monitor internal strain and has for example been used to monitor the 

structural integrity of bridges for example.45 It is also increasingly used within 

battery research to directly monitor strain or temperature changes or to indi-

rectly study intercalation stages23 or ion diffusion22 in graphite electrodes 

through strain values.  

The FBG sensor is, as the name implies, based on a Bragg grating, which 

is a periodically modulated refractive index inscribed into the optical fiber by 

exposing photosensitive optical fibers to intense UV light.45,65,66 The photo-
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sensitive optical fiber is typically made of germanium doped silica which suf-

fer permanent changes in the core refractive index upon exposure to UV light, 

as atomic bonds in the silica core are broken. The photo-induced Bragg grating 

can be made using a phase-mask fabrication technique, in which UV light il-

luminate the phase mask (a diffraction grating that is transparent to the UV 

light).43,45 The phase mask diffract the UV light which then interfere and form 

an alternating dark and bright pattern along the length of the fiber due to con-

structive interference. Where the light constructively interfere, the bonds in 

the glass are broken, resulting in a localized increase in refractive index. The 

distance between the refractive index variations is called the grating period. 

Another way of manufacturing the grating is by splitting the beam of an UV 

laser into two parts and then recombine them.65 The light is superimposed at 

a certain angle and as the beams cross, they form an interference pattern with 

a certain spatial period dependent on the angle at which the two beams cross, 

as well as the wavelength. By placing the fiber in the region where the beams 

cross, a periodic modulation of the core refractive index is achieved after some 

time of exposure. The treated segment in an FBG sensor is typically in the 

range of millimeters but can be up to a few centimeters.65 

When incident light from a broadband light source is guided through the 

optical fiber it reflects at each grating plane which acts as weak reflectors and 

the basic principle of operation of a FBG sensor can be seen in Figure 13.67 

When all the reflected waves are in phase the light reflected by each grating 

plane shows a resonant behavior as the Bragg condition is satisfied. The light 

reflected at each grating is superimposed and produce a narrow reflection peak 

at a resonant wavelength that is twice the length of the grating and is referred 

to as the Bragg wavelength, which is given by (Eq. 5) 

𝜆𝐵 = 2𝑛𝑒𝑓𝑓Λ    (Eq. 5) 

where 𝑛𝑒𝑓𝑓 is the effective refractive index of the fibre core and Λ is the grat-

ing period.26,28,43,65 Alternatively, if the transmitted light is monitored, a nar-

row part of the spectrum is missing (see Figure 13). The sensing principle of 

the FBG sensor is based on monitoring any shift in the Bragg wavelength due 

to external perturbations, for example induced strain or temperature changes. 

Any change to the properties of the optical fiber due to a change in temperature 

or externally applied strain, which alter the effective refractive index as well 

as the periodic grating will also produce a shift in the Bragg wave-

length.43,45,66,67 The sensor is responsive to strain because an elongation of the 

fiber would change the spacing between the gratings as well as the effective 

refractive index due to photoeleastic effects.19,45,66 Temperature also affects 

the Bragg wavelength due to thermal expansion of the glass fiber itself and 

because the refractive index is temperature dependent (thermo-optic coeffi-

cient).  
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Figure 3. Operating principle of a fiber Bragg grating sensor, showing the trans-mis-
sive and reflective response from an applied perturbation such as strain or tempera-
ture, which result in a shift of the Bragg wavelength. 

The advantage with FBG sensors are their self-referencing capability and the 

relatively high sensitivity.45 Multiple gratings can also be written into a single 

fiber allowing multiplexing. A major challenge with grating based sensor is, 

however, that the Bragg wavelength shift is influenced by several physical 

parameters at the same time such as temperature, strain and pressure and there-

fore suffers from large cross sensitivity.26 

1.4.3 Fabry-Perot Interferometric Sensors 

An optical fiber Fabry-Perot (FP) interferometer is a sensor that is based on 

two parallel reflective surfaces, separated by an optical cavity with a certain 

length.15,65,68 The reflective surfaces form the fiber cavity interfaces and can 

either be fabricated within the optical fiber (intrinsic) or outside the fiber (ex-

trinsic).26 Figure 14 demonstrates the operating principle of a simple FP sen-

sor with an intrinsic cavity. Light guided through the fiber passes through the 

first reflective surface of the sensor region (which is only partly reflective) 

and is subsequently totally reflected by the second reflective surface at a cer-

tain distance behind it.45 When incoming light in the fiber is transmitted and 

reflected several times between the partial and totally reflective interfaces of 

the cavity, the light waves suffer multiple superpositions and when the round-

trip distance between the two reflectors equals a multiple of the wavelength, 

resonance occur.45,65,68 The interference result in a wavelength dependent 

phase-difference 𝛿𝐹𝑃𝐼 between the transmitted and reflected light which mod-

ulates the intensity of the reflected spectrum, and is given by (Eq. 6) below: 

𝛿𝐹𝑃𝐼 =
4𝜋𝑛𝐿

𝜆
    (Eq. 6) 

where n is the refractive index of the Fabry-Perot cavity, L the distance be-

tween the two reflectors, i.e. the length of the cavity and λ is the wavelength 
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of the incident light.15,26,68 External perturbations such as strain, temperature 

and pressure may influence the length of the cavity and the refractive index of 

the cavity material, which in turn will change the optical path length and pro-

duce a phase shift in the output signal. The sensor may therefore be used to 

measure external perturbations such as strain by monitoring the shift in wave-

length of the resulting intensity spectrum from the FP sensor.15,26,45 Interfero-

metric Fabry-Perot sensors have been used to monitor concrete and different 

composite materials and is especially used to measure temperature, strain and 

pressure similar to FBG sensors. Intrinsic FP sensors have also been used for 

monitoring temperature within batteries26 and estimating state of charge in va-

nadium redox flow batteries through refractive index variations.40 Similar to 

FBG sensors, interferometric Fabry-Perot sensors can provide high sensitivity 

but suffer from cross sensitivity. 

 

Figure 4. Basic principle of a simple Fabry-Perot interferometer sensor based on an 
intrinsic cavity with parallel reflecting surfaces separated by a certain length. Light 
guided in the fiber will reflect at the cavity interfaces and both the transmitted and the 
reflected light will experience multiple superpositions resulting in interference which 
modulates the output signal. External perturbations from strain and/or temperature 
influence the cavity length and refractive index that result in a wavelength shift. 

1.4.4 Fiber Optical Photoluminescent Sensors 

Fluorescence and phosphorescence are two forms of photoluminescence, 

which can be employed for optical fiber sensing. Fluorescence occurs when 

light is emitted by atoms or molecules that have absorbed electromagnetic ra-

diation.15 The atoms are excited to a higher energy state by absorbing photons 

with a certain energy and then relaxes quickly to a lower state through emis-

sion of photons, which generally have lower energy (longer wavelength) than 

the exciting photons. The principle of operation of a photoluminescent sensors 

is illustrated in Figure 15. Fluorescence based optical fibers have for example 

been used to measure pressure and temperature as the relaxation is highly tem-

perature dependent.66 By comparing the initial intensity at a controlled tem-

perature with the fluorescent output intensity as function of temperature, the 

luminescent optical fiber can operate as a temperature probe. These sensors 
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offer the advantage of increased intrinsic sensitivity compared to absorbance 

as well as increased flexibility as many different fluorescent markers may be 

used to interact with the analytes.15,69 In order to use a standard optical fiber 

as a fluorescent-based sensor a suitable fluorescent marker, depending on 

what is being analyzed, has to be implemented in the fiber in some manner.70 

This can be done in several ways. One way is to strip the sensor region of its 

cladding and buffer coating and replace the decladded region with a coating 

material that contain a fluorescent compound, forming a new fluorescent clad-

ding. Another approach is coating the tip of the fiber with a fluorescent mate-

rial. Optical fiber sensors for luminescent sensing can also be made by doping 

the fiber with fluorescent compounds during the fiber manufacturing process, 

and is a widely established approach.66 Dopants include for example neodym-

ium, erbium, thulium, praseodymium, holmium and ytterbium. The change in 

output signal from a fluorescent sensor can for example be fluorescent inten-

sity, life time, wavelength, color and polarization of the emitted light.15  

Within battery research, fluorescent based optical fiber sensors have been 

employed by Du et al. to monitor internal cell temperature of lithium ion bat-

teries.42 Internal cell temperature changes during battery operation, which in-

fluences the fluorescence lifetime monitored by the sensors embedded in the 

cells. In recent work by Fujimoto et al., an optical fiber sensor based on phos-

phorescence was used to measure the oxygen concentration distribution in the 

porous carbon cathode of a lithium-air battery during discharge.41 The cathode 

reactions depended on the oxygen dissolution and diffusion in the aqueous 

electrolyte, which is limited by slow oxygen transport. The sensor used an 

oxygen indicator composed of platinum tetrakis pentafluorophenyl porphine 

(PtTFPP) which produces phosphorescence emission when exposed to excita-

tion light from the source. The phosphorescence intensity output depends on 

the oxygen partial pressure and was used to evaluate the oxygen supplied to 

the cathode. 

 

Figure 5. Principle of operation in photoluminescent sensors. 
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2 Scope of the Thesis 

This thesis explores the use of fiber optic evanescent wave (FOEW) spectros-

copy as a technique for characterization and monitoring of reactions in lith-

ium- and sodium-ion batteries under working conditions. More specifically, 

the work has focused on the practical implementation of FOEW sensors and 

to increase the understanding of the optical response of anode and cathode 

materials during cycling. The aim has been to connect several disciplines of 

science, such as fiber optics, sensors, and electrochemistry. The general ap-

proach has therefore been broad. In addition, a lot of effort has been directed 

towards understanding how such sensors can be applied in batteries to gain 

valuable information and knowledge that can be used for a more accurate state 

of charge estimation or to monitor or detect harmful processes taking place in 

the cells. 

Paper I focused on the initial implementation of fully embedded FOEW 

sensors into LIBs for monitoring of LFP cathodes. This was explored using 

two different optical sensor configurations, which were compared and evalu-

ated. The battery cells were electrochemically characterized using both con-

stant current and voltammetric techniques to link the electrochemical reac-

tions in LFP cathodes with the optical response from the fiber optic sensor.  

Paper II continued the work on LFP cathodes, with the goal of improving 

electrochemical performance and reducing capacity fade in battery cells with 

FOEW sensors by instead using pouch cells with composite electrodes rather 

than modified Swagelok cells, which are also more relevant for commercial 

implementation. The cells were characterized using cyclic voltammetry and 

different forms of constant current techniques and the results were compared 

to previous results from Paper I, and to some extent also to other cathode 

materials. The rate dependence, influence of sensor placement, and electrolyte 

composition on the optical response were further investigated in order to gain 

a more detailed understanding of the optical response from the cathodes. 

In Paper III, hard carbon anodes in sodium-ion batteries were investi-

gated. The study focused specifically on detecting sodium metal plating on 

hard carbon anodes, which could provide information on the intercalation and 

plating mechanism at hard carbon, which is currently not well understood in 

the battery community. The aim was to systematically explore the optical re-

sponse in various cell configurations as sodium metal plating was induced due 
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to insufficient intercalation sites or as polarization induced plating due to ex-

cessive charging rates. Electrochemical characterization was performed using 

three-electrode pouch cells and constant current cycling. This is also the first 

reported use of FOEW sensors for detection of sodium or lithium metal plating 

on the negative electrode.  

The scope of Paper IV was inspired by the results and insights gained in 

Paper III, and it aimed to verify the detection of metal plating in a similar 

battery system, using the same experimental approach. More specifically, it 

focused on the detection of lithium plating on graphite anodes, which consti-

tutes one of the most critical safety aspects in LIBs. Paper IV also explored 

the optical response of the graphite anode (which is known to have electro-

chromic properties), with the ambition of correlating the sensor response to 

lithium staging in graphite. In addition, the optical response of both lithium 

plating and stripping was investigated. 
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3 Methodology 

This chapter is a summary of the practical aspects and characterization tech-

niques used in the work within this thesis. Specific experimental details are 

given in the appended papers or manuscripts. 

3.1 Electrode Preparation 

The electrodes were prepared either by simply mixing only active material and 

a conductive carbon additive for use in modified Swagelok cells, or by pre-

paring composite electrodes, which were mainly used throughout this work. 

The composite electrodes were either tape-cast from slurries or prepared from 

commercially available electrode foils. The different electrodes and their com-

positions are summarized in Table 1. Composite electrodes were prepared by 

homogenously mixing the active material together with a conductive carbon 

additive and a polymer binder such as PVdF (dissolved in an appropriate sol-

vent). The carbon additive improves the electronic conductivity while the 

binder maintains dispersion of the electrode components and facilitates struc-

tural adhesion of the composite electrode to the metal current collector. Slur-

ries mixed by either ball milling or a shaker mill were coated onto a metal 

current collector foil using either a doctor blade or a film applicator rod. 

Table 1. A summary of the different electrodes and their compositions.  

Paper Active material Conductive additive Binder Weight ratios 

I, II LFP C65 - 80:20:0 

II LFP 

LMO 

C65 

C65 

PVdF 

PVdF 

85:10:5 

90:5:5 

III Prussian white 

Hard carbon 

C65 

- 

Na-CMC:SBR 

Na-CMC:SBR 

94:3:3 

96:0:4 

IV LFP 

Graphite 

N/A 

N/A 

N/A 

N/A 

90: N/A : N/A 

95: N/A : N/A 

N/A: not available from manufacturer 

Electrode coatings were predried for some time at ambient conditions, after 

which circular electrodes were either laser cut or punched out using precision 

punching tools. The electrodes were transferred to an argon-filled glovebox 
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and thoroughly dried under vacuum, typically for at least 12 hours to remove 

any residues of solvents or traces of water before cell assembly.  

For the half-cells, both in two- and three-electrode configurations, counter 

electrodes were prepared from either lithium or sodium metal. In Paper I and 

IV, the lithium was punched directly from commercial lithium foil with a 

thickness of about 130 μm, while in Paper II, lithium counter electrodes were 

punched from commercial disks having a thickness of 450 μm and a diameter 

of 15 mm in order to fit the modified Swagelok cells, or used as is with the 

pouch cell configuration. As for the sodium counter electrodes in the three-

electrode half-cells in Paper III, sodium electrodes were prepared from cubes 

by removing the surface oxide layer with a scalpel and cutting the clean so-

dium into smaller pieces. Sodium counter electrodes were then made by hy-

draulic pressing of thin slices of sodium metal between aluminum foil and a 

protective polymer film of low-density polyethylene. Circular disk electrodes 

were punched to the appropriate size from the foil and the protective plastic 

film was removed prior to cell assembly. All handling of metallic lithium or 

sodium was carried out in an argon-filled glovebox. 

In Paper III, reference electrodes for three-electrode half-cells were pre-

pared by simply cutting a small piece from a sodium counter electrode. As for 

the reference electrode used in Prussian white vs. hard carbon three-electrode 

full-cells where no metallic sodium was used, the reference electrodes were 

prepared by electrochemical desodiation of Prussian white (Na2Fe[Fe(CN)6]) 

to a potential of 3.3 V vs. Na+/Na. The reference electrode used in both the 

three-electrode half- and full-cells in Paper IV consisted of lithium metal, cut 

from the same foil used for the lithium counter electrodes in half-cells. Copper 

electrodes used as working electrodes in both lithium and sodium half-cells 

were punched from high quality copper foil into 20 mm disks. These were 

rinsed by ultrasonication in isopropanol or ethanol and subsequently dried un-

der vacuum in an argon-filled glovebox. 

3.2 Battery Cell Types, Configurations and Cell 

Assembly  

Most of the work within this thesis has been carried out with battery cells of 

pouch bag design, so-called pouch cells. However, with the integration of a 

125 μm thick optical fiber sensor to the interior of battery cells, the use of 

conventional laboratory procedures for preparing standard test cells has been 

a challenging task in terms of battery assembly, hermetic sealing, and handling 

of cells inside a glovebox. Therefore, adaptations have been necessary and 

carried out on a continuous basis throughout the thesis work. In an effort to 

address these challenges, also considering that preliminary results and litera-

ture32 are indicating a stronger optical response with sensors fully embedded 
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in the electrode material, a Swagelok-type cell was modified and improved 

through several iterations in Paper I. This enabled the integration of an optical 

fiber sensor within a battery cell (see Figure 16). This was done by drilling a 

small hole through the center of either one or both sides (depending on sensor 

configuration) of the Swagelok metal chassi, where the optical fiber was in-

serted and the entry and exit points hermetically sealed using epoxy and a hot 

melt adhesive. The optical sensor was fusion spliced and pre-mounted to the 

modified Swagelok cells outside the glovebox. The final battery assembly was 

carried out inside an argon-filled glovebox where a sufficient amount of active 

material mixed with conductive additives was added through the open end of 

the Swagelok cell to fully embed the sensor within the positive electrode. Sep-

arators were placed on top of the positive electrode and electrolyte was added 

using an auto-pipet. A lithium counter electrode was finally added to complete 

the cell stack. To apply stack pressure, a steel washer and a spring were added 

before sealing the modified Swagelok cell under ambient pressure in an argon 

atmosphere. 

 

Figure 16. Photograph of a modified Swagelok cell with an optical fiber sensor in-
serted through the cell stack in transmission configuration. Reprinted from refer-
ence38. Copyright 2020, Wiley-WCH. 

The battery cell configuration with integrated FOEW sensors was improved 

further in Paper II utilizing a pouch cell design, which is closer to commercial 

cells. This allowed for a more standardized testing where composite electrodes 

could be used, and also easier handling, improved hermetic sealing, and im-

proved electrochemical performance in terms of coulombic efficiency, cycle 

life, and capacity retention. The pouch cell assembly resembles that of the 

Swagelok cell, but instead of a powder electrode as the working electrode, it 

generally consists of two composite electrodes stacked together with a porous 
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separator in between. A schematic drawing showing the different battery com-

ponents and a photograph of a pouch cell in three-electrode configuration with 

an integrated FOEW sensor are presented in Figures 17a and b, respectively. 

The pouch cells used in Paper II were constructed as LFP-lithium half-cells 

in a two-electrode setup. During assembly, electrolyte was injected with an 

auto-pipet and the cells sealed under an argon atmosphere at pressures below 

30 mbar. 

The separators used in this thesis were mostly fiber-based separators such 

as glass fiber, but polymer separators such as Celgard were also used in com-

bination with glass fiber. The electrolytes were based on a solvent mixture of 

EC and DEC in equal proportions by volume with a salt concentration of 0.8 

M LiBOB (Paper I and II), 1 M NaPF6 (Paper III), and 1 M LiPF6 (Paper 

IV). The concentration of the LiBOB-based electrolytes were mainly 0.8 M, 

given the limited solubility of LiBOB (less than 1.0 M) in nonaqueous sol-

vents71–74. This is especially true for linear carbonates, but electrolytes with 

concentrations ranging from 0.2 to 0.8 M were also prepared. 

 

Figure 17. Schematic illustration of a three-electrode pouch cell is shown in a). Pho-
tograph of a laboratory scale three-electrode pouch cell with a FOEW sensor inte-
grated to the cell in transmission configuration is presented in b). The outlines of the 
cell components and the sensor is visible from the photograph. 

Throughout this work, both two- and three-electrode cells have been used. 

Although a three-electrode arrangement is favorable in electrochemistry and 

battery research, it is often impractical and complicates cell construction. 
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Commercial battery cells and most laboratory cells used within battery re-

search typically consist of a positive and a negative composite electrode in a 

two-electrode configuration.13 These cells are referred to as full-cells, and 

their voltage is determined by the difference in potential between cathode and 

anode. When a specific material is characterized, the electrode of interest is 

often studied separately by coupling it to an alkali metal electrode such as 

lithium or sodium as the counter electrode, having a well-known and well-

defined potential in a so-called half-cell arrangement. The majority of battery 

research is performed in a two-electrode configuration, often using a half-cell 

arrangement to study positive or negative electrode materials for lithium- or 

sodium-ion batteries. In the two-electrode setup, the cell consists of a working 

electrode (WE) and a counter electrode (CE), where the counter electrode also 

serves as the reference electrode (RE). Ideally, no or a very small currents 

should flow through the reference electrode in order to accurately observe and 

control the working electrode potential. This is not possible in galvanostatic 

cycling using a two-electrode setup where larger currents are typically used, 

which results in polarization and a change in potential of the combined counter 

and reference electrode.75 Two-electrode experiments are therefore less accu-

rate as only the cell voltage is obtained and provide less information compared 

to three-electrode setups where the potential of the individual electrodes can 

be monitored separately. In a three-electrode configuration, the reference elec-

trode and the counter electrode are separated, and the reference electrode is 

introduced as an individual electrode. The current now flows almost exclu-

sively between WE and CE and the reference is not affected by the current 

applied to or drawn from the cell, which provides a more precise measurement 

of the WE potential. 

The potential-capacity curves of the different cell configurations are exem-

plified in Figure 18. The two-electrode half-cell used for electrochemical 

characterization in Paper I and II is presented in Figure 18a and shows the 

potential profiles of LFP as a function of capacity during (de)lithiation. While 

the integration of an optical fiber sensor into the battery cells as well as the 

choice of cell type were being optimized, the use of the two-electrode setup 

significantly simplified cell construction in an already complex experimental 

setting. The use of half-cells also allowed the separate optical monitoring of 

the LFP cathodes to avoid any potential contribution from, e.g. graphite, typ-

ically used as the counter electrode in full-cells, which has a well-known elec-

trochromic response with the increase of lithium content.76–79 The use of half-

cells also provided a reference potential vs. Li+/Li and basically an unlimited 

supply of lithium ions in the cells. Although lithium may not always be a per-

fect reference, the two-electrode configuration was deemed adequate because 

the currents used in these works could be considered moderate.  

In Papers III and IV, the negative electrodes were of main interest, pri-

marily for detecting sodium and lithium metal plating. While using lithium in 

half-cells as both counter and reference electrodes simultaneously works quite 
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well in most cases, sodium electrodes on the other hand have a large and un-

stable overpotential and are also prone to cross-talk.75 Because of this, and the 

significantly larger currents used in the plating experiments, the use of a three-

electrode setup was necessary to accurately measure the individual electrode 

potentials which in turn are used to control the battery. The use of sodium 

metal as an individual reference in half-cells also provided a stable reference 

voltage vs. Na+/Na independent of sodiation and desodiation of the hard car-

bon electrode. For the Prussian white vs. hard carbon full-cells, partly desodi-

ated Prussian white was used as a reference instead. The voltage profiles of a 

three-electrode full-cell with Prussian white vs. hard carbon referenced against 

Prussian white (desodiated to 3.3 V vs. Na+/Na) are shown in Figure 18b. A 

separate reference electrode was used to avoid the effect of polarization on a 

combined counter and reference electrode and allowed the potential profiles 

of the hard carbon anode (Figure 18b bottom) and the Prussian white cathode 

(Figure 18b middle) to be monitored separately. The cell voltage (Figure 18b 

top) is the potential difference between the black potential curve and the red 

voltage curve of each electrode, respectively, during charge and discharge. 

 

Figure 18. The potential profile of a LFP (WE) vs. lithium (CE) half-cell during lithi-
ation and delithiation is shown in a). Prussian white (WE) vs. hard carbon (CE) three-
electrode full-cell with partly desodiated Prussian white as reference electrode is 
shown in b). 

3.3 Optical Sensor Preparation and Splicing 

In order to prepare FOEW sensors for integration into battery cells, the optical 

fibers had to be stripped off their primary buffer or polymer coating to expose 

the cladding. The cladding is used to align and position the fibers to prevent 

misalignment losses during splicing. The primary buffer can either be stripped 

mechanically or chemically. For the multimode fibers that connect to each end 

of the sensing region, the primary buffer was stripped mechanically using a 

stripping tool not unlike those used for stripping copper wires, but with high 

accuracy and specific buffer sizes. The sharp edges of the stripping tool jaws 
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cut through the buffer, stopping close to the cladding, and the fiber was then 

carefully pulled through the jaws in order to mechanically remove the primary 

buffer. The buffer that covers the coreless optical fiber used for the sensing 

region was removed chemically by softening it in acetone for some time and 

then removing it with a lint-free tissue. This prevents any risk of damaging the 

sensing region mechanically. Any traces of the primary buffer on the multi-

mode fibers or the coreless fiber must be carefully removed since it will cause 

misalignment of the fibers during splicing. All optical fibers were carefully 

cleaned by pulling them through a lint-free tissues soaked in isopropanol. 

In addition to being completely clean and stripped from the buffer coating, 

the fiber ends must be cut cleanly and perpendicular to the fiber (typically 

within a margin of one degree) to avoid losses.80 This was done automatically 

using a precision cleaver prior to splicing, where the clean fibers were placed 

in a v-grove in the cleaving tool and held down by a magnetic clamp. Any 

contamination from buffer residues or dust on either the fiber or the v-groves 

must be avoided. During the cleaving process, a blade makes a mark on the 

cladding surface and tension is applied to cleave the fiber. A bad cut has to be 

repeated. 

Fusion splicing is the best method of connecting optical fibers and results 

in a permanent, low-loss bond free of any air gaps or inclusions. In short, the 

fibers are aligned and joined together by electric arc welding. A schematic 

illustration of a FOEW sensor prepared by fusion splicing is demonstrated in 

Figure 19.  

 

Figure 19. Schematic illustration of the FOEW sensor prepared through fusion splic-
ing of standard step-index multimode optical fibers to a coreless optical fiber. 

The quality of the splice strongly depends on the quality of the cleaved fiber 

ends. These are placed in v-groves and held in place by magnetic clamps, as 

can be seen in Figure 20. The ends are then aligned with each other and posi-

tioned in the gap between the electrodes. Light is shined upon the fibers, and 

the fusion splicer, which is typically equipped with a charge coupled device 

(CCD) camera, checks the position and alignment of the fiber ends from two 

different angles and displays them on a screen.81,82 Precision motors are used 
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to position and align the fiber ends and when the alignment were satisfactory, 

the ends were fusion spliced using an electric arc formed between the two 

electrodes shown in detail in the inset of Figure 20. Once completed, a tensile 

test is performed and an estimated loss is given. The coreless fiber used for 

the sensing region was cut and spliced to standard step-index multimode fibers 

so that the final sensing region would equal either 12 mm (Paper I and II) or 

25 mm (Paper III and IV) in length. 

 

Figure 20. Photograph of the fusion splicing equipment during preparation of FOEW 
sensors. The inset shows two optical fiber ends in the gap with the electrodes, which 
are aligned and brought together in close proximity prior to fusion splicing.  

3.4 Optical Sensor Integration and Optical-

Electrochemical Setup 

In addition to two- or three-electrode arrangements in either half- or full-cells, 

two different fiber optical sensor configurations have also been used in the 

work within this thesis: a reflection-based and a transmission-based fiber optic 

configuration. However, the reflection-based sensor was only used initially 

with the Swagelok type cells in Paper I where the two configurations were 
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compared and evaluated, and the transmission-based optical configuration has 

primarily been used in the studies that followed. In the reflection-based con-

figuration, the FOEW sensors are inserted as probes through the side of a mod-

ified Swagelok cell and fully embedded in the LFP cathodes. A schematic 

illustration of a reflection-based optical FOEW sensor inserted in a modified 

Swagelok cell is demonstrated in Figure 21. 

 

Figure 21. Schematic illustration of a reflection-based FOEW sensor integrated in a 
modified Swagelok type battery cell. Reprinted from reference38. Copyright 2020, 
Wiley-WCH. 

Transmission based FOEW sensors were used in both modified Swagelok 

cells as well as in pouch cells of a two- and three-electrode design. In 

Swagelok type cells, the sensors were inserted through the positive electrode 

of LFP-lithium half-cells while in two-electrode pouch cells, the sensor was 

placed at the surface of the LFP composite electrode. In three-electrode pouch 

cells used in Paper III and IV, the FOEW sensors were mainly placed at the 

surface of negative hard carbon or graphite electrodes for detecting plating of 

sodium and lithium, respectively. The overall optical-electrochemical setup is 

demonstrated in Figure 22, which shows a schematic drawing of a FOEW 

sensor integrated into a copper (WE) vs. sodium (CE) half-cell in a three-elec-

trode pouch cell setup with sodium metal as the reference electrode. The sen-

sors were pre-attached to the pouch cell material before transferring to a glove-

box for easier handling, and extra heat sealing film was added around the op-

tical fiber entry and exit points to ensure hermetic sealing. 
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Figure 22. Schematic drawing showing the architecture of a copper (WE) vs. sodium 
(CE) half-cell with sodium as reference electrode. The three-electrode pouch cell is 
fitted with a FOEW sensor positioned at the surface of the copper electrode. 

3.5 Spectroscopic Characterization Using Fiber Optic 

Evanescent Wave Sensors 

Fiber optic evanescent wave spectroscopy was used as the main characteriza-

tion technique. As illustrated in Figures 21 and 22, the experimental setup 

consists of a light source which is coupled to the FOEW sensor integrated into 

electrochemical cells for analysis, and the modulated signal is received by a 

spectrometer. Suitable fiber optics are used to connect the sensors with the 

light source and guide the light from the sensor to the detector. A schematic 

illustration of the basic operation of a spectrometer and its different compo-

nents is shown in Figure 23. The receiving spectrometer generally consists of 

a collimator, a dispersive element such as a prism or a grating for separating 

contributions from different frequencies or wavelengths of light, a focusing 

mirror, and a detector.83 Most spectroscopic instruments also incorporate the 

light source, such as the optical unit used in this work. 

The light source emits light at different wavelengths, and the intensity out-

put should be stable and not fluctuate over time. It typically consists of a hot 

body that generates light, such as a tungsten-halogen bulb, which is used for 

the visible and NIR ranges in this work, but other light sources such as LEDs 

or lasers could also be used.83–85 Light modulated by the sample (i.e. the bat-

tery chemistry of interest) is guided to the spectrometer where the white light 

is collimated and the nearly parallel beam split up into its constituent wave-

lengths by a plane grating. The diffracted light is focused by a second mirror 

onto an array of detectors, which are used to detect all the wavelengths simul-

taneously compared to a monochromator system where spectra are recorded 

wavelength by wavelength by rotating the grating. This is done with a CCD 

detector, which enables fast scanning of the spectrum without involving mov-

ing parts. The detector converts the power of the incoming light into a voltage, 
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which is amplified, and the analog electric signal is converted to a digital num-

ber (counts).83,86 The number corresponds to the light intensity and is stored 

by the spectroscopic unit for further data treatment.  

 

Figure 23. Schematic illustration of a spectrometer of Czerny-Turner design with a 
standard fiber-optic SMA connector. 

3.5.1 Normalization and Optical Data Treatment 

The result of the spectroscopic experiment is a spectrum, which is the intensity 

seen by the detector as a function of wavelength. In spectroscopic experi-

ments, a ratio of the spectrum from the instrument light source with and with-

out the sample of interest is often taken. The ratio of the spectrum collected 

from the light source and the spectrum from the light source when transmitted 

through the sample of interest is referred to as the transmittance.83 The voltage 

output, converted from the incoming light striking the detector array is influ-

ence by several factors such as the intensity output from the light source, the 

detector area and its sensitivity and spectral response as well as amplifier gain 

and the different optical components along the transmission line.83 The detec-

tor signal should be proportional to the light intensity, ideally with a linear 

response.86 By taking the ratio of the light intensities with and without the 

sample in the light beam, all other factors related to the light source, optical 

fibers, grating or different components of the spectrometer should cancel out 

and the resulting intensity ratio only be related to the sample itself. The spec-

troscopic setup within this work looks somewhat different to a conventional 

spectroscopic experiment as the light is guided within the sensing element, 

inserted into battery cells (the sample) using optical fibers instead of being 

placed in the light beam. During battery operation, the transmitted intensities 

are thus modulated by the different cell chemistries at the FOEW sensing re-

gion. However, the collected spectra were treated in a similar way by subtrac-

tively normalizing the spectra according to equation 7. 
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I(λ)𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 =
I(λ)−I0(λ)

I0(λ)
   (Eq. 7) 

 

where I (λ) is the intensity measured continuously throughout cycling at each 

specific wavelength, and I0 (λ) serves as the reference spectrum, correspond-

ing to the intensity at each specific wavelength acquired prior to the delithia-

tion of LFP in Paper I and II or before sodiation or lithiation of hard carbon 

or graphite, respectively, in Paper III and IV. By taking the ratio of the spec-

tra collected continuously throughout the electrochemical experiments with 

the reference spectrum, the modulated intensity output should thus only be 

related to the optical properties of the battery materials as a result of the elec-

trochemical reactions. 

An important aspect to consider is noise present in the electrical signal pro-

duced by the detector as incoming light strikes the detector element as well as 

noise in the detector electronics. The noise is an unavoidable result of thermal 

fluctuations, i.e., random motion of the electrons in the detector and its elec-

trical components. This produces a signal, which is not generated by the in-

coming light and is typically referred to as the dark current. In the optical-

electrochemical experiments in this work, the dark noise contribution was de-

termined without the light source input by using an electronic shutter during 

the experimental setup and its contribution to the optical signal subtracted 

from the collected spectra prior to normalization and data treatment. 

3.6 Electrochemical Characterization 

The battery cells were evaluated by a number of electrochemical techniques. 

This was done to assess electrochemical performance and properties of the 

electrode materials used, and how the optical response of those materials cor-

respond to different electrochemical testing. 

The main performance characteristics of a battery include primarily the av-

erage cell voltage, the capacity and the energy and power density. The capac-

ity available for cycling is the main health indicator of a battery or an electrode 

material as it represents the amount of electric charge that can be stored or 

released and is generally reported either per weight (gravimetric) or per vol-

ume (volumetric) unit of the material. The theoretical gravimetric capacity 

(Qth), most commonly reported as mAh g−1, can be derived from Faraday’s 

law by multiplying the number of transferred charge carriers per formula unit 

of active material with Faraday’s constant, divided by the molecular weight 

of the active material according to equation 8. 

𝑄𝑡ℎ =
𝑧𝐹

3600𝑀𝑤
    (Eq. 8) 
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In this equation, z is the number of charge carriers, F is Faraday’s constant, 

and Mw the molar mass of the active material. The specific energy density can 

be obtained from the capacity and average potential and defines the amount 

of energy that can be stored per weight of active material (Wh kg−1). The 

power density can be derived from the energy density and describes the energy 

that can be delivered from a specific amount of material during a specified 

time. The reversibility of the redox reactions in an electrochemical cell is an-

other important aspect, and is typically evaluated by the metrics coulombic 

efficiency and energy efficiency. Coulombic efficiency describes the reversi-

ble capacity over a single cycle and refers to the ratio of the total charge ex-

tracted during discharge with the total charge inserted during charge. Energy 

efficiency is expressed in a similar way as the coulombic efficiency, but as the 

fraction of energy released during discharge and energy consumed during 

charge. The long-term cyclability of the electrode or cell can be determined 

by assessing the reversible capacity as a function of cycle number. The per-

formance metrics discussed above as well as additional information can be 

obtained with the use of the electrochemical characterization techniques de-

scribed in the following sections. 

3.6.1 Galvanostatic Cycling  

Chronopotentiometry or galvanostatic cycling is a controlled current tech-

nique used to study electrochemical reactions and battery performance. Gal-

vanostatic cycling is the most common electrochemical characterization tech-

nique used in battery research and the method that has predominantly been 

used in this work. During galvanostatic cycling, the current between the work-

ing electrode and the counter electrode is held constant and the voltage re-

sponse is measured as a function of time. Following battery convention, the 

current is positive during charge and negative during discharge, and the cell is 

cycled within a potential window, limited by an upper and lower cut-off po-

tential to avoid or restrict irreversible or parasitic reactions. During galvanos-

tatic cycling of batteries, the charge and discharge current is typically normal-

ized by the weight of the active material and expressed as mA g−1 or com-

monly as a C-rate, calculated from the battery capacity. The C-rate describes 

the time it takes to fully charge or discharge the battery cell relative to its 

maximum capacity. A C-rate of 0.1C would thus correspond to a full charge 

or discharge in 10 hours. The rate capability, which describes the highest pos-

sible current that is supported by the active materials, can be obtained by var-

ying the C-rate. 

The charge and discharge procedure from a galvanostatic experiment is 

typically demonstrated in a potential-capacity curve, as shown in Figure 24, 

from which a lot of useful information can be extracted. This include the 

charge and discharge capacities, from which the reversibility and coulombic 
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efficiency or energy efficiency can be evaluated. Furthermore, the cycling sta-

bility can be monitored by plotting the capacity as a function of cycle number. 

The shape and hysteresis of the voltage profiles will also be characteristic of 

the redox couple and provide information about reaction potentials and losses 

in the cell due to polarization. A flat voltage plateau, such as that of LFP (cath-

ode potential in Figure 24) or the characteristic voltage plateaus of graphite 

(anode potential in Figure 24), indicates the coexistence of two phases, while 

a sloping voltage profile suggests solid-solution behavior.87 In the case of 

graphite, the voltage plateaus correspond to the lithium staging mechanism3 

and the transition between each phase can be seen as distinct steps in the anode 

potential of Figure 24. 

 

Figure 24. Voltage as a function of capacity from the first galvanostatic cycle of a 
LFP vs. graphite full-cell with a lithium metal as reference electrode. The three-elec-
trode cell was cycled at 0.1C and restricted by the cell voltage cut-offs to be between 
2.0 and 4.0 V. 

3.6.1.1 Galvanostatic intermittent titration technique 

A variant of galvanostatic cycling is the galvanostatic intermittent titration 

technique (GITT). The method employs multiple current pulses, each fol-

lowed by a relaxation period at open-circuit potential. The current is pulsed 

during the charge and discharge procedure until the cut-off potential is 

reached. The technique is typically used in battery research to gain thermody-

namic, mass transfer, and kinetic information from electrode materials.88,89 

GITT was used in Paper II to further evaluate the optical response of the 
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FOEW sensors in pouch and Swagelok cells and how they responded to the 

relaxation period in between current pulses. 

3.6.2 Cyclic Voltammetry 

Cyclic Voltammetry (CV) is an electrochemical technique where the potential 

of the working electrode is controlled and the current response measured. In a 

CV experiment, the potential of the working electrode is changed at a constant 

rate, referred to as the scan rate (V/s). The potential is scanned between pre-

defined limits, starting from the initial potential value, which for batteries of-

ten corresponds to the OCV. After reaching a certain upper/lower potential 

limit, the potential is scanned in the opposite direction, back to the starting 

value or to another pre-determined lower/upper cut-off. This procedure can be 

repeated over several cycles where the current response is typically plotted as 

a function of the applied potential. The result is a cyclic voltammogram and 

an example of LFP is shown in Figure 25. 

 

Figure 25. Cyclic voltammogram of a two-electrode LFP-lithium half-cell scanned 
between 2.7 and 4.2 V vs Li+/Li with a scan rate of 40 μV s−1. The CV shows a typical 
reversible oxidation and reduction where the oxidative and reductive peak-currents 
(Ipa and Ipc) are marked as well as the corresponding peak potentials (Epa and Epc). 

From the figure, a current begins to flow when the potential of the working 

electrode approaches the redox potential of LFP, resulting in a positive current 
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peak in the CV due to the oxidation of the iron. When the oxidation of Fe2+ to 

Fe3+ is complete, the current drops to almost zero. If the electrochemical reac-

tion is reversible, a corresponding negative current peak will appear during 

the reversed potential scan, indicating a reduction. An irreversible electro-

chemical reaction would only appear as a single current peak. By varying the 

scan rate over a series of measurements, cyclic voltammetry can be used to 

study charge transfer kinetics and mass transport effects. Important parame-

ters such as anodic and cathodic peak currents (Ipa and Ipc) and the corre-

sponding peak potentials (Epa and Epc) can be obtained by analyzing the CV 

curves, from which a lot of information can be extracted. The shape of the CV 

and the positions of the peaks can reveal information about oxidation and re-

duction processes, redox potentials, and reversibility. For example the shape 

of the current peak after max current can be used to determine if the redox 

system is diffusion controlled or not. By integrating the area under the current 

peaks, information about capacity and reversibility can be obtained. The dif-

ference in peak potentials can provide information about IR-drop or electron 

transfer kinetics and the midpoint of the peak potentials gives the redox po-

tential. The technique can also be used to evaluate the electrochemical stabil-

ity window of electrolytes or electrode materials. In this work, it was used in 

addition to galvanostatic cycling to gain further insight into the optical sensor 

response and to link the response with the oxidation and reduction of iron in 

LFP. 
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4 Results and Discussion 

4.1 Initial Implementation of FOEW Sensors into LIBs 

The initial goal was to implement fiber optic evanescent wave (FOEW) sen-

sors to the interior of rechargeable batteries to monitor changes in intensity 

output and to understand how this relates to the optical properties of battery 

materials. This information could potentially be used to monitor state of 

charge (SOC) or state of health (SOH) in addition to the use of voltage, current 

or temperature. A fiber optic sensor that could provide additional data to a 

BMS as compared to conventional data acquisition methods that rely on pa-

rameters such as current, voltage, temperature and sometimes pressure could 

help to improve both practical capacity and service life, as well as the prospect 

of early detection of battery safety issues. Such information would be espe-

cially relevant for positive electrode materials, which typically form the lim-

iting factor in lithium-ion battery performance as they have lower lithium stor-

age capacities than most negative electrode materials. With this in mind, and 

with the goal of integrating optical fiber sensors into battery cells, the initial 

focus was set on understanding sensor output in relation to charging and dis-

charging of the active material rather than optimizing electrode performance. 

Lithium iron phosphate (LFP) was therefore chosen as the positive electrode 

material as it is a stable and well-documented cathode material. Furthermore, 

LFP also exhibits a flat voltage profile, which complicates the use of the open 

circuit voltage (OCV) method for evaluating parameters such as SOC or SOH 

based on the cell voltage.  

As mentioned in the methodology section, the integration of fiber optic 

sensors to the interior of standard battery test cells presents considerable chal-

lenges. The invasiveness of the fiber optic sensor complicates battery assem-

bly, handling of the cells inside the glovebox and the sealing process. Obtain-

ing a hermetic seal around the fiber at the entry and exit points of the cells is 

therefore crucial in order to avoid battery degradation due to exposure from 

water and oxygen. The work performed by Ghannoum et al.32 on sensors em-

bedded in graphite anodes including our own preliminary attempts of fully 

embedding the fiber optical sensor in the positive electrode of pouch cell bat-

teries, suggested a stronger optical response during battery operation when the 

sensors are embedded in the electrode. However, the first generations of pouch 

cells with integrated and fully embedded FOEW sensors showed low repeat-

ability and poor electrochemical performance in terms of capacity retention 
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and coulombic efficiency. To address the challenges with implementing a fi-

ber optic sensor to the interior of standard laboratory test cells, a modified 

Swagelok type cell was manufactured and improved in several steps to enable 

the integration into the positive LFP electrode in Paper I. At an initial stage, 

this made it possible to successfully seal the cells and to fully embed the sen-

sors in the active material, since the positive electrode could simply be pre-

pared by mixing active material with carbon additives and added as a powder 

over the sensor instead of using coated composite electrodes. This also ex-

cluded the use of fluorinated binders such as PVdF. Fluorine was also re-

moved from the electrolyte by substituting the commonly used LiPF6 salt with 

lithium bis(oxalato)borate (LiBOB) salt. This was done in an effort to avoid 

highly corrosive substances such as hydrofluoric acid or POF3, formed 

through decomposition of LiPF6 by reacting with water residues present in the 

electrolyte, battery materials, or traces of water introduced in leaky battery 

cells. This was taken as a precaution, since hydrofluoric acid is reactive to-

wards SiO2 (which the optical fibers are made of), potentially damaging them 

and changing the optical output over time. 

4.1.1 Evaluation of Reflection- and Transmission-based FOEW 

Sensor Configurations 

FOEW sensors were implemented into Swagelok type cells in both a reflec-

tion-based and a transmission-based sensor configuration in Paper I. In the 

reflection-based configuration, light is coupled in and out of the same end of 

the optical fiber connecting the sensing region, using a fiber optic beam split-

ter. A metallic mirror coated at the end face of the sensing region allows the 

modulated optical signal to be guided back through the same fiber, where the 

optical beam splitter directs the output signal to the receiving spectrometer. 

The reflection-based sensor thus allows for a single entry and exit point which 

is favorable as it is less invasive and reduces the risk of potential cell leakage 

related to the insertion of an optical fiber into the battery cell. However, the 

need for an optical beam splitter increases the complexity of the optical ex-

perimental setup. The optical response for a reflection-based sensor configu-

ration over a wide range of wavelengths, during charge and discharge of an 

LFP-lithium half-cell is presented in Figure 26. The results show that there is 

a clear correlation between the change in intensity output and the charge and 

discharge of the LFP-lithium half-cell. More specifically, as the cell is 

charged, the lithium ion concentration decreases in the positive electrode and 

the FePO4 phase forms, resulting in an increase in intensity. During discharge, 

the LiFePO4 phase is reformed as iron is reduced with the simultaneous inser-

tion of lithium in the host structure. This led to a reversed optical response 

compared to charge, and the intensity decreased. The optical sensor response 

during charge and discharge of LFP was consistent with observations by 
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Roscher et al. using LFP with indium tin oxide (ITO) additives as electro-

chromic markers and in situ video microscopy.90 

 

Figure 26. Galvanostatic cycling of an LFP-lithium half-cell fitted with an FOEW 
sensor in reflection-based configuration. The applied current and voltage response as 
a function of time and capacity during a full charge and discharge cycle is shown in 
a) and b), respectively. The corresponding intensity change at wavelengths ranging 
from 550 to 900 nm as a function of time and capacity is presented in c) and d). Re-
printed from reference38. Copyright 2020, Wiley-WCH. 

The optical response from LFP using a reflection-based fiber optic sensor was 

also compared with a transmission-based sensor to verify the results and eval-

uate the performance of the two different sensor configurations. With a trans-

mission-based sensor, the FOEW sensor is connected to the light source at one 

end and the receiving spectrometer at the other, and there is no need for an 

optical beam splitter to separate the optical input and output signals. This sig-

nificantly simplified the optical experimental setup and reduces the loss of 

light and inconsistencies in measurements as fewer components are used. It 

also eliminates potential optical effects related to the reflective mirror in the 

reflection-based configuration. The transmission-based sensor also allowed 

for a more robust and repeatable optical setup and was therefore chosen for 

the following studies. A drawback was, however, that instead of only a single 

entry and exit point, the transmission setup required access from two sides of 

the battery test cells. The optical response from a LFP-lithium half-cell with a 

FOEW sensor integrated in transmission configuration is presented in Figure 
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27. The result is in good agreement with the reflection-based fiber optic sen-

sors and show a similar sigmoidal increase in intensity at all wavelengths dur-

ing delithiation of LFP, which is reversed upon lithium insertion as described 

above.  

The reflection-based sensor cell showed good capacity retention and cou-

lombic efficiency relative to the practical capacity of 150 mAh g−1 for the LFP 

used in Paper I. The electrochemical performance in terms of capacity reten-

tion and coulombic efficiency for the battery cells with transmission-based 

sensors was comparable, but showed higher polarization, most likely related 

to the high mass loading, hermetic sealing, and the potential influence of an 

additional optical fiber exit point. Nevertheless, this optical configuration was 

considered more reliable and reproducible as less components were involved. 

In addition, the repeatability of the optical response using reflection-based fi-

ber optic sensors would be highly dependent on the quality of the reflective 

mirror, which may differ from sensor to sensor. Fiber optic sensors used in 

transmission configuration were thus considered more reliable in terms of op-

tical response as the challenges related to implementation and electrochemical 

performance could be further optimized. 

 

Figure 27. Galvanostatic cycling results from Paper I of a LFP-lithium half-cell in a 
modified Swagelok type cell, using a transmission-based FOEW sensor. The applied 
current and the voltage response as a function of time during a full charge and dis-
charge is shown in a) and b), respectively. The corresponding intensity change at 
wavelengths ranging from 550 to 900 nm as a function of time and capacity is pre-
sented in c) and d). Reprinted from reference38. Copyright 2020, Wiley-WCH. 
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4.1.2 Fully Embedded Transmission-based FOEW Sensors - 

Cyclic Voltammetry 

The LFP-lithium half-cells with transmission-based sensors in Paper I were 

further characterized by cyclic voltammetry to provide additional understand-

ing and verification of the connection between change in intensity output from 

the FOEW sensor with the charge and discharge of LFP. CV experiments pro-

vide overall information on the oxidation and reduction processes and is ex-

cellent for detecting side reactions, which might not be as straightforward us-

ing galvanostatic cycling. Instead of controlling the current to (dis)charge the 

LFP half-cells, the potential of the working electrode is controlled and the 

current response measured. Electrochemically, the active material undergoes 

the same reactions during charge and discharge using either galvanostatic cy-

cling or cyclic voltammetry. This suggest that the optical response should also 

be similar and the intensity would alternate between two levels in the CV ex-

periment. In the voltage region where the faradaic current is close to zero the 

optical response should remain constant. The result from the voltammetry ex-

periments in Paper I, performed on LFP-lithium half-cells with fully embed-

ded FOEW sensors is shown in Figure 28. The CV experiment shows two 

cycles, which clearly demonstrate two current peaks per cycle, corresponding 

to the oxidation and reduction of iron in LFP and the simultaneous extraction 

and insertion of lithium ions. Nearing a complete charge or discharge of the 

LFP half-cell, the oxidative or reductive current falls off and becomes almost 

zero. The CV experiment shows that the intensity increases as iron is oxidized 

during charge and then remains at a constant level before decreasing upon 

discharge as the potential scan is reversed and the iron is reduced back to Fe2+. 

Although the current progressively decreases once peak-current is attained, 

the intensity continues to increase until the oxidation is complete, showing the 

opposite during reduction, further supporting the link between the optical re-

sponse and the lithium (de)intercalation. In addition, the CV only indicates 

current peaks corresponding to the oxidation and reduction of iron in LFP, 

which also clearly correlates with the change in intensity output from the 

FOEW sensor, consistent with the optical results from the previous constant 

current measurements. Cyclic voltammetry also revealed an unexpected small 

initial decrease in intensity at the onset of oxidation and a corresponding in-

crease in intensity at the onset of reduction, which was not seen in the voltam-

metric current response. This was to some extent observed with the controlled 

current experiments using fully embedded transmission-based sensors, but not 

as pronounced as with CV. 
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Figure 28. CV experiment from Paper I, showing two CV cycles on a LFP-lithium 
half-cell using a transmission-based optical configuration. The applied potential, 
scanned between 2.7 and 4.2 V vs. Li+/Li with a scan rate of 40 μVs−1 and the resulting 
current response is presented in a). The intensity response at wavelengths ranging 
from 550 to 900 nm as a function of time, corresponding to the oxidation and reduc-
tion of LFP is shown in b). Reprinted from reference38. Copyright 2020, Wiley-WCH. 

The implementation of FOEW sensors into LIBs using modified Swagelok 

type cells provided an initial understanding of the FOEW sensor. Both gal-

vanostatic cycling and cyclic voltammetry showed that the optical signal 

changed consistently with the insertion and extraction of lithium ions in LFP 

cathodes. The intensity output of the FOEW sensor changes continuously 

throughout charge or discharge, whereas the voltage curve of LFP remains 

flat, highlighting the potential for FOEW sensors to monitor the state of 

charge. However, the cells are far from commercially viable and several prac-

tical issues remain which may have an impact on the optical response, such as 

applied pressure, hermetic sealing, sensor placement, charge and discharge 

rates (which are not constant in CV), carbon content, and polarization, which 

have to be further characterized. 
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4.2 Development, Optimization and Electrochemical 

Performance of Pouch Cells with FOEW Sensors. 

The initial use of modified Swagelok cells in Paper I made it possible to im-

plement FOEW sensors into battery cells and to fully embed sensors in the 

positive electrode material. However, the Swagelok cells were challenging to 

prepare and properly seal. Furthermore, for a commercial implementation of 

FOEW sensors into batteries, Swagelok cells are not a viable option and the 

pouch cells approach is far more suitable regarding long-term performance, 

cyclability, reliability, energy density, flexibility, uniformity and consistency. 

This was also clearly seen from the pouch cells used in Paper II, which 

showed improved electrochemical performance and reproducibility with con-

siderably lower capacity fade and polarization during operation when com-

pared to the modified Swagelok cells. 

To enable the use of pouch cells with integrated FOEW sensors in trans-

mission configuration, an extra heat-sealing film was added around the edges 

of both sides of the pouch cell, sandwiching the optical fiber sensor at the 

entry and exit points and sealing the cells hermetically. The sensors imple-

mented in pouch cells in Paper II were placed at the surface of composite 

LFP electrodes and the optical response compared with that of the fully em-

bedded sensors in LFP electrodes using Swagelok type cells. The pouch cells 

were initially compared using constant current cycling with the same C-rate 

and potential limitations used with LFP-lithium half-cells in Paper I to verify 

the optical response of LFP using composite electrodes with the sensor located 

at the electrode surface. Figure 29 shows a full charge and discharge of a LFP-

lithium half-cell of pouch cell design. 
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Figure 29. Galvanostatic cycling of a LFP-lithium half-cell, reproduced from Paper 
II, using a transmission-based FOEW sensor in a pouch cells. The sensor is located at 
the surface of the working electrode. The applied current and the voltage response as 
a function of capacity during a full charge and discharge is shown in a) and b), respec-
tively. The corresponding intensity change at wavelengths ranging from 500 to 900 
nm as a function of capacity is presented in c) and d). Reprinted with permission from 
reference37. Copyright 2021, American Chemical Society. Article link: 
https://pubs.acs.org/doi/abs/10.1021/acsaem.1c03304 

From the figure, the specific capacity during charge and discharge is about 

150 mAh g−1, which is also in good agreement with the practical capacity used 

to calculate the C-rate. What can also be seen is that the overpotential is lower 

for the LFP composite electrodes compared to powder-based LFP cathodes 

used in Swagelok cells and the LFP composite electrodes have a flat voltage 

plateau around 3.46 V vs. Li+/Li. The corresponding optical response is also 

in good agreement with the constant current experiment from Paper I. It 

shows the same sigmoidal intensity change during charge and discharge, with 

the intensity at all wavelengths increasing as LiFePO4 is delithiated, forming 

FePO4, and decreasing as lithium ions are reinserted, reforming LiFePO4. Alt-

hough the change in intensity shows no apparent wavelength dependence, 

there is a tendency of larger change in intensity towards shorter wavelengths. 

This was also seen with the fully embedded sensors in LFP cathodes in Paper 

I. Furthermore, the magnitude of the intensity change from FOEW sensors 

fully embedded in LFP cathodes was larger compared to the composite elec-

trodes used in pouch cells. The reasoning for this was that the amount of active 

material interacting with the sensing region of the FOEW sensor is larger 

when the sensor is fully embedded compared to when the sensor is placed at 

https://pubs.acs.org/doi/abs/10.1021/acsaem.1c03304
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the surface of composite electrodes, where only a portion of the sensing region 

interact with the active material. In the case of a fully embedded sensor where 

active material is located all around the sensing region, the number of reflec-

tions per unit length is also higher, modulating the light guided in the optical 

fiber, which in the end relates to the sensitivity of the sensor.49,58,62,91 This was 

also supported by other Ghannoum et al. comparing the optical response from 

graphite anodes when embedded or positioned at the anode surface.32 

4.2.1 Reproducibility, Rate Dependence and Influence of 

Polarization on Sensor Response 

The fiber optical sensors implemented in pouch cells were further evaluated 

at different currents in order to investigate if the optical response is rate-de-

pendent or influenced by polarization. A rate test was set up where the 

(dis)charging rate was incrementally increased using cycling rates of 0.1C, 

C/5 and C/3. A comparison of the optical response over multiple cycles at low 

currents is demonstrated in Figure 30 as well as the effect of increasing the 

charging rate on the voltage and capacity. The voltage response of five charge 

cycles at 0.1C and the corresponding optical response at 500 nm are shown in 

Figures 30a and c, respectively, demonstrating that the optical response is 

reproducible over several cycles. At higher currents (Figure 30b), less charge 

is delivered before the predetermined cut-off potentials are reached due to po-

larization. In fact, there is a clear increase in concentration polarization to-

wards the end of charge. With higher currents, there is also a slight increase 

in ohmic losses across the entire voltage curve, as the resistance is directly 

proportional to the applied current. The optical response to different charging 

rates is presented in Figure 30d, and although polarization is clearly observed 

in the voltage profiles, this is not seen in the optical response. Given the re-

sults, the optical response of the FOEW sensor is reproducible over multiple 

cycles and does not appear to be rate-dependent. This is reasonable because 

the same reactions should occur at the surface of the LFP particles regardless 

of the rate. 



 

 60 

 

Figure 30. The voltage response as a function of charge capacity is shown across five 
cycles at a rate of 0.1C in a) and the corresponding optical response is presented in c). 
For the rate test, three different currents were used corresponding to 0.1C, C/5 and 
C/3 and the voltage response as a function of capacity is shown in b). The correspond-
ing sensor response as a function of capacity is shown in d). Reprinted with permission 
from reference37. Copyright 2021, American Chemical Society. Article link: 
https://pubs.acs.org/doi/abs/10.1021/acsaem.1c03304 

4.2.2 Composite Cathodes in Pouch Cell Batteries - Cyclic 

Voltammetry 

As was previously discussed in Paper I, cyclic voltammetry provided addi-

tional validation of the relationship between the oxidation and reduction of 

LFP and the optical response from transmission-based FOEW sensors in 

Swagelok cells. While the overall optical response from the CV experiment 

was in good agreement with the constant current cycling, it also revealed an 

unexpected small initial decrease in intensity at the beginning of oxidation, 

with an opposite initial increase in intensity at the onset of reduction. This was 

also not seen in the current response from the working electrode. To gain fur-

ther insights on this as well as to compare the influence of sensor placement 

relative to the electrode and the difference in cell configurations, cyclic volt-

ammetry was also employed in Paper II. To enable comparison, cycling con-

ditions were kept the same as for the CV experiment in Paper I (Figure 28) 

and the voltammogram of the LFP-lithium half-cell in pouch cells is presented 

in Figure 31. Most strikingly, the voltammogram shows no signs of the initial 

https://pubs.acs.org/doi/abs/10.1021/acsaem.1c03304
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decrease in intensity at the beginning of oxidation or the corresponding initial 

increase at the onset of reduction, which was previously observed with FOEW 

sensors fully embedded in the LFP cathode of Swagelok cells. As was initially 

proposed, the intensity now increases continuously when LiFePO4 is oxidized 

and remains unchanged at a plateau as the oxidation is completed and the cur-

rent falls to nearly zero. When the direction of the potential scan is reversed 

and the current drops below zero, reduction occurs and FePO4 is reduced back 

to LiFePO4, resulting in a continuous decrease in intensity output. As the CV 

cycles are repeated, the intensity alternates between two levels. The plateau of 

the optical response also shows that the magnitude of the optical response is 

comparable with pouch cells cycled at constant current (see Figures 29 and 

30), and that there is a tendency for a larger change in intensity towards shorter 

wavelengths. The results suggest that the initial changes in intensity at oxida-

tion or reduction of LFP in Swagelok cells are related to either the cell con-

figuration or the electrode composition, since everything else in the cells are 

kept the same. The active mass used in Swagelok cells was significantly 

higher and had a larger percentage of carbon additives in the cathodes in order 

to increase electronic conductivity and minimize polarization. Nonetheless, 

the polarization and ohmic losses were larger in Swagelok cells compared to 

pouch cells, which may explain the variations in the optical response. 

The influence of increasing scan rates on the optical response from the 

FOEW sensor was also explored, although it should be mentioned that the rate 

changes continuously in a CV experiment. Increasing the scan rate increases 

the peak current and broadens the current peaks to some extent, but the mag-

nitude of the optical response remained the same and was comparable with 

previous constant current cycling experiments in pouch cells. This also further 

supports the findings from the rate test (Figure 30) as no apparent influence 

on the optical response with increasing scan rate was observed. 
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Figure 31. Cyclic voltammogram of an LFP-lithium half-cell, using composite elec-
trodes in pouch cells. The FOEW sensor is used in transmission configuration and 
placed at the surface of the working electrode. The potential was scanned between 2.7 
and 4.2 V vs Li+/Li with a scan rate of 40 μV s−1 and the resulting current is shown in 
a) and the corresponding optical response is presented in b). Reprinted with permis-
sion from reference37. Copyright 2021, American Chemical Society. Article link: 
https://pubs.acs.org/doi/abs/10.1021/acsaem.1c03304 

Using cyclic voltammetry, LFP composite cathodes were also compared with 

other cathode materials, such as composite electrodes with spinel LiMn2O4 

(LMO) as the active material. Interestingly, the cyclic voltammogram of a 

LMO-lithium half-cell presented in Figure 32 showed a material-specific re-

sponse. The potential was scanned between 3.0 and 4.3 V vs. Li+/Li using a 

scan rate of 40 μV s−1, which was the same scan rate previously used for the 

LFP-lithium half-cell shown in Figure 31. From the CV experiment on LMO, 

the optical signal clearly correlates with the oxidative and reductive current 

peaks in the voltammogram, corresponding to the change in oxidation state 

between the Mn+3/Mn+4 redox couple and the redistribution of lithium ions 

occupying tetrahedral sites in spinel LiMn2O4.
58,64 During oxidation, when 

lithium ions are extracted from the LMO host structure, the intensity decreases 

with two distinct peaks in the optical signal, whereas the LFP would have 

shown a sigmoidal increase in intensity. As the potential is scanned in the 

opposite direction during reduction, the optical response of the LMO cathode 

shows a reversed response where the intensity increases with the two peaks 

reappearing in the optical signal, corresponding to the reductive current peaks. 

https://pubs.acs.org/doi/abs/10.1021/acsaem.1c03304


 

 63 

It should be mentioned that the study on LMO cathodes were preliminary and 

that the material-physical origin of the optical response during oxidation and 

reduction was not further explored in Paper II. Nevertheless, the optical sig-

nature of LMO cathodes further supports that the changes in intensity are 

closely connected to the oxidation and reduction of the active material and 

may provide additional insights into issues such as manganese dissolution into 

the electrolyte associated with these cathode materials. 

 

Figure 32. Cyclic voltammogram of an LMO-lithium half cell, using composite elec-
trodes in pouch cells. The FOEW sensor is used in transmission configuration and 
placed at the surface of the working electrode. The potential was scanned between 3.0 
and 4.3 V vs Li+/Li with a scan rate of 40 μV s−1 and the resulting current is shown in 
a) and the corresponding optical response is presented in b). Reprinted with permis-
sion from reference37. Copyright 2021, American Chemical Society. Article link: 
https://pubs.acs.org/doi/abs/10.1021/acsaem.1c03304 

4.2.3 Optical Response of LFP Cathodes During Relaxation 

Experiments in Swagelok and Pouch Cells. 

All experiments designed to characterize the optical response from cathodes 

using FOEW sensors in either Swagelok or pouch cells have so far been car-

ried out by either imposing a constant current or varying the potential of the 

working electrode. A galvanostatic intermittent titration technique (GITT) ex-

periment (a form of galvanostatic cycling described in the methodology sec-

tion) was introduced in Paper II, in order to investigate how the optical signal 

https://pubs.acs.org/doi/abs/10.1021/acsaem.1c03304
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responds to relaxation at an open circuit potential, where no current or poten-

tial is imposed on the cell. The aim was also to further investigate the initial 

variations in intensity at the onset of oxidation and reduction observed with 

fully embedded FOEW sensors in Swagelok cells.  

GITT experiments were carried out on both pouch cells and modified 

Swagelok cells using 1h current pulses at 0.1C, followed by a 1h relaxation 

period at OCV. The current was pulsed until either the upper or lower cut-off 

potential was reached, depending on charging or discharging of the cells. Fig-

ure 32 demonstrates the result from a GITT experiment on a pouch cell. 

 

Figure 32. GITT charge procedure from a LFP-lithium half-cell in pouch cell config-
uration cycled between 2.7 and 4.2 V vs. Li+/Li. The potential is shown as a function 
of time while applying 1h current pulses at 0.1C, followed by 1h relaxation periods. 
The optical response to the current pulses and subsequent relaxation is measured at 
wavelengths ranging from 500 to 900 nm. Reprinted with permission from refer-
ence37. Copyright 2021, American Chemical Society. Article link: 
https://pubs.acs.org/doi/abs/10.1021/acsaem.1c03304 

Looking at the whole charging procedure, the optical end result is similar to 

previous constant current experiments, showing similar magnitudes of inten-

sity change and wavelength separation, and for each charging pulse the inten-

sity increases. As the charging current is interrupted, the potential of the LFP 

electrode drops quickly, corresponding to the ohmic polarization in the cell 

and then continues to slowly decrease throughout the relaxation period. The 

optical response to the current pulses and the subsequent relaxation period 

show that the sensor response is more or less immediate and levels out at a 

distinct plateau when the charging current is interrupted, and then increases 
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again when the current is reapplied. This continues for each current pulse until 

the LFP-lithium half-cell is close to fully charged and the rate of change in 

intensity levels out. When negative current pulses are applied during dis-

charge, a reversed response is observed for the potential and the corresponding 

optical signal (see Paper II). Given that the optical signal displayed a plateau 

throughout the relaxation period, there was no obvious indication from the 

sensor of internal lithium-ion redistribution in the LFP particles. However, 

diffusion processes are slow and reaching a steady state in a typical LFP-

graphite battery may take up to several hours, and relaxation times of up to 10 

hours are commonly used in GITT experiments.92,93  

The GITT experiment with the Swagelok cell followed the same experi-

mental procedure and the result for the charge procedure is demonstrated in 

Figure 33. The overall intensity increases during the charge procedure and 

decreases during the discharge procedure. The GITT experiments also demon-

strated significant differences between pouch and Swagelok cells, both during 

applied current pulses and following rest periods. 

 

Figure 33. GITT charge procedure from a LFP-lithium half-cell in Swagelok cell con-
figuration cycled between 2.7 and 4.2 V vs. Li+/Li. The potential is shown as a func-
tion of time while applying 1h current pulses at 0.1C, followed by 1h relaxation peri-
ods. The optical response to the current pulses and subsequent relaxation is measured 
at wavelengths ranging from 500 to 900 nm. Reprinted with permission from refer-
ence37. Copyright 2021, American Chemical Society. Article link: 
https://pubs.acs.org/doi/abs/10.1021/acsaem.1c03304 

From Figure 33, the intensity increases during the positive current pulses, but 

the increase is not immediate as was seen with the sensors positioned at the 

surface of composite electrodes in pouch cells. Instead, an initial decrease in 
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intensity is observed for about one third of the current pulse with the fully 

embedded FOEW sensors in Swagelok cells. During discharge (see appended 

Paper II) when negative current pulses are applied, the opposite was observed 

with the intensity initially increasing before decreasing throughout the rest of 

the current pulse. As has already been demonstrated above, the initial variation 

in intensity during charge and discharge was previously observed with FOEW 

sensors fully embedded in the LFP cathodes of Swagelok cells, both when 

using galvanostatic cycling and cyclic voltammetry. The GITT experiment 

also showed that the intensity continues to increase for about one third of the 

relaxation periods before it gradually levels out and forms a plateau. This oc-

curs despite the fact that no current is forced through the cell. The opposite 

was also seen during discharge (see Paper II). The GITT experiments show 

large differences between the fully embedded sensors in Swagelok cells and 

the sensors placed on the surface of LFP cathodes in pouch cells. Since neither 

activation nor ohmic polarization is present during the relaxation period, the 

observed change in intensity with the Swagelok cells point towards diffusion 

processes. Given the time span over which these changes in intensity occur, 

the diffusion coefficient of Li ions in LFP (10−10 to 10−16 cm2 s−1)94–97, and 

because the changes in intensity during relaxation was not observed with 

pouch cells, solid-state diffusion inside the LFP particles is unlikely to explain 

the initial variations in intensity with Swagelok cells. Another possibility is 

that salt concentration gradients in the electrolyte form during battery opera-

tion, despite the fact that the currents used are relatively low. This may be 

more likely with the high mass loading used in Swagelok cells, which would 

increase the diffusion path and likely limit mass transfer near the optical fiber 

in the powder cathodes.94 This is also supported by the larger overpotential 

and concentration polarization seen with the Swagelok cells, although the in-

terpretation of the results from the GITT experiments were not entirely clear. 

4.2.4 Influence of Electrolyte and Variable Salt Concentration 

on Sensor Response 

The results from the GITT experiments raised questions about how the elec-

trolyte and ionic concentration gradients (formed during battery operation) 

may influence the sensor response. Because concentration gradients are 

formed during charge and discharge, the salt concentration in the electrolyte 

is expected to deviate from the initial concentration of 0.8 M LiBOB near the 

electrode particles. To test for this, as well as the impact of the pristine elec-

trolyte on the intensity output, an experiment was set up in which the influence 

of the electrolyte on the optical sensor was first compared to the optical re-

sponse in air, where no losses are expected, and then by varying the salt con-

centration. This was done by mounting the sensor in a polymer container in a 
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transmission configuration and then monitoring the intensity output at wave-

lengths ranging from 500 to 900 nm. To study the influence of the electrolyte 

on the sensor itself, a baseline in air was first established before adding the 

electrolyte (0.8 M LiBOB in EC: DEC), completely immersing the sensing 

region. The result is presented in Figure 34a and demonstrates that the change 

in intensity relative to air after electrolyte has been added is minimal and only 

accounts for a loss in intensity of less than 0.4%.  

 

Figure 34. The relative intensity change between air and the 0.8 M LiBOB in EC:DEC 
(1:1 v/v) electrolyte is shown in a). The intensity is subtractively normalized using the 
initial spectra in air as the reference point. The relative intensity change as a function 
of salt concentration is shown in b), where the spectra at the initial 0.8 M concentration 
serve as the reference point. The figures are adapted with permission from reference37. 
Copyright 2021, American Chemical Society. Article link: 
https://pubs.acs.org/doi/abs/10.1021/acsaem.1c03304 

This shows that the electrolyte has an insignificant influence on the intensity 

output and confirms that the electrolyte works as an optical cladding, which 

was discussed in Paper I. The second way the electrolyte may influence the 

sensor response is by a shift in the electrolyte salt concentration during battery 

operation. This was investigated by diluting the salt concentration in the con-

centration range of 0.8-0.2 M with steps of 0.1 M every fifth minute by adding 

stock solution of the solvent mixture to the initial 0.8 M LiBOB in EC:DEC. 

The normalized intensity output as a function of salt concentration is shown 

in Figure 34b. From the figure it is clear that there is no change in intensity 

output with the change in salt concentration and that the optical signal only 

shows minor fluctuations in intensity of ±0.25%, comparable with the sensor 

output measured in both air and electrolyte in Figure 34a. These findings were 

consistent with those of Ghannoum et al., who utilized a similar approach to 

assess the transmittance in a standard battery electrolyte of 1 M LiPF6 in a 

solvent mixture of EC and DEC under variable salt concentration.33  

The electrolyte experiments showed that the electrolyte has negligible ab-

sorption in the monitored wavelength range and that the significant difference 

in refractive index between air and the electrolyte solution only resulted in a 

0.4 percent reduction in intensity output. Therefore, it seems very unlikely that 

https://pubs.acs.org/doi/abs/10.1021/acsaem.1c03304
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the initial decrease in intensity at the beginning of charge and the initial in-

crease at the onset of discharge observed with fully embedded sensor would 

be a result of concentration gradients. Furthermore, any concentration gradi-

ents between the electrode surface and the bulk electrolyte in the previous 

GITT experiments should dissipate relatively quickly when the current is in-

terrupted. The explanation for the intensity variations observed with fully em-

bedded sensors in Swagelok cells as compared to pouch cells was not entirely 

clear. The ohmic and concentration polarization in the former was nonetheless 

higher and increased with cycling which indicate mass transport limitations 

and that the difference in optical response is related to cell configuration and 

electrode composition. 

4.3 Sodium Plating in Sodium-ion Batteries 

In Paper III, the focus was shifted towards the negative electrode in batteries, 

more specifically, the hard carbon anodes in sodium-ion batteries. The aim 

was to use FOEW sensors integrated into sodium-ion batteries to detect so-

dium plating. In sodium-ion batteries, hard carbon is the standard anode ma-

terial of choice, as graphite does not intercalate any significant amounts of 

sodium ions.98 Hard carbon, on the other hand, can intercalate sodium ions up 

to approximately 480 mAh g−1 at potentials not far from the deposition poten-

tial of sodium. While this is beneficial in terms of energy density, the low 

intercalation potential may lead to sodium plating during charging. Metallic 

sodium is reactive and forms dendrites that can lead to short-circuiting in the 

same way lithium dendrites would in LIBs. Hard carbon exhibits a sloping 

voltage profile with a plateau extending between 15 and 0 mV vs. Na+/Na, 

where most of the capacity is obtained.99 This can be compared to the lower 

lithium staging plateau in graphite corresponding to LiC6 where intercalation 

occurs at about 70 mV from the Li+/Li equilibrium potential.100 When it comes 

to operating batteries safely, the significant difference in intercalation poten-

tial has a large impact on sodium-ion batteries, especially during fast charging. 

Detecting plating and to prevent dendrite formation would therefore be crucial 

for maintaining safe operation without the risk of short-circuiting. 

4.3.1 Sodium Plating in Copper Half-cells 

Detection of sodium plating was initially demonstrated in a simplified system 

using copper foil as the working electrode and sodium metal as both the coun-

ter and reference electrode in a three-electrode pouch cell setup. The sodium 

plating on copper electrodes was induced using constant current and provided 

the optical signature of sodium plating (Figure 35). A three-electrode setup 

was used to monitor each electrode potential separately in the plating experi-
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ments (see Figure 35a), which provides a more accurate and precise observa-

tion of the working electrode potential. As sodium is plated onto the copper 

working electrode, the intensity drops sharply (Figure 35b) and continues to 

decrease as sodium plating proceeds. More specifically, the intensity at all 

wavelengths drops close to the nucleation potential about 7 minutes into the 

plating experiment (Figure 35c and d) and continues to decrease as the so-

dium plating continues, but at different rates, with the intensity at longer wave-

lengths decreasing more than the intensity at shorter wavelengths. Looking 

closer at Figure 35d, it is also clear that the optical response remains un-

changed during the initial 5 minute OCV when no current flows through the 

cell, and as the current is applied, there is an isolated response in intensity at 

wavelengths between 850 and 900 nm. This response is stronger for longer 

wavelengths, and the intensity gradually increases until the sodium deposition 

potential is reached. The initiation of sodium plating, as indicated by the work-

ing electrode potential, correlates well with the maximum of the optical signal 

in Figure 35d. This is also the point where the intensity shows a distinct drop 

in intensity at all wavelengths. It should also be emphasized that the isolated 

increase in intensity between 850 and 900 nm occurred before the working 

electrode potential indicated sodium plating. Post mortem analysis of the dis-

assembled cell showed that sodium metal was deposited across the whole elec-

trode but was not fully homogeneous.  
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Figure 35. Sodium plating using constant current in a copper (WE) vs. sodium (CE) 
half-cell, with sodium as the reference electrode. The individual electrode potentials 
throughout the experiment are shown in a) and the optical response from the FOEW 
sensor placed at the surface of the copper electrode is presented in b). The point of 
sodium nucleation and its optical response is shown in c) and d), respectively. The red 
dashed line in a) and b), shows the end of the experiment where the cell is at open-
circuit potential.  

4.3.2 Sodium Plating in Hard Carbon Half-cells 

After demonstrating the optical response to sodium plating in a copper vs. so-

dium half-cell, the copper working electrode was exchanged with a hard car-

bon electrode which is the most common negative electrode used in sodium-

ion batteries and the plating experiment was replicated in an effort to also de-

tect plating on hard carbon. The experiment was designed to test for plating 

due to insufficient intercalation sites and the hard carbon electrode was there-

fore slowly sodiated at a rate of C/20 beyond the maximum capacity of 300 

mAh g−1. As the maximum capacity of the hard carbon electrode is reached, 

there is a clear nucleation dip in the working electrode potential (indicated as 

a dashed line in Figure 36a and c). The nucleation dip coincides perfectly 

with a distinct drop in intensity at all wavelengths (Figure 36b and d), which 

is strikingly similar to the optical response during sodium plating on copper 

electrodes, as demonstrated above. 
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Figure 36. Results reproduced from Paper III, demonstrating sodiation of hard car-
bon at C/20 in a hard carbon (WE) vs. sodium (CE) three-electrode half-cell. The 
individual potentials as a function of capacity are presented in a) and the optical re-
sponse from the FOEW sensor is shown in b). The red dashed line indicates the end 
of the constant current cycling where the cell is at rest. The point of sodium nucleation 
and corresponding optical signal is presented in more detail in c) and d), respectively. 
The black dashed line indicate the point of nucleation. Post mortem images show so-
dium plated at the hard carbon electrode in e) and sodium caught in the separator in 
f). 

Furthermore, at the onset of sodium plating, the decrease in intensity is greater 

at longer wavelengths than at shorter wavelengths, as observed with sodium 

plating on copper working electrodes. There was also a noticeable difference 

in the optical response of hard carbon just before plating could be detected by 

the working electrode potential compared to previous copper-sodium half-

cells. Instead of only the intensity at wavelengths between 850-900 nm show-

ing a slight increase in intensity prior to plating, it is now visible at all wave-

lengths. Post mortem analysis of the hard carbon half-cell confirmed sodium 

plating on the hard carbon electrodes as can be seen in Figure 36e. From the 

photograph, it is clear that sodium was plated both near the sensor and across 

the electrode. The glass fiber separator shown in Figure 36e also demonstrates 

that sodium deposition was homogeneous and that sodium metal has grown 

into the separator, leaving a thin trace of the sensor. 
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4.3.3 Rate-induced Plating in Hard Carbon Half-cells 

Having already demonstrated the optical response to sodium plating in both 

copper and hard carbon half-cells, a second batch of hard carbon half-cells 

were assembled to evaluate the FOEW sensor for fast charging applications. 

In contrast to previous plating experiments at low currents, this experiment 

was designed to specifically test for polarization-induced plating as a result of 

excessive charging rates. The hard-carbon half-cells were formed during four 

cycles at 0.1C followed by a 2C sodiation that was limited to 80% of the avail-

able capacity in order to rule out any possibility of sodium plating due to in-

sufficient capacity. The potential curves of each electrode and corresponding 

optical signals for the hard-carbon half-cell during one formation cycle and 

the following 2C sodiation is presented in Figure 37. As a result of the high 

current at 2C there is a clear shift in both the counter and working electrode 

potentials due to polarization (Figure 37c). After approximately 60 mAh g−1 

the potential of the working electrode becomes negative and soon after dis-

plays a nucleation dip (indicated by a dashed line), which occurs long before 

the maximum available capacity is reached. The optical response from the 

hard carbon electrode during fast charging is significantly different from the 

formation cycling and shows strong resemblance to the previous plating ex-

periment on copper and hard carbon at low rates. In fact, the optical response 

show the same wavelength-dependent sharp decrease in intensity throughout 

plating. Sodium plating due to excessive charge rates was also confirmed by 

post mortem analysis after the experiment. What can also be seen is that the 

pre-nucleation increase in intensity, previously observed with both copper and 

hard carbon half-cells at slow cycling, is now more prolonged with a broad-

ened appearance. 
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Figure 37. Constant current cycling of a hard carbon (WE) vs. sodium (CE) three-
electrode half-cell, using sodium as the reference electrode. The voltage profiles of 
the fourth sodiation and desodiation of hard carbon at 0.1C is presented in a) and b), 
respectively. The optical response is shown in d) and e), respectively. The voltage 
profiles during 2C sodiation is presented in c) with the optical response shown in f). 
The black dashed line indicate the point of nucleation. 

4.3.4 Rate-induced Plating and Electrochemical Performance in 

Full-cells 

Rate-induced plating was further investigated in order to evaluate the ability 

of FOEW sensors to detect plating in full-cells using hard carbon anodes and 

Prussian white as the cathode and reference electrode. The use of partially 

desodiated Prussian white as the reference electrode enabled three-electrode 

cells without the use of metallic sodium, and the cell chemistry should there-

fore be comparable with that of a commercial two-electrode cell. To avoid 

plating metallic sodium on the hard carbon anode as a result of insufficient 

capacity, the areal capacity of the anode was overbalanced by about 28%, 

which is common in commercial cells. The full-cells were initially formed at 

0.1C, and the cycling procedure was then set to incrementally increase the 

charge rate while maintaining the slow discharge rate at 0.1C. The charging 

procedure included two cycles at 0.5, 1 and 2C and was designed to push the 
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cell beyond safe operating conditions given that plating was also observed in 

previous half-cells when the charge rate reached 2C.  

The performance of the full-cells with implemented FOEW sensors was 

satisfactory and comparable to cells without the optical fiber sensor (Figure 

38a). While the charging rate was kept low, the electrochemical stability of 

the cells in terms of capacity retention and Coulombic efficiency was promis-

ing. The initial Coulombic efficiency was 90.72 percent during formation cy-

cling, which is close to the market-leading performance in commercial so-

dium-ion cells101, and increased to 98.78% within four cycles (Figure 38b). 

Figure 38c demonstrates the 2C charge from the full-cell experiment, which 

is limited by the cell potential in the same way as would have been done in a 

commercial two-electrode cell. The optical response during the 2C sodiation 

is presented in Figure 38d and shows a gradual decrease in intensity with a 

noticeable drop in intensity beginning around 100 mAh g−1, again showing a 

characteristic wavelength-dependent decrease in intensity as previously linked 

to sodium plating. Compared to the half-cell measurements, the magnitude of 

the drop in intensity is somewhat lower. It should, however, be mentioned that 

the capacity obtained during plating in half-cells is far greater compared to the 

full-cell and this would translate to more sodium being deposited in the case 

of the half-cells. Post mortem analysis of the disassembled full-cells also con-

firmed that sodium metal was deposited on the hard carbon anodes. 

An interesting result from Paper III was the pre-nucleation increase in in-

tensity observed just before sodium plating on copper and hard carbon half-

cells at low currents. The optical signature was, on the other hand, less obvious 

in half-cell and full-cell experiments at high current (2C), where the pre-nu-

cleation increase in intensity showed a more drawn-out appearance before the 

intensity dropped significantly upon plating. The reasoning for this was that 

in the case of polarization-induced plating on hard carbon, the full capacity is 

not completely utilized and sodium plating and intercalation occur simultane-

ously, producing a less distinct increase in intensity prior to plating as the in-

crease occurs over a longer time span. This pre-nucleation increase in intensity 

is, however, intriguing since it occurs before plating can be seen from the 

working electrode potential and could hence be used as an indicator of immi-

nent plating. 

To summarize, Paper III demonstrated that when sodium is plated on ei-

ther copper or hard carbon electrodes, there is a sharp wavelength dependent 

decrease in intensity. This was demonstrated for plating due to both insuffi-

cient capacity and excessive charging rates. As previously shown in Paper II, 

the electrolyte acts as a cladding under normal cycling conditions, and the 

evanescent wave that forms at the interface between the fiber and the electro-

lyte extends a short distance into the surrounding media. When sodium is de-

posited across the electrode surface, it is also deposited near the optical fiber 

sensor. The formation of sodium clusters near the sensing region forms a new 
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lossy cladding and weakens the evanescent wave, reducing the light guided in 

the optical fiber as far as what the detector sees. 

 

Figure 38. Prussian white (WE) vs. hard carbon (CE) three-electrode full-cell, using 
Prussian white as reference electrode. The separate electrode potentials as a function 
of capacity during constant current cycling at different rates is shown in a). Capacity 
and coulombic efficiency as a function of cycle number is shown in b). The voltage 
profiles and corresponding optical response during 2C sodiation is presented in c) and 
d), respectively.  

4.4 Lithium Plating and Monitoring of Optical 

Properties of Graphite Anodes 

In Paper IV, the fiber optic detection of plating was expanded to lithium-ion 

batteries and closely followed the experimental procedure implemented in Pa-

per III. The work focused mainly on detecting plating on graphite electrodes 

but also provided qualitative information on the optical properties of graphite. 

The intercalation potential for the final lithium staging plateau in graphite is 

less than 100 mV from the Li+/Li redox potential. While this potential differ-

ence is not as small as compared to sodium intercalation into hard carbon an-

odes, it still increases the risk of plating during fast charging conditions. Lith-

ium plating poses one of the most critical safety aspects for LIBs as it can lead 

to accelerated ageing or short circuits, resulting in catastrophic failure. FOEW 

sensors could therefore be used to monitoring the dynamic evolution of lith-

ium plating which could help to maintain safe operation of batteries. 
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4.4.1 Lithium Plating and Stripping in Copper Half-Cells 

Following the previous experimental approach for plating in sodium-ion bat-

teries, lithium plating was also initially explored on copper disk electrodes in 

Paper IV, using a three-electrode setup where copper was used as the working 

electrode. In contrast to the experiments on copper in Paper III, lithium was 

also stripped from the electrode after the lithium deposition to explore the re-

versibility, and the results are presented in Figure 39. Lithium plating and 

stripping were performed using a constant current of about 0.123 mA cm−2 

and the potential of the working electrode was limited between −0.5 and 1.6 

V. In addition, the maximum plating and stripping time was set at 30 minutes. 

The voltage profiles during lithium plating and stripping are shown in Figure 

39a and the corresponding optical response is shown in Figure 39b. As lith-

ium is deposited on copper during discharge, there is a sharp drop in intensity 

at all wavelengths, with the intensity decreasing more at longer wavelengths 

compared to shorter wavelengths. Figure 39c demonstrates the voltage pro-

files in more detail during the initial stage of the plating procedure. Following 

the initial reduction of the electrolyte, the potential of the copper working elec-

trode rapidly drops below 0 V vs. Li+/Li and forms a local minimum, indicat-

ing lithium nucleation (marked with a dashed line). The corresponding optical 

signal in Figure 39d demonstrates that there is a small increase in intensity 

before plating initiates, primarily at longer wavelengths (800-900 nm). This 

pre-nucleation increase, together with the drop in intensity at the beginning of 

plating, are strikingly similar to the results obtained from the sodium plating 

experiments in Paper III. Although a complete wavelength-dependent de-

crease in intensity during plating does not occur within the 30-minute dis-

charge, it is very close to. In comparison, this complete wavelength depend-

ence appeared after several hours when plating sodium metal on copper disks 

of equal size and using similar current densities. 

When a positive current was applied to strip the lithium from the copper 

electrode, the optical signal was reversed with a clear increase in intensity at 

all wavelengths. This is reasonable since the deposited lithium that caused the 

drastic drop in intensity is now being stripped from the electrode (Figure 

39b). Although the optical signal showed a reversed response upon charging, 

the lower time during stripping and the optical signal not reaching the same 

initial intensity level prior to plating indicates that the plating and stripping 

efficiency is low and a lot of lithium most likely remains passivated at the 

copper surface. This was also supported by the post mortem analysis, which 

demonstrated that a significant amount of lithium remained after multiple plat-

ing and stripping cycles. 
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Figure 39. Lithium plating and stripping in a copper (WE) vs. lithium (CE) half-cell 
with lithium as reference electrode. The potential profiles during lithium plating and 
stripping are shown in a) and the optical response is presented in b). The onset of the 
lithium nucleation (indicated with a dashed line) and the corresponding intensity re-
sponse is shown in more detail in c) and d), respectively.  

4.4.2 Lithium Staging and Plating in Graphite Half-cells 

The aim of Paper IV was mainly to investigate the sensor response to lithium 

plating on graphite anodes. Just like in previous plating experiments, a three-

electrode setup was used, but with a commercial graphite electrode having an 

area capacity of 2.46 mAh g-1 as the working electrode instead. The experi-

ment was designed to test for lithium plating due to extensive charging. The 

half-cells were therefore slowly lithiated at C/20 beyond the maximum capac-

ity of the graphite anode, following the formation cycling performed at 0.1C 

and between 0.005 and 1.6 V vs. Li+/Li. The voltage profiles and the optical 

response during the slow lithiation of the graphite electrode are presented in 

Figure 40a and b, respectively. During lithium intercalation, distinct plateaus 

are formed in the working electrode potential, corresponding to the lithium 

staging in the graphite (each transition indicated by arrows and reported com-
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position in Figure 40a)102–104. As the intercalation progresses and the maxi-

mum capacity of approximately 300 mAh g−1 is reached, the working electrode 

potential drops below zero due to the lack of available intercalation sites. 

Shortly after, a nucleation dip appears (indicated by the red dashed line in 

Figure 40) and lithium plating proceeds at a slightly more positive potential. 

The optical response for the slow C/20 lithiation is presented in Figure 40b. 

It shows that when the maximum capacity of the graphite is exceeded and 

plating initiates, there is a drop in intensity at all wavelengths, which becomes 

wavelength dependent as plating continues. This is consistent with the optical 

signature from lithium plating on copper as well as with sodium plating on 

copper or hard carbon electrodes presented in Paper III. It should also be 

noted that there is a pre-nucleation increase in intensity at all wavelengths 

(Figure 40b), which was also the case for sodium plating on hard carbon. This 

small increase could also be seen with lithium and sodium plating on copper 

electrodes, but predominantly at longer wavelengths. Lithium plating on the 

graphite electrode was clearly visible from post mortem analysis and showed 

silvery lithium metal homogeneously deposited over an area corresponding to 

the lithium counter electrode, except for where the sensor was located (see 

inset in Figure 40a). The overlapping area of the graphite electrode shows a 

vibrant golden color, which is typically attributed to the stage I (composition 

LiC6).
77,78 

During the intercalation part of the slow C/20 lithiation, the intensity in-

creased, showing a stronger sensor response at wavelengths in the near infra-

red region (Figure 40b). What could also be seen is that steps in the working 

electrode potential, coincide with distinct changes in intensity (vertical lines 

in Figure 40a and b). Graphite is known to undergo a change in color upon 

lithium intercalation which is reported to be caused by a shift in plasma fre-

quency with increasing lithium concentration.33,105 Starting from black/gray in 

the pristine state the color of graphite changes to dark blue, red, and eventually 

becomes golden when close to fully lithiated. The blue, red and golden color 

are reported for stage III (LiC18), stage II (LiC12), and stage I (LiC6), respec-

tively,33,78,105 while stage IV and higher has a light grey appearance, resem-

bling that of pristine graphite.  
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Figure 40. Extensive lithiation of a graphite (WE) vs. lithium (CE) three-electrode 
half-cell using a low rate of C/20. The cell was lithiated beyond maximum available 
capacity and the individual electrode potentials during the intercalation and subse-
quent lithium deposition are shown in a). Lithium staging into graphite forms distinct 
plateaus in the working electrode potential and the transition between each stage is 
indicated with arrows and black vertical lines. The corresponding optical response is 
shown in b) and the point of nucleation is marked with a red dashed line. An inset 
demonstrates lithium plated on the graphite. 

4.4.3 Rate-Induced Plating in Graphite Half-cells 

The risk of lithium plating significantly increases at high cycling rates, typi-

cally when exceeding 4C. To test the ability of the FOEW sensor to capture 

the dynamic evolution of lithium plating as a consequence of polarization ra-

ther than insufficient capacity, graphite half-cells were discharged at 4C with 

a capacity limitation set to approximately 77% of the capacity from a previous 

formation cycle. The cycling protocol also included formation cycling at 0.1C 
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to be able to compare the optical response during rapid lithiation. The rate of 

lithiation was then increased to 4C while keeping the subsequent delithation 

rate at 0.1C. The potential profiles of the formation cycle preceding the rapid 

lithiation are presented in Figure 41a and b, with the equivalent optical re-

sponse shown in Figure 41d and e. 

 

Figure 41. Rate induced plating in a graphite (WE) vs. lithium (CE) three-electrode 
half-cell. The individual electrode potentials during a formation cycle at 0.1C is pre-
sented in a) and b) for lithiation and delithiation, respectively. The corresponding op-
tical response is shown in d and e). The potential profiles during the 4C lithiation are 
presented in c) and the optical response in f). A dashed line in c) and f) indicates the 
minimum of the working electrode potential. 

The overall optical response to lithium intercalation into graphite under nor-

mal cycling conditions is comparable with previous half-cell experiment in 

Figure 40. As evident from Figure 41c, increasing the rate of lithiation to 4C 

results in significant polarization and the working electrode potential drops 

below 0 V vs. Li+/Li after only about 15 mAh g−1 and continues to decrease 

with lithium insertion. The working electrode potential levels out into a plat-

eau with a local minimum around 120 mAh g−1 (marked with a dashed line ), 

after which it steadily increases, which is a clear sign of plating. With the 4C 

lithiation procedure restricted to approximately 77% of the capacity from the 

previous formation cycle, it is clear that lithium plating occurs long before the 

capacity limitation is reached. The optical response during the fast lithiation 
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is presented in Figure 41f, and the initial part up until the capacity reaches 

about 60 mAh g−1 is similar to the previous 0.1C lithiation. However, the in-

crease in intensity occurs at all wavelengths and not primarily wavelengths in 

the near infrared region, which was the case during formation cycling. The 

increase in intensity also appears much earlier at approximately 25 mAh g−1 

during rapid lithiation. This is most likely explained by an increase in local 

SOC near the top of the electrode (where the sensor is located) as intercalation 

primarily occurs there at high currents due to mass transport limitations. 

Cross-sectional gradients with highly lithiated graphite at the surface of the 

electrode, induced at high rates (6C), have also been shown in the literature.105 

The initial increase in intensity with intercalation is on the other hand brief 

and a significant decrease at all wavelengths is observed from 60 mAh g−1 and 

onwards, an optical signature previously linked to sodium and lithium plating. 

Since the capacity limitation is not reached, lithium intercalation and plating 

can occur simultaneously which may explain why the decrease in intensity is 

more gradual compared to the linear response to lithium plating seen in the 

experiment above, and even show a slight increase in intensity at shorter 

wavelengths after ca. 230 mAh g−1. The optical response would therefore be a 

contribution from both plating and the optical properties of the graphite with 

increasing intercalation. Post mortem studies also confirmed lithium plating 

on the graphite electrode even though the capacity was limited conservatively 

and the cell was delithiated at 0.1C following the 4C lithiation (see Paper IV). 

Polarization induced plating was also explored in LFP-graphite full-cells (see 

Paper IV), where the capacity of the graphite electrode was slightly oversized 

to rule out the possibility of plating due to lack of available intercalation sites. 

During fast charging (4C) the intensity at all wavelengths decreased signifi-

cantly, suggesting plating in the vicinity of the sensing region. However, no 

clear evidence of lithium nucleation from the voltage profiles or from the post 

mortem analysis were found. 

To summarize, Paper IV demonstrated that lithium plating could be de-

tected on both copper and graphite electrodes. In the case of graphite, it was 

detected both as a consequence of fast charging and insufficient storage ca-

pacity. The optical signal also showed a clear correlation with lithium staging 

in graphite, which is interesting as it is indicative of the state of charge. The 

optical signature to plating on copper and graphite electrodes was also in good 

agreement with previous result from Paper III. 
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5 Conclusion and Outlook 

In this thesis, fiber optic evanescent wave sensors have been implemented in 

both lithium and sodium-ion batteries, and a number of electrochemical tech-

niques have been used to evaluate the cells. The work shows the feasibility of 

implementing optical fiber sensors into various cell configurations and how 

the sensors can be applied to monitor different components in battery cells in 

order to gain valuable information on electrochemical reactions at the anode 

or cathode side, cell state, or harmful chemical processes taking place during 

battery operation. 

The work in Paper I demonstrated the initial approach and implementation 

of FOEW sensors for real-time monitoring of LFP cathodes in lithium-ion 

batteries. This was enabled by modifying a Swagelok type cell and completely 

embedding the sensor in the positive electrode. The cathodes were studied op-

tically using two different sensor configurations: a reflection-based sensor and 

a transmission-based sensor. Both configurations showed comparable results, 

but the transmission setup was considered less complex and more reproduci-

ble. Galvanostatic cycling and cyclic voltammetry were used to link the elec-

trochemical reactions with the optical response and it was shown that the re-

sponse correlated well with the capacity. It was found that the intensity in-

creased during charge as lithium ions were extracted from the cathode and 

decreased during discharge as lithium ions were intercalated. This was demon-

strated more clearly using cyclic voltammetry, which showed that the optical 

response was linked to the iron oxidation and reduction. It was also shown 

that the optical signal remained unchanged in the voltage region between the 

current peaks where the oxidative and reductive current were basically zero. 

In addition, CV also revealed unexpected variations in intensity at the onset 

of oxidation and reduction.  

A further development of the sensor implementation into battery cells for 

monitoring LFP cathodes was carried out in Paper II. This was achieved by 

using pouch cells and composite electrodes with the sensor located at the sur-

face of the electrode and provided further understanding of the sensor re-

sponse from LFP during charge and discharge. This also enabled the analysis 

of the cathode side in a cell setup that is far closer to a commercial application. 

This not only improved the electrochemical performance and reproducibility 

of the cells but also reduced the capacity fade. A comparison with Swagelok 

cells was made throughout the study using galvanostatic, voltammetric, and 
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pulsed current techniques, which confirmed the previous approach for the 

cathode side and showed that the optical sensor response correlated well with 

capacity. The sensor response at different cycling rates was also explored and 

the results were found to be independent of rate, even though polarization was 

observed from the voltage profiles at higher currents. GITT experiments ex-

plored the optical response during open circuit voltage conditions but showed 

no apparent redistribution of lithium ions in the LFP composite cathodes dur-

ing the timescale of the experiment. On the other hand, it revealed significant 

differences for fully embedded sensors in Swagelok cells, during both current 

pulses and the following relaxation periods, possibly related to mass transfer 

limitations in the relatively thick electrode. The work in Paper II also con-

firmed that the electrolyte worked as a cladding and that any electrolyte salt 

concentration gradients were not likely to influence the optical signal during 

battery operation since no change in the intensity output was detected when 

varying the LiBOB concentration. It was also established that there is a clear 

difference in sensor response when the sensor was entirely incorporated into 

the positive electrode, placed on the surface of composite electrodes, or sand-

wiched between separators. Given the results from Paper II, the surface con-

dition of particles near the sensor region is likely to dominate the optical sig-

nal. It is also clear that the optical fiber sensors have some influence on the 

other components in the battery cells and would for example constitute a local 

blockage of the electrode with increased pressure at the contact point. This 

would influence the resistance, current distribution and the ionic flow around 

the sensor. This is also expected to be worse at higher rates or when the sensor 

is positioned at the surface and could therefore be minimized by fully embed-

ding the sensor in the electrode. However, this would be more challenging to 

implement during manufacturing as the optical fiber has a similar thickness as 

common composite electrodes and would thus have to be made much smaller. 

This would make the sensors more fragile and sensitive to bending as well as 

cause alignment issues during fusion splicing and complicate the coupling of 

light to and from the fiber. Optical fibers not based on silica, such as plastic 

fibers, could possibly address some of these challenges and would also be 

more resistant to the harsh battery environment. A thinner optical fiber would, 

on the other hand, increase the number of reflections along the sensing region 

and could thus increase the sensitivity. Future work should also compare the 

optical response from LFP using FOEW sensors with additional spectroscopic 

techniques such as UV-Vis-NIR diffuse reflectance spectroscopy, to further 

understand what governs the change in optical properties in the spectral range. 

This could also be done with varying amounts of carbon content to understand 

its impact on the sensor response. 

With the insights gained from Paper II, the focus was shifted towards the 

anode side of batteries in an effort to detect plating with the FOEW sensor 

positioned at the surface of the negative electrode, and the pouch cell design 
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was also further developed to enable a three-electrode setup. The work per-

formed in Paper III proved that FOEW sensors are able to detect sodium 

metal deposition, which was shown for both copper and hard carbon elec-

trodes. The copper-sodium half-cells established the optical signature of so-

dium plating, demonstrating a drastic drop in intensity at the onset of plating 

with an interesting wavelength dependence. This was further investigated us-

ing hard carbon anodes in both half and full-cells. The sodium plating on hard 

carbon anodes was detected both as a result of insufficient capacity and as 

polarization induced plating due to excessive charging rates. This was also 

shown in full-cell experiments during fast charging. Furthermore, full-cells 

with optical sensors were found to cycle well in pouch cells, with performance 

on par with pouch cells of the same battery chemistry but without imple-

mented sensors. Post mortem analysis after each experiment also provided 

further confirmation of sodium plating. 

The findings and experimental procedures from Paper III were further ap-

plied in Paper IV to detect lithium plating on graphite electrodes and to con-

firm previous sensor responses to plating in a similar battery system but with 

different cell chemistry. The optical response to lithium plating was found to 

be consistent with previous sodium plating experiments on copper and hard 

carbon electrodes. In the case of lithium plating, a similar wavelength depend-

ent decrease in intensity was observed at the onset of plating on copper elec-

trodes. Stripping the lithium also demonstrated a reversible optical response. 

Lithium plating triggered by fast charging or by insufficient capacity was also 

shown in graphite half-cells, having the same wavelength dependence as pre-

viously observed. This was further confirmed by post mortem analysis. In ad-

dition, the optical response under normal cycling conditions showed a clear 

correlation with the lithium staging in graphite, which was stronger at wave-

lengths in the near infrared band. This is interesting as it provides chemical 

information on phase transitions, which can be used to determine the state of 

charge. Plating was also explored in full-cells during fast charging where the 

optical signal indicated plating, while no clear evidence of plating was seen in 

the voltage profile or post mortem analysis. Because the nucleation and 

growth of either plated sodium or lithium evolves rapidly, experiments with a 

higher time resolution should be performed. The reaction products at the sur-

face of the electrodes and near the sensor should also be compared before and 

after nucleation is visible from the potential profiles. XPS could then be used 

to analyze the surface composition in each case to draw conclusion on what 

has formed. More details on the observed pre-nucleation increase in intensity 

could be gained using cyclic voltammetry to separate contributions to the op-

tical response from reduction of electrolyte and plating of sodium or lithium 

metal. From the plating experiments it could also be seen that the plated so-

dium or lithium showed different morphologies, where sodium showed either 

a mossy or clustered appearance while the plated lithium was more evenly and 
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homogeneously distributed across the electrodes. It would therefore be inter-

esting to compare the size and number of nuclei and how they influence the 

sensor response even though the sensor response was fairly similar. A larger 

number of nuclei could be obtained by decreasing the lithium or sodium salt 

concentration and apply a short nucleation pulse106, which could then be com-

pared to the constant current deposition. The observed wavelength depend-

ence in the plating experiments could provide clues to better understand the 

intercalation and plating mechanism, especially for hard carbon anodes, but 

more work is required to fully understand this. There are many techniques that 

have been used to detect plating but if operando video microscopy could be 

combined with the battery cells with optical fiber sensors it could help to vis-

ualize the environment around the sensor and capture the point when nuclea-

tion occurs. This would, however, involve a quite complicated cell design, 

which may alter the battery environment. Future work should include oper-

ando XRD combined with FOEW sensors in order to determine the composi-

tion of the graphite electrodes during lithium staging. 

Fiber optic sensors for monitoring batteries under working conditions show 

great promise but are still in an infant state and a lot of work remains to be 

done in order to enable their realization and practical implementation in future 

smart battery sensing systems. However, as this work has shown, FOEW sen-

sors could be implemented in commercially viable pouch cells and provide 

highly relevant and insightful information that could be used to improve cell 

design, optimize battery materials, or to compliment and advance determina-

tion of key functionalities in conventional battery management systems. Di-

rect sensing of electrode lithiation or sodiation could be used not only to im-

prove cell state determination, but also to identify early warning signs of plat-

ing or other harmful chemical processes. Information that could be fed to a 

BMS to interrupt the charging or reduce the current, thus allowing batteries to 

operate closer to their limits while still maintaining safe and reliable operation. 

This was especially highlighted in Paper III and Paper IV. 

Smart battery sensing and sensor techniques based on fiber optical sensors 

that can be integrated directly into the interior of battery cells are gaining more 

interest in battery research. FOEW sensors, due to their simple construction 

and the possibility to use cheaper optical components, could provide a simple, 

low-cost method for real-time analysis of batteries. One of the most important 

challenges for future implementation of optical fiber sensors in commercial 

batteries would be the industrial manufacturing, which has to be compatible 

with standard battery manufacturing and not compromise the sensor or the 

battery performance. In this regard, it is also crucial to obtain a hermetic seal 

at the fiber entry and exit points. The implementation of sensors in industrial 

battery manufacturing has to be done in a cost-effective way. This includes 

simplifying and reducing the cost of optical fiber sensors, light sources, optical 

interrogators, spectrometers, and other components. The cost aspect is espe-

cially important at the individual cell level. The cost of a smart battery sensing 
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system based on optical fiber sensors also has to be considered and compared 

to conventional battery management techniques. The long-term chemical and 

electrochemical stability of the sensors must be thoroughly characterized with 

respect to different cell chemistries, and the influence of the sensor on all bat-

tery components properly scrutinized. In the latter case, the optical fiber sen-

sors most likely have to be made smaller to reduce the invasiveness in the 

cells. Further effort should also be focused on improving sensitivity in relation 

to sensor length. On a research level, the use of fiber optical sensors could also 

be coupled with additional characterization techniques to gain further under-

standing of what information that could be obtained within batteries and pro-

vide further validation of the sensor response. 
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6 Sammanfattning på Svenska 

Den snabba utvecklingen inom uppladdningsbara batterier, framförallt inom 

litiumjonbatterier, har lett till att batterier nu används inom allt fler applikat-

ioner, främst på grund av deras höga energitäthet och kraft. Med den växande 

efterfrågan på högpresterande batterier i bärbar elektronik men framför allt 

med elektrifieringen av fordonsflottan så är behovet av säkra, effektiva och 

pålitliga batterier avgörande. Konventionella batteriövervakningssystem för-

litar sig främst på parametrar som ström, spänning och temperatur för att över-

vaka och reglera batterier under drift vilket ger begränsad information om de 

kemiska och fysikaliska processer som sker inuti batterier vid användning. 

Förståelsen för nedbrytningsprocesser och hur de utvecklas med tiden är också 

begränsad på grund av batteriernas komplexa natur. För att öka livslängden, 

säkerheten och tillförlitligheten hos nuvarande batterier samt för nästa gene-

rations batteriteknologier behövs mer detaljerad information från cellerna. Ut-

veckling av sensorer som kan placeras internt i batterier skulle kunna använ-

das för att optimera prestanda och ge en mer noggrann bestämning av den 

faktiska laddningsnivån vilket är problematiskt i dagsläget. I detta avseende 

så är fiberoptiska sensorer lovande kandidater. 

I denna doktorsavhandling så har användningen av fiberoptiska sensorer 

baserade på evanescenta vågor, även kallade FOEW sensorer, för övervakning 

av litium- och natriumjonbatterier i realtid undersökts. Resultaten visar på 

möjligheten att implementera fiberoptiska sensorer i olika typer av batterier 

och hur dessa sensorer kan användas för att erhålla värdefull information om 

dels elektrokemiska reaktioner vid både den negativa och positiva elektroden, 

laddningsnivå eller skadliga kemiska processer som sker under upp eller ur-

laddning. 

Första delarbetet undersökte den initiala implementeringen av FOEW-sen-

sorer i ett litiumjonbatteri för övervakning av den positiva elektroden litium-

järnfosfat. Detta möjliggjordes genom att bädda in sensorn i den positiva elek-

troden i en så kallad ”Swagelok-cell”. Den positiva elektroden undersöktes 

optiskt med två olika sensorkonfigurationer: en reflektionsbaserad och en 

transmissionsbaserad sensor. Båda konfigurationerna visade jämförbara resul-

tat, men den senare ansågs vara mindre komplex och ha högre reproducerbar-

het varpå alla efterföljande experiment utfördes med denna uppställning. Sen-

sorresponsen kunde kopplas till de reaktioner som sker i litiumjärnfosfat under 

upp och urladdning genom att kontrollera antingen ström eller spänning och 



 

 88 

det visade sig att den optiska signalen korrelerar väl med laddningsnivå. När-

mare bestämt, intensiteten från sensorn ökade under laddning när litiumjoner 

extraherades från den positiva elektroden, och minskade under urladdning när 

elektroden fylls på med litiumjoner, vilket återspeglar ändringen i de optiska 

egenskaperna för katoden. Dessutom observerades oväntade variationer i in-

tensiteten från de inbäddade sensorerna vid början av oxidationen och redukt-

ionen, något som troligtvis kan kopplas till jontransporten i elektroden. 

En vidareutveckling av integrering av fiberoptiska sensorer för övervak-

ning av litiumjärnfosfat genomfördes i det andra delarbetet med hjälp av så 

kallade ”pouch cell” batterier och utstrukna kompositelektroder, där sensorn 

var placerad på ytan av elektroden istället för inbäddad i själva batterimateri-

alet. Detta gav ytterligare förståelse för sensorsignalen från litiumjärnfosfat 

under upp och urladdning. Detta gjorde det även möjligt att studera den posi-

tiva elektroden i celler som är snarlika kommersiella batterier. Detta förbätt-

rade inte bara den elektrokemiska prestandan och reproducerbarheten utan 

minskade även kapacitetsdegraderingen. En jämförelse med Swagelok-celler 

skedde genom hela studien genom att utvärdera batterierna med elektroke-

miska tekniker baserade på konstant ström, pulsad ström samt varierande pot-

ential, vilket bekräftade det ursprungliga tillvägagångssättet och resultaten i 

delarbete I. Inverkan på sensorresponsen vid olika cyklingshastigheter under-

söktes även men resultaten visade inte på någon tydlig koppling till laddnings-

hastighet, även om effekten av högre strömmar kunde ses från batteriernas 

voltprofil. Pulsade strömexperiment undersökte även om sensorerna kunde 

detektera omfördelning av litiumjoner vid paus av laddningsströmmen till 

följd av ojämn fördelningen av litiumjoner under strömpulsen, men ingen up-

penbar koppling kunde göras. Å andra sidan avslöjade experimentet signifi-

kanta skillnader för sensorer helt inbäddade i den positiva elektroden vilket 

indikerade att transporten av litiumjoner i batteriet med inbäddade sensorer 

skulle kunna vara begränsad. I samma studie undersöktes även inverkan av 

elektrolyten samt dess saltkoncentration på de optiska sensorerna, dvs. den 

vätska i batterierna som transporterar joner. Det visade sig att elektrolyten be-

ter sig som en cladding (en viktig komponent inom fiberoptik för att upprätt-

hålla totalreflektion så att ljus kan guidas i fibrerna) och att varierande salt-

koncentration inte hade någon inverkan på sensorresponsen. En övergripande 

slutsats från dessa bägge studier var att den optiska signalen från sensorerna 

med all sannolikhet domineras av ytkompositionen av de katodpartiklar som 

befinner sig närmast den optiska fibern.  

Med hänsyn till detta skiftades fokus mot den negativa elektroden i 

natriumbatterier i delarbete III i ett försök att detektera metalplätering med 

sensorn placerad på ytan av den negativa elektroden. Sensorerna visade att det 

tydligt gick att följa natriumplätering i realtid både på kopparelektroder och 

elektroder baserade på icke grafitiserbart kol. Förenklade battericeller med 

kopparelektroder demonstrerade först hur sensorresponsen för natriumpläte-

ring såg ut, där en drastisk minskning i intensiteten kunde ses vid plätering, 
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och experimenten uppvisade även ett intressant våglängdsberoende. Möjlig-

heten att detektera natriumplätering undersöktes ytterligare på elektroder av 

icke grafitiserbart kol vilket är den vanligaste typen av negativa elektroder för 

natriumjonbatterier. De optiska sensorerna kunde detektera plätering både till 

följd av otillräcklig kapacitet eller för höga cyklingshastigheter. Prestandan 

hos batterierna var även god och integreringen av en fiberoptisk sensor ver-

kade inte ha någon större påverkan på cellkemin jämfört med batterier av 

samma typ men utan sensorer. Vid undersökning av de isärmonterade batteri-

erna direkt efter att experimenten slutförts bekräftade också att natriumpläte-

ring skett på den negative elektroden. 

Resultaten och det experimentella tillvägagångssättet i delarbete III tilläm-

pades ytterligare i delarbete IV för att undersöka möjligheten att detektera li-

tiumplätering på grafitelektroder, vilket utgör ett av de största säkerhetspro-

blemen inom litiumjonbatterier. Den optiska signalen för litiumplätering vi-

sade sig stämma väl överens med tidigare experiment med natriumplätering 

på koppar och icke grafitiserbart kol. Gällande litiumplätering observerades 

även en liknande minskning i intensitet med våglängdsberoende när plätering 

på kopparelektroder påbörjades. Elektrokemisk avverkning av pläterad litium-

metall visade även att den optiska responsen var reversibel. Litiumplätering 

kunde även detekteras på grafitelektroder till följd av otillräcklig kapacitet el-

ler för höga cyklingshastigheter. Detta bekräftades även vid demontering av 

batterierna efter att experimenten slutförts. Signalen från de optiska senso-

rerna vid normala cyklingsförhållanden kunde även visa på en tydlig korrelat-

ion med stegvis litiering av grafit, vilket ger karaktäristiska steg i voltprofilen 

till följd av hur litiumjoner arrangerar sig i grafenskikten. Denna respons var 

klart starkare för våglängder i det nära infraröda området. Detta är intressant 

då sensorn ger kemisk information kring fasövergångar i grafiten, som kan 

användas för att kvalitativt bestämma laddningsnivån. 

Fiberoptiska sensorer för kontroll och övervakning av batterier under drift 

är lovande men är fortfarande på ett väldigt tidigt utvecklingsstadie och 

mycket arbete återstår för att möjliggöra praktisk implementering i framtida 

batteriövervakningssystem. Arbetet i denna avhandling har dock visat att 

FOEW-sensorer kan implementeras i kommersiellt gångbara battericeller och 

ge relevant och insiktsfull information som kan användas för att förbättra cell-

design, optimera prestanda och batterimaterial eller komplettera konvention-

ella och nya batteriövervakningssystem. Övervakning i realtid av hur litiering 

eller sodiering av den negativa elektroden i litium eller natriumjonbatterier 

sker kan användas inte bara för att förbättra uppskattning av laddningsnivå, 

utan också för att identifiera tidiga varningstecken på plätering eller andra 

skadliga kemiska processer. Information som kan skickas till ett batteriöver-

vakningssystem för att avbryta laddningen eller minska strömmen, vilket 

skulle kunna innebära att batterier kan arbeta närmare sina gränser utan att 

riskera varken tillförlitlig drift eller säkerhet. Smart batteriövervakning och 
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nya sensortekniker så som fiberoptiska sensorer, som kan integreras inuti bat-

tericeller för att förbättra cellkarakterisering och komplettera övervakningen 

är av allt större intresse. FOEW-sensorer kan med sin enkla konstruktion och 

möjlighet att använda billigare optiska komponenter erbjuda en enkel och bil-

lig metod för övervakning av batterier i realtid. Många utmaningar kvarstår 

dock som måste åtgärdas för att främja utvecklingen av fiberoptiska sensorer 

inom batterier. Den kanske allra största utmaningen är hur detta skall ske in-

dustriellt då integreringen av fiberoptiska sensorer måste vara kompatibel med 

de metoder som används för batteritillverkning så att varken sensorerna eller 

batteriernas prestanda riskeras. I detta avseende är det även viktigt att fiber-

sensorerna inte orsakar läckage då syre och vatten som finns i luften är skad-

liga för batterierna. Integrering av fiberoptiska sensorer i industriell batteritill-

verkning måste även ske på ett kostnadseffektivt sätt. Detta inkluderar att för-

enkla och minska kostnaderna för sensorerna, ljuskällor, spektrometrar och 

andra nödvändiga komponenter. Kostnadsaspekten är särskilt viktig på indi-

viduell cellnivå. Kostnaden för ett batteriövervakningssystem baserat på fibe-

roptiska sensorer måste även beaktas och jämföras med konventionella batte-

riövervakningssystem. Den långsiktiga kemiska och elektrokemiska stabilite-

ten hos sensorerna behöver noggrant kartläggas med avseende på olika batte-

rikemier, och sensorns inverkan på samtliga batterikomponenter undersökas. 

För den sistnämnda måste de fiberoptiska sensorerna med största sannolikhet 

göras mindre för att inte påverka övriga komponenter i batteriet. Ytterligare 

arbete bör även fokuseras på att förbättra känsligheten hos sensorerna i för-

hållande till sensorlängden. Resultaten i denna avhandling belyser hur som 

helst värdet av optiska sensorer för att övervaka batterier under drift. Koncep-

tet med fiberoptisk övervakning i batterier är fortfarande i ett väldigt tidigt 

stadie, men forskningsfältet växer allt mer. Detta arbete har syftat till att 

främja förståelsen för FOEW-sensorer i synnerhet, och resultaten skulle kunna 

hjälpa till att ge vägledning för forskarvärlden för realisering av fiberoptisk 

övervakning i kommersiella batterier för att uppnå batterier med högre effek-

tivitet, pålitlighet och längre livslängd. 
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