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Advancing Structural Batteries using Lithium-Iron Phosphate Function-
alised High-Modulus Carbon Fibres Positive Electrodes
Anastasiia Marchenko and Hlib Kavatsiuk
Department of Industrial and Materials Science
Chalmers University of Technology

Abstract
This thesis explores the advancement of structural batteries by utilising nanosized
lithium-iron phosphate functionalised high-modulus carbon fibres as positive elec-
trodes. The innovative laminated structural battery architecture integrates active
electrode materials with structural battery electrolyte, facilitating both mechanical
load-bearing and ionic transport. We employed the electrophoretic deposition tech-
nique to coat CFs with a blend of nano-LFP, carbon black, and reduced graphene
oxide in an ethanol suspension, enhanced by PDDA as a cationic polyelectrolyte.

The study’s experimental phase optimised EPD parameters (70-80 V for 5-20
minutes), achieving uniform coatings with active material mass ranging between
12-35 mg. Electrochemical performance was evaluated through cyclic voltammetry,
galvanostatic charge-discharge, and electrochemical impedance spectroscopy. Half-
cell results demonstrated that positive electrodes with nanosized LFP and high-
modulus CFs exhibit promising potential for structural batteries, showing specific
capacities and stable cycling behaviour. However, all-fibre full cells indicated the
necessity for further research.

The integration of CB and rGO significantly improved the electronic con-
ductivity and structural stability of the electrodes, contributing to enhanced overall
battery efficiency. This work highlights the potential of functionalised high-modulus
CFs in advancing the field of structural batteries, addressing both energy storage
and mechanical integrity, crucial for future applications in electric vehicles and other
weight-sensitive technologies.

Keywords: structural batteries, carbon fibre composites, multifunctional materials,
lithium-ion batteries, electrophoretic deposition.
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1
Introduction

"Innovation is seeing what everybody has
seen and thinking what nobody has thought."

� Dr. Albert Szent-Györgyi

From the mid-to-late 18th century, humanity embarked on a challenge to har-
ness the unique phenomenon of electricity for practical storage. Throughout history,
the realisation of energy storage devices progressed steadily toward the electric bat-
tery technology as we know it today1.

The journey starts from the prototype of capacitors - Leyden's jar (1745),
which inspired Benjamin Franklin to coin the termbattery and describe the concept
behind electricity storage device (1749), yet the "Machine" rather resembled the
early capacitor2. Since then, multiple electrochemical cell device originating from
the French word, batterie, is meant to represent "a group of two or more similar
objects functioning together" up to years ahead. Three years later the same Leyden
jars played a pivot role in one of the most striking scienti�c experiments - harness-
ing lightning electricity with kite 3. Then the battery story continued unwinding
through the unmasking of the "animal electricity" misconception, also widely asso-
ciated with so-calledfrog experimentsconducted by Luigi Galvani (1780). At that
time this discovery divided the scienti�c community into two opposing groups - the
ones that believed in animal electricity as the new form of energy, and the ones
that were skeptical about the idea. The discovery intrigued society and became an
aspiration for Alessandro Volta to invent the �rst true electric battery, which was
a fruitful result of mimicking the frog experiment4. Volta proved that the electric
potential of di�erent metals is the cause of the current �ow in the frog's limb by
publishing his invention of Voltaic Pile, the �rst electric battery5. Further, in time,
the battery story witnessed both fast-moving and stagnation periods, the arrival of
the �rst mass production batteries sealed in wooden boxes (1802)6 and rechargeable
batteries (1859)7, culminating in the development of alkaline (1899)8 and commer-
cially available lithium-based batteries (1970s)9. However, the currently recognised
invention of the electric battery attributed to Alessandro Volta took place in 18005,
meaning that it has been for over 200 years, and still, today battery technology
manages to keep the intrigue of making astounding contributions to modern society.

Subsequently, the development of electrochemical energy storage continues to
advance dispersively across numerous research areas. In general, the development
trajectory aligns well with the Olympic motto: striving for "Faster, Higher, Stronger"
battery technology. Nevertheless, various challenges come into play that cannot be
ignored to approach modern concerns: environmental sustainability, safety, and cost
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1. Introduction

reduction10.
Globally, the biggest fractions of economic sectors contributing the most to

total greenhouse gas emissions are electricity generation for industrial and living
purposes, and transportation11. Decarbonisation via electri�cation means stands out
as the foremost solution to the climate impact challenges faced by the transportation
sector. However, the costs and electric vehicle e�ciency are still signi�cant obstacles
standing in the way. To address these two stumbling blocks simultaneously, a game-
changer � the multifunctional material concept � can be utilised. This concept
involves integrating multiple functions within one material, signi�cantly reducing
its mass and achieving higher e�ciency12.

State-of-the-art battery composite manifests such material carrying both me-
chanical load and electrical storage while reducing the total mass of the device. The
�rst realisation of structural power material was achieved by Wetzel and his team at
the Army Research Laboratories in the USA in 2007. Although the device showed
unbalanced e�ectiveness between mechanical and electrochemical properties13.

Nowadays, multifunctional composite materials have attracted considerable
attention across various research �elds. Speci�cally, "mass-less" energy storage is on
the radar as a lightweight alternative to standard Li-ion batteries. The increased
interest is additionally fuelled in the light of forthcoming stricter EU regulations on
greenhouse gas emissions14. This fascination is not unexpected, given that structural
power technologies o�er not only one of the strategies to meet these requirements but
also a promising step towards improving resource e�ciency. The combination of all
these advantages makes research in the area of structural power particularly valuable
for the automotive, aeronautic, and marine sectors in our low-carbon future14.

1.1 Background

1.1.1 Battery concept

A battery is a device that converts chemical energy stored in the electrodes' active
material directly into electric energy through an electrochemical redox reaction. The
fundamental unit in which redox reaction occurs is an electrochemical cell, whereas
batteries consist of one or more such cells. Each full electrochemical cell comprises
three main components: the anode (negative electrode), which releases electrons
and oxidises during the reaction during discharging; the cathode (positive electrode;
source of positive ions), which accepts electrons from the external circuit being re-
duced when discharged; and the electrolyte - a medium enabling ion transfer, but
not the electron one, between the anode and cathode6,15,16.

Using conventional lithium-ion batteries as an example, the positive electrode
material is typically a metal oxide, such as LiCoO2, LiMn 2O4, or LiFePO4 connected
to an aluminum foil current collector, and the negative electrode material is graphite
carbon on a copper current collector. During charge/discharge processes, lithium
ions are intercalated and extracted between atomic layers of active materials6. LIB,
as a representative of widely commercialised battery technology, has a high speci�c
energy and energy density, rendering it valuable for weight- and volume-sensitive
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1. Introduction

applications6. However, they have almost reached a plateau in their ability to pro-
vide increased capacity, power, and lifetime for a given weight and cost, as indicated
by demand assessments and research11,17,18, and structural power composite is one
of the technologies with the real potential to address this challenge for LIBs.

1.1.2 Multifunctional structural power composite concept

There are essentially two strategies for realising the concept of multifunctionality.
One of them represents a multifunctional structure, where the material adding the
desired functionality is implanted within a parent one. The other strategy per-
ceives multifunctionality as a unit comprising structural constituents that provide
simultaneously and synergistically two or more functions19. In that way, a truly
multifunctional material, for example, polymer composites, can undergo mechanical
loads, store and deliver electrical energy, while also enabling mass reduction and
preserving or even enhancing the intrinsic properties of individual components19.

Considering an EV battery pack, the lithium-ion battery pack in a Tesla
Model S contributes approximately 30% to the vehicle's total mass. Simplifying
the vehicle into two main components � energy storage and exterior structure �
reveals that the exterior structure does not contribute to energy storage, and the en-
ergy storage system does not provide structural bene�ts. This separation increases
the total vehicle weight, reducing e�ciency. However, using multifunctional struc-
tural composite materials can address both needs, providing structural integrity and
energy storage while reducing the overall mass, as depicted in Figure 1.120.

Figure 1.1. Structural power concept expressed in simple math relation.

1.1.3 Laminated structural battery concept

Laminated structural battery composite represents the current state-of-the-art archi-
tecture of structural batteries, consisting of two CF-reinforced electrodes, a separa-
tor, and a bi-continuous electrolyte material known as structural battery electrolyte.
As a truly multifunctional composite, each constituent contributes to multifunction-
ality, a goal that has encountered persistent challenges from the development side
of the positive electrode. In previous studies, LFP foil was commonly used as a
positive electrode in laminated SBCs, deviating from the concept of a truly multi-
functional material14,21,22. Successful results have been achieved in the realisation of
true SB multifunctionality in the paper of Sanchez et al.23, where full battery cells

3



1. Introduction

were produced using chemically functionalised CF as the cathodic material, instead
of LFP foil. These results indicate the importance of further research on positive
electrode coating as one of the top priorities for SB advancements.

1.2 Aim and Limitations/Demarcations

The primary aim of this thesis is to explore the use of novel active materials, partic-
ularly focusing on positive electrode development, to enhance the mechanical load-
bearing capabilities and conductivity e�ciency of laminated structural batteries. By
advancing these multifunctional capabilities, this work aims to address the evolving
challenges faced in modern energy storage systems, particularly in the context of
electric vehicles and other applications where weight and e�ciency are critical.

However, the scope of this study is delineated by certain limitations. The re-
search does not focus on identifying the most optimal coating features required for
the most e�cient cathode material. Additionally, aspects such as life cycle assess-
ment and the production of comprehensive safety data are excluded from this thesis.
The primary emphasis remains on the material and electrochemical performance en-
hancements rather than on a holistic evaluation of all potential factors in�uencing
structural battery performance.

4



2
Theory

"The aim of science is to seek the simplest
explanations of complex facts. We are apt to
fall into the error of thinking that the facts
are simple because simplicity is the goal of
our quest."

� Alfred North Whitehead

In the quest for simplicity amidst complexity, science often unveils elegantly
simple explanations for the intricate phenomena that de�ne our world. This pursuit
is vividly re�ected in the development of structural batteries, a frontier marrying ma-
terial science and energy storage to reshape the landscape of electric mobility. The
following sections delve into the theoretical foundations and practical implementa-
tions of this innovation. We explore the laminated structural battery architecture,
carbon �bre-based electrodes, the electrochemistry governing lithium-ion battery
cells, and the process of electrophoretic deposition. Each topic builds on the last,
unfolding a narrative of how simple solutions can address complex challenges in
energy storage and structural functionality.

2.1 Laminated SB architecture

The laminated structural battery architecture, depicted in Figure 2.1, embodies a
sophisticated approach to energy storage and structural integrity. In this con�gu-
ration, the various components of a typical battery cell are transformed into layers
within a laminate structure. This includes the active materials for the negative
and positive electrodes, which are interspersed by a separator. These components
are encapsulated within a bi-continuous polymer known as the structural battery
electrolyte. The SBE incorporates a liquid electrolyte that not only facilitates ionic
transport essential for battery function but also contributes to the mechanical load-
bearing capabilities of the structure. This dual functionality is pivotal for applica-
tions where structural integrity and energy storage are equally critical24.

2.2 CF-based electrodes

Carbon �bre (CF) is a lightweight, strong material composed of thin, crystalline
�laments of graphitised carbon atoms25. Known for its high mechanical strength
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