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Abstract

Composite structural supercapacitors (CSSs) are essential and promising
multifunctional materials in a wide range of weight- and volume-reduced electric
vehicles and aircraft, as they exhibit both good mechanical and electrochemical
properties in a single unit. However, the study of CSSs is predominantly hindered by
maintaining good mechanical and electrochemical performance simultaneously under

extensive and extreme application conditions.

Research on the effect of electrochemical cycling on structural failure, particularly
under applied loads, remains limited for CSSs. The electrochemical cycling-induced
fatigue (electro-fatigue) failure and mechano-electrochemical coupling performance
were investigated in a Zn-ion-based hybrid composite structural supercapacitor. Zn
ion concentration gradient during the charge and discharge process induces alternating
stress, which can be equivalent to a mechanical fatigue stress. The electro-fatigue
stress gives rise to structural failure and a reduction in electrochemical performance.
Moreover, for CSSs, coupling electro-fatigue stress with constant external stress
results in an increased fatigue stress, significantly accelerating structural failure. These
findings offer valuable insights and strategies to concurrently preserve superior

electrochemical and mechanical integrity.

To enhance the electrochemical capacitance and mechanical strength of CSS, a special
structure of the electrode and electrolyte interface was designed. The energy unit with
the snap-on buckle structure of electrode and hydrogel electrolyte interface is
integrated into a complex matrix to enhance the interlock effect. Strong bonding

between the electrode and electrolyte is crucial for maintaining excellent
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electrochemical performance under mechanical bending by minimizing shear
movement between layers. Practical applications also indicate that the unique structure

enables a new design of composite structural devices.

Under external forces, the deformation of CSSs results in an uneven distribution of
electric field intensity, potentially compromising both electrochemical performance
and mechanical performance. An MXene-based electrolyte for Zn-ion-based hybrid
CSS was fabricated to effectively modulate the electric field distribution through a
polarized electric field formed by hydrogen bonds between MXene and polymer
chains. Integrating MXene into the electrolyte potentially paves the way for the design
of high-performance structural power sources capable of functioning under

deformation.

Low-temperature applications pose significant challenges due to electrolyte freezing
and external force-induced deformation. To overcome these limitations, composite
structural hybrid supercapacitors (CSSs) with enhanced mechanical strength and
electrochemical performance at low temperatures were fabricated using a robust,
freezing-resistant solid electrolyte. An unconventional Hofmeister effect of chaotropic
ClOy4 anions was observed in anti-freezing ethylene glycol (EG)-polymer, leading to
simultaneous enhancements in the stiffness and toughness of the polymer composite.
The formation of strong and long hydrogen bonding (SHB) among ClO4, EG, and the
polymer matrix makes the material stiff and tough. Benefiting from the superior freeze
resistance and mechanical strength, the fabricated CSS demonstrates exceptional
electrochemical stability. Furthermore, this investigation deepens our understanding
of CSS operation under both mechanical impact and subzero conditions, establishing

design principles for CSS applications.
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Overall, this thesis focuses on the balance of electrochemical and mechanical
performance of CSSs under practical and extreme application conditions. Through
structural design or modification, satisfactory results are obtained, paving the way for

the design and development of CSSs.
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Chapter 1 Introduction

1.1 Background and Research Motivation

The increasing requirement on energy density of the battery remains a critical
challenge in the advancement of electric transportation, significantly influencing the
mileage of electric vehicles and the industrialization of electric aircraft [1, 2]. A weight
saving strategy is feasible for augmenting energy density, thereby inspiring research
focus on multifunctional batteries [3, 4]. Consequently, composite structural energy
storage devices (CSESDs) have drawn increasing interest across various fields as
multifunctional energy storage devices [5]. CSESDs can effectively substitute
traditional load-bearing components by simultaneously providing energy storage and
structural support, thereby minimizing the overall mass of the device [6-8]. Thus, the
CSESDs are essential for the development of volume- and weight-restricted
applications such as electric vehicles, unmanned planes, and civil structures.
Compared with composite structural batteries, composite structural supercapacitors
(CSSs) demonstrate higher power density due to enhanced ion diffusion and more
stable cycling performance, leading to a more suitable integrated structural system
without unfeasible and undesirable frequent replacement [3]. This advantage makes

CSSs a potential candidate for industrial applications.

The architectural strategies of CSSs can be broadly classified into two main
approaches [5]. The first one is called cell-level design, which involves
supercapacitors being sandwiched between reinforced carbon fiber composites [6-9].
Herein, the external reinforcement assumes a significant proportion of the load-

bearing responsibilities without contributing to energy storage, while the
1



supercapacitor primarily functions as a power source and supports only minimal loads.
For instance, Thomas et al. used a wet hand lay-up method to fabricate a carbon fiber
(CF) laminate sandwich with LIB pouch cells embedded in a foam core and achieved
a specific energy of 45 Wh Kg! and a flexural rigidity of 985 N m™ [9]. It is believed
that cell-level designs yield limited enhancements in multifunctional efficiency, as
both supercapacitors and reinforcements operate in a monofunctional capacity.
Consequently, the potential for weight reduction may be inherently constrained.
Conversely, the second approach, a material-level design, integrates multifunctional
materials that serve as both load-bearing structural components and power source
elements into CSSs. These energy storage units, including all strong structural carbon
fiber current collectors and electrodes, and solid-state electrolytes, are developed with
enhanced mechanical performance [7, 10]. Despite the relatively enhanced mechanical
properties for structural support, these structural materials should be developed
without compromising electrochemical performance [8]. Carbon fibers (CFs) can
serve as active materials and current collectors due to their high mechanical strength.
For example, Asp et al. adopted CF as an active anode for structural batteries with a
specific energy of 24 Wh kg! and high modulus of 25 GPa [11]. Obviously, the
material-level design more accurately embodies the essence of structural and

multifunctional components, demonstrating superior potential for future development.

Given the inherent trade-offs between mechanical properties and electrochemical
performance, one of the main challenges for CSSs lies in balancing the electrochemical

performance and mechanical strength.



1.2 Research Objectives

Based on the above research background and existing limitations, the goal of this PhD

thesis is to develop high-performance CSSs that integrate load-bearing capability and

energy storage capacity. In addition, external mechanical load and low temperature are

very crucial for their practical applications but have been less studied in previous

reports. Driven by above goal, the research objectives of this thesis are:

1)

2)

3)

4)

to investigate the electrochemical cycling-induced fatigue (electro-fatigue) failure

and mechano-electrochemical coupling performance.

to modify the electrode/electrolyte interface by snap-on structure to interlock the
interface and to increase the structural stability under load bearing, and to
characterize the in situ mechano-electrochemical performance of snap-on

structure CSSs.

to decrease the influence of the deformation on the electrochemical properties of
CSS through adding MXene in the solid electrolyte to uniform the electric field

distribution.

to study the mechanical strength of CSSs at low temperature, by adding the
chaotropic ClO4 anions in solid electrolyte to form strong and long hydrogen

bonds to increase the stiffness and toughness of CSSs at -20 °C.



1.3 Scope of the Thesis

This thesis focuses on the research of CSSs, which are composed of flexible energy
storage devices and carbon fiber reinforced polymer (CFRP). The research includes
the preparation of different carbon fiber electrodes, the structural design, and the
characterization of the mechanical and electrochemical properties of CSSs. In addition,
the effects of external forces (both static and dynamic loads) on the electrochemical
properties of CSSs are systematically studied. Through the optimization and
modification of carbon fiber electrodes, composite electrolyte, and the
electrode/electrolyte interface, CSSs exhibit increasingly superior mechanical strength

and electrochemical capacity.
The thesis is organized as follows:

Chapter 1 points out the significance of composite structural energy storage devices
(CSESDs) for future engineering applications and presents an overview of their
development and existing defects. It further emphasizes that CSS is the main research

object in this thesis and outlines the corresponding research objectives.

Chapter 2 mainly focuses on the development of CSESDs including the development
of carbon fiber electrodes, structural separator designs and electrolyte, and the
coupling effect of mechanical and electrochemical performance. Moreover,
characterization approaches, such as in-situ mechano-electrochemical tests, and

evaluation methods of multifunctionality are introduced.

Chapter 3 is the experimental methodology of this thesis, including materials,
modification methods of carbon fiber electrodes, composite electrolyte, preparation of

CSSs, and various characterization methods.
4



In Chapter 4, a Zn-ion-based hybrid composite structural supercapacitor incorporating
a composite energy storage unit is introduced. The electrochemical cycling-induced
fatigue (electro-fatigue) failure and mechano-electrochemical coupling performance
were investigated. It is revealed that the Zn ion concentration gradient during the
charge and discharge process induces alternating stress, which can be equivalent to a
mechanical fatigue stress. The electro-fatigue stress gives rise to structural failure and
a reduction in electrochemical performance. Moreover, for CSSs, coupling electro-
fatigue stress with constant external stress results in increased fatigue stress,
significantly accelerating structural failure. These findings elucidate the failure
mechanism of CSSs caused by the cycling process, offering valuable insights and

strategies to concurrently preserve superior electrochemical and mechanical integrity.

In Chapter 5, the snap-on structure is introduced to interlock the electrode/electrolyte
interface, thereby preventing sliding between multiple layers in the energy unit. The
improved adhesive bonding stabilizes the electrode layer stack mechanically and
significantly contributes to load transfer without sacrificing electrochemical
performance. The strong bonding in the electrode/electrolyte interface is crucial for
maintaining excellent electrochemical performance under mechanical bending by
minimizing shear movement between layers. The snap-on structure exhibits lower
stress level in the electrode/electrolyte interface than the sandwich structure, attributed
to the interlock interface that facilitates load transfer. Practical applications also
indicate that the unique structure enables a new generation of composite structural
devices, making them promising for use in electric vehicles, electric aircraft, and other

fields.

In Chapter 6, an MXene-based electrolyte for Zn-ion-based hybrid CSS is introduced
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to effectively modulate the electric field distribution through a polarized electric field
formed by hydrogen bonds between MXene and polymer chains. Integrating MXene
into the electrolyte offers a practical approach to regulating electric field distribution,
potentially paving the way to design high-performance structural power sources

capable of functioning under deformation.

Chapter 7 provides a composite structural hybrid supercapacitor (CSHS) with
enhanced mechanical strength and electrochemical performance at low temperatures
using a robust, freezing-resistant solid electrolyte. An unconventional Hofmeister
effect of chaotropic ClO4™ anions was observed in anti-freezing ethylene glycol (EG)-
polymer, leading to simultaneous enhancements in the stiffness and toughness of the
polymer composite. The formation of strong and long hydrogen bonding (SHB) among
ClO4, EG, and the polymer matrix makes the material stiff and tough. Benefiting from
the superior freeze resistance and mechanical strength, the fabricated CSHS
demonstrates exceptional electrochemical stability. Furthermore, this investigation
enhances the understanding of CSHS operation under both mechanical impact and

subzero conditions, establishing design principles for CSHS applications.

Chapter 8 concludes all the research work on CSSs in the thesis. Guidance and

prospects for future research directions are also proposed



Chapter 2 A Review on Composite

Structural Energy Storage Devices

The development of lightweight batteries holds significant potential for mobile
applications, such as electric vehicles and electric aircraft. Specifically,
multifunctional composite structural energy storage devices (CSESDs) are capable of
bearing mechanical loads, replacing traditional structural components and contributing

to a reduction in overall system weight (Fig. 2.1) [6, 12]. For example, structural

batteries can serve as roofs of electric vehicles, reducing the corresponding mass by

20%.[1, 2].

Mass-less system realizes electric aircraft

Mass-less system
increases ranges

building sy

increases energy area

Figure 2.1 (a) Various applications of CSESDs to save weight or increase energy

storage at the system level.

To evaluate the mass or volume saving of CSESDs, the following equation can be used



as a guide:

Mcrrp + MEsp — Mesesp

Mass Reduction Ratio =
Mcprp + MEsp

Where the mcrrp 1s the mass of a carbon fiber reinforced polymer composite (CFRP)
used to provide the required mechanical strength. mgesp and mcsesp are the masses of
an energy storage device and a structural composite energy storage device,
respectively. The multifunctional efficiency was also generalized to point out that it
simultaneously provides multiple mechanical and electrochemical properties, which
can be defined as nue = nu + nE, where nue is the multifunctional efficiency, 7 is
the mechanical efficiency, and ng is the electrochemical efficiency [4, 5]. Practically,
nu is the ratio of the mechanical value (e.g., flexural modulus or strength) of the
CSESDs to that of a CFRP, and £ represents the ratio of the electrochemical capacity
of the CSESDs to that of an energy storage unit using liquid electrolyte under zero
external load. The multifunctional energy storage devices offer a weight-saving
benefit compared to the traditional monofunctional systems when the nux value is

greater than 1 3, 13].

(a) Cell-level design

Reinforcement
outside a battery
(e.g. CF, metal)

Reinforcement
inside a battery
(e.g. CF, GF, SSE,
electrode binder)

Figure. 2.2 (a) cell-level designs and (b) material-level design [14].
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The challenges for the CSESDs are how to balance excellent electrochemical
performance and strong mechanical properties. The architectural structure of CSESDs
can be classified into two categories: cell-level and material-level design (Fig. 2.2)
[14]. The former refers to a sandwich structure in which supercapacitors are embedded
between reinforced carbon fiber (CF) composites [6, 7, 10]. The external non-
capacitive reinforced carbon fiber (CF) bears primary mechanical stress, whereas the
internal energy storage device is subjected to only a minimal portion of the load. Thus,
the multifunctionality of this strategy is limited. Nonetheless, due to its feasible and
cost-effective fabrication process, an increasing number of cells are being effectively
spatially distributed and directly integrated into the reinforcement, facilitating mass
production for applications such as electric vehicles [14]. In contrast, the second
approach utilizes multifunctional materials that incorporate structural current
collectors, electrodes, and electrolytes, which also serve as load-carrying components
and contribute to enhanced mechanical performance [8]. In this design, the challenge
lies in avoiding a compromise in electrochemical performance [14]. Several methods
can be used to improve the electrochemical performance. For instance, an all-carbon-
fiber-based structural lithium-ion battery can achieve a high energy density of 75 Wh
kg! and an elastic modulus of 76 GPa [15]. Therefore, material-level design represents

a promising approach to achieving both structural and multifunctional components.



2.1 Fabrication methods of structural composite energy

storage device

(a) (b)
f ‘ | ‘Resin flow path!
Flow medium > r
” o CFRP plies
. i 2 Peelply | Vaccum bag ¥ Resin container —p—]
| ] e\ ekt it Tolate S By ol i <t ey fow
o - 4 i
2 s S ek — -
— i = =3
30 Electrical wire| Steel plate Release film Embedded battery [Sealant tape|
)
100 _ unit: mm

(c) (d)

3 layers of CF laminate Embedded thin-film battery  Flat-flexible cable

Figure 2.3 The fabrication process of the CSESDs. (a) The layouts of the laminate
system incorporating the lithium cells [16]. (b) A schematic illustration of the
manufacturing of a structural lithium-polymer battery by the vacuum bag resin
infusion (VBRI) technique [17]. (c) The principle of embedding a thin-film battery in

cut-outs of CF laminates [14]. (d) A wet lay-up method under vacuum conditions [18].

CSESDs can be fabricated using traditional wet lay-up composite manufacturing
techniques, which are conducted at room temperature under vacuum conditions,
thereby safeguarding the temperature-sensitive electrodes and electrolytes [9, 17, 19-
23]. The layouts with the laminate system incorporating the lithium cells can be
designed with different structures (Fig. 2.1a) [16]. As shown in Fig. 2.3b, the Li-
polymer cells containing liquid electrolyte were embedded in the cut-outs of CF
laminates using the wet hand lay-up method and subsequently cured using the vacuum
bag resin infusion (VBRI) technique at 20 °C for 24 hours [17]. The principle of the

VBRI strategy is illustrated in Fig. 2.3c¢ [14]. This strategy can be applied at a practical
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scale and avoids damage to the energy storage unit. The CSESDs fabricated by this
method simultaneously exhibit high mechanical and electrochemical properties. For
example, Thomas et al. embedded lithium-ion batteries in CF laminate sheets,
obtaining a rigid structural battery with a specific energy of 45 Wh kg-1 and a flexural
strength of 985 N m-2 [19]. Pattarakunnan et al. subsequently incorporated five pouch
cells in a sandwich structure with a specific energy of 94 Wh kg-1 [17]. To reduce the
overall weight, a structural battery was fabricated using this modified encapsulation
strategy, employing CF laminate sheets as both reinforcement and battery packaging.
A weight reduction of 5-10 wt.% was achieved due to the elimination of additional
packaging weight [9]. A wet lay-up method was employed to fabricate CSESDs under
vacuum conditions at ambient temperature (Fig. 2.3d) [18]. Humidity and air bubble
disturbances must be avoided during the curing process. This strategy may
compromise the mechanical properties of the entire system, as the energy unit may

become defects introduced into the system.

2.2 Carbon fiber-based materials

Carbon fibers can serve as the active material or the current collector. In the case of
the active material, the turbostratic microstructure of the CF anode facilitates the
intercalation of Li-ions during both radial and longitudinal expansions [24].
Throughout the lithiation and delithiation processes, the longitudinal elastic modulus
of the fiber decreased from 290 GPa to 255 GPa, and subsequently recovered
completely. In contrast, the transverse modulus exhibited a reversible increase from
7.6 GPa to 15 GPa [25]. Modern polyacrylonitrile (PAN) demonstrates high
mechanical strength, with Young’s moduli ranging from 250 to 600 GPa and a tensile
strength of 4 to 7 GPa for a single fiber [26].
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When evaluating the electrochemical performance of CFs, their specific capacities
exhibit significant variation, ranging from 22 to 358 mAh g!. This variation is
governed by factors such as fiber structure, surface area, and treatment methods [27].
Simultaneously maintaining both high electrochemical and mechanical properties is
crucial for the design of CF-based electrodes. For instance, Asp et al. fabricated a CF
anode with a natural surface, which exhibited a specific energy of 24 mAh g!' and a
high modulus of 25 GPa [11]. Moyer et al. reported that the energy density of a CF
anode with a graphite coating was improved to 35 mAh g’!, while the Young’s
modulus and tensile strength were decreased due to the presence of liquid electrolyte

[28].

In addition to serving as an anode, CFs can also function as current collectors in
CSESDs due to their high electrical conductivity of 10%-10° S cm™ [29].
Electrophoretic deposition and coextrusion of CFs with an LFP-doped matrix [30]
represent the primary strategies for producing the adhesive LiFePO4 (LFP)@CFs [31].
An additional polyacrylonitrile (PAN) layer can be employed to bridge the active
material and the polymer matrix, thereby enhancing the interfacial adhesion of LFP
particles to the CF surface [32]. Besides, Nickel sulfides [33], polysulfides [34], or
LiMno.97Alp.0302 [35] deposited on CFs have also been reported to function as
structural electrodes. The enhanced adhesion resulting from the electrodeposition of
polysulfide onto CFs effectively mitigates the risk of delamination between the active
materials and the substrate under mechanical stress [32]. A structural lithium-sulfur
(Li-S) battery, incorporating a molten lithium-infused CF anode and a Li>Ss/CF
cathode, achieved a specific energy of 43 Wh kg™!, calculated based on the total mass

of the battery components [36]. Chen et al. designed structural Zn-ion batteries (ZIB)
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containing MnO>@CF cathode and Zn@CF anode, demonstrating a specific energy
of 182 Wh kg!, calculated based on the mass of active materials [37]. The elastic

modulus and capacity were summarized in Table 1.

Various techniques such as vacuum deposition, magnetron sputtering, and electron-
beam evaporation were used. As shown in Fig. 2.4a, Jiang et al. designed a composite
electrode through arraying Co304-NC nanoflakes on the carbon fiber cloth hosts to
avoid Li metal dendrite growth [38]. An individual CF-based structural battery with
single carbon fiber, in which the cathode, electrolyte, and anode were sequentially
coated, was first introduced (Fig. 2.4b) [39]. Chaudhary et al. developed an all-carbon
fiber-based structural battery by employing the carbon fiber's multifunctionality of
storing energy and providing strength (Fig. 2.4c) [15]. A pristine carbon fiber negative
electrode, a lithium iron phosphate (LFP)-coated carbon fiber positive electrode, and
a thin cellulose separator were integrated into a structural battery and cured to
demonstrate an energy density of 30 Wh kg!' and an elastic modulus exceeding 76
GPa [15]. In Fig. 2.4d, the individual structural LIB with a single fiber was printed
through UV-assisted coextrusion deposition of CFs and doped functional

photopolymer resin [40].
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Figure 2.4 Individual CFs with thin-film battery coating for structural battery design.
(a) The manufacturing process of CFC/Co-NC@Li composite electrode [38]. (b)
Structural battery with single CFs-based structural electrode and electrolyte [39]. (¢)
A schematic structure of all-fiber structural batteries utilizing the pristine carbon fiber
as negative electrode, lithium iron phosphate (LFP)-coated carbon fiber as positive
electrode, and a thin cellulose separator [15]. (d) Individual CF-based micro-battery

cell produced by coextrusion deposition [40].

Table 2.1 Elastic modulus and capacity of structural electrodes.

Materials Specific capacity Elastic modulus Ref.

Li>MnO4@CF film 80.7 mAh g 13.6 GPa [41]
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LiFePO4@CF 32mAhg’! 2.4 GPa [42]

Si-CNT fabric 500 mF-g’! 18.7 GPa [43]
3D-architected 131 mAh g! NA [44]
carbon

The mechanical properties of separators also need to be significantly enhanced without
compromising electrochemical performance to achieve high multifunctional
efficiencies. The structural vertically aligned nanofiber separator (VANS), serving as
both structural reinforcement components and ionic transport channels in energy
device, was developed by electrically insulating aligned alumina nanotubes (Fig. 2.5a-

b) [45].

In addition to enhancing individual layer components containing electrodes, separators,
and binders, Jin et al. proposed that the interfacial structure plays a crucial role in
improving the flexural and shear stiffness of the whole system. They employed coating
and hot-pressing methods to design a bio-inspired tree-root-like poly(vinylidene
fluoride-co-hexafluoropropylene) (P(VdF-HFP)) binder to tightly adhere the separator
and porous electrode (Fig. 2.5¢) [33]. As shown in the left inset of Fig. 2.5d, this
interfacial structure enhances the flexural modulus of the structural battery compared
to that without this adhesion. This structural battery also exhibits high capacity
retention of 95% after 500 cycles (Fig. 2.5d). This interfacial PVdF-HFP binder

enables the practical application of graphite/NMC532 cells to function as the
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electrically powerful wings for a UAV model, because of the high flexural modulus

(Fig.2.5d, right inset).

New binders also need to be rationally designed to enhance the mechanical properties
of CSESDs. Various binders can strongly adhere electrode particles together and to
current collectors, making them the promising candidate components for CSESDs [46].
For example, sodium alginate [47], lithium substituted poly(acrylic acid) (PAA) [48],
gelatin and konjac glucomannan [49-54] were proposed as the robust binders. Some
binders, such as polyacrylonitrile (PAN) and sodium alginate, have high mechanical
strength to maintain electrochemical functionality under external loads [55, 56].
Furthermore, Valentini et al. proposed that ANF could serve not only as a separator
material but also as a promising binder for structural electrodes. The reduced graphene
oxide (rGO)/ANF composite they designed has a tensile modulus of 13 GPa, which is
attributed to their high intrinsic mechanical properties resulting from the extensive
hydrogen bonding, which enable the load transfer [56]. Ultra strong ANFs were
synthesized through a direct and controllable method [48, 50, 51, 54, 57, 58]. Patel et
al. produced ANF-based separators using a straightforward vacuum filtration
technique, rather than an intensive synthesis, to prepare ANF separators without
modification or additives, as shown in Fig. 2.5¢ [54]. The ANF-based separator
displays a high Young’s modulus (8.8 GPa) (Fig. 2.5f), but shows low capacity and
cycling stability due to the low ion transportation resulting from the small pore size
(Fig. 2.5g). These results suggest that ANF-based separators can be the promising
alternatives for the traditional separators in CSESDs. Wang et al. further fabricated the
ANF separators to enlarge the pores while maintaining a Young’s modulus at 2.8 GPa,

which outperforms Celgard 2400 separators in cycling performance of lithium or
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sodium ion batteries [59].
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Figure 2.5 (a) A schematic illustration and SEM figure of the VANS. (b) VANS as
both structural reinforcement and ionic transport channels in structural electrodes [45].
(c) A schematic of the fabrication process of a tree-root-like interfacial structure
between electrode and separator for structural batteries and the interfacial adhesion
against the shear stress introduced by external load, which is compared to a tree against
a strong wind. (d) Cycling stability of a structural battery with the tree-root-like
adhesion. Left inset: Experimental bending force-deflection curves of the battery with
or without electrode/separator adhesion (solid lines) and corresponding FE simulation
results (dotted lines). Right inset: Top view of an airplane model with laminated
structural battery as “electric wings” [55]. (e) The process of fabricating ANF

separators. (f) Young’s modulus for Celgard, Dreamweaver, and ANF separators. (g)
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Cycle stability of batteries assembled with ANF, Celgard, and Dreamweaver

separators [54].

Valuable new material or new concept needs to be proposed for structural separators
and binders for CSESDs. The structural separators and binders should remain high
mechanical strength even in liquid electrolytes and superior ion transportation. Besides,
the interfacial structure can effectively transfer load in layers to enhance the flexural

strength of CSESDs.

2.3 Design of electrolyte and structural separator

Solid-state electrolytes (SSEs) contain polymers, ceramics, and composites. Load
transfer among components under shear or flexural stresses can be further enhanced
by the strong solid-state electrolyte, but the ionic conductivity should not be sacrificed
significantly. SSE can be employed in CSESDs due to their superior thermal stability
and mechanical properties, including tensile and compressive properties, as well as
effective load-transfer in interlayers, compared to liquid components [60, 61]. The
ionic conductivities are typically 10°-10 S cm™ in solid polymer electrolytes and 10°

4102 S cm™! in ceramic electrolytes.

A solid polymer electrolyte (SPE), with polar groups in a polymer to dissociate salts
and accelerate ions, can be added with other components, such as ceramic fillers,
liquids, or solid plasticizers, to improve ionic conductivity. Poly(ethylene oxide)
(PEO), poly(acrylonitrile) (PAN), poly(vinyl alcohol) (PVA), poly(vinylidene

fluoride) (PVdF), or polycarbonate (PC) are the common SPEs [62, 63].

The modulus of these polymers is between 290-330 MPa [64] for PEO to 2.6 GPa [65]

for PC/PVdF. Adding salts and plasticizers increases the mobility of polymer chains
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while weakening the mechanical properties. Snyder et al. studied the correlation
between mechanical properties and ion conductivity of structural electrolytes [66, 67].
They also found that co-polymerization is an effective strategy to improve the
multifunctionality compared to homopolymers [67]. Although the gel solid
electrolytes display high ionic conductivities, their moduli reach approximately
several 100 kPa [68-70]. Thereby, the high mechanical properties of the gel electrolyte
are crucial for the design of CSESDs. For example, as shown in Fig. 2.5a, Wang et al.
proposed a biomimetic aramid nanofibers (ANFs)-based quaternary ammonium
functionalized polyvinyl alcohol (QUPA) composite electrolyte membranes to obtain
the combination of suitable mechanical and ion transport properties with the ability to
withstand large bending and other deformations (Fig. 2.6a). The mechanical properties,
such as tensile strength and Young’s modulus, increase gradually, along with the
increase in ANF concentrations (Fig. 2.6b). The ionic conductivity (61.3 mS cm™) of
QUPA/ANF-2.0 membrane is much higher than that of polyvinyl alcohol (PVA) (13.6
mS cm!) and QUPA (46.8 mS cm™) (Fig. 2.6¢c) [71]. Besides, the composite
electrolyte with a gradient composition of PEO and epoxy was designed to improve
ion exchange at the interface of electrolyte and electrode (Fig. 2.6de) [72]. In the
graded structure, the electrolyte with a high salt ratio (blue open circle) near the
electrodes provides paths for ion transport but compromise the mechanical properties.
In contrast, the low salt ratio electrolyte in the middle region decreases ion

transportation while enhancing mechanical strength (Fig. 2.6d) [72].

Many investigations have been proposed to enhance the mechanical performance of
electrolyte. CFs can act as the structurally strong substrates on which the polymer

electrolyte is deposited [73]. Besides, epoxy-based electrolytes were used in structural

19



batteries due to their unique characteristics of adhesiveness [74]. The bi-continuous
multifunctional electrolytes, which contain a porous epoxy matrix to support the
structure and are penetrated by liquid electrolytes to maintain high ionic conductivity,
could be another promising structural electrolyte with high tensile modulus (25-50

GPa) and electrochemical stability [75, 76].

The ceramic electrolytes exhibit higher ionic conductivity and modulus than the
polymer electrolyte [77, 78]. The coherent interfaces between ceramic electrolytes and
electrodes/current collectors are very difficult to realize. Besides, oxide ceramics are
fragile and lack ductility, leading to high interfacial electrode/electrolyte resistance
due to the relatively weak bonding strength and cracks under internal stresses [79]. In
contrast, sulfide electrolytes are more suitable for being applied in CSESDs as they
possess higher toughness. Ceramic electrolytes have been integrated into structural
batteries [80]. However, the brittle oxide ceramic electrolytes cannot withstand

repeated high bending stress.

Composite electrolytes possess high ion conductivity and modulus comparable to
ceramics, as well as the toughness and flexibility comparable to polymers. For
example, the nanocomposite polymer electrolyte demonstrates enhanced ionic
conductivity (104-10° S ecm™), which is promoted by the incorporation of ceramic
nanoparticles within the polymer matrix [81, 82]. The ionic conductivity and
mechanical strength are closely correlated with the geometry and topology of both the
ceramic and polymer materials. An increased number of interconnected pathways,
formed by nanowires, will enhance ionic conductivity. In general, the mechanical
properties of nanocomposites are gradually improved in the following order:

nanoparticle, nanowire, nanosheet, and 3D framework [83]. Besides, interfacial
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adhesion is crucial to transfer load and enhance mechanical properties. As shown in
Fig. 2.6 f-g, Li et al. designed a nacre-like “brick-and-mortar” microstructure for
ceramic and polymer composite electrolyte, which realizes a high elastic modulus of
7.8 GPa [84]. Zekoll et al. also developed a poly(propylene carbonate) (PPC)/LLZTO
composite electrolyte simultaneously displaying a stable cycling performance and a
tensile strength of 6.8 MPa [85]. A high modulus of 6.9 GPa can be achieved by
employing bacterial cellulose-supported poly(methyl vinyl ether-alt-maleic
anhydride), P(IMVE-MA) structural network to a polymer, and then the high ionic
conductivity of up to 1.3x10 S cm™! after soaking in a liquid electrolyte [86]. The

electrochemical and mechanical properties of the electrolyte were collected in Table
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Figure 2.6 (a) photographs of quaternary ammonium functionalized polyvinyl alcohol
(QUPA)/aramid nanofibers (ANFs) composite electrolyte membrane in different states.

(b) Tensile strength values, Young’s modulus, and elongation at break of QUPA/ANF
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with various ANF concentrations. (¢) Comparison of ionic conductivity of the PVA,
QUPA, and QUPA/ANF-2.0 membranes [71]. (d) Schematic illustration and
measurements of ionic conductivity of composite electrolyte with various PEO/epoxy
ratios. (e) A cross-sectional schematic of the electrolyte with gradient composition: the
edge part electrode region had a higher concentration of salt and PEO than the middle
part to enhance the device kinetics. (f) A nacre-like “brick-and-mortar” microstructure

composite electrolyte with (g) enhanced Young’s moduli [74].

Table 2.2 Mechanical and electrochemical properties of structural electrolyte.

Materials Ion conductivity Elastic modulus Ref.

Polymer/CNF electrolytes 0.32 mS cm’! 805 MPa [87]

Polymer cellulose 1.3 mS cm™! 6900 MPa [86]
electrolytes

LATP-GF/PEO-LiTFSI 6.3x 102 mS cm’! 1.62 GPa [88]
electrolyte

PEEK fiber in 61mS cm™! 0.9 GPa [89]
PEO/LIiTFSI

PEO/Zn(CF3SOs),/BANFs 2.5 102 mS cm’! 0.21 GPa [90]

(PZB)
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2.4 Mechanical and electrochemical performance of

structural energy devices

The design and performance of the composite structure and components which include
the electrode, separator, electrolyte, current collector, and assembly materials, are

essential for developing advanced CSESDs.
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Figure 2.7 Photos of the composite structural supercapacitor sample (a) before and (b)
during the three-point bending test. (c) The SEM image of the structural supercapacitor
after the three-point bending test. (d) Flexural stress-strain curves for ACC-CSS and
CFRP. [91]. (e) Tensile stress-strain curve for battery composites [92]. (f) The finite

element simulation of the three-point bending test for the structural batteries [55].

The mechanical properties, electrochemical performance, and the coupling effect of
them need to be carefully investigated. Various characterization techniques can be
utilized to explore the structural evolution, failure mechanism, and the degradation of

electrochemical performance under applied loads. In general, the mechanical
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properties (modulus, strength, stress, fracture strength, and toughness) of the
composite structure or the components can be obtained via tensile tests, compression
tests, and three-point bending tests. Zhou et al. fabricated the structural supercapacitor
(1:1 ACC-CSS) and conducted the three-point bending tests. Fig. 2.7a-b showed the
sample before and during the test. The stress-strain curve (Fig. 2.7d) displays that the
flexural modulus of the device is lower than the composite without the energy storage
unit. As shown in Fig. 2.7c-e, structural delamination failure mainly occurs at the
interface between energy units and the carbon fiber reinforcement [91]. The tensile
stress-strain curves of the composite battery can be obtained from the tensile
measurement [92]. The simulation methods are effective strategies to map the stress,
strain, and failure distributions to investigate the mechanical properties of different
configurations of CSESDs [55, 93, 94]. As shown in Fig. 2.7f, the finite element
simulation results provide the distribution of the shear stress in the composite battery
with the tree-root-like electrode/separator interface. [55, 93, 94]. Combining these
techniques provides insights into the thorough characterization of composite structure

and component performance in CSESDs.

2.5 Coupling effect of mechanical and electrochemical

performance

In order to assess the electrochemical performance of CSESDs under mechanical stress,
in situ mechano-electrochemical tests are conducted to measure the coupling effect
between these properties [23]. For example, the multifunctional capabilities of a
structural battery cell can be evaluated by strain-dependent cycling retention achieved
through conducting reversible charge-discharge tests under tensile loads (Fig. 2.8a)

[95]. Besides, as depicted in Fig. 2.8b, the electrochemical performance of CSESDs
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under a three-point bending test can be used to evaluate the impact of flexural stress

on cycling retention [23].

The in situ mechano-electrochemical coupling performance in CSESDs is crucial to
demonstrate their multifunctionality and advance the design and application of
CSESDs. As shown in Fig. 2.8c, the influence of deformation on the areal specific
capacitance of the LEID-3 was investigated through measuring the electrochemical
performance under a three-point bending test. No significant change was observed in
the specific capacitance of LEID-3 under this deflection [96]. Zhou et al. further
evaluated the in situ mechano-electrochemical performance, and the cyclic
voltammetry (CV) curves were stable under five different three-point bending loads
(Fig. 2.8d) [91]. In order to verify the stability and reliability of 5:5 NiCo-LDH-CSS
under dynamic loads, the in situ tensile fatigue and electrochemical measurements
were conducted (Fig. 2.8f). As displayed in Fig. 2.8e, the galvanostatic charge-
discharge (GCD) curves and corresponding cyclic tensile load profiles demonstrate
that the device offers high capacity retention and intact composite structure under
tensile fatigue tests. The little ripples observed in the charge-discharge curve indicate
that the applied loads affect the charge-discharge process, revealing the coupling effect

between electrochemical performance and mechanical stress (Fig. 2.8g) [97].
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and electrochemical tests for the CSESDs [95]. (b) In situ three-point bending and
electrochemical tests for the CSESDs [23]. (c¢) Specific capacitance of load-
bearing/energy storage integrated devices (LEID-3) at different bending deflections.
Inset: photograph of three-point bending test [96]. (d) CV curves of structural
supercapacitor (ACC-CSS) under three-point bending test [91]. (e) In situ tensile
fatigue and electrochemical measurements of 5:5 NiCo-LDH-CSS at different
dynamic stresses [97]. (f) Schematic of test setup [97]. (g0 GCD curve and

corresponding cyclic load profile from the yellow region of (e) [97].
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Table 2.3 Elastic moduli and ion conductivities of some reported electrolytes.

Young’s modulus (E), ultimate tensile strength (UTS), and flexural strength (o)

CSESD Energy density Mechanical Ref.
(Wh-kg™) properties
CNT fiber/polymer 37.5%x107 (cell) c=153 MPa, [98]
electrolytes interleaves Ef= 60 GPa
LiCoO2-CNF/PVDEF- 35 (cell) E=3.1 GPa [99]
PEGDMA-gel
PAN@LFP/PAN@Gr 35 (cell) E=1.8 GPa [28]
Graphite@CF/structural 23.6 (cell) E=25 GPa [11]
electrolyte

UTS=300 MPa

PS@CF/Li@CF 43 (cell) E=1.2 GPa [36]

MnO2@CF/Zn@CF 182 (active) E=12.5 GPa, [37]
UTS=293 MPa

ZnO-CF/GF/SPE 0.1562 (cell) E=21GPa [100]

CuO-CF/GF/SPE 0.10604 (cell) E=19.6 GPa [12]
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2.6 Summary

Multifunctional CSESDs enhance the energy density for systems such as electric
vehicles and aircraft through reducing the total mass. This concept can be realized by
embedding energy units into external reinforcements, employing structural electrodes,
electrolytes, and separators, or adopting a special structure to effectively transfer load
between inner layers. Considering the coupling effect between mechanical and
electrochemical performance, various assessment methods were reported to balance
these two properties. Therefore, it is important to evaluate the multifunctional
efficiency of CSESDs, and the corresponding evaluation criteria were proposed.
Hence, more research and progress at the material and device levels need to be made

under the complex conditions during the operation process.
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Chapter 3 Experimental Methodology

3.1 Materials

CFs (3K carbon fibers, FAW 200 gsm, Taiwan TEI Composite Co., Ltd.), active carbon
(AC) (YEC-8A), and Zn foil (50 pm) sodium sulfate (Na>SOs, ACS, >99%, Aladdin),
boric acid (H3BO3, ACS, >99%, Aladdin) were used for electrode preparation. zinc
sulfate heptahydrate (ZnSO4.7H20, AR 99.5%, Aladdin), zinc perchlorate hexahydrate
(Zn(Cl04)2-6H20) (99.995%, Aladdin), ethylene glycol (EG) (>99%, Aladdin),
potassium hydroxide (KOH, ACS reagent, >85%, pellets, Sigma), and poly(vinyl
alcohol) (PVA, Mw 85,000~124,000, 99+% hydrolyzed, Sigma) were used for
electrolyte preparation. zinc trifluoromethanesulfonate (Zn (OTF)2) (98%, Aladdin),
bis(trifluoromethane)sulfonimide lithium salt (LiTFSI) (98%, Aladdin), and MXene
(T13C,Tx, Foshan xinxi technology Co., Ltd.), acrylamide (AM) (AR reagent, 99.0%,
Aladdin), ammonium persulfate (APS) (99.99% metals basis, Aladdin) and N, N'-
Methylenebis (acrylamide) (MBA) (97%, Aladdin) were utilized for electrolyte
preparation. Westsystem 105 epoxy and 209 hardeners (Hong Kong High Gain

Industrial, Co., Ltd.) were used for structural composite supercapacitors fabrication.

3.1.1 Preparation of electrodes, polymer electrolyte, and energy storage
unit

Zinc electrodes were fabricated via an electrodeposition process on the carbon fiber

(CF) substrates. Before electrodeposition, the CFs were activated (ACF) by immersion

in a potassium hydroxide (KOH) solution, followed by drying and heating at 800 °C

for 2 hours. ACF was immersed in a solution containing 0.1 M ZnSO4-7H20, 0.2 M
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NaS04, and 0.1 M H3BOs3, which was later electrodeposited under various constant
current densities (1,2, 3,4, 5, 10, and 20 mA cm?) for 2h at room temperature, yielding
ZACF1, ZACF2, ZACF3, ZACF4, ZACF5, ZACF10, and ZACF20 anodes,
respectively. The slurries of AC, SuperP, and polyvinylidene fluoride (PVDF) at a
ratio of 8:1:1 in N-Methyl-2-pyrrolidone (NMP) were stirred at room temperature for
12 hours. Then the slurries were coated on the CF surface and dried at 110 °C for 10

hours to obtain the AC-CF cathode material.

A polymer electrolyte was prepared by dissolving 5 g polyvinyl alcohol (PVA) and
28.756 g of ZnSO4-7H20 in 50 mL of deionized water (DIW) under stirring at 95 °C
for 5 hours. After cooling the PVA solution to room temperature, the ZACF anode and
AC-CF cathode were fully immersed in the PVA-ZnSOjs electrolyte and placed in an
oven at 60 °C for 10 minutes. The precursor electrolyte-coated carbon fiber electrodes
were then pressed together in a sandwich structure and dried in an oven at 60 °C for

15 minutes to obtain the energy storage unit.

3.1.2 Preparation of electrolyte and supercapacitors with different

structures
First, 2M KOH solution was stirred for 30 minutes. Then, 2 g AM as a monomer, 24
mg APS as an initiator, and 1 mg MBA as a cross-linker were blended into 10 mL KOH
solution and stirred until the mixture became transparent to get the gel electrolyte

precursor for subsequent utilization.

Two CFs-AC electrodes and the gel electrolyte precursor were placed into the designed

mold to undergo in-situ polymerization on the CFs-AC electrodes at 60 ‘C for 1.5

hours. By adjusting the amount of the transparent electrolyte solution, a bulged snap-
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on buckle structure was polymerized onto the pore structure of the carbon cloth. The
thickness of hydrogel was controlled to be less than 1 mm. The sandwich structure was
fabricated by the conventional method, where the transparent electrolyte solution was

first dropped into the mold to polymerize at 60 ‘C for 1.5 hours, forming the gel

electrolyte. Then the CFs-AC electrodes and gel electrolyte were stacked into a

sandwich structure.

3.1.3 Preparation of electrolytes with and without MXene

First, water in salt (WIS) electrolyte was prepared by stirring 1 M Zn (OTF); and 21
M LiTFSI. After the solution became clear, 2 g AM, 24 mg APS, and 1 mg MBA,
acting as monomer, initiator, and cross-linker, respectively, were mixed into 10 mL of
the as-prepared WIS solution. Then, the electrolyte precursor was obtained, and the
electrolyte without MXene (WIS-P electrolyte) was formed through a polymerization
process at 65 °C for 2 h. The same procedure was used to prepare the MXene-based
electrolyte (WIS-P-M electrolyte), except for the introduction of different contents of

Ti3C2Tx/deionized water (DIW) (10 mg ml™!) into the 10 ml WIS electrolytes.

3.1.4 Preparation of SH-PAM, SE-PAM, and CE-PAM electrolytes

First, a precursor solution was prepared by dispersing 2 g AM as the monomer, 24 mg
APS as the initiator, and 1 mg MBA as the cross-linker in 10 mL of 2M ZnSO4 solution.
The resulting precursor was polymerized at 60 °C for 2 h to obtain the SH-PAM
electrolyte. Following a similar procedure, SE-PAM was synthesized by replacing the
solvent with a 1:2 (v/v) mixture of ethylene glycol (EG) and water. For CE-PAM,

Zn(ClO4)2 was used instead of ZnSO4 in the EG/water (1:2 v/v) solvent.

3.2 Fabrication of CSSs
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A wet lay-up composite manufacturing method was adopted to fabricate CSS devices.
The CFs and glass fabric impregnated with epoxy resin, and energy storage units
including electrodes and electrolyte, were laid layer by layer according to the pre-
designed position and placed on an aluminum plate. Then, a vacuum bag was covered
on the plate and the CSS was obtained after vacuum curing for 24 hours at room

temperature.

3.3 Characterizations

3.3.1 Material Characterizations

The sample morphologies were characterized using field-emission scanning electron
microscopy (FESEM, MAIA3) and transmission electron microscopy (TEM, Jeol,
JEM-2100F) at 200 kV accelerating voltage. The specific surface area of the material
was determined by Brunauer-Emmett-Teller (BET) test machine (Micromeritics
ASAP2020). X-ray diffraction (XRD, Rigaku SmartLab 9kW - Advance) was used for
crystal structure analysis. Raman spectrum was collected by WITEC confocal Raman
system. X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha) was
used to analyze the valence states of elements. X-ray computed tomography (X-ray
CT, Bruker Skyscan 1172) was used to characterize the internal structure damage of
ACNT-CSS after drop-weight impact. Differential scanning calorimetry (DSC,
NETZSCH, DSC214) was conducted within a temperature range of -105 °C to 20 °C
at a scan rate of 5 °C min™' to characterize the solid-liquid transition temperature of the
electrolyte. The Fourier-transform infrared spectrometer (FTIR) (Frontier,

PerkinEImer, America) was utilized for performing the FTIR analysis.

3.3.2 Electrochemical and Mechanical Characterizations

32



Cyclic voltammetry (CV), and galvanostatic charge-discharge (GCD) were operated
by the electrochemical workstation (CHI660e, Chenhua, China) at room temperature.
Galvanostatic cycling tests were conducted using a two-electrode configuration. The
cells were assembled in a 2032-type coin cell format, employing Zn foil or ZACF as
the anodes, AC-CF as the cathode, a glass fiber as the separator, and 180 pL 2 M
ZnSO4 as the electrolyte. The electrochemical performance of CSSs was also
evaluated using a two-electrode system. The specific capacitance of the electrode
materials was calculated from the GCD curves according to the following equation

[101],
C=1-At/m-AV 3.1)

where [ is the current (mA), m is the mass (g), At is the discharge time (s) and AV is

the potential window (V).

The energy density of the device (E, mWh-kg™!') can be obtained from the following

equations [102],
1 rt
E=— jo AV dt (3.2)

where A is the discharge current, V(?) is the discharge voltage at time 7, and M is the

mass of total CSS or active materials.

The electrochemical performance measurements, including voltage profiles and cyclic
performance of CSSs, were recorded by using a battery test system (LAND CT2001A)
on a two-electrode system. The ionic conductivity of the hydrogel solid electrolyte

was calculated from Equation 3.3 [103],
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§ =L/RS (3.3)

where L is the thickness of the solid electrolyte, and R is the bulk resistance obtained
from the intercept of the impedance curve on the x-axis. S represents the test area of

the polymer electrolyte

A three-point bending and short beam shear tests were conducted by a universal testing
machine (Static testing system 5 kN zwicki). For the three-point bending test, samples
(10 cm x 2 cm x 2 mm) were tested with a support span of 5 cm at the bending speed

of 2 mm-min~!

. For the short beam shear test, samples (2 cm x 1 cm x 2 mm) were
tested with a support span of 1 cm at the bending speed of 1 mm-min~'. The flexural

strength and flexural modulus of the device were calculated using the following

equations [97],

3PL

% = 2bd G4)
L3m

= 3.5

Ef ¥ E (3.5)

where of is flexural stress (MPa), P is maximum applied load (N), L is the support
span (mm), b is the width of the CSS sample (mm), d is the thickness of the sample
(mm), Ef is flexural modulus (MPa), and m is the slope of the initial straight line of

the load-deflection curve (N-mm™).

In situ mechano-electrochemical tests of CSS can be used to study the correlation
between flexural stress and electrochemical performance. The in-situ electrochemical
properties were studied under different constant flexural stresses of 30, 50, and 70

MPa. The test was conducted by three-point bending (Static testing system 5 kN
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zwicki) and electrochemical workstation (CHI660e, Chenhua, China) to measure

mechanical performance and electrochemical properties simultaneously.

3.3.3 In-Situ Mechano-Electrochemical Characterization

In-situ mechano-electrochemical characterization is a double-field coupling test, and
it was used to test the electrochemical performance of CSSs with the application of
external loads to study the impact of external load on the electrochemical performance.
Four electrochemical mechanical measurements were carried out in this thesis,
including electrochemical three-point bending test, electrochemical tensile test, and
electrochemical three-point bending fatigue test and electrochemical tensile fatigue
test. The external force was constant in the first two tests and dynamic in the last two
tests. Universal testing machines were used in the electrochemical three3-point
bending (Static testing system 5 kN zwicki), electrochemical three-point bending
fatigue (Static testing system 5 kN zwicki) and electrochemical tensile tests (Static
testing system 20 kN zwicki), while a fatigue machine was used to perform the
electrochemical tensile fatigue test (Linear testing system 10 kN zwicki). In the
process of applying external force, an electrochemical workstation (CHI660e,

Chenhua, China) was applied to test electrochemical properties.

3.3.4 Simulation

Specified geometry and boundary conditions in the 2D electrochemical model.

The energy unit of CSS was built as a 2D electrochemical model for simulation. As
shown in Fig.3.1a, the model was constructed with a three-layer configuration
consisting of anode, electrolyte, and cathode, with same thicknesses of 0.2 mm,
maintaining consistency with experimentally fabricated samples. A 1-mm-length

representative volume element (RVE) approach was implemented with periodic
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boundary conditions at both left and right sides to reduce computational cost while

maintaining accuracy.

3-point bending load
: b
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Figure 3.1 (a) 2D RVE electrochemical model. (b) 3D mechanical model.

Geometry and boundary conditions in the 3D mechanical model

The three-dimensional mechanical model was established to simulate the CSS under
three-point bending conditions. As shown in Fig. 3.1b, two protective composite layers
(0.7 mm each) were symmetrically arranged on either side of the 0.6-mm-thick energy
unit. In this model, the width was maintained identical to the experimental samples as
5 mm, while a reduced span length of 10 mm was adopted for simulation. This
modeling strategy was implemented because the three-point bending load was applied
on the model sample through bending stress rather than force. This approach ensured
equivalent internal bending stress magnitudes while significantly improving
computational efficiency. Three-point bending stresses of 0 MPa, 30 MPa, 50 MPa,
and 70 MPa were independently applied along the central axis of the top surface to
investigate the mechanical response under varying load conditions, while fixed
constraints were imposed at the bottom left and right boundaries to accurately replicate
Coupling strategy between electrochemical model and mechanical model

The coupling strategy between electrochemical model and mechanical model is

illustrated in Fig. 3.2. A 2D RVE electrochemical model of the CSS (Fig. 3.1a) was
36
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built to obtain electrochemical parameters, including the potential distribution and Zn
ion concentration distribution. During charge/discharge cycles, the Zn ion
concentration in energy unit of CSS exhibits cyclic variations governed by an
electrochemical model, which induce corresponding volume deformations. To achieve
this coupling step, the Zn ion concentration distribution obtained from the two-
dimensional electrochemical model was converted to strain distribution through
expansion coefficients (). These electrochemically induced strains generated
corresponding stress fields, which were subsequently mapped along the y-axis
direction and incorporated into the 3D mechanical model as cyclic electrochemical

loading inputs.

/ Macroscale \

Electrochemical performance Fatigue behavior

Electrochemical COMSOL Mechanical

\ Ay ) /

Figure 3.2 Multi-physics coupling strategy.

The coupled simulation framework ultimately enabled comprehensive fatigue analysis
under combined mechanical bending and electrochemical cycling loads, providing

critical insights into the multi-physics failure mechanisms.

Governing equations and parameters in the Multiphysics model
Electrochemical model

In electrochemical model, the governing equations of CSS (including modified CF of
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anode and cathode and polymer electrolyte) are shown as follows:

Mass transfer and conservation

In CF, Zn ion flux is given by:

ch = _DCfVCCf (36)

In MCEF, the conservation of mass requires:

5]

Cc
atf+|71vcf=0 (3.7)

where N¢f, D.s and c.rare Zn ion flux, diffusivity, and concentration of modified CF

electrodes respectively. Besides, t is time and V is gradient operator in the two-

dimensional model.

Ohm's law and conservation of charge

In polymer electrolyte, the current density is described using ohm's law:
lpe = —0OpeVPpe (3.8)

Where iy, is current density and oy, is Zn ion conductivity of polymer electrolyte.

®pe is the potential of polymer electrolyte.
In polymer electrolyte, the conservation of charge requires:

V- ipe=0 (3.9)
In modified carbon fiber electrodes, the current density is given by Ohm's law:

in = _O-cfvd)cf (310)
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where i.f, 0.5 and ¢; are current density, Zn ion conductivity and potential of

modified carbon fiber electrodes, respectively.

In modified carbon fiber electrodes, the conservation of charge requires:

V-ig=0 (3.11)

where i.5, 0.5 and ¢.; are current density, Zn ion conductivity and potential of

modified carbon fiber electrodes, respectively.

Mechanical model
The 3D mechanical model was developed to simultaneously account for both three-
point bending loads and internal electro-fatigue loading within the energy unit. The

macroscopic stress in the modified CF electrode scale, g;;, is given by [104, 105]:

0ij = Cijr(exr — €6k1) (3.12)

where C;ji; 1s a fourth-order elastic tensor, &; is the strain tensor in modified CFs

anode, ¢ is the strain tensor, dy; is Kronecker delta.

The equilibrium of stress is given by:

V-o=0 (3.13)

Coupling of mechanical and electrochemical models

The electrochemical and mechanical models mentioned above are coupled through the
Zn ion concentration, ¢, and the Eigen strain, €. The Zn ion intercalation swelling
based on the hygroscopic swelling equation is used to describe this expansion and

contraction during the process of Zn ion transferring in the electrolyte which causes
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concentration gradient:

£ = PM(c — crer) (3.14)

where ¢ is the Eigen strain caused by Zn ion intercalation and deintercalation, £ is the
expansion coefficient of Zn ion intercalation, M is the molar mass of Zn ion, c is the
Zn ion concentration, which is calculated by the 2D electrochemical model, and c¢;..¢

is the strain-free reference concentration.

Fatigue model
In this work, Dirlik model is used and paired with the Basquin fatigue criterion to
compute the fatigue life of the energy unit of CSS. The Basquin fatigue criterion is

given by:
, b
0q = 07 (2Ny) (3.15)

where, the amplitude stress o, is related to the number of cycles Ny through the
parameters of= 2.2 GPa and b = —0.25. The fatigue failure number Ny of each

component in energy unit can be obtained from S-N curve based on existing literature

[106, 107].

The multi-field coupling characterization here is to add an additional temperature field
on the basis of original electrochemical mechanical tests, which is used to study the
effect of temperature change on the electrochemical performance of CSS under a
constant load. Temperature and bending force were applied through a universal testing
machine with a temperature box (ZwickRoell 250 kN Allround floor) and the

electrochemical test was accomplished by Chenhua CHI660e.
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The values of electrochemical and mechanical variables in the models are summarized

in Table 4.2.

Density functional theory (DFT) calculations

The binding energies were calculated by DFT in the ORCA package [108]. For
geometry optimization and single-point energy calculations, they were performed
under the B3LYP-D3BJ/6-311G* [109] and B2PLYP-D3BJ/def2-TZVP levels[110],

respectively.
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Chapter 4 Electrochemical Cycling Decay

Induced by electro-fatigue of CSSs

In order to investigate the coupling effect of electrochemical and mechanical
performance, in Chapter 4, a Zn-ion-based hybrid CSSs incorporating a composite
energy storage unit were developed. The electrochemical cycling-induced fatigue
(electro-fatigue) failure and mechano-electrochemical coupling performance were
investigated. In situ mechano-electrochemical tests reveal that the fabricated CSS
maintains 101.6% of its initial capacity (49.3 mAh g') after 1000 cycles under an
applied flexural stress of 30 MPa. Upon increasing the stress to 70 MPa, capacity
retention decreases to 81.8% after 3000 cycles. Furthermore, SEM analysis shows a
progressive structural degradation correlated with elevated stress levels. Simulation
results reveal that the Zn ion concentration gradient during charge and discharge
processes induces alternating stress, which can be equivalent to a mechanical fatigue
stress. The electro-fatigue stress gives rise to structural failure and a reduction in
electrochemical performance. Moreover, for CSSs, coupling electro-fatigue stress with
constant external stress results in increased fatigue stress, significantly accelerating
structural failure. These findings elucidate the failure mechanism of CSSs caused by
the cycling process, offering valuable insights and strategies to concurrently preserve

superior electrochemical and mechanical integrity.

4.1 Introduction

The demand for high energy density electric cars and aircraft has driven the

development of multifunctional devices that synergistically integrate electrical energy
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storage and load-bearing capabilities [111, 112]. Replacing conventional structural
components with these multifunctional devices can significantly reduce the overall
system weight [1, 11, 113]. The multifunctional CSSs have been extensively applied
in weight- and volume-constrained domains such as electric vehicles and aircraft [12,

114-117].

There are two structural designs for CSSs: decoupled and coupled [14, 16, 17, 118].
In the decoupled approach, supercapacitors are embedded into the CF reinforcement,
in which the energy storage units and reinforcement components remain independent.
Consequently, this configuration has a limitation in weight reduction and potentially
introduces structural defects into the system [6, 10]. Conversely, the coupled approach
integrating multifunctional energy storage units, including composite structural carbon
fiber electrodes, current collectors, and electrolytes, into CSSs efficiently decreases
the total mass and structural defects. For instance, high-strength structural carbon fiber
electrodes and electrolytes with an epoxy resin matrix have been successfully
combined into all-solid-state CSS [119]. Besides, the high interfacial adhesion is also
crucial to effectively transfer load and prevent relative sliding under mechanical
loading, thereby stabilizing the structure and maintaining electrochemical
performance [23, 55]. However, for this method, it needs to be carefully designed to
ensure that the electrochemical properties of the composite materials are not
compromised [14]. Recently, Zhang et al. fabricated a structural supercapacitor with
a multilayer structure, which achieves a high flexural strength of 160.0 MPa and

simultaneously exhibits a high energy storage capability of 32.4 mF cm ™2 [96].

Despite these advancements, research on the effect of electrochemical cycling on

structural failure, particularly under applied loads, remains limited for CSSs. Finite
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element simulations may offer an economically efficient and technically meaningful
approach to investigate the structural failure of CSSs caused by the electrochemical
process and the coupled electrochemical-mechanical behavior during operation. While
some foundational simulation work related to other research has been conducted on
analogous systems, such as structural battery and all-solid-state battery [120-122],

dedicated simulations for CSSs remain rare.

The electrochemical cycling-induced fatigue (electro-fatigue) failure of an all-solid-
state Zn-ion CSS integrating the composite electrodes and electrolyte was investigated.
In situ mechano-electrochemical characterizations reveal that the designed CSS
exhibits a high capacity retention of 101.6% after 1000 electrochemical cycles under
constant external flexural stress of 30 MPa, with the retention decreasing to 81.8% as
the stress increases to 70 MPa. SEM images show that cracks within the energy storage
unit propagate as the stress increases from 30 to 70 MPa after 3000 cycles. The
simulation results demonstrate that the electrochemical cycling process induces
mechanical fatigue stress as a result of volume changes caused by the ion concentration
gradient. Furthermore, the combination of charge-discharge fatigue stress and applied
loads leads to a greater cumulative fatigue stress, which ultimately promotes structural
degradation and electrochemical deterioration. This study provides comprehensive
insights into the capacity decay mechanism under moderate mechanical load, which
will guide the rational design of CSSs with balanced electrochemical and mechanical

properties for practical applications.
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4.2 Morphology and electrochemical performance of zinc

electrode materials

The fabrication process of the zinc activated and deposited structural carbon fiber
negative electrodes are illustrated in Fig. 4.1a. The CF substrate was first activated by
potassium hydroxide (KOH) at 800°C for 2 hours. Zinc was then electrodeposited onto
the activated CF under various current densities (1, 3, 4, 5, 10, and 20 mA cm?). SEM
images (Fig. 4.1b-d and Fig. 4.2a-c) show that the CF network serves as a three-
dimensional (3D) substrate for zinc electrodeposition. Zinc nanosheet arrays were
successfully grown on the CF substrate at lower current densities (1, 3, 4, and 5 mA
cm). In particular, at 1 and 3 mA cm™, the zinc nanosheets were uniformly distributed
on the CF surface. However, at higher current densities (4 and 5 mA cm™), aggregation
of zinc nanosheets was observed. When the current density was further increased to

10 and 20 mA c¢m, flat zinc particles were formed instead of nanosheets.

XRD spectroscopy was employed to investigate the phase evolution of the ZACF
samples (Fig. 4.1e). The XRD patterns of ZACF prepared at lower current densities (1
to 4 mA cm™) displayed two diffraction peaks at 26 values of 25° and 43° [123], which
correspond to the CF substrate. Notably, all ZACF samples displayed sharp
characteristic peaks corresponding to metallic hexagonal zinc, confirming the

successful deposition of pure zinc metal without any discernible impurities [124].
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Figure 4.1 (a) Schematic illustration of the zinc electrodeposition process. (b-d) SEM
images of ZACFs prepared under various current densities. (€) XRD patterns and (f)

XPS spectra of ZACF anodes prepared under electrodeposition current densities of 1,

3, and 4 mA cm™.

Figure 4.2 SEM images of Zn electrodeposition on ACF at various current densities:

(a) 5 mA cm™ (ZACF5), (b) 10 mA cm™ (ZACF10), and (c) 20 mA cm (ZACF20)
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XPS results provided valuable insights into the chemical states and composition of the
zinc species present in the ZACF samples. The high-resolution Zn 2p spectrum (Fig.
4.1f) revealed two distinct peaks at binding energies of 1021.9 and 1045 eV, which
can be assigned to Zn 2p32 and Zn 2p12, respectively [126, 127]. The result confirms
that the zinc deposited on the CF substrate exists in its metallic state and is successfully
electrodeposited on the CF surface. The XPS, SEM, and XRD analyses have verified
the formation of uniform blade-like zinc nanosheets on the CF substrate under

electrodeposition current densities ranging from 1 to 3 mA cm™.
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Figure 4.3 (a) The CV curve and (b) GCD profiles of ACF-cell, ZACF3-cell and Zn-

cell.

To evaluate the electrochemical performance of the ZACF samples, CV and GCD tests
were conducted using coin cells comprising different ZACF anodes and AC-CF
cathodes. As depicted in Fig. 4.3a, the coin cells exhibited a stable working voltage
window of 0.2-1.8 V at a scan rate of 20 mV s™'. Notably, when the electrodeposition
current density was below 3 mA cm, the low zinc content was insufficient to trigger

the desired capacitive properties. However, as the current density was increased to 3
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mA cm?, the CV curves showed a quasi-rectangular shape, and the specific current
density reached its maximum value, indicating an enhanced capacitive behavior. These
findings were further corroborated by the GCD curves (Fig. 4.3b). Based on a
comprehensive analysis of the morphological, structural, and electrochemical
characterization results, it can be concluded that 3 mA cm™ represents the optimal

current density for Zn electrodeposition.
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Figure 4.4 (a) GCD curves of ZACF3-cell at various current densities. (b) Long-term
cycling stability comparison between ZACF3-cell and Zn-cell. (c-d) SEM images of

ZACF3 anode before and after 5000th cycling.

Figure 4.5 EDS mapping images of ZACF3 anode after 5000th cycles.
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After cycling

Figure 4.6 (a-b) SEM images of Zn foil anode before and after 5000th cycling.

GCD results in Fig. 4.4a revealed the specific capacity values of the ZACF3-cell at
different current densities. The cell achieved a high specific capacity of 87.5 mAh g!
at a current density of 0.1 A g'!. In Fig. 4.4b, the ZACF3-cell exhibited higher capacity
retention (100% after 5000 cycles at a current density of 1 A g') than the Zn-cell (Zn
foil as anode and AC-CF as cathode) (88.8%). In Fig. 4.4c-d, the SEM images showed
that the ZACF3 anode maintained a smooth and dendrite-free surface, similar to its
pristine structure even after prolonged cycling. Energy dispersive spectroscopy (EDS)
mapping images of ZACF3 anode after the 5000th cycle showed that Zn was uniformly
distributed on the carbon fiber substrate (Fig. 4.5). This observation suggested that the
ZACF3 anode effectively suppresses the formation of zinc dendrites, ensuring stable
electrochemical performance. In contrast, the SEM image of the Zn foil anode after
5000 cycles (Fig. 4.6a-b) showed significant aggregation and dendrite formation on its
surface. The formation and growth of these dendrites can lead to short-circuiting and
rapid capacity decay. The superior electrochemical performance and morphological
stability of the ZACF3 anode can be attributed to its nanosheet structure, which
increases overall active sites on the surface area for efficient charge storage and
transfer and thus enhances the kinetics of ion diffusion. Furthermore, the CF matrix
offered a robust and conductive network for electron transport. In summary, the high

specific capacity, excellent rate capability, and exceptional cycling stability of the
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ZACF3 anode and its ability to suppress dendrite formation make it a promising

candidate electrode for Zn-ion based CSS.

4.3 Electrochemical and mechanical performance of the

ZACF3-CSS

To evaluate the potential for practical applications, CSSs were systematically
fabricated by encapsulating the energy storage unit (comprising a ZACF3 anode, a
polymer electrolyte, and an AC-CF cathode) between two CF layers in a sandwich
configuration, followed by epoxy resin infusion (Fig. 4.7a). Based on the total mass of
the CSS, GCD measurements were conducted (Fig. 4.7b). The device delivered a
specific capacity of 0.189 mAh g at 0.5 mA g, and retained 0.0335 mAh g! at 2 mA
g’!, demonstrating high rate performance. The device achieved a specific capacity of
0.142 mAh g!, an energy density of 228 mWh kg™ at a power density of 1600 mW
kg at 1 mA g!. Based on the active material mass, the energy density was 39.2 Wh
kg at a power density of 80.8 W kg at 0.2 A g! and had a high rate performance at
different current densities (Fig. 4.8). The comparison of ZACF3-CSS with recent
research data is shown in Fig. 4.7c. These results demonstrate that ZACF3-CSS

exhibits excellent electrochemical performance.
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Figure 4.7 (a) Schematic illustration of the fabrication process for ZACF3-CSS. (b)
GCD curves of ZACF3-CSS were measured at various current densities. (c)
Comparison of the electrochemical properties of ZACF3-CSS with previously

reported structural energy storage devices.
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Table 4.1 Comparison of energy density and power density parameters of the Zn-ion

based CSS with other CSSs in literature.

CSSs Energy density =~ Power density Ref.
(Wh-kg™) (Wkg™)
CF/VG/MnO; 0.0122° 2.2103° [3]
LEID-3 0.034° 0.34° [96]
ACC-CSS 0.0099" 0.4455° [91]
Kevlar/epoxy 0.169°¢ 20¢ [128]
0.00008° 0.0092° [128]
CF/EDLC/CF 0.0375° 30° [129]
ZACF3-CSS 39.2° 80.8° This work
0.2277° 1.5998° This work

2 Normalized based on active materials.

® Normalized based on composite device.

¢ Normalized based on electrode mass.
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Figure 4.9 (a) Photo images of the experimental setup for three-point flexural testing.
(b) The three-point test curves of ZACF3-CSS. (c) Comparison of mechanical
performance between ZACF3-CSS with previously reported structural energy storage
devices. (d) In situ demonstration of ZACF3-CSS practical application of powering

LED under mechanical loading.

Under a three-point bending test, the ZACF3-CSS exhibited a flexural strength and
flexural modulus of 282.9 MPa and 28.3 GPa, respectively (Fig. 4.9a-b). The ZACF3-
CSS demonstrated significantly greater rigidity compared to previously reported
structural supercapacitors (Fig. 4.9¢) [3, 96, 97, 130]. This enhancement in mechanical
performance can be ascribed to the structural integrity of the ZACF3-CSS, which
effectively integrates the carbon fiber electrodes and polymer electrolyte with

reinforced carbon fibers. To further demonstrate the practical application of the
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ZACF3-CSS, a 10 kg weight was placed on the suspended device (Fig. 4.9d).
Remarkably, the device exhibited no obvious bending or deformation under this

substantial load when powering an LED.

50

40

30 -

20 4

Shear stress (MPa)

10 4
—— ZACF3-CSS

0.0 0.1 0.2 0.3 0.4 0.5
Shear strain (%)

Figure 4.10 Short beam shear tests of ZACF3-CSS.

The interfacial bonding between the multiple layers of ZACF3-CSS plays a crucial
role in determining load transfer efficiency and mechanical performance. To assess
the interfacial force, short beam shear tests were conducted to measure the shear stress.
Shear stress represents the frictional resistance that inhibits the relative sliding
between layers along a shared neutral axis [55]. Higher shear stress indicates increased
frictional resistance, facilitating more efficient force transfer between the layers. The
ZACF3-CSS exhibited a shear stress of 27.0 MPa (Fig. 4.10). Efficient force transfer
between the layers is essential for maintaining structural integrity and distributing
loads evenly throughout the device. When subjected to mechanical stresses, the strong
interfacial bonding in the ZACF3-CSS prevents delamination, thereby improving the

overall mechanical strength.
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4.4 Coupling relationship between electrochemical and

mechanical properties

To investigate the mechano-electrochemical coupling behavior of the ZACF3-CSS, an
in situ study was conducted to evaluate the cycling performance under various constant
external loads. The cycling stabilities of the ZACF3-CSS under different flexural
stresses are shown in Fig. 4.11a-b. The ZACF3-CSS demonstrated stable cycling
performance for the initial 1000 cycles under a flexural stress of 30 MPa. The SEM
image of the device after the 1000 cycles (Fig. 4.11d) showed no discernible cracks or
structural damage, closely resembling the pristine sample before the test (Fig. 4.11c).
This observation indicates that the ZACF3-CSS can maintain its structural integrity
and electrochemical performance under moderate flexural stress. With increasing
flexural stress to 50 MPa, the cycling performance of the ZACF3-CSS experienced a
minor decline but still maintained good capacity retention and the SEM analysis (Fig.
4.11e) revealed the development of some minimal cracks in the energy storage unit.
Despite the presence of these minor defects, the ZACF3-CSS continued to operate
effectively, demonstrating its robustness under increased mechanical stress. When the
flexural stress was further increased to 70 MPa, the ZACF3-CSS exhibited a
significant reduction in capacity, retaining only 81.8% of its initial value. The SEM
images (Fig. 4.11f) revealed the presence of serious cracks in the energy storage unit,
which could be attributed to the sudden capacity drop. In contrast, the capacity
retention of the device without load remained 100% after 3000 cycles, suggesting that

high flexural stress can induce structural damage to degrade cycling performance.
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Figure 4.11 (a) In situ mechano-electrochemical characterization of ZACF3-CSS
under various flexural stresses. (b) Experimental configuration of the in situ mechano-
electrochemical testing system. (c-f) Cross-sectional SEM images of ZACF3-CSS

before and after cycling under different stresses.

As the flexural stress was further increased from 30 to 50 and 70 MPa, the integrity of
the inner regions was destroyed. The development of structural defects within the
energy storage unit led to the gradual decline of cycling performance without a sudden
break. The crack propagation under applied stress demonstrates the coupling between

electrochemical and mechanical behavior.

4.5 Simulation results for electro-fatigue failure

The numerical simulation was implemented using COMSOL Multiphysics 5.5 to

investigate the effect of the charge-discharge process on the fatigue failure and
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mechano-electrochemical coupling behavior of CSS. The energy storage unit in CSS
undergoes changes in internal ion concentration distribution as zinc ions shuttle
between anode and cathode during the charge-discharge process (Fig. 4.12).
Simultaneously, for both electrode and electrolyte  materials, the
intercalation/deintercalation of zinc ions induces volume changes. The corresponding
strain fields were derived from the calculated concentration distribution using the
material-specific volumetric expansion coefficients (f). As shown in Fig. 4.12, these
strain variations generate stress fields within the energy unit of CSS. For example, in
the inset images of Fig. 4.12, the different Zn ion concentration distributions at
different charge times induce different stresses. The peak internal stress during
charging was found to be around 60 MPa, and this stress was observed to
correspondingly increase and decrease following the charge-discharge process of CSS.
Through these charge-discharge cycles, such alternating internal stress variations can
result in mechanical fatigue. Given its electrochemical origin, this phenomenon is

termed electrochemical cycling-induced fatigue or simply electro-fatigue.

It was experimentally observed that the capacity decreased and an inner crack occurred,
propagating as the applied loads increased. To validate the relationship between this
failure and electro-fatigue, the 3D mechanical model of CSS was built to investigate
the fatigue performance under various three-point bending load conditions. The stress
fields of the 2D electrochemical model were propagated to the 3D model along the

width direction of the CSS.
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Table 4.2 Electrochemical mechanical variables and values in the Multiphysics model

Parameter Symbol Value
Maximum Zn ion concentration of Cmax, a
18000 mol/m’
anode/cathode /Cmax, c

Initial Zn ion concentration of

Coa/Coc 10/9497 mol/m’
anode/cathode
Conductivity[131] of CF Ocf 58800 S/m
Conductivity of polymer
Osg 3 S/m
electrolyte[132]
Current density i 1C
Equilibrium potential of energy unit
Eeq,o / Eeq,] 0.2/1.8 V
when SOC=0/SOC=1
The molar mass of lithium M 65.38 g/mol
Modulus of CFs of anode/cathode EcralEcr,c 230 GPa
Modulus of polymer electrolyte Epe 10 MPa
Swelling coefficient of CFs of
BefalBef,e 1.846x10° m’/kg

anode/cathode [133]
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Swelling coefficient of polymer
Bpe 5.31x10° m¥/kg
electrolyte [134]

Note: the additional subscript a stands for anode, and ¢ stands for cathode
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Figure 4.12 Different stresses induced by the Zn ion concentration distribution
gradient. The inserted pictures representing the Zn ion concentration distribution at

charge times of 500 s, 2000 s, and 3300 s, respectively, generating different stresses.

2 Under flexural stress (OMPa) b Under flexural stress (30MPa) Cycles to
electro-fatigue
failure
Cycles to FFFP: 13600 Cycles to FFFP: 4330
c d 6
Under flexural stress (50MPa) Under flexural stress (70MPa)
I-Ma _
Cycles to FFFP: 2630 Cycles to FFFP: 1560

Figure 4.13 Simulation results of cycles to fatigue failure distributed in an energy
storage unit under different flexural stress: (a) 0 MPa, first fatigue failure point (FFFP)
occurred at 13600 cycles; (b) 30 MPa, FFFP occurred at 4880 cycles; (c) 50 MPa,

FFFP occurred at 2630 cycles; (d) 70 MPa, FFFP occurred at 1560 cycles.

59



To achieve a reliable simulation of the fatigue failure process of the energy unit in
CSS, material-specific S-N curves were assigned for both the carbon fiber and
electrolyte components, with parameters derived from validated data in existing
literature [106, 135]. Through fatigue simulation based on S-N curves, the fatigue life
of the energy unit in CSS was successfully simulated and predicted under combined
electrochemical cycling loading and mechanical loading. Detailed parameter settings

are provided in the Table 4.1.

As illustrated in Fig. 4.13a, the first fatigue failure point was observed after 13,600
cycles without mechanical load, which was solely attributed to electro-fatigue during
the charge-discharge process. When constant stresses of 30, 50, and 70 MPa were
applied, the cycles to the first fatigue failure point were significantly reduced to 4,880,
2,630, and 1,560 cycles, respectively (Fig. 4.13b-d). Additionally, the area
corresponding to the lower cycle range was found to increase, indicating the coupling
effect between external force and electro-fatigue stress, which accelerated the failure
process. The results demonstrated that the fatigue stress induced by electrochemical
cycling was coupled with external mechanical stress, increasing aggregated fatigue

stress and promoting structural failure.

4.6 Summary

The electrochemical cycling induced-fatigue failure and the mechano-electrochemical
coupling effect were investigated. The fabricated ZACF3-CSS exhibited an energy
density of 39.2 Wh kg™! at a power density of 80.8 W kg at 0.2 A g'!' and a flexural
strength of 282.9 MPa. It showed a cycling stability with a capacity retention of 100%
after 3000 cycles without mechanical load. The in situ mechano-electrochemical

analysis revealed that, under varying applied loads from 30 to 70 MPa, the ZACF3-
60



CSS maintains a capacity retention of 81.8% after 3000 cycles. The SEM images
showed progressive cracks developed as the flexural stress increased. The simulation
results elucidated the electrochemical declination caused by the electro-fatigue stress,
which originates from the Zn ion concentration gradient. It is also demonstrated that
the flexural stress accelerates the electro-fatigue failure, causing a reduction in
electrochemical stability. The electro-fatigue failure and coupling relationship
between mechanical and electrochemical properties highlight the design and
application conditions for these devices to achieve optimal electrochemical and

mechanical performance in real-world applications.
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Chapter 5 Electrode/Electrolyte Interface

Structure Design for CSSs

In chapter 5, the energy unit with the snap-on buckle structure of electrode and
hydrogel electrolyte interface is integrated into a complex matrix to enhance the
interlocked effect. The improved adhesive bonding contributes to load transfer without
sacrificing of electrochemical performance. The specific capacitance of PAM-I-CSS
is high at 98.2 F gl at 0.5 A g'! and it retains stable capacitance after 8500 cycles even
under a three-point bending test. This demonstrates that strong bonding at the
electrode/electrolyte interface is crucial for maintaining excellent electrochemical
performance under mechanical bending by minimizing shear movement between
layers. Simulation results show that the snap-on structure exhibits lower stress
distribution than the sandwich structure at the electrode/electrolyte interface due to the
interlocked interface facilitating load transfer. Practical applications also indicate that
the unique structure enables a new design of composite structural devices, making

them promising for use in electric vehicles, electric aircraft, and other fields.

5.1 Introduction

Over the past decades, energy storage devices have been applied in various fields, such
as portable electronics and electric vehicle storage [136, 137]. Energy devices with
high energy and power densities have become crucial for the progression of energy
storage technologies. On top of that, realizing weight or volume reductions and
additional functionalities in energy storage devices is beneficial for the fabrication of

novel energy storage materials, such as composite structural energy storage
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components, which can simultaneously provide energy and bear loads [112, 138]. To
date, typical structural devices encompass composite structural batteries and
supercapacitors, which have been employed in a wide range of applications, including

volume- and weight-restricted electric vehicles and aviation [1, 2, 11, 13, 139].

Compared to composite structural batteries, CSSs exhibit significant potential
applications due to their higher power density [140, 141]. CSSs can be constructed
using structural supercapacitors (SSs), especially the layered structure of SSs, which
contains reinforced units that are suitable for load-bearing. The multi-functionality of
the structural composite can be achieved not only by the structure design that addresses
weight-loading and maintains the electrochemical performance of the electrode but
also by improving the electrochemical performance and mechanical properties of both

the electrode and electrolyte [142-144].

The conventional CSSs are composed of three parts: carbon fiber-based electrodes,
polymer electrolytes, and structural units [98]. The structure units typically consist of
carbon fiber reinforcement materials that provide mechanical strength, ensuring the
device can bear loads. For the energy unit structure, the sandwich structure is
commonly employed in which the carbon fiber electrode and quasi-solid-state
electrolyte are bonded layer by layer. This structure makes it challenging to achieve
dense contact between the carbon fiber electrode and hydrogel electrolyte, leading to
weakened adhesion and low mechanical strength due to interlayer sliding [9, 145,
146].The high shear stress of the CSS device indicates that these layers, likely sharing
a common neutral axis, effectively transfer loads throughout the system, resulting in
significant rigidity and excellent flexural strength [11, 55]. In order to enhance the

adhesion, various unique structures have been proposed in other research [147, 148],
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such as polymer rivets to mechanically stabilize the electrode layer stack [23], or tree-
root-like lamination at the electrode/separator interface [55]. However, these structures
either significantly reduce the energy density of the whole device or fail to provide
sufficient mechanical strength. Besides, other special structures have been proposed to
strengthen adhesive bonding by immersing nanowires in epoxy, forming an

interlocking effect at the bonding interface in composite structure [149, 150].

Here, the snap-on structure was fabricated to interlock the electrode/electrolyte
interface, thereby preventing sliding between multiple layers in energy unit. Then the
unique energy structure fabricated by the in-situ polymerization process is integrated
into high strength CFRP composites to form PAM-I-CSS. The structure of sandwich
energy unit without the snap-on structure is integrated into the reinforced composite
using the same methodology, resulting in the formation of the CSS (PAM-S-CSS).
Then the two structures of electrode and electrolyte interface in CSS devices are
investigated and compared. The snap-on structure CSS can enhance adhesive bonding,
resulting in improved shear strength. The dense shear interaction enables the multiple
layers to share a nearly common neutral axis, thereby allowing effective load transfers
in the battery laminate during a three-point bending test, ultimately enhancing the

overall mechanical properties [149, 151].

To better understand the impact of the electrode/electrolyte interface strength on
mechanical properties, finite element analysis (FEA) simulation of the stress state
model of the energy unit under bending was conducted. The comprehensive simulation
analysis of the stress distribution at the electrode/electrolyte interface provides
valuable insights into the mechanical behavior under bending loads. By comparing

these two structures, it can be demonstrated that the interlock interface more
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effectively transfers load than the sandwich structure. Furthermore, the influence of
load transfer efficiency at the electrode/electrolyte interface on Young's modulus and

shear modulus was explored.

Electrochemical characterizations reveal that the snap-on structure possesses high
flexural strength and delivers energy density comparable to other structural batteries.
To deeply understand the interaction between mechanical performance and
electrochemical properties, in-situ mechano-electrochemical tests were employed.
These tests demonstrate that the strong adhesive bonding of PAM-I-CSS provides high
specific capacitance and stable cycling performance, even under external bending.
Finally, the practical application of the structural energy device is demonstrated by
using the PAM-I-CSS device to drive a fan while bearing heavy loads. This highlights
the high electrochemical performance and load-bearing capability of the device.
Therefore, the composite device including snap-on structure interface in energy units
can be widely applied in practical fields due to its improved flexural strength with

minimal compromise to electrochemical performance.

5.2 Fabrication and performance of snap-on structure CSS

As illustrated in Fig. 5.1a, the snap-on structure is fabricated through the in-situ
polymerization of hydrogel electrolyte on the carbon fiber electrode. The electrode and
electrolyte are layered to form the sandwich structure. The snap-on buckle contains a
convex button and a concave button corresponding to the carbon fiber and hydrogel
electrolyte, respectively, as clearly seen in the cross-section views (Fig. 5.1b and 5.1c¢).
The snap-on structure provides a robust interface between the carbon fiber and
hydrogel electrolyte, ensuring strong adhesion and mechanical stability. The optical

image further elucidates the structural details (Fig. 5.1d-f). The pores in the carbon
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cloth are devoid of hydrogel in the sandwich structure, while the pores are filled with
an appropriate amount of gel to form a protruding bump-like locking structure on the
other side of the carbon cloth, significantly increasing the adhesive strength between
electrode and electrolyte. The filling of the pores in the carbon cloth with hydrogel
electrolyte not only increases the adhesive strength but also enhances the overall
mechanical properties of the composite, making it more resilient to mechanical
deformation and stress. The bonding interface, as shown in Fig. 5.1g-h, demonstrates
robust lamination between the electrolyte and the electrode, thereby improving the
mechanical rigidity of the entire system. The robust lamination between the electrolyte
and electrode ensures that the composite can withstand mechanical forces without
delamination or degradation. This strong interfacial bonding is achieved through the
in-situ polymerization process, which promotes the formation of a snap-on buckle
structure between the hydrogel electrolyte and the carbon fibers. This results in a

composite material with superior mechanical rigidity and durability.
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Figure 5.1 Schematic diagram of the formation of snap-on buckle and sandwich
structures at the electrolyte and electrode. (a) Schematic illustration of the formation
process. (b) Detailed schematic of snap-on buckle structure. (c) Detailed schematic of
sandwich structure. (d) Optical image of sandwich structure. (¢) Optical image of snap-
on buckle structure. (f) Magnified optical image of snap-on buckle structure. (g) Cross-

sectional view of snap-on buckle and sandwich structures.

As shown in Fig. 5.2a, the composite structural supercapacitor devices were fabricated
using the wet lay-up composite manufacturing technique. The energy unit was
integrated into the center of CFs and glass fabric, providing mechanical strength while
maintaining electrochemical performance. The device with the snap-on structure
containing the electrolyte fabricated by the in-situ polymerization is denoted as the
PAM-I-CSS and the device with sandwich structure is denoted as PAM-S-CSS. The
CV curves of PAM-I-CSS were measured at different scan rates ranging from 5 mV
S to 40 mV S°!, maintaining almost identical shapes, which indicates a rapid charge
transfer rate and quick kinetics (Fig. 5.2b). The nearly identical shapes of the CV
curves imply rapid charge transfer in the device. The GCD curves at different current
densities, as exhibited in Fig. 5.2¢, reveal a specific capacitance of 98.2 F g at 0.5 A
g, The linearity and symmetry of the GCD curves further confirm the excellent
electrochemical stability and efficiency (87.1%) of the structure. The high-rate
performance of PAM-I-CSS is presented in Fig. 5.2d, showing a very high specific
capacitance of 71.3 F g' at 5 A g!. This high-rate capability is essential for
applications that require rapid energy delivery, such as in power tools and auxiliary

energy source for electric vehicle batteries.
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Figure 5.2 (a) Schematic illustration of CSS device fabrication. (b) The CV curves of
the PAM-I-CSS at different scan rates. (c) The GCD curves of the PAM-I-CSS at
different current densities. (d) Rate performance of PAM-I-CSS. (e) Volumetric

specific capacitance and energy density for PAM-I-CSS. The Ragone plots of PAM-
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I-CSS compared with other data based on (f) weight and (g) volume.

The volumetric, gravimetric, and areal specific capacitance and energy density are
further shown in Fig. 5.2e and Fig. 5.3a-b. The volumetric, gravimetric, and areal
specific capacities (5.56 F cm?, 2.857 F g'!, and 860 mF cm?), energy densities (1.305
mWh ecm™, 0.671 Whkg™!, and 0.202 mWh cm2) and power densities (18.07 mW cm™
3,9.284 W kg™!, and 2.80 mW cm) are calculated based on the whole device of PAM-
I-CSS, including energy unit and carbon fiber epoxy composite. As shown in Fig. 5.2f-
g and Fig. 5.3c, the Ragone profiles based on weight, volume [3, 96, 152, 153], and
area indicate that the PAM-I-CSS exhibits superior energy density to other recently
reported ones (Table 5.1), calculated with active materials, electrodes, or composite
device. These results provide a comprehensive understanding of the device's
performance, considering different scales and dimensions. The high specific capacities
and energy densities make it a promising candidate for various energy storage

applications.

To further quantify the multifunctionality of CSSs, the multifunctional efficiency is
proposed in Eq. (5.1) to assess its potential application [5]. The multifunctional

efficiency is calculated as shown in Eq. (5.1)

HME = MM + HE (5.1)

where nuE represents the multifunctional efficiency. 7u1s the mechanical efficiency,
defined as the ratio of the structural devices' mechanical performance (such as flexural
modulus and strength) to that of pure carbon fiber reinforced polymer (CFRP) without
energy unit. 7 is the value of the specific capacitance of CSS without deformation to
the capacitance of cell-level supercapacitor with liquid electrolyte.
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Figure 5.3 (a) The gravimetric specific capacitance and energy density for PAM-I-
CSS. (b) The areal specific capacitance and energy density for PAM-I-CSS. (c) The
Ragone plots of PAM-I-CSS compared with other data based on area. (d) The Ragone

profile for the multifunctional efficiencies of PAM-I-CSS and other research results.

The PAM-S-CSS device in this study achieves 86.5% of the flexural strength of the
baseline sample, along with 71.7% of the areal capacitance of the supercapacitor in
liquid electrolyte. where nume represents the multifunctional efficiency. #7u is the
mechanical efficiency, defined as the ratio of the structural devices' mechanical
performance (such as flexural modulus and strength) to that of pure carbon fiber

reinforced polymer (CFRP) without energy unit. #g is the value of the specific

70



capacitance of CSS without deformation to the capacitance of cell-level supercapacitor
with liquid electrolyte. As a result, the defined multifunctional efficiency nue is
approximately 1.58 (>1), indicating that our multifunctional devices could reduce the
overall weight compared to conventional integrated systems that include separate
mechanical and electrochemical components [3, 156]. The Ragone plots comparing
the multifunctional efficiency of PAM-I-CSS with other literature data are shown in
Fig. 5.3d [3, 12, 96, 156-159], indicating that our device exhibits the highest
multifunctional efficiency. Therefore, it is evident that the PAM-I-CSS we fabricated
is a promising candidate for practical applications in multifunctional structural energy

storage.
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Figure 5.4 The EIS test for the PAM-I-CSS device.

The EIS result is shown in Fig. 5.4 and the inset is the equivalent circuit diagram. The

Rs of the PAM-I-CSS is only about 6.29 Q, which is much smaller than that reported

in other literature [97], indicating a high ion transport rate, in line with the excellent

electrochemical performance.
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Table 5.1 Comparison of energy density and power density in this work with other CSSs

previously reported in the literature.

CSSs Energy density Power density Ref.
(Wh-kg™") (W-kg'!)

CNT fiber/Polymer electrolyte 0.375° 30° [160]

interleaves

CAG-CF 0.001° 0.0328° [157]

Cu—Co selenide nanowire 0.1916* 36.65° [161]

CF/GF/SPE

SnO,-CSS 0.01506¢ 1.16¢ [162]

ACF/PEGDGE/LiTFSI/IL/GF 0.00143¢ 2.68¢ [163]

5:5 NiCo-LDH-CSS 0.191¢ 1.508¢ [97]

CF/CNT/MTMS57+EMIMTFSI 0.01¢ 0.0324 [156]

SnO2-NR/WCF 0.01506¢ 1.160¢ [162]

Optimized SZSC 0.1646¢ 0.5633¢ [164]

PAM-I-CSS 23.47% 324.97% This work

PAM-I-CSS 6.903° 95.58" This work

PAM-I-CSS 0.671¢ 9.2844 This work

4 Normalized based on active materials.
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® Normalized based on electrode weight.

¢ Normalized based on total cell weight of electrodes, electrolyte, and separator.

4 Normalized based on composite device.

5.3 Simulation results of PAM-S-CSS and PAM-I-CSS

The interfacial adhesion between the electrode and electrolyte is crucial due to
fractures caused by the external loading, which leads to the degradation of the
electrochemical performance. Fig. 5.5a displays a digital image of the in-situ mechano-
electrochemical tests, which measure electrochemical performance under a three-point
bending test. The interfacial force between the electrode and hydrogel electrolyte
within the energy unit is essential for both electrochemical performance and
mechanical properties. As shown in Fig. 5.5b, the interfacial adhesion in the sandwich
structure is derived from the simple contact between the carbon fiber electrode and
hydrogel electrolyte. In contrast, the carbon fiber and hydrogel electrolyte are
interlocked in the snap-on structure. The peeling test is further conducted to evaluate
the interfacial adhesion between the electrode and electrolyte in the energy unit (Fig.
5.5¢) [154, 155]. The peeling force of the energy unit with sandwich structure is
approximately 7 N, exhibiting a relatively smooth curve. In contrast, sharp peaks are
observed in the curve, and the peeling force of the energy unit with snap-on structure,
approximately 30 N, is about four times higher than that of the sandwich structure
energy unit, demonstrating a stronger interfacial force. The stronger adhesion allows
the entire energy unit to have higher mechanical strength and more effective force

transfer.
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Figure 5.5 (a) Digital image of three-point bending test. (b) Schematic illustration of
a cross-sectional view of the hydrogel electrolyte in configurations PAM-S-CSS and
PAM-I-CSS under deformation. (c) Results of the 180° peeling-off test at the
electrode-electrolyte interfaces, including an inset image depicting the peeling process
of a robust interface attributed to the snap-on buckle structure. (d) Simulation results
illustrating force transfer across the electrode-electrolyte interface during the three-
point bending test with the corresponding cross-sectional region of the device depicted

in the left figure.

The simulation relating to force transfer in the snap-on structure and sandwich
structure was thoroughly investigated to demonstrate how adhesion force strengthens
the mechanical performance of the structural device. To deeply understand the impact

of the electrode/electrolyte interface structure on the mechanical strength of the whole
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system, the ABAQUS finite element (FE) software was employed to simulate the
three-point bending test of the energy unit within the reinforcement complex. During
the application of external force to the entire system, the energy unit bears a relatively
small proportion of load, leading to degradation of the electrode/electrolyte boundary
or electrolyte. Meanwhile, the reinforcement complex bears the majority of the load.
To represent the loading condition of the electrode/electrolyte boundary, the FE
analysis focuses on the energy unit rather than the entire device, as the reinforcement

parts of the two structures are identical. The simulation models are depicted in Fig. 5.6.

Displacement=1 mm

Figure 5.6 The simulation model of (a) the energy unit, (b) PAM-S-E, and (c) PAM-

I-E.

To replicate real test conditions, the thickness of both the electrode and electrolyte is
set to 0.2 mm and 0.8 mm, respectively. The side length of the square hole on the
carbon cloth is 0.6 mm, with active materials coated on one side. During the simulation,
the boundary conditions of the model are consistent with those of the three-point
bending experiment. To prevent displacement of the sample, the supports at the bottom
are completely fixed, and the compressors at the top are located on the symmetry
surface of the sample, restricting all degrees of freedom except for the translational

motion in the Z-direction. Additionally, the model is loaded by applying Z-direction
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displacement to its reference point. Furthermore, the cohesive zone model (CZM) is
applied to simulate the interface failure [165]. The cohesive force contact model
permits a certain degree of relative sliding and separation at the contact interface. This
simulation method more accurately reflects the stress distribution and physical
response within the structural capacitor, simulating the complex state of the interface

under external mechanical loading.

The simulation results are presented in Fig. 5.5d. For the same deflection of 1 mm, the
force at the electrode/electrolyte interface of PAM-S-E is concentrated at the center,
exhibiting the highest flexural strength of 611.8 MPa. In contrast, the force at the
electrode/electrolyte interface of PAM-I-E is evenly distributed around the center with
the highest flexural strength 0of 296.7 MPa. This phenomenon is more clearly observed
in the cross-section view of the simulation results. The snap-on structure of the
electrode/electrolyte interface allows the effective load transfer between multiple
layers by evenly distributing the force over a larger area compared to the sandwich
structure, thereby providing stable electrode/electrolyte interface for electrochemical

performance under loading.

5.4 In-situ mechano-electrochemical tests of PAM-S-CSS

and PAM-I-CSS

To further elaborate, the in-situ mechano-electrochemical tests provide critical insights
into the durability and reliability of the energy storage devices under mechanical stress.
The in-situ mechano-electrochemical tests were conducted to measure the cycling
performance of PAM-S-CSS and PAM-I-CSS with the three-point bending test (Fig.

5.7a). The specific capacitance of PAM-S-CSS decreased from 85.5 F g! to 64.62 F
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g, with a capacitance retention of approximately 75.58% after 8500 cycles. In
contrast, the PAM-I-CSS delivered a stable cycling performance, with a slight
decrease in specific capacitance from 97.37 F g! to 91.7 F g, maintaining a
capacitance retention of 94.18% after 8500 cycles. To gain a deeper understanding of
the structural integrity under the external force, SEM images were taken to show the
transverse cross-sections of PAM-S-CSS and PAM-I-CSS before and after cycling. As
shown in the insets of Fig 5.7a, the snap-on structure in PAM-I-CSS has a cross-locked
interface, while the sandwich structure in PAM-S-CSS shows a parallel interface of
carbon fiber and electrolyte. After 8500 cycles, the interface of PAM-I-CSS
maintained the same structure as the initial state under constant three-point bending.
Conversely, small cracks appeared in the interface of PAM-S-CSS, indicating that the
sandwich structure is more susceptible to external constant load than the snap-on
buckle structure with the locked interface. The observed degradation in the specific
capacitance of the sandwich structure highlights the limitations of the parallel interface
design, which is prone to crack formation and subsequent specific capacitance loss
under mechanical loading. On the other hand, the cross-locked interface in snap-on
structure demonstrates superior mechanical stability, as evidenced by the minimal
structural changes observed in the SEM images after 8500 cycles. This robust interface
design not only prevents crack formation but also ensures consistent load distribution,
thereby maintaining the electrochemical performance of the device. The practical
application of the PAM-I-CSS is demonstrated in Fig. 5.7b. The suspended device is
strong enough to support a heavy substance. Furthermore, the suspended PAM-I-CSS
could power a small fan under the loading of the heavy objects. By adopting a cross-
locked interface, it is possible to achieve a balance between mechanical strength and

electrochemical performance, making these devices suitable for demanding
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applications such as drones, vehicles, and aerospace technologies.

200
a @ PAM-S-CSS
180 4 PAM-I-CSS
1 60 1 Snap-on buckle
3 el structure_ paE

: i Sl L3 R ey (B
140 1 o el P
1204

100 4

o
o
1

(o2}
o
1

Bending

4

Electrochemical
— workstation

Specific capacitance (mF g™')

N
o
L

N
o
1

Figure 5.7 (a) In-situ mechano-electrochemical measurement of the PAM-I-CSS and

PAM-S-CSS. Insets present the SEM images of PAM-I-CSS and PAM-S-CSS before

and after cycling (side view). (b) Demonstration of the practical application of PAM-

I-CSS under external load, illustrating its capability to power a small fan.

To thoroughly investigate the impact of the snap-on buckle structure on the mechanical

strength of the structural device, three-point bending and short beam tests were

evaluated to explore the primary failure mechanism under external force. The

interfacial adhesion of multiple layers stacked in a CSS is a crucial factor in
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determining the rigidity of the structural device. This is because higher interfacial
adhesion force can inhibit the interlayer sliding. In this way, these layers, sharing a
common neutral axis, effectively transfer loads between different layers. When the
interfacial adhesion is strong, the shear stress can be effectively transferred from one
layer to another, thereby enhancing the overall shear strength of the composite.
Conversely, weak interfacial adhesion results in poor stress transfer, leading to
delamination and reduced shear strength [55]. Short beam shear test was set up to
measure the shear strength of the device. From the SEM images of the central area
(Fig. 5.8a) or the side area (Fig. 5.8b) of the fractured PAM-S-CSS sample, significant
delamination is observed between the carbon fiber and hydrogel electrolyte interface,
indicating that the main failure mechanism under the shear stress is weak interfacial
adhesion. On the other hand, failure predominantly formed around the edge area in the
reinforcement unit, without delamination in the central area (Fig. 5.8c) and the side
area (Fig. 5.8d) of the PAM-I-CSS energy unit layers. This indicates more effective
load transfer arising from the rigid adhesive force between the electrode and electrolyte
interface. As a result, the shear stress of PAM-I-CSS is 55.61 MPa, which is higher
than that of PAM-S-CSS (36.23 MPa), as seen in Fig. 5.8i. The higher shear stress
observed in the PAM-I-CSS sample than that in the PAM-S-CSS sample indicates that
the interfacial adhesion plays a pivotal role in enhancing shear strength. The stronger
interfacial adhesion solidly bonds different components, effectively facilitating load

transfer and demonstrating greater flexural strength [11].
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Figure 5.8 The SEM images of the middle part (a, ¢) and edge part (b, d) of fractured
three-point bending PAM-I-CSS and PAM-S-CSS devices. The SEM images of the
middle area (e, g) and side area (f, h) of fractured PAM-I-CSS and PAM-S-CSS
devices after a short beam test. (i) Shear stress profiles of the PAM-I-CSS and PAM-
S-CSS devices. (j) The three-point bending test curves of the PAM-I-CSS and PAM-
S-CSS devices. Moreover, the three-point bending test results highlight the importance
of interfacial adhesion in determining the flexural strength of composite structures.
The observed delamination, especially in the intralayer between the carbon fiber
electrode and the hydrogel electrolyte, appears to be the governing failure mechanism
after the three-point bending test in PAM-S-CSS, as exhibited in the middle area (Fig.
5.8e) and side area (Fig. 5.8f). High flexural strength is corroborated by the layers of
the reinforcement unit (the matrix-fiber) in the middle part (Fig. 5.8g), along with the
lack of obvious delamination between the electrode and electrolyte (Fig. 5.8h). This
indicates that the locked structure between the carbon fiber electrode and the hydrogel
electrolyte can affect load transfer in multiple layers, which fairly conforms to the
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simulation results, leading to higher mechanical strength of PAM-I-CSS. Moreover,
the locked interface was too strong to be delaminated, which altered the main failure
mechanism for the PAM-I-CSS. This enhanced the flexural stress and flexural
modulus, which increased considerably from 282.21 MPa and 26.34 GPa, respectively,
for the PAM-S-CSS to 367.92 MPa and 44.34 GPa, respectively, for the PAM-I-CSS,
as seen in Fig. 5.8j. Consequently, the snap-on buckle structure in PAM-I-CSS with
strong interfacial adhesion significantly enhances the shear strength and load transfer
efficiency of composite structures. Optimizing interfacial properties through interlock

bonding design can further improve mechanical performance.

5.5 Summary

Although balancing electrochemical properties and mechanical strength is challenging,
our designed snap-on structure device obtains excellent performance with a specific
capacitance of 98.2 F g!, energy density of 23.47 Wh kg!, and power density of
32497 W kg! at 0.5 A g!, without significantly sacrificing flexural modulus and
flexural strength. The high electrochemical performance can be attributed to the
energy unit and the strengthened adhesive bonding, which successfully transfers loads
across multiple layers of the electrode stack. An in-situ study of electro-chemo-
mechanical coupling was conducted to understand the impact of external force on
capacitance retention, measuring electrochemical performance of the devices under 3-
pont bending test. The capacitance remains at 94.18% after 8500 cycles under constant
load, manifesting that the device possesses excellent electrochemical performance
under high mechanical loads. The method of fabricating multilayered devices is simple

and economical, making it suitable for industrial production.
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Chapter 6 Stabilizing the Spatial

Distribution of Electric Field

In Chapter 6, an MXene-based electrolyte for Zn-ion-based hybrid CSS to effectively
modulate the electric field distribution through a polarized electric field formed by
hydrogen bonds between MXene and polymer chains. In situ mechano-
electrochemical performance and simulation results indicate that the MXene-based
CSS maintains a more uniform electric field under bending conditions (at a strain of
0.5%) compared to devices without MXene. The designed CSS delivers a specific
capacity of 101 mAh g'! at a current density of 0.2 A g!. The energy density of the
device reaches 80 Wh kg™! at the power density of 163.3 W kg™!, which is about nine
times higher than the best result previously achieved (9.3 Wh kg™!). Integrating MXene
into the electrolyte offers a practical approach to regulating electric field distribution,
potentially paving the way to design high-performance structural power sources

capable of functioning under deformation.

6.1 Introduction

The increasing energy density requirements for batteries remain a critical challenge in
the advancement of electric transportation. This challenge can be overcome through
lightweight design, which increases the mileage of electric vehicles and promotes the

industrialization of electric aircraft [166]. Multifunctional CSSs, which store

electrochemical energy, can simultaneously substitute structural components by
carrying the mechanical load, minimizing the overall system mass [138,

167].Compared with composite structural batteries [14], CSSs offer superior power
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density and a longer lifespan, making them more suitable for integrated structural

systems without the need for frequent and undesirable replacements.

The architectural strategies of CSSs can be broadly classified into two categories: cell-
level and material-level designs [14]. The former involves supercapacitors sandwiched
between reinforced CF composites [6]. In this design, the external non-capacity
reinforcement withstands the primary mechanical stress, while the internal
supercapacitor bears only a minimal part of the load. For instance, Moyer et al. used a
traditional composite layup process to sandwich lithium-ion batteries between epoxy-
impregnated CFs. They achieved an energy density of 36 Wh kg and a Young’s
modulus of 1.8 GPa [28]. In contrast, the material-level design approach integrates
multifunctional materials, including all mechanically robust structural carbon fiber
current collectors, electrodes, and electrolytes, into CSSs to achieve enhanced
mechanical performance [8]. Despite the improved mechanical properties of these
structural materials, they must be carefully developed to avoid compromising
electrochemical performance [14]. These structural devices have achieved acceptable
results by balancing both electrochemical and mechanical performance. For example,
an all-carbon-fiber-based structural lithium-ion battery in full-cell configuration
achieved a high energy density of 75 Wh kg! and an elastic modulus of 76 GPa [168].
Thus, material-level design can more accurately capture the essence of structural and

multifunctional components.

Recently, deformation during working conditions has been shown to severely affect
the stability of the electric field intensity, exacerbating dendrite issues in flexible Zn-
ion batteries [169]. For example, Li ef al. demonstrated that deformation caused by

different operational modes can induce perturbations in the electric field within Zn-
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ion flexible batteries [169]. They found that the Zn anode exhibited a non-uniform
electric field in curved regions compared with the planar configuration. Any uneven
local electric field intensity may trigger dendrite growth, leading to low Coulombic
efficiency (CE) and reduced cell lifespan [169, 170]. Analogously, deformation in
CSSs under external loading induces heterogeneous electric field distributions.
Therefore, maintaining a uniform electric field is essential for improving the
electrochemical performance of CSSs. MXene has been extensively used in solid
electrolytes to inhibit the Zn dendrite growth due to its enhanced dielectric constant,
which accelerates zinc salt dissociation and ion transport through a locally polarized
electric field effect [171]. Moreover, incorporating dielectric MXene is expected to
facilitate the dissociation of alkali metal salts [171, 172]. For instance, Zhang et al.
proposed a built-in electric field strategy by adding MXene to solid electrolyte in
lithium-metal batteries, achieving stable operation for 6000 hours at 0.1 mA cm™ and
remarkable cycling stability, even at 4.6V [172]. The MXene-bonded transport
network offers significant potential opportunity for developing electrolytes in CSSs,

which has yet to be fully explored.

Considering the application of multifunctional materials under bending conditions, a
Zn-ion material-level hybrid CSS system with MXene-based electrolyte was
fabricated to mitigate the perturbations in electric field. In situ mechano-
electrochemical measurements and simulations show that the polarized electric field,
generated through hydrogen bonds between MXene and polymer chains, effectively
modulates the electric field distribution within CSS under mechanical stress.
Furthermore, MXene significantly enhances the ionic conductivity of electrolytes and

improves mechanical properties. The MXene-based CSS exhibits a specific energy of
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80 Wh kg! and a flexural modulus of 33.8 GPa. Even under a three-point bending test
(at a strain of 0.5%), the device achieved a capacity retention of 90.4% after 10,000
mechanical load cycles. Overall, we present a feasible strategy to decrease the impact
of mechanical disturbances on electric field intensity in our CSS systems, thereby

ensuring stable and exceptional electrochemical performance.

6.2 Electrochemical performance and multifunctionality of

CSSs

Schematic illustration of the preparation process for the MXene-bonded electrolyte is
exhibited in Fig. 6.1a and the images of WIS-P and WIS-P-M are shown in Fig. 6.1b-
d. The results of morphology (Fig. 6.2a-c) and crystal structure (Fig. 6.2d) show the
MXene nanosheet with high crystallization. The SEM was applied to analyze the
morphology of the polymer electrolytes. Compared with the MXene-free electrolyte,
the electrolyte incorporating MXene has smaller pores (Fig. 6.3), which is attributed
to the hydrogen bonds between MXene and the polymer to promote the crosslinking
of the polymer chains. Furthermore, the elemental mapping images indicate that

MXene nanosheets are well dispersed within the polymer membrane.
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Figure 6.1 (a) Schematic illustration of the preparation process for the MXene-bonded
electrolyte. (b) Images of WIS-P-M electrolyte. Optical images of (c) WIS-P and (d)
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Figure 6.2. (a-b) TEM images, (¢) SEM image, and (d) XRD pattern of the Ti3CoTx

MXene nanosheets.
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Figure 6.3 SEM images of the (a) MXene-free and (b) MXene-based polymer

electrolytes and (c¢) corresponding mapping images.
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Figure 6.4 (a) EIS and (b) lonic conductivity of electrolytes with different MXene

contents.

The effect of the additive amount of MXene on the ionic conductivity of electrolytes
was systematically investigated by preparing 0.00 wt.%, 0.01 wt.%, 0.02 wt.%, 0.03
wt.%, and 0.04 wt.% MXene-containing electrolytes. As illustrated in Fig. 6.4a, the
electrolyte resistances tend to increase at first and then decrease with the increased
content of MXene. When the addition of the MXene is 0.03 wt.%, the optimum ionic
conductivity of the electrolyte is 23.5 mS cm™!, attributed to the enhanced ion transport

facilitated by MXene additives (Fig. 6.4b). The surface-terminating groups of MXene
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(-F, -0) facilitate Zn** adsorption through electrostatic interactions, substantially
reducing ionic diffusion barriers and promotes charge carrier mobility, and enhancing
the electrochemical plating/stripping kinetics. Therefore, by establishing shortened
Zn?" pathways and facilitating strong Zn>" adsorption, the incorporation of MXene in
electrolyte significantly enhances Zn?" conductivity. While the excess addition of

MXene limits the improvement of conductivity due to the agglomeration of MXene.

The electrochemical performance and multifunctionality of CSSs, both with and
without MXene, were evaluated. The CSSs were fabricated using a wet lay-up method,
which incorporated CFs-AC, Zn foil, structural polymer electrolytes with and without
MXene, and reinforced carbon fibers, then cured at ambient temperature under
vacuum conditions (Fig. 6.5a). Fig. 6.5b depicts the GCD curves of the MXene-based
CSS (WIS-P-M CSS) at current densities of 0.2-1.5 A g’!, exhibiting symmetrical
triangular shapes. As the current density increased, a noticeable decline in capacity
was observed. Furthermore, Fig. 6.5¢ shows the cycling performance of WIS-P-M
CSS and CSS without MXene (WIS-P CSS) at a current density of 0.4 A g'!. Notably,
the WIS-P-M CSS retained approximately 98.0% of its initial specific capacity (85.0
mAh g') and the WIS-P CSS achieved a 97.0% capacity retention of its initial value
(75.81 mAh g after 5000 cycles, indicating that both the WIS-P-M CSS and WIS-P
CSS delivered excellent capacity retention without external mechanical load. As
illustrated in Fig. 6.5d, the specific capacity and energy density of WIS-P-M CSS were
calculated based on mass, of the active material, electrode, and composite device.
Based on the active material, the specific capacity of WIS-P-M CSS reached 101 mAh
g’ at the current density of 0.2 A g!, and the energy density was 80 Wh kg™! at the

power density of 163.3 W kg!. The specific capacity remained at 61.1 mAh g™ even
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at 1.5 A ¢!, indicating excellent rate performance. Based on the entire device
(including both the energy storage unit and composite part), the specific capacity of
WIS-P-M CSS reaches 2.9 mAh g! (or 5.6 mAh cm?, 1.9 F cm™) at a current density
of 6 mA g!. The energy density was 2.3 Wh kg™! (4.5 Wh cm™, 0.7 Wh cm?) at a
power density of 4.7 W kg (9.1 W cm?, 1.4 W cm™). Ragone plots (Fig. 6.5¢) reveal
that WIS-P-M CSS exhibits superior gravimetric energy and power densities
compared to previously reported studies utilizing electroactive commercial CF
electrodes. These improvements can be attributed to the unique structural design and
the incorporation of MXene, which synergistically enhances the electrochemical

performance of the device.

Table 6.1 Comparison of energy density and power density parameters of the WIS-P-

M CSS with other CSSs in literature.

Energy density Power density Ref.

(Wh-kg™) (Wkg™h)
CF/solid electrolyte interleaves 0.169° 20° [128]
CuO-CF/GF/SPE 0.10604° 12.57° [12]
GNP/CAG-CSS 0.786° 108? [173]
CNT-infiltrated CF 0.00164 0.1934 [174]
5:5 NiCo-LDH-CSS 0.191¢ 1.508¢ [97]
0.920° 7.264¢ [97]
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9.269*

MnOOH-NWs@WCF 0.008124
CF/CuO/PES+IL+LiS 0.0166¢
WIS-P-M 80?
23.528°
2.286 ¢

73.18*

4.7368¢

269.29

163.27°

48.016°

4.664

[97]

[175]

[161]

This work

This work

This work

2 Normalized based on active materials.

b Normalized based on electrode mass.

“ Normalized based on total cell mass of electrodes, electrolyte, and separator.

4 Normalized based on composite device.
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Figure 6.5 Assembly, electrochemical performance, and multifunctionality of CSSs.
(a) Schematic illustration of fabricated CSSs device. (b) GCD plots of WIS-P-M CSS.
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Figure 6.6 Sheer stress curves of WIS-P-M and WIS-P CSSs.

The mechanical properties of the entire CSSs were systematically investigated,
followed by a thorough assessment of their multifunctionality. The three-point
bending tests revealed that the WIS-P-M CSS sample possesses a flexural strength of
350.1 MPa and a flexural modulus of 33.8 GPa, significantly exceeded the values of
274.8 MPa and 24.5 GPa observed for the WIS-P CSS, respectively (Fig. 6.5f). This
represents increases of 27.4% in flexural strength and 37.9% in flexural modulus. This
improvement is attributed to the formation of hydrogen bonds by the MXene additives.
A short beam test was performed to assess the interfacial force between multiple layers
and measure the shear stress. Higher shear stress values indicate increased frictional
resistance to the sliding of components along a common neutral axis, thereby
facilitating more efficient force transfer between layers. The WIS-P-M CSS
demonstrated a superior shear stress of 32.9 MPa, 23.8% higher than the 26.6 MPa
observed for WIS-P CSS (Fig. 6.6). These results suggest that incorporating MXene
enhances the interfacial bonding and promotes more efficient force transfer between
layers. To quantify the synergistic effects of mechanical and electrochemical
properties, the concept of multifunctional efficiency (ymr) was employed. According

to previous studies [97], a nme value exceeding 1 indicates that multifunctional
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structural energy storage composites offer a weight-saving advantage compared to
conventional monofunctional systems. The WIS-P-M CSS sample achieved a #mE of
approximately 1.64, surpassing previously reported values (Fig. 6.5g). This result
indicates that WIS-P-M CSS shows great potential as a promising candidate for

practical multifunctional structural energy storage applications.

6.3 Mechanism of regulating electric field distribution

The dielectric measurements and simulation study shed light on the mechanism by
which MXene nanofillers modulate the electric field in WIS-P-M CSS, as depicted in
Fig. 6.7a. Previous research suggests that deformation leads to an uneven electric field
distribution, characterized by higher field intensity in the central stressed areas
compared to the less-stressed sides of the device [169]. The Fourier transform infrared
spectrum (FTIR) spectra of WIS-P and WIS-P-M electrolytes were employed to
confirm the interplay and bonding between M Xene nanofiller and polymer chains (Fig.
6.8). The characteristic peaks at 3474 and 3376 cm™' are assigned to the stretching
vibration of N-H in the WIS-P electrolyte. However, for the WIS-P-M, the peaks shift
the lower wavenumber region to 3466 and 3376 cm™!, which should be attributed to
the formation of hydrogen bonds [176]. The hydrogen bond further forms dipolar
under an external electric field [171]. The accumulation of these dipoles enhances the
dielectric permittivity, thereby promoting mental salt dissociation and ion transport
through localized electric field polarization. To test this hypothesis, the dielectric
constants of electrolytes for both WIS-P-M and WIS-P CSSs were experimentally
measured. The results revealed that the dielectric constant of WIS-P-M CSS at 40 Hz
was 5724, significantly higher than the value of 1741 for WIS-P CSS (Fig. 6.7b). This

substantial increase is attributed to the formation of hydrogen bonds between MXene
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and polymer chains.
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Figure 6.7 Mechanism of regulating the electric field distribution in the MXene-based
CSS. (a) Schematic illustration of the dipoles excited by the hydrogen bonds between
MXene and polymer chain under an external electric field. (b) Dielectric constant of
electrolyte for WIS-P and WIS-P-M CSSs. (c) Digital images of electrochemical
testing of CSSs under three-point bending. (d) Simulation of the electric field

distribution of CSSs under deformation.
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COMSOL simulations were conducted to demonstrate the role of MXene in regulating
the electric field distribution (Fig. 6.7d). The electric field intensity was calculated
using spatial derivation (F? = —V,;V) and conduction models]—; =V-E , assuming a
bending curvature of 0.01. 3D simulation models and boundary conditions, and mesh
independence verification were established (Fig. 6.9). Calculations were performed
using COMSOL Multiphysics, employing the variation equation, with grid division
achieved via the Galerkin method. The computational results show that, without
external forces, both WIS-P-M and WIS-P CSSs exhibit relatively uniform electric
fields. However, under deformation (bending), WIS-P CSS exhibits concentrated field
intensity in the central most-stressed region. Moreover, both the coarse and fine grids
exhibit the same simulation results, which confirm that MXene-induced dipoles
effectively re-distribute the electric field, thereby reducing the impact of external

mechanical load on electrochemical performance.
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Figure 6.8 FTIR spectra of WIS-P and WIS-P-M electrolytes.
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Figure 6.9 Schematic diagram of (a) WIS-P and (b) WIS-P-M devices with boundary

conditions for the COMSOL simulation; (c) Coarse and (d) fine mesh independence

verification.

6.4 Effect of external deformation on electrochemical

performance

The uniform electric field is crucial for mitigating Zn dendrite formation, which
hinders the practical application of Zn batteries [171]. The growth of Zn dendrite is
related to the electric field distribution. Uniform electric field accelerates even Zn

deposition, suppressing Zn dendrite growth. This uneven electric field caused by the
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Zn ion diffusion, side reaction and uneven Zn deposition. Fig. 6.11a depicts the impact
of electric field distribution on Zn deposition. To validate the computational results, a
Zn|Zn symmetric device was constructed to examine the Zn plating/stripping process
under external mechanical load (at a strain of 0.5%), with an applied current density
of 0.3 mA cm™ and a capacity of 0.1 mA h cm™ (Fig. 6.11b). The incorporation of
MXene significantly improves the reversibility of Zn plating/stripping, as
demonstrated by sustained operation exceeding 700 hours under continuous three-
point bending without degradation. SEM images show the morphological evolution of
cycled Zn foil regions within WIS-P-M and WIS-P symmetric devices (Fig. 6.11c-f).
SEM analysis revealed that peripheral regions display smaller Zn flakes (Fig. 6.11d,
3f) compared to central areas (Fig. 6.11c, Fig. 6.11¢), with the latter experiencing
higher stress (strain). Furthermore, the WIS-P-M symmetric device demonstrates
superior uniformity and smoothness in Zn deposition compared to the WIS-P device,
which is attributed to the improved electric field uniformity, increased ionic

conductivity, and enhanced ion transport properties of the WIS-P-M device.
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Figure 6.10 The equivalent circuit used for EIS spectra fitting.
Table 6.2 The fitting parameters of WIS-P and WIS-P-M CSS at various strains

corresponding to the equivalent circuit.

Rs Ret Zy

WIS-P-M-0% 3.7 12.3 53
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Figure 6.11 Investigation of the Zn deposition and transport kinetics in WIS-P-M and
WIS-P Zn|Zn symmetric device and CSSs. (a) Schematic illustration of the effect of
electric field distribution on Zn deposition. (b) Voltage profile of WIS-P and WIS-P-
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M Zn|Zn symmetric device. SEM images of cycled Zn in (c) middle area and (d) side
area of WIS-P Zn|Zn symmetric device, and (e) middle area and (f) side area of WIS-
P-M Zn|Zn symmetric device. EIS measurement for (g) WIS-P CSS and (h) WIS-P-M

CSS under different strains.

To further investigate ion transport kinetics, in situ electrochemical impedance
spectroscopy (EIS) measurements were conducted under varying bending stresses (Fig.
6.11g-h). The labels WIS-P-0% (WIS-P-M-0%), WIS-P-0.4% (WIS-P-M-0.4%),
WIS-P-0.45% (WIS-P-M-0.45%), and WIS-P-0.5% (WIS-P-M-0.5%) represent CSSs
under different strain levels of 0%, 0.4%, 0.45%, and 0.5%, respectively. The resulting
EIS spectra were analyzed using the equivalent circuit model depicted in Fig. 6.10 and
Table 6.2. High-frequency components, namely series resistance (Rs) and faradic
charge-transfer resistance (R), indicate charge transfer efficiency, while the low-
frequency Warburg impedance (Zw) represents diffusion resistance, collectively
reflecting 1on transport kinetics. As the strain increased from 0% to 0.5%, the WIS-P
CSS exhibited a constant Rs of 7.4 Q. However, Rt and Zy increased substantially
from 13.0 Q and 5.8 Q to 33.1 Q and 59.8 Q, respectively, indicating notable changes
in ion transport and diffusion. In contrast, the WIS-P-M CSS displayed relatively
stable Rs (3.7 Q), Ret (12.3 Q), and Zw (5.3 Q) at a strain of 0.5%, with only slight
increases to 3.8 Q, 16.9 Q, and 16.6 Q, respectively. These values remained
consistently lower than those of the WIS-P CSS, highlighting the superior stability of
the WIS-P-M CSS. These experimental findings align with the simulation results,
suggesting that MXene incorporation promotes electric field homogenization,
stabilizing faradic charge-transfer processes and ion diffusion. Additionally, the

observed enhancement in ionic conductivity, achieved through MXene-mediated
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optimization of the conductive medium, further emphasizes its critical role in

improving the system's overall electrochemical performance.
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Figure 6.12 Study of the effect of external deformation on electrochemical
performance. Schematic of the in situ mechano-electrochemical test (a) before and (b)
after loading. GCD curves showing successive bending cycles for (¢) WIS-P CSS and
(d) WIS-P-M CSS up to a strain level of 0.5% during the in situ mechano-
electrochemical test and the amplified curve insets showing the fluctuations under an
external force. (¢) CV curves at different scan rates at a constant strain of 0.5% for the
WIS-P CSS. (f) log i vs. log v plots for WIS-P-M and WIS-P CSSs at constant strains

of 0% and 0.5%. (g) Schematic illustration of the polarization of WIS-P and WIS-P-
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M CSSs during the in situ mechanical-electrochemical test.

An in situ mechano-electrochemical test was performed to investigate the influence of
external mechanical stresses on the electrochemical performance of structural energy
storage devices. The schematic of the experimental setup before and after mechanical
loading is illustrated in Fig. 6.12a-b, respectively. To establish a performance baseline,
Fig. 6.13a (WIS-P CSS) and Fig. 6.13b (WIS-P-M CSS) show stable and smooth
galvanostatic charge-discharge (GCD) curves under load-free conditions, indicating
uniform electric field distribution within the devices. Various strain levels were
subsequently applied to examine the devices' response to mechanical stimuli, and the
resulting charge-discharge curves were analyzed. For the WIS-P CSS, flexural stress
increased from 128 MPa to 161 MPa as the applied strain rose from 0.4% to 0.5% (Fig.
6.12c, Fig. 6.14a-b). Subtle perturbations emerged in the GCD curves, exhibiting
progressively amplified as the strain level increased. These cyclic perturbations
correlate with the bending load cycles, appearing as concave curves under compressive
force, which were shown during the test. In contrast, the WIS-P-M CSS device
exhibited greater electrochemical stability under mechanical strain. Its GCD curves
remained largely unaffected at a strain of 0.4% (Fig. 6.15a) and showed only minor
deviations at a strain of 0.45% (Fig. 6.15b). Even at a strain of 0.5%, the amplitude of
perturbations on the GCD curves of WIS-P-M CSS was significantly smaller than
those observed in WIS-P CSS (Fig. 6.12d). These findings strongly suggest that the
WIS-P-M CSS demonstrates superior electrochemical stability under external
mechanical stresses. This can be attributed to the ability of MXene-based electrolyte
to mitigate external stress-induced perturbations on the electrochemical performance

of the WIS-P-M CSS.
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Figure 6.13 GCD curve of (a) WIS-P-0% and (b) WIS-P-M-0% during in situ

mechano-electrochemical measurement and the amplified curves insets showing the

fluctuations under an external force.
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Figure 6.14 In situ mechano-electrochemical measurements of WIS-P devices. GCD
curves of (a) WIS-P-0.4% and (b) WIS-P-0.45% under cyclic bending tests and the
amplified curves insets showing the fluctuations under an external force.
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Figure 6.15 In situ mechano-electrochemical measurements of WIS-P-M devices.
GCD curves of (a) WIS-P-M-0.4% and (b) WIS-P-M-0.45% under cyclic bending tests

and the amplified curves insets showing the fluctuations under an external force.

Cyclic voltammetry (CV) tests were performed at various scan rates under different
applied strains to further elucidate electrochemical behavior under mechanical stress.
The CV curves of both WIS-P-M and WIS-P CSSs consistently maintained their
characteristic peak shapes and positions across various scan rates and strains,
indicating excellent reaction kinetics (Fig. 6.12e and Fig. 6.16-6.19). This stability
under mechanical deformation suggests that electrochemical functionality is well-
preserved in both devices. The reaction processes of the two devices at strains of 0%
and 0.5% were observed in Fig. 6.12f. According to the equation i = av?, (i and v are
the current and scan rate, respectively, and a and b are constants), the electrochemical
reaction mechanism is classified as diffusion-controlled when b is 0.5 and capacitive-

controlled when b is 1 [177]. The b values of WIS-P-0%, WIS-P-0.5%, WIS-P-M-0%
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and WIS-P-M-0.5% are 0.566, 0.527, 0.608 and 0.605 respectively, indicating the
combination of diffusion-controlled and capacitive-controlled. As the strain increased
from 0% to 0.5%, the b value for WIS-P CSS showed an obvious decrease. However,
it remained unchanged for WIS-P-M, indicating a stabilized reaction process under
external load. Incorporating MXene into the electrolyte significantly enhances the CV
response to faster potential scans, thereby improving reaction kinetics and rate
capability. This improvement can be attributed to the superior ion transport properties
and uniform electric field provided with reduced polarization (Fig. 6.12g) by the

MXene additive, as indicated by the EIS measurements and simulation results.
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Figure 6.16 CV curves scanned at the rate of 5-40 mV/s of (a) WIS-P-M-0% and (b)
WIS-P-0%. The red dotted lines represent the line connecting the peak current at

different rates.
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WIS-P-0.4%.

a ] b e
,’, 5 i —
~ 4 7 —7 4]
o = 31
< 2. < 27
Z 2 17
£ 0 2 01
S 3 19
g E 31 ——10mVis
O -4+ ——20mVis O 41 ——20mVis
i~ —— 30 mVis -5 1 g — 30 mV/s
-5 - U -6 4 7 - R /]
6 WIS-P-M045% 0 mVe 1 - wis-p-04s%  0mVe
8 84—

0.0 0.2 04 06 08 1.0 1.2 14 16 1.8 2.0

Voltage(V)

0.0 02 04 06 0.8 1.0 12 14 1.6 1.8 2.0

Voltage(V)

Figure 6.18 CV curves scanned at the rate of 5-40 mV/s of (a) WIS-P-M-0.45% and

(b) WIS-P-0.45%.
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The electrochemical performance and mechanical durability of WIS-P-M and WIS-P
CSSs were systematically investigated under various applied strains (0%, 0.4%, 0.45%,
0.5%) (Fig. 6.20a). The WIS-P-M CSS exhibited better capacity retention, maintaining
stability even at a strain of 0.5% (99.2%), whereas the WIS-P CSS showed a
progressive decline in capacity across the strain spectrum. At a strain of 0.5%, the
WIS-P CSS delivered a capacity retention of 93.75%. Cyclic bending tests were
conducted to evaluate the long-term durability. After 10,000 bending cycles, the WIS-
P-M CSS retained 93.6% of its initial capacity, significantly outperforming the WIS-
P CSS, which retained only 80.4% (Fig. 6.20b). Moreover, under a static bending test
at a strain of 0.5%, the WIS-P-M demonstrated improved capacity retention (90.4%)
compared to the WIS-P CSS (77.1%), as revealed in Fig. 6.20c. The enhanced
electrochemical stability under mechanical stress is attributed to the more uniform

electric field distribution within the WIS-P-M CSS.

a

Figure 6.21 The practical application of the WIS-P-M CSS that is (a) powering an

electric thermometer and (b) driving a small fan.

Electrochemical performance tests under realistic load conditions were conducted to

assess the practical viability of the devices. The WIS-P-M CSS was able to power an

107



electronic thermometer while subjected to a 10 kg load (Fig. 6.21a). Moreover, the
device successfully powered a small fan under a substantial mechanical load (Fig.
6.21b). These observations confirm the mechanical robustness and electrochemical
reliability of the WIS-P-M CSS, which are critical for real-world applications that
require stable performance under mechanical stresses. The potential applications of
the WIS-P-M CSS span multiple technological fields, including autonomous aerial
vehicles, automotive systems, and aerospace engineering. Notably, the device's
versatility extends to applications requiring custom-shaped fabrication and controlled
deformation. This versatility underscores the significant potential of WIS-P-M CSS in
advancing structural energy storage technologies. Future research directions may
focus on optimizing the device's performance under diverse environmental stressors

and exploring its integration into complex, shape-adaptive structures.

6.5 Summary

In conclusion, the MXene-based CSS demonstrates a high energy density of 80 Wh
kg! and a flexural modulus of 33.80 GPa. Furthermore, the MXene-based CSS
maintains stable electrochemical behavior under load-induced deformation, which is
attributed to the uniform electric field modulated by MXene. Specifically, the dipoles
formed through hydrogen bonding between MXene and polymer chains accumulate,
generating a polarized electric field that balances the overall electric field distribution.
In situ mechano-electrochemical assessments and simulation results confirm that
MXene-based CSS sustains a more consistent electric field and higher capacity
retention under a strain of 0.5% compared to CSS without MXene. Notably, the device
retains 90.4% of its initial capacity after 10,000 mechanical load cycles, indicating

excellent long-term stability. The practical application of the prepared MXene-based
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CSS underscores their superior performance and ability to maintain electrochemical
properties by mitigating the effects of external mechanical forces. Additionally, the
versatility of such devices may expand the use of CSSs in custom-shaped fabrication

and scenarios requiring controlled deformation.
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Chapter 7 Stiff and Tough Anti-freezing

Electrolyte

Applying Zn-ion based multifunctional composite structural hybrid supercapacitors
(CSSs) at subzero temperature introduces significant constraints, primarily containing
polymer electrolyte crystallization and structural deterioration under mechanical
loading. The structural polymer electrolyte requires high ion conductivity and
mechanical robustness, wherein stiffness and toughness are essential for transferring
mechanical load between interlayers and preventing crack propagation. An
unconventional Hofmeister effect of chaotropic ClO4 anions was observed in anti-
freezing ethylene glycol (EG)-polymer, leading to simultaneous enhancements in the
stiffness and toughness of the polymer composite. The formation of strong and long
hydrogen bonding (SHB) among ClO4, EG, and the polymer matrix makes the
material stiff and tough. Benefiting from the superior freeze resistance and mechanical
strength, the fabricated CSS demonstrates exceptional electrochemical stability,
maintaining 90.9% of its initial specific capacity (61.06 mAh g') through 2000 cycles
at 0.3 A g'!' even under cyclic three-point bending test (at a strain of 0.6%) at subzero
temperatures. Furthermore, this investigation enhances the understanding of CSS
operation under both mechanical impact and subzero conditions, establishing design

principles for CSS applications.

7.1 Introduction

The increasing demand for high energy density storage systems has driven the

development of lightweight designs to extend the operational range of electric devices.
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Multifunctional CSESDs offer an effective strategy to reduce system weight by
integrating electrochemical and mechanical functionalities within a unified structure
[178, 179]. This design enables the CSESD, which concurrently stores electrochemical
energy and withstands mechanical stress, to serve as a viable alternative to traditional
structural components in automotive frames and aircraft structures [11, 180]. In this
way, the potential applications in volume- and weight-restricted fields, specifically in

electric vehicles and aerospace systems are significantly expanded [181].

Integrating energy storage components, such as multifunctional electrodes, separators,
and electrolytes, into CSESDs represents a rational strategy for achieving robust
mechanical strength without compromising electrochemical performance [30, 36]. As
energy storage units, zinc-ion batteries or hybrid supercapacitors have emerged as
safer alternatives to lithium-ion or sodium-ion batteries, to overcome their inherent
risks of thermal runaway due to structural failure under mechanical stress [30]. Zinc-
ion hybrid supercapacitors (ZIHSCs) demonstrate superior power density, ion
diffusion, and cycling stability relative to zinc-ion batteries, thereby facilitating their
integration into structural systems and reducing the need for frequent replacement [36,
182]. For practical applications of CSESDs including zinc-ion based hybrid composite
structural supercapacitors (CSSs), there is limited research on how to maintain
excellent electrochemical stability under mechanical load and at low temperature. To
achieve this requirement, the structural polymer electrolyte within CSSs should
simultaneously exhibit superior ionic conductivity and mechanical strength at low

temperatures.

The deterioration of electrochemical performance at subzero temperatures is primarily

caused by the freezing of the electrolyte, resulting from the formation of hydrogen
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bonds (HBs) between water molecules [183]. As a non-toxic, economically viable
strategy for frost resistance, the introduction of low molecular vicinal alcohols, such
as glycerol and ethylene glycol (EG), effectively disrupts the HB of water molecules
[184]. However, attributed to their minimal molecular mass and deficiency of double
bonds, the synthesis of EG molecules within polymer remains intricate and technically
challenging. Copolymerization of monomers in an EG-water binary system is a
reliable technique for fabricating polymer electrolytes. However, the mechanical
properties inevitably deteriorate due to the HB interactions between residual EG and
polymer chains, which disrupt the physically cross-linked polymer networks.
Furthermore, the formation of EG-polymer HB is also susceptible to dissociation
under deformation. To address the mechanical weakness, Mo et al. developed an EG-
based anionic polyurethane acrylate (EG-waPUA) with robust extended chains, which
are chemically anchored on the polymer chains, displaying notable mechanical
flexibility and durability under cryogenic temperatures [102]. Nonetheless, the

fabrication process requires precise control and rigorous conditions.

Recent studies have explored the Hofmeister effect to modulate polymer mechanical
strength, specifically utilizing the "salting out" phenomenon induced by kosmotropes
and the "salting in" effect caused by chaotropes. Conventionally, the chaotropic anions
augment elastic strain while reducing stiffness through promoting water-polymer HB
replacing polymer-polymer interactions [103, 185]. Conversely, kosmotropic anions
exhibit opposite effects on these mechanical properties [103, 185]. It is challenging to
simultaneously fulfill the dual mechanical requirements of stiffness and toughness for
CSS electrolytes operating at low temperatures, where the high stiffness enables the

electrolyte to effectively transfer mechanical load between layers, while the high
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toughness prevents crack propagation under loading conditions.

A multifunctional freeze-tolerant CSS equipped with a rationally designed composite
electrolyte with chaotropic ClO4 additives was fabricated to exhibit stable cycling
performance under mechanical stress at subzero temperatures. Unlike the conventional
Hofmeister effect in which C1O4” promotes elastic strain while compromising stiffness
[103], the synergistic effect of ClO4 and EG additives in our designed electrolyte
results in increases of both elastic strain and stiffness, leading to enhanced toughness,
compared to EG-based electrolytes in the absence of ClO4". Density functional theory
(DFT) calculations showed that the strong and long hydrogen-bonding (SHB) in
polymer electrolyte containing ClO4™ possesses a higher bond-breaking energy (0.5 eV)
than that of the weak hydrogen bonds in the ClO4-free polymer (0.37 eV).
Subsequently, this enhanced and lengthened hydrogen-bonding network enables
superior mechanical stiffness and toughness. Under sub-zero temperatures, the CSS
delivers a significant specific energy of 54.4 Wh kg™ and a flexural modulus of 29.28
GPa. More remarkably, the CSS maintains exceptional cycling stability with 90.9%
capacity retention after 2000 cycles, substantially outperforming the ClO4-free system
(72.8% retention after 938 cycles) under cyclic three-point bending (at a strain of 0.6%)
at -20 °C. For practical applications, the CSS is still well-functioned when embedded
in solid ice and subjected to impact and suspension conditions. This work
comprehensively addresses the crucial balance between mechanical integrity and
electrochemical performance in sub-zero environments, extending the potential

application for structural energy storage.

113



7.2 Structural characteristics and performance of SE-PAM

and CE-PAM

The polyacrylamide (PAM)-based polymer electrolytes were synthesized by adding
AM monomer, APS initiator, and MBA crosslinker into different salts of (ZnSO4 and
Zn(ClOs4)2) in EG-water binary or water solution, followed by thermal polymerization
rather than utilizing the conventional soaking method. The electrolyte systems
comprising ZnSO4 and Zn(ClO4): in an EG-water binary mixture and ZnSOs in a water
system are denoted as SE-PAM, CE-PAM, and SH-PAM, respectively. The
introduction of chaotropic ClO4™ anions [103, 185] into electrolytes significantly
modifies mechanical performance by modulating the molecular interactions. Digital
images in Fig. 7.1 show that SH-PAM electrolyte exhibits significant shrinkage after
48h, whereas the SE-PAM and CE-PAM electrolytes maintain their volume with
minimal changes. This stability is attributed to the hydrogen bonds formed between

EG and water, which effectively retain moisture and preserve high ion conductivity.

R 2B boesiip- domomrlhes ﬁ \:7
| 7 = i e
SH-PAM SE-PAM CE-PAM

1
et
1
d.
¢
1
1
1
1
A o e

1
1
1
1
1
1
1

-

g
1
1
1
1
1
Y A
1 \\
1 )
| | B
i
&

1
1
]

SH-PAM  SE-PAM: CE-PAM

Figure 7.1 Digital images of SH-PAM, SE-PAM, and CE-PAM electrolytes before

and after 48h exposure to air at 20 °C.
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Figure 7.2 Digital images of SH-PAM, SE-PAM, and CE-PAM electrolytes after

cooling at -20 °C for 24 h.

The anti-freezing properties of SH-PAM, SE-PAM, and CE-PAM electrolytes are
illustrated in Fig. 7.2. The SH-PAM without EG freezes into a solid at -20 °C, whereas
SE-PAM and CE-PAM do not freeze at -20 °C. In consequence, the incorporation of
EG into the electrolyte improved the anti-freezing property of the electrolyte due to

the formation of hydrogen bonds between EG and water.

SH-PAM, SE-PAM, and CE-PAM electrolytes exhibit retarded kinetics for oxygen
evolution reactions (OER) (Fig. 7.3a). At 20 °C, the ionic conductivity of CE-PAM
electrolytes reached 13.5 mS cm™! and maintained a high value (5.8 mS cm™) at -20 °C
(Fig. 7.3b-c). The reduced ionic conductivity of CE-PAM electrolyte at -20 °C is
primarily attributed to the restricted ion mobility at low temperatures. During the ice-
melting process, there is a sharp endothermic peak in the DSC curve (Fig. 7.3d). The
DSC curve exhibits a distinct endothermic peak at -18 °C for the SH-PAM electrolyte,
which is significantly higher than those for SE-PAM and CE-PAM. This observation
suggests that the introduction of EG molecules reduces the amount of free water by
forming hydrogen bonds between EG and water. Therefore, the SE-PAM and CE-

PAM demonstrate enhanced freezing resistance to lower temperatures
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Figure 7.3 (a) LSV curves of SH-PAM, SE-PAM, and CE-PAM electrolytes. (b) EIS
for CE-PAM electrolyte at 20 °C and -20 °C. (c) Ionic conductivity of CE-PAM

electrolyte at -20 °C and 20 °C. (d) DSC measurements for SH-PAM, SE-PAM, and

CE-PAM electrolytes.

To demonstrate the molecular interactions, density functional theory (DFT)
calculations were employed to determine the formation energy and binding energies
(Eb) between PAM chains and EG with and without ClO4™ addictive in SE-PAM and

CE-PAM celectrolytes (Fig. 7.4a).
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Figure 7.4 Structural characteristics from DFT results of SE-PAM and CE-PAM
electrolyte. (a) DFT results of binding energies (Ep) of PAM and EG molecules with
and without ClO4 additives. (b) Schematic illustration of weak HB interactions

between EG and PAM chains in SE-PAM and strong HB among EG, ClO4’, and PAM

chains in CE-PAM.

The computational results elucidate that breaking the HB between PAM and EG is an

endothermic reaction for both systems. Notably, the computed E, for the CE-PAM

system is 0.50 eV, which is much higher than that of SE-PAM (E, = 0.37 eV),
indicating that the introduction of ClO4 effectively enhances binding affinity between

PAM and EG. These results verify the synergistic effect of chaotropic ClO4 anions
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and EG additives, which strengthens the interaction between polymer chains, in
contrast to the traditional Hofmeister effect of ClO4™ that typically weakens such
polymer-polymer interactions. Consequently, as illustrated in Fig. 7.4b, the weak HB
between EG molecules and PAM chains exhibits a propensity for breaking during
deformation [102]. The robust HBs among ClO4, EG, and the polymer chains are
capable of maintaining structural stability and elastic deformation under load-bearing,
ensuring that the material can absorb and dissipate mechanical energy efficiently
without experiencing permanent deformation or failure. This characteristic allows the
CE-PAM to exhibit both resilience and strength, making it highly suitable for CSS

applications where mechanical stresses are encountered.

The mechanical properties of composite electrolytes were evaluated at subzero
temperatures. FTIR spectroscopy (Fig. 7.5a) suggests that the formation of strong HB
interactions in polymer electrolyte with Cl1O4™ anions, where the N-H stretching bonds
shift slightly to lower wavenumbers from 3478 and 3378 cm! to 3468 and 3371 cm’!
[176]. This shift can also be ascribed to the synergistic effect of Cl1O4 and EG, which
promotes the formation of strong hydrogen bonding among ClO4’, EG, and polymer
chains. The elastic modulus and breaking energy are indicators for stiffness and
toughness, respectively, which contribute to preventing deformation and crack-
induced deterioration under loading. Fig 7.5b shows the tensile stress-strain curves of
SE-PAM and CE-PAM electrolytes at -20 °C. The CE-PAM and SE-PAM indicate no
substantial breaking at small elongation and elastic deformation. The CE-PAM
polymer does not rupture until it reaches 888% elongation, with a tensile strength of
60.94 kPa, three times greater than that of SE-PAM with a comparatively low failure

tensile strain of 531%. Correspondingly, both the elastic modulus and mechanical
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toughness of polymer electrolytes considerably improved with the ClO4~ additive.
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Figure 7.5 Mechanical properties of SE-PAM and CE-PAM polymer electrolytes at
low temperature. (a) FTIR spectra of SE-PAM and CE-PAM electrolytes. (b) Tensile
stress-strain curves of SE-PAM and CE-PAM electrolytes at -20 °C. (c) The
corresponding elastic modulus and breaking energy. (d) Compressive stress-strain
curves of SE-PAM and CE-PAM polymer at -20 °C. (e-f) The optical images showing
the surface morphologies of the SE-PAM and CE-PAM after compression. Illustration
of the HB structures of the (g) SE-PAM and (h) CE-PAM electrolytes before and after

elongation.

In Fig. 7.5c, the elastic modulus (Young's modulus) and breaking energy of SE-PAM
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and CE-PAM at -20 °C were summarized. CE-PAM polymer demonstrates a much
higher elastic modulus (6.8 kPa) and breaking energy (270 kJ m™) than those of SE-
PAM, with an elastic modulus of 4.3 kPa and breaking energy of 61 kJ m™, indicating
strong SHB formation among ClO4’, EG, and the polymer chains due to the synergistic

effect of C1O4 and EG molecules.

SE-PAM Before 90% compression CE-PAM Before 90% compmsloi;

Figure 7.6 The optical images showing the surface morphologies of the (a) SE-PAM

and (b) CE-PAM before 90% compression.

The compression properties of electrolytes were further investigated under
deformation of over 90% at -20 °C. As displayed in Fig. 7.5d, the compressive stress-
strain curve of SE-PAM fractured at a compressive strain of approximately 80% with
low compressive stress because of the weak HB within the polymer matrix. However,
the compressive stress of CE-PAM increased significantly, accompanied by a smooth
compressive curve, displaying superior rigidity. The surface morphologies of the
electrolytes before and after the compression tests are shown in Fig. 7.6 and Fig. 7.5e-
f. Obviously, after compressing at a high strain of over 90%, the SE-PAM exhibited
poor mechanical properties with the propagation and multiplication of cracks, wrinkles,
and localized depressions on the surface, in contrast to the original smooth and flat

morphology, which corresponded to the sharp decrease in the compressive curve. By
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contrast, the CE-PAM sustained its original morphology after compression with the
absence of any evident fracture, indicating enhanced mechanical performance. The
improved mechanical strength is owing to the strong SHB that can maintain stability
without significant damage under tensile load (Fig. 7.5g-h). The weak HB between
EG and polymer chains fails to dissipate mechanical energy, causing energy
accumulation and crack propagation. However, the SHB interactions of ClO47, EG,
and polymer efficiently dissipate mechanical load and absorb energy, demonstrating
an unconventional Hofmeister effect of C1O4". This unique HB maintains rigidity and
network conformation while undergoing deformation, preventing the failure
development. These results further demonstrate the synergistic effect of C1O4 and EG,
enhancing the hydrogen interaction with the polymer chains, compared to the ClO4 -
free EG-polymer. Due to the robust and long HB absorbing and dissipating mechanical
energy with significant elastic deformation, the developed CE-PAM electrolyte
presents high elastic modulus and breaking energy, overcoming the trade-off between
stiffness and toughness observed in conventional Hofmeister effect and enabling low-

temperature CSS applications.

7.3 Electrochemical and mechanical characterization of CSSs

The electrochemical performance of CSSs with various electrolytes was evaluated.
The fabrication of SH-PAM-CSS, SE-PAM-CSS, and CE-PAM-CSS was conducted
by a wet lay-up method, enabling curing at ambient temperature under regulated
vacuum conditions (Fig. 7.7a). This process involved sequential layering of epoxy-
impregnated CFs and glass fibers (GFs), energy storage unit (CFs-AC cathode,
composite electrolyte, and Zn foil anode), and epoxy-infused GFs/CFs layers. The

integrated carbon fiber composite with an embedded energy storage unit using this
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technique demonstrates significant potential for an industrial scale. To evaluate the
ionic conductivity of CSS devices under extreme conditions, the electrochemical
impedance spectroscopy (EIS) analysis was conducted at 20, 0, and -20 °C and the
resulting data were fitted by an equivalent circuit (Fig. 7.8). Faradic charge-transfer
resistance (R¢) at high frequency reflects the efficiency of charge transfer. Over the
temperature range of 20 °C to -20 °C, the R values for CE-PAM-CSS and SE-PAM-
CSS exhibit a moderate increase, rising from 149.8 Q to 309.4 Q and from 179.4 Q to
320.9 Q, respectively (Fig. 7.7b-c). Due to the anti-freezing properties of the CE-PAM
and SE-PAM electrolytes, they exhibit high ionic conductivity even at -20 °C. In
contrast, the R¢ for SH-PAM-CSS drastically increases from 85.89 Q to 4709 Q,
implying that the electrolyte underwent freezing at low temperature (Fig. 7.7d).
Therefore, the introduction of EG into the electrolyte promotes the formation of HB
between EG and water molecules, thereby enhancing the low-temperature durability

of the electrolyte.

The GCD curves at various current densities were analyzed (Fig. 7.9 for 20 °C and Fig.
7.7e for -20 °C). The CE-PAM-CSS exhibits a slight decrease in specific capacity and
power density from 80.71 mAh g'!' and 64 Wh kg™! at 20 °C, respectively, to 68.9 mAh
gl and 54.4 Wh kg! at -20 °C. The CV profile of CE-PAM-CSS measured at -20 °C
exhibits a similar shape to that measured at 20 °C, demonstrating excellent ionic
conductivity (Fig. 7.10a). The maintenance of a good rate performance of CE-PAM-
CSS at -20 °C (Fig. 7.10b) implies the superior ion transport kinetics of CE-PAM
electrolyte at sub-zero temperatures. Fig. 7.7f presents the sequential cycling of CE-
PAM-CSS at temperatures ranging from 20 °C to -20 °C. When tested at -20 °C, the

CE-PAM-CSS device retains approximately 85% of its original capacity at 20 °C.
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Upon returning to 20 °C, the CE-PAM-CSS exhibits no significant capacity

degradation. The corresponding GCD results during the cooling-heating process are

shown in Fig. 7.7g.
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Figure 7.7 Fabrication and electrochemical characterization of CSSs with various

electrolytes. (a) Schematic illustration of the preparation of CSSs. EIS curves for (b)

CE-PAM-CSS (c) SE-PAM-CSS (d) SH-PAM-CSS at -20 °C, 0 °C and 20 °C. (e)
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Galvanostatic charge-discharge (GCD) curves of CE-PAM-CSS at -20 °C. (f) Cycling
performance of CE-PAM-CSS during the cooling-heating process. (g) The
corresponding GCD curves of CE-PAM-CSS during the cooling-heating process. (h)
Specific capacity and energy density of CE-PAM-CSS at -20 °C at different current
densities. (i) Ragone plot of mass specific power and energy densities of CE-PAM-
CSS at -20 °C and 20 °C compared with other reported values (based on * active
materials; ® electrode; © total energy storage unit mass of electrodes, electrolyte, and

separator; ¢ composite device)

Moreover, to provide a multifaceted analysis, the specific capacities and energy
densities were further calculated by mass, volume, and area based on active materials,
electrodes, or composite devices at 20 °C and -20 °C (Fig. 7.11-7.12 and Fig. 7.7h).
Notably, at -20 °C, the CE-PAM-CSS can deliver a specific capacity of 34.65 mAh g
U'even at 1.5 A g’!, manifesting exceptional rate performance. When evaluated as an
integrated  device, the CE-PAM-CSS  maintains  high  values for
gravimetric/volumetric/areal specific capacities (1.9 mAh g'/3.8 mAh cm?/1.3 F cm
2), energy densities (1.6 Wh Kg''/3.0 Wh cm™/0.5 Wh cm™), and power densities (4.7
W Kg/7.7 W ecm3/1.4 W cm™) at -20 °C. Ragone plot based on weight, area, and
volume [96, 98, 152, 153] (Fig. 7.71, Table 7.1, and Fig. 7.13a-b) reveals that the CE-
PAM-CSS maintains superior energy density at low temperature, surpassing other
research work reported in the literature. Its energy density is even comparable to that

of structural batteries at room temperature [186].

Table 7.1 Comparison of energy density and power density of different composite
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structural supercapacitors (CSSs).

CSSs Energy density Power density Ref.
(Wh-kg™) (W-ke™)
CNT fiber/Polymer electrolyte 0.375° 30° [160]
interleaves
CF-CSS 0.0016¢ 0.193¢ [174]
N-doped CF 1.93° 39.2° [187]
CF-structural battery 75% 1052 [186]
5:5 NiCo-LDH-CSS 0.191¢ 1.508¢ [97]
LEID-3 0.034¢ 0.34¢ [96]
CF/MnO> 0.0122¢ 2.214 [3]
MnOOH-NWs@WCF 0.00812¢ 4.73684 [175]
CE-PAM-CSS (20 °C) 64° 163.17° This work
18.824° 47.99°
1.8294 4.6614
CE-PAM-CSS (-20 °C) 54.4° 163.2°
16° 48P
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1.5544 4.6639

4 Normalized based on active materials.

® Normalized based on electrode weight.

¢ Normalized based on total cell weight of electrodes, electrolyte, and separator.

4 Normalized based on composite device.
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Figure 7.8 Schematic of the equivalent circuit used in the EIS measurements.
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Figure 7.9 GCD profiles of CE-PAM-CSS at different current densities at 20 °C.
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Figure 7.14 The multifunctionality evaluation of CSSs at -20 °C. (a) Three-point
bending tests of SE-PAM-CSS and CE-PAM-CSS. (b) Shear stress curves of SE-
PAM-CSS and CE-PAM-CSS. (c) Ragone plot of the re (yme) of SE-PAM-CSS and

CE-PAM-CSS compared with other devices reported in the literature.

The mechanical properties of the CSSs were studied, followed by an in-depth
evaluation of their multifunctionality. Results from the three-point bending tests
indicate that the CE-PAM-CSS sample outperforms the SE-PAM-CSS, with a flexural
strength of 293.78 MPa and a flexural modulus of 29.28 GPa, compared to 218.1 MPa
and 16.91 GPa, respectively, of the SE-PAM-CSS (Fig. 7.14a). This enhancement can

be ascribed to the formation of SHB induced by the synergistic effect of C104 and EG.
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Moreover, shear stress is another key factor affecting mechanical strength, as it
directly correlates with the interfacial adhesion forces between composite layers.
These adhesion forces, in turn, control the efficiency of load transfer across the device
structure. As shown in Fig. 7.14b, the CE-PAM-CSS exhibited a shear stress of 26.45
MPa, exceeding that of SE-PAM-CSS (20.55 MPa), thereby significantly improving

its overall mechanical strength due to the formation of SHB in composite electrolyte.

Based on the combined assessment of electrochemical and mechanical performance,
the concept of multifunctional efficiency nme [5] was introduced, which can be
described as nme = MM + NE, where 7w is the mechanical efficiency, and #g presents
the electrochemical efficiency. Specifically, #m is the ratio of the mechanical
performance (e.g., flexural modulus and strength) of the structural device to that of a
pure carbon fiber composite, while 7 compares the electrochemical capacity of the
CSSs with that of a Zn-ion hybrid supercapacitor using liquid electrolyte, both under
zero external load. Previous studies suggest that an #me value greater than 1 signifies
that multifunctional energy storage devices provide a weight-saving benefit over
traditional monofunctional systems [3]. Quantitative analysis shows that the CE-PAM-
CSS device achieves 69.0% of the flexural strength and 54.1% of the areal capacitance
relative to the baseline samples, resulting in an #mg of 1.23, higher than that of the SE-
PAM-CSS (1.09). In Fig. 7.14c, the yme of CE-PAM-CSS exhibits superior
performance compared to previously reported systems [3, 12, 157-159, 18§],
indicating a significant advancement achieved by CE-PAM-CSS in integrating

mechanical and electrochemical functionalities.

7.4 In situ mechano-electrochemical tests of CSSs

129



An in situ mechano-electrochemical analysis was implemented to characterize the
long-term durability of CSSs under cyclic three-point bending tests at subzero
temperatures. As for the loading-unloading process, the time for one mechanical cycle
is about 1000 s. As displayed in Fig. 7.15a, the SE-PAM-CSS exhibits a capacity
retention of 111.2% after 2000 cycles at -20 °C. However, under cyclic loading-
unloading process, this value declines to 72.8% after 938 cycles, with notable
fluctuations in stability. In contrast, the CE-PAM-CSS displays exceptional cycling
stability, maintaining a capacity retention of 103.1% after 2000 cycles, with only a
slight decrease to 90.9% under identical stress conditions (Fig. 7.15b) at -20 °C. In the
corresponding successive bending cycle tests, the SE-PAM-CSS shows an almost
plateau with a certain degree of reduction in maximum stress in the final several cycles,
while the CE-PAM-CSS demonstrates a plateau with no significant decline. In the
corresponding final ten mechanical stress cycles, SE-PAM-CSS and CE-PAM-CSS
both display integrality and symmetry, consistent with the first ten cycles (Fig. 7.16a-
b), indicating the durability of the entire device. Following mechanical stress cycling,
obvious ripple propagation is observed in the GCD curves of SE-PAM-CSS (Fig.
7.16¢), whereas only moderate ripples appear on that of CE-PAM-CSS at the 2000th
electrochemical cycles (Fig. 7.15¢). The CE-PAM-CSS exhibits stable repeatability in

the associated cyclic flexural stress-strain curves (Fig. 7.15d).
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Figure 7.15 In situ mechano-electrochemical tests of SE-PAM-CSS and CE-PAM-
CSS under cyclic external force at subzero temperature. Cycling stability of (a) SE-
PAM-CSS and (b) CE-PAM-CSS under no load or cyclic loading-unloading process
up to a flexural strain of 0.6% during the in situ mechano-electrochemical test at -20 °C.
(c) Related GCD curves of CE-PAM-CSS at different cycles under cyclic stress at -
20 °C. (d) Associated cyclic flexural stress-strain curves of CE-PAM-CSS at
differential stress cycles at -20 °C. (e) Capacity retention of CE-PAM-CSS encased in

ice subjected to repeated violent hammer strikes. (f) Practical application of suspended

CE-PAM-CSS at -20 °C.
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In Fig. 7.16d, the flexural stress-strain curves of SE-PAM-CSS decrease in maximum
stress from the first stress cycle to the 356th cycle. Scanning electron microscopy
(SEM) was employed to examine the cross-sectional morphology of SE-PAM-CSS
and CE-PAM-CSS before and after loading-unloading cycling. SEM picture of initial
SE-PAM-CSS reveals a uniform and dense composite structure (Fig. 7.17a). However,
after loading-unloading and charge-discharge cycling, the device exhibits significant
cracks within the SE-PAM electrolyte matrix and along the electrode-electrolyte
interface (Fig. 7.17b). Conversely, the CE-PAM-CSS device demonstrates remarkable
structural stability, with only minor cracks developed in the electrolyte (Fig. 7.18a-b).
This enhanced electrochemical cycling stability under cyclic mechanical stress at low
temperature can be ascribed to the low temperature tolerance of the strong SHB
interaction in the CE-PAM that simultaneously enhances the mechanical stiffness and

toughness of the composite electrolyte.

The functionality of CE-PAM-CSS under mechanical stress at low temperature was
evaluated. It shows remarkable stability throughout 100 cycles of high-intensity
hammer strikes (Fig. 7.15¢e). As displayed in Fig. 7.15f, the suspended CE-PAM-CSS

is capable of operating a small fan at subzero temperatures.
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Figure 7.16 (a) Successive bending cycle curves of SE-PAM-CSS during the first ten
cycles at -20 °C. (b) Successive bending cycle curves of CE-PAM-CSS during the first
ten cycles at -20 °C. (c) Related GCD curves of SE-PAM-CSS at different cycles under
cyclic stress at -20 °C. (d) Cyclic flexural stress-strain curves of SE-PAM-CSS at

different stress cycles at -20 °C.

Figure 7.17 Cross-sectional SEM images of SE-PAM-CSS (a) before and (b) after
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cycling.

&l CE-PAM-CSS CE-PAM-CSS

Figure 7.18 Cross-sectional SEM images of CE-PAM-CSS (a) before and (b) after

cycling.

Figure 7.19 (a) Application of CE-PAM-CSS sealed in solid ice and (b) subjected to

repeated violent hammer strikes.

In Fig. 7.19a-b, CE-PAM-CSS encased in ice can light up an electronic thermometer
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and still work under repeated hammer strikes. These results provide compelling
evidence that the CE-PAM-CSS can sustain both exceptional mechanical and
electrochemical performance at subzero temperatures. This work provides valuable
insights for the design optimization of CSSs, potentially expanding their applicability

at subzero temperatures.

7.5 Summary

The synergistic effect of chaotropic ClO4™ anions and EG was elucidated that it can
break the trade-off between stiffness and toughness in CE-PAM polymer electrolyte.
Simulation results confirm that the mechanical enhancement is attributed to the strong
HB among the ClO4, EG molecules, and polymer chains, replacing the weak HB
formed between the EG and polymer chains in anti-freezing EG-based electrolyte
without ClO4". The composite electrolyte, with enhanced and elongated HB, requires
greater force to deform and absorbs more energy, allowing for significant without
fracture. The CE-PAM electrolyte exhibits improved elastic modulus (6.8 kPa) and
breaking energy (270 kJ m™), demonstrating the enhanced stiffness and toughness.
The energy density of the fabricated CE-PAM-CSS reaches 54.4 Wh kg™! at the power
density of 163.2 W kg! at subzero temperatures. The CSS displays flexural modulus
and flexural strength values of 29.28 GPa and 293.78 MPa, respectively. In-situ
mechano-electrochemical testing reveals that, due to the robust SHB in electrolyte, the
developed device maintains 90% of its initial capacity after 2000 cycles under cyclic
mechanical stress at -20 °C. The capability of the CSS to simultaneously maintain
mechanical integrity and electrochemical functionality at subzero temperatures

presents feasible approaches to design and fabrication of CSSs.

135



Chapter 8 Conclusion and Recommendations

for Future Work

8.1 Conclusion

Considering the demand for high energy density, lightweight energy devices have
attracted considerable attention from researchers. In this thesis, the design of
multifunctional CSSs was proposed to optimize the balance between electrochemical
performance and mechanical properties. The coupling effects between electrochemical
and mechanical performance, structural failure mechanisms, and capacity decay under
mechanical loads and other extreme conditions were systematically investigated. Thus,
firstly, it was proposed that external mechanical stress accelerates energy unit failure
caused by the electrochemical cycling. In the second study, a snap-on
electrode/electrolyte interface was designed to reinforce the structural integrity of the
energy storage unit, thereby enhancing electrochemical cycling stability under external
stress. In the third study, the impact of deformation induced by external loads on the
electric field was examined and MXene-based composite electrolyte was fabricated to
uniformly distribute the electric field. In the fourth study, an anti-freezing stiff and
tough composite electrolyte was developed to maintain stable electrochemical cycling
performance and high mechanical strength under bending stress at low temperatures.

The key findings from each study are outlined below:

Despite some advancements in CSSs, research on the effect of electrochemical cycling
on structural failure, particularly under applied loads, remains limited. Some dedicated

simulations for CSSs also remain rare. The electrochemical cycling-induced fatigue
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failure of an all-solid-state Zn-ion CSSs integrating the composite electrodes and
electrolytes was investigated. It was demonstrated that the electrochemical cycling
process induces mechanical-like fatigue stress as a result of volume changes caused
by the ion concentration gradient. Furthermore, the combination of charge-discharge
fatigue stress and applied loads leads to a greater cumulative fatigue stress, which

ultimately promotes structural degradation and electrochemical deterioration.

The snap-on structure was designed to interlock the electrode/electrolyte interface,
thereby preventing sliding between multiple layers in the energy storage unit. The
unique energy storage unit structure was fabricated by the in-situ polymerization
process. The snap-on structure of the CSS can enhance adhesive bonding at the
electrolyte and electrode interface, resulting in improved shear stress. The strong shear
strength enables the multiple layers to share a nearly common neutral axis, thereby
allowing effective load transfer in the battery laminate during a three-point bending
test, ultimately enhancing the overall mechanical properties. The interlocked interface
more effectively transfers load than the sandwich structure. The strong adhesive
bonding of the structural supercapacitors provides high specific capacitance and stable

cycling performance, even under external bending.

Deformation in CSSs under external loading induces heterogeneous electric field
distributions. Therefore, maintaining a uniform electric field is essential for improving
the electrochemical performance of CSSs. A Zn-ion material-level hybrid CSS system
with an MXene-based electrolyte was fabricated to mitigate the perturbations in
electric field. The polarized electric field, generated through hydrogen bonds between
MXene and polymer chains, effectively modulates the electric field distribution within

CSS under mechanical stress. Furthermore, MXene significantly enhances the ionic
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conductivity of electrolytes and improves mechanical properties.

It is challenging to simultaneously fulfill the dual mechanical requirements of stiffness
and toughness for composite electrolytes operating at low temperatures, where the
high stiffness enables the electrolyte to effectively transfer mechanical load between

layers, while the high toughness prevents crack propagation under loading conditions.

A multifunctional freeze-tolerant structural supercapacitor equipped with a rationally
designed composite electrolyte with chaotropic ClO4 additives exhibiting stable
cycling performance under mechanical stress at subzero temperatures. Unlike the
conventional Hofmeister effect in which ClO4 promotes elastic strain while
compromising stiffness [103], the synergistic effect of C104™ and EG additives in the
designed electrolyte results in increases of both elastic strain and stiffness, leading to

enhanced toughness, compared to EG-based electrolytes in the absence of Cl1O4".

For the scalability, it is important to maintain the stable and consistent properties of
the device, while minimizing the variation of water content, size, and state of the
hydrogel that may significantly affect the properties. The cost of the device ranges

from 1071-1428 $.

8.2 Recommendations for Future Work

Fundamental understanding of mechano-electrochemical coupling remains a critical
area of research in CSESDs. In such systems, the interactions between applied
mechanical stress/strain and electrochemical processes are complex and often lead to
structural failure and deterioration in electrochemical performance. Investigating
mechano-electrochemical coupling is an essential strategy for optimizing both the

design and application of CSESDs. Volume changes in the electrodes during
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charge/discharge cycling can lead to the debonding of the electrode/electrolyte
interface or the formation of cracks in both the electrode and electrolyte materials. This
degradation significantly increases impedance and reduces system performance,
resulting in additional heterogeneity of stress distribution and reaction dynamics.
Moreover, the accumulation of point defects and dislocations in both the electrode and
electrolyte matrices, which are influenced by the applied mechanical loads, further
exacerbates these effects. There is a clear need for further research to explore the
coupling between mechanical forces and electrochemical performance, with a
particular focus on the distinct failure mechanisms induced by external mechanical
forces versus electrochemical cycling. Furthermore, understanding the mechanisms of
crack propagation under the combined influence of electrochemical and mechanical
loading is crucial, as well as examining the roles of varying voltages, currents, and
external forces in these processes. To minimize mass and achieve optimal
multifunctional performance, CSESDs must simultaneously exhibit both superior
mechanical and electrochemical properties. These systems are typically required to
possess high mechanical strength in multiple directions. Despite the use of CFs,
conventional rectangular-shaped batteries often meet only the tensile and shear
strength requirements, while their bending strength remains relatively low. Thus, to
address this limitation, strategies such as incorporating binders and adopting solid-
state electrolytes are essential for improving both mechanical durability and
electrochemical performance in CSESDs [55]. CSESDs are typically required to
demonstrate a cycle life of hundreds or even thousands of cycles. However, CF-based
electrodes generally exhibit a cycle life limited to only tens of cycles. Therefore,
further modifications, such as exploring surface coating like Al>O3 on carbon fibers

on enhance cycling stability, are necessary to enhance their cycling performance [133].
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Currently, most studies on CSESDs remain in the early stages of concept
demonstration, with limited consideration of management and cooling systems in
practical applications. CSESDs are often subjected to more extreme operating
conditions, and their performance stability under mechanical loads is crucial for real-
world implementation. For instance, continuous external loads and resulting
deformations can lead to misalignment and the formation of cracks within the energy

unit. Therefore, the design of structural batteries must account for these challenges.

Conversely, electrochemical cycling can also compromise mechanical performance.
The volume changes of electrodes during charge-discharge cycles can adversely affect
the interfaces between electrode particles and other components [163, 189], and result
in worse mechanical performance, especially flexural properties. Similarly, the
evolution of the solid electrolyte interphase (SEI) can also influence the interfaces
within the system. Repeated lithiation and delithiation cycles can degrade CFs,
potentially resulting in the mechanical failure of the entire device. Although such
fatigue tests have seldom been included in previous studies, they should be given

greater emphasis in future research.

Safety is even more critical for CSESDs due to the mechanically demanding operating
conditions they endure. Consequently, safety requirements for structural batteries
should be more stringent than those for conventional batteries. Additionally, the mass
and volume of any additional protective measures must be considered when evaluating
the multifunctional efficiency of the entire system. As discussed in the studies [156],
safety tests should be indispensable when the field approaches practical applications.
To achieve a high multifunctional efficiency and enhanced safety simultaneously,

researchers may consider adopting nonflammable liquid electrolytes, solid-state
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electrolytes, thermally stable separators and binders, smart designs of current

collectors, and strong and lightweight external protections.

The integration of CF current collectors with active electrode materials in a scalable
and cost-effective manner remains a significant challenge. Additionally, the
maintenance and replacement of these systems must be considered for practical
applications. For instance, the maintenance or repair of CSESDs embedded in aircraft
wings or vehicle chassis is likely to be far more complex than that of CSESDs used in
portable electronics. Particularly, when multiple cells are integrated into a single
structural unit, it may be necessary to replace all cells and even the structural
components, even if only one cell experiences a mechanical or electrochemical
malfunction. [86]. Therefore, the development of advanced battery management
systems and a comprehensive understanding of maintenance are crucial, given the
strong coupling between electrochemical and mechanical processes [95]. Certain
applications, such as those in aviation and military sectors, can accommodate higher
costs. However, for large-scale applications like electric vehicles, the cost of structural

batteries must be reduced to a more economically feasible level.
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