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Abstract

Recent advancements in Li and Li-ion based energy storage resulted in

development of novel electrode materials for higher energy density which are

finding their applications in transportation. There appears to be a limita-

tion in improvement of specific energy of the system based solely on design

of material compositions for multivalent intercalation compounds. In addi-

tion, higher energy stored by the system implies need for addressing safety

concerns especially when it comes to large automotive battery packs. New
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approaches for improvement of both energy density and safety of batteries

are emerging, where multifunctionality of the materials and/or architectures

is utilized. This article presents a review for such approaches from mul-

tifunctional current collectors to design of batteries capable of supporting

mechanical loads and thus possessing ability to be used as a structural com-

ponent.
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1. Introduction1

The concept of an electrochemical energy storage device has been per-2

ceived for a long time as a separate system with the sole role of providing3

electrical current to the external load. Such system would require protective4

measures in terms of physical barrier against any mechanical impacts as well5

as cooling and battery management systems (BMS). Such perception domi-6

nated the research since the first introduction of Li-ion batteries to the market7

by SONY [1]. Significant efforts undertaken by the research community have8

led to development of multiple new materials for electrodes in addition to9

progress in processing and manufacturing [2]. This resulted in incremental10

increase of specific energy of cathodes, which are the limiting electrodes in11

terms of potential and capacity of the cell. A good example is the progress12

made with the layered transition metal oxide compounds where increase13

in nickel content LiNi1/3Mn1/3Co1/3O2 (NMC333) [3] - LiNi0.5Mn0.3Co0.2O214

(NMC532) [4] - LiNi0.6Mn0.2Co0.2O2 (NMC622) [5]-15

LiNi0.8Mn0.1Co0.1O2 (NMC811) [6] has resulted in the overall increase in us-16

able capacity from 150 mAh/g (NMC333) to 200 mAh/g (NMC811) [5, 7].17

Novel materials and processing methods for the negative electrodes have also18

been developed [7–10]19

While materials research and discovery resulted in development of elec-20

trodes with increased capacity and fast charging capabilities [11], the cell21

and system level energy density still needs improvement. The structure of22

3



the typical cell sandwich, a unit block of a cell and battery, involves sig-23

nificant amounts of inactive components in form of metal current collectors24

(copper on the negative side and aluminum on the positive side of the elec-25

trode pair) and separators. This reduces both volumetric and gravimetric26

energy densities of a single electrode pair. With the addition of cell packag-27

ing material (pouch of pouch cells, or cans used for prismatic and cylindrical28

cells), module enclosures, battery enclosures and protective structures, the29

useful volumetric energy density decreases even further. Implementation of30

multifunctional concepts and materials in batteries can eliminate some of the31

inactive components in battery structure. Developments in this area are ex-32

pected to provide significant improvement in performance of energy storage33

systems in addition to discovery of new Li (or other) ion host materials for34

electrodes.35

Multifunctionality has been an actively pursued concept in engineering36

and covers a wide range of applications [12, 13]. In this regard, it is rather37

more suitable to utilize the notion of multifunctional materials systems, which38

covers materials and composites as well as structures [12]. Usually the mul-39

tifunctional materials applications combine intrinsic material properties of40

responding to external stimulus with some degree of integration into struc-41

tures. The response to stimulus can have different forms, which most fre-42

quently include: response to temperature (shape memory alloys), response to43

mechanical stress (piezoelectric), response to electric current (piezoelectric,44

dielectric elastomers), and response to magnetic field (magnetorheological45

fluids). These properties are utilized by embedding the devices in structures46

for sensing, vibration damping, energy harvesting, heating and cooling, etc.47
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Excellent reviews can be found in [12, 13]. Multifunctional systems can span48

different length scales, depending on the target properties and application.49

As a good example, carbon nano-tubes (CNTs) can serve as reinforcement for50

composites (meso- and macro-scale) utilizing their high strength. Such com-51

posites in turn serve as structural components. Other properties of CNTs,52

such as high electrical and thermal conductivity, allow expansion of multi-53

functionality and usage of CNT-based composites in applications for heat54

dissipation [14] and mechanical damage sensing [15].55
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Figure 1: Battery multifunctionality aspects considered in this review: multifunctional

structural batteries (materials to cells to batteries integrated into structures) and multi-

functional battery components for safety . [16–21]

While multifunctionality in composite structures has been explored rela-56

tively well, mostly from the mechanics view point, multifunctionality applied57

to energy storage is a rather new subject. One of the earlier examples is the58

structural battery introduced by Liu et al [22] and Ekstedt et al [23]. Most59

recent reviews can be found in [24, 25]. In addition to load bearing capabil-60

ities, multifunctionality, when applied to batteries should result in improved61
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safety and performance without sacrifice of stored energy per unit mass and62

volume. In this report we summarize achievements in this area that cover63

both multifunctional materials and multifunctional structures utilized for64

energy storage purpose. An overview of multifuntional energy storage ap-65

proaches is given in Fig. 1. The structure of this review will follow Fig. 166

with the discussion of multifunctional materials and concepts for battery cell67

components, battery cells, embedded batteries, and finally battery safety.68

2. Structural batteries69

Following the notion of multifunctional materials systems [12], the struc-70

tural batteries can be designed based on the two main concepts [26]. The71

first approach is to make a multifunctional battery material from multifunc-72

tional constituents. For example, structural battery composite electrodes73

can be made from carbon fibers in an matrix electrolyte material [27]. In74

this case, the electrolyte, typically represented by an ion conducting poly-75

mer, is capable of some mechanical load transfer and is termed a structural76

battery electrolyte (SBE) [28]. Neat carbon fibers (CF) are used in a struc-77

tural negative electrode, exploiting their high mechanical strength (2-4 GPa78

tensile strength [29, 30]), excellent lithium insertion capacity (280 mAh/g79

[31]) and high electrical conductivity (4.9 S/cm ). Carbon fibers coated with80

a cathode active material can be used as the structural positive electrode.81

Here, the cathode material (for example lithium iron phosphate [27]) is the82

electrochemically active component and the fibers carry mechanical load and83

conduct electrons. The surrounding SBE is a lithium ion conductor and84

transfers mechanical loads between fibers. With these constituents, struc-85
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tural battery cells intrinsic to the structure can be realized [27].86

The second approach is to design a multifunctional component, in which87

the battery cells are distributed within a load supporting structure. In this88

case the battery cells are not designed for strength as they do not participate89

in mechanical load transfer, although they are embedded in the structure [26,90

32]. In a recent paper Hopkins et al [33] labeled the multifunctional materials91

as coupled and the multifunctional components as uncoupled systems and92

presented an overview of their performance. In what follows we consider93

both approaches. It should be mentioned however that so far, uncoupled94

systems, i.e. multifunctional components, demonstrate superior combination95

of stiffness and specific energy values compared to those of the coupled ones96

[33].97

2.1. Li-ion battery cells with enhanced sti�ness and strength98

One of the earliest approaches to multifunctionality of energy storage99

devices is modifying battery structure to re-design it as a structural com-100

ponent. In this way, the load bearing capability of the battery is used in101

structural elements and therefore mechanical properties (typically flexural102

stiffness) need to be enhanced by introducing high-strength materials into103

the cell composition. Each of the battery cell components, electrodes, sepa-104

rator, and electrolyte, can be enhanced to provide higher strength of the cell.105

Simultaneous enhancement of several components is preferable, especially if106

such approach eliminates one or several inactive components in a battery107

cell, as it increases the degree of multifunctionality. The increase in overall108

cell stiffness should introduce no or minimal decrease in energy and power109

density in order to justify multifunctionality.110
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2.1.1. Structural battery electrolytes and separators111

The SBE matrix needs to be formulated to simultaneously allow for112

lithium ion conduction while providing mechanical load transfer and sta-113

ble interface with other battery cell constituents. Research to realise highly114

multifunctional SBEs is briefly described below. In majority of cases poly-115

mers with lithium salts are used as electrolytes in structural batteries. An116

ideal polymer electrolyte needs to be strong enough to eliminate the need for117

the battery separator and yet retain high ionic conductivity. Simultaneous118

increase in stiffness and in ionic conductivity presents the major roadblock119

for the development of structural polymer electrolytes as these two proper-120

ties seem to be inversely correlated. In [34] a new series solid poly(ethylene121

oxide)-methacrylate lithium ion conducting electrolytes with varying content122

of thio-ether segments were introduced and the elastic modulus was enhanced123

via ultraviolet (UV) curing. Ionic conductivity increased with increase in124

thiol content and was achieved as high as 8�10−7 S/cm [34]. Unfortunately,125

as an associated trade-off, it was determined that an increase in content of126

thio-ethers decreased the flexural rigidity of the material. With the high-127

est achieved elastic modulus of approximately 2 GPa, the ionic conductivity128

remained rather modest 1:2� 10−8 S/cm.129

Such a trade off between elastic modulus and ionic conductivity appears130

typical for polymer electrolytes, as summarized in a comprehensive report131

by J.F. Snyder et. al. [28]. The study investigated effects of different formu-132

lation variables, such as salt concentration, concentration of the vinyl ester133

in solvent-free vinyl ester resins, inclusion of hardening agents, etc. The ob-134

served overall trend shows that ionic conductivity decreases with increase135
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in mechanical stiffness [28]. The correlation between ionic conductivity and136

modulus in compression is shown in Fig. 2 and the corresponding nomen-137

clature describing different types of vinyl ester derivatives of poly(ethylene138

glycol) (PEG) is arranged in Table 1. A sharp decrease in ionic conductivity139

can be observed followed by a plateau at around 2�10−8 S/cm for electrolytes140

stiff enough to be considered for structural applications (elastic modulus141

greater than 1 GPa).142

Table 1: Nomenclature for vinyl ester PEG derivatives for Fig. 2 [28]

mXn-Y

m X n Y

number of vinyl

ester groups

M!methacrylate

number of

glycol units

OH! hydroxyl

A! acrylate OMe!methoxy

BPA! bisphenol-A

TMP! trimethylpropane

PE! pentaerythitol

It is therefore likely that the design of electrolytes for structural batteries143

would involve composites containing polymer and ionic conducting ceramics144

or glass phases to increase strength, Fig. 3. This area has already attracted145

a significant amount of research spanning several decades [36–58], in which146

almost exclusively particulate composites of hard ceramics and soft poly-147

mer phase are considered [59]. Composites with non-conductive ceramics148

(e.g. alumina) [36, 43–45] have been proposed as a means to enhance elas-149

tic modulus. In addition, composites in which both phases conduct Li ions150
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Figure 2: Conductivity as a function of modulus for the materials in Table 1 [28].

Figure 3: Types of structural battery electrolytes. [35]

[37, 41, 48, 54{56] have been fabricated in order to utilize high ionic conduc-151

tivity of crystalline garnet-type materials. While generally good mechanical152
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strength and manufacturability have been achieved [50], such composites suf-153

fer from high interfacial impedance between polymer and ceramics or glass154

phases [52, 53]. This results in ionic transport path which excludes highly155

conductive ceramics particles, thus lowering the expected e�ective conduc-156

tivity. Numerical modeling [49] shows that in order to achieve su�cient157

improvement in both ionic conductivity and mechanical sti�ness, the com-158

posite must have very high volumetric fraction of the ceramic phase (60vol%159

and higher). Consequently, composites with high ceramics loading, in which160

the approach of "ceramics in polymer" was shifted towards "polymer in ce-161

ramics", have been fabricated [50, 56] and demonstrated good ionic conduc-162

tivity (1 :2 � 10� 6 - 6:2 � 10� 5 S/cm) together with stable electrochemical163

cycling. Further improvement has been achieved by partially sintering the164

network of ceramics particles with subsequent back-�lling of such intercon-165

nected sca�old with polymer electrolyte [57, 58]. Following this approach,166

a composite electrolyte membrane was made containing partially sintered167

lithium aluminum titanium phosphate (LATP) glass-ceramic particles and168

crosslinked poly(ethylene glycol) diglycidyl ether (PEGDGE) polymer mixed169

with Je�amine ® and Lithium bis-tri
uoromethanesulfonimide (LiTFSI). The170

resulting composite showed good ionic conductivity (order of magnitude im-171

provement over composite with dispersed particles) as well as good equibi-172

axial mechanical strength of 20 MPa [58]. The design of the electrolyte is173

schematically shown in Fig. 4 where the ionic transport is shown to occur174

through the conductive ceramic particles (numerical simulation in Fig. 4(a)).175

In addition to particulate composites, the SBEs with �ber reinforcements176

have been made [60{62]. In one particular case, the composite was made177
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Figure 4: Partially sintered strucural electrolyte [58]. (a) simulation showing ionic current


owing through the ceramics phase; (b) measured ionic conductivity

.

by in-situ cross-linking poly(ethylene oxide) (PEO) inside the woven glass178

�ber mat [61]. Such approach resulted in very high tensile modulus of the179

composite, above 1 GPa, which was unachievable by any polymer electrolytes,180

especially if plasticizers were used to improve conductivity. The high modulus181

was attributed to dynamic hydrogen and ionic bonding interactions between182

glass �bers and PEO-based electrolyte.183

An alternative route to realize highly multifunctional SBE matrices for184

structural batteries is to make two-phase bi-continuous material systems [63{185

65]. Here, the two-phase SBE composite material is designed as a porous186

polymer "sponge" �lled with a liquid electrolyte. The role of the polymer187

phase is to transfer mechanical loads, whereas the liquid electrolyte allows188

for Li-ion transport to realize the battery functionality [63]. This concept is189

somewhat similar to the described above approach for partially sintered com-190
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posite electrolytes, except the liquid electrolyte in this case functions only as191

ionic conductor while the sintered ceramic sca�old can support external load192

in addition to providing pathway for ionic current. Ideally, such inhomo-193

geneous SBEs can simultaneously accommodate high ion-conductivity and194

elastic modulus (or mechanical strength). Ihrner et al. [64] and later Schnei-195

der et al. [65] developed highly improved bi-continuous SBEs for structural196

batteries. Ihrner et al. [64] combined a conventional liquid solvent/Li-salt197

electrolyte with a bis-phenol-A based methacrylate monomer that resembled198

a conventional vinyl ester resin often used for advanced composites. Fully199

phase separated SBE with two percolating intermingled phases was made by200

photo-induced free radical polymerization of the monomer system. Using dif-201

ferent monomer, sti�ness values in the range of 360-750 MPa were obtained202

while simultaneously having ion conductivity in the range 1� 2� 10� 4 S/cm.203

The presence of two percolating phases was veri�ed since the SBEs showed204

structural integrity even after liquid electrolyte was fully extracted from the205

SBE. When applied to structural anodes, the utilized photopolymerization206

is however of limited use as CF composites are not transparent to UV-light.207

Therefore, a thermally induced polymerization route was also developed [65].208

This thermally induced polymerization process allows for conventional209

production processes used for composite manufacturing. An optimized cur-210

ing scheme was 80� 90oC for 30 minutes which yielded a monomer conver-211

sion more than 90%. Schneider et al. [65] further demonstrated that the212

thermal curing could be performed in presence of carbon �bers without any213

impact on the curing rate. The thermally cured SBEs exhibited a similar214

morphology with structural features in the submicron range as the UV-cured215
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Figure 5: Schematic of the multifunctional performance of di�erent SBE architectures,

modelled by Tu et al. [35].

systems, i.e. pore sizes in the range of 50-200 nm. Furthermore, an elastic216

modulus at ambient temperature around 500 MPa and an ionic conductivity217

around 2� 10� 4 S/cm were reported for the thermally cured systems [65].218

Recently, Tu et al. [35] presented numerical analyses to assess the multifunc-219

tional performance of di�erent inhomogeneous SBE systems. In Fig. 5, the220

multifunctional performance is plotted for di�erent microstructural topolo-221

gies. From these analyses, it is evident that inhomogeneous SBEs o�ers an222

advantage to homogeneous ones, when the comparison to Fig. 2 is made.223

2.1.2. Structural battery electrodes224

Apart from electrolyte or separator modi�cations, reinforcement of elec-225

trodes has been demonstrated, typically via introduction of CF [22, 66{68]226

and carbon nanotubes [69]. High tensile strength and high Young's mod-227
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ulus thick (100 �m ) composite electrodes for all solid state batteries [70]228

have been fabricated using two-phase Li4Ti 5O12 Li0.29La0.57TiO 3 Ag com-229

position. The tensile strength and tensile modulus were measured as 90 MPa230

and 29 GPa respectively. These values are orders of magnitude higher than231

what has been reported for traditional slurry-processed electrodes: 4.2 MPa232

and 0.7 GPa for tensile strength and Young's modulus correspondingly [71].233

While the ductility of such composite was rather low, the high strength pro-234

vides an opportunity for using these electrodes in structural, load bearing235

battery applications.236

Carbon �bers represent an ideal anode material which combines both237

high theoretical capacity for lithium intercalation of 372 mAh/g with high238

strength. The experimentally measured capacity of CFs certainly di�ers from239

the theoretical value and depends on �ber processing. An in-depth review240

of polyacrylonitrile derived CFs can be found in [72]. Mechanical properties241

and 1st cycle lithiation capacity of di�erent commercially available carbon242

�bers are arranged in Table 2. The values in Table 2 are reported for the243

�bers with coating removed. Such coating is termed sizing in industry and244

is a polymer layer applied to carbon �bers to protect them during handling245

and to promote adhesion between �bers and epoxy matrix in carbon �ber246

structural composites. As can be seen, the IMS65 grade provides the best247

combination of the highest mechanical strength (6 GPa) and higherst 1st248

cycle capacity (360 mAh/g). Fredi et al. [73] studied the in
uence of the249

carbonaceous structures on the multifunctional performance of carbon �bers.250

They were able to explain the high electrochemical capacity of the IMS65251

and T800 �bers as they were found to insert lithium by a mechanism like that252
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Figure 6: Coulombic e�ciency as function of cycle number for various carbon �bre. Solid

line is for a commercial MCMB (Quallion) [74]

.

found for disordered carbons. Hagberg et al. [74] measured the coulombic253

e�ciency of several types of CFs and compared with state-of-the-art graphitic254

battery electrodes from meso-carbon micro beads (MCMB). The results are255

presented in Fig. 6. For high precision coulometry tests the CF electrodes256

were sealed in pouch cells with lithium foil serving as counter and reference257

electrode. A glass micro�ber separator was used and the cells were �lled258

with 1.0M LiPF 6 in ethylene carbonate (EC): diethyl carbonate (DEC), 1:1259

by weight. As can be seen in Fig. 6 the coulombic e�ciency is very high for260

some of the CF tested in this study, some even outperform that of state-of-261

the-art MCMB.262

It should be mentioned however, that the tensile strength of carbon �bers263

depends on the degree of lithiation, i.e. on the state of charge (SOC) [27, 75,264

76] and electrochemical cycling [77]. A rather signi�cant decrease in tensile265
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(a) (b)

Figure 7: Load-strain curves of (a) IMS65, and (b) T800H CFs lithiated at di�erent

C-Rates [76].

strength (up to 40%) can happen upon lithiation [76] and this change is266

only partially recoverable. Since the tensile strength of CFs is governed by267

the amount of defects, it is suggested that the loss of strength is related to268

lithiation of regions with high concentration of defects [76]. The load-strain269

curves for two types of CFs tested in [76] are shown in Fig. 7. As can be seen,270

reduction in tensile strength is associated not only with Li concentration, but271

with lithiation rate as well. It is important to note however that the elastic272

sti�ness of CFs in Fig. 7 is not in
uenced by the lithium concentration.273

This indicates that Li intercalation into CF host structure introduces elastic274

strains that do not result in permanent damage leading to decrease in sti�ness275

(e.g. microcracking).276

Sheets made of carbon nano-tubes, nano-foams, and activated carbon-277

based fabrics have also been researched as possible self-supporting anodes278
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