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a b s t r a c t

This paper presents the development of multifunctional materials that perform a structural role whilst
simultaneously storing electrical energy as a supercapacitor. Two structural carbon fibre woven elec-
trodes were separated by a woven glass fibre layer, and infused with a multifunctional polymer electro-
lyte. Following characterisation of electrochemical and compressive performance, working structural
supercapacitor prototypes were demonstrated. Since the relative mechanical and electrical demands
are application specific, an optimisation methodology is proposed. Multifunctional composites were
achieved, which had compressive moduli of up to 39 GPa and capacitances of up to 52 mF g�1.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

1.1. Background and motivation

Weight and volume are at a premium on many structures and,
in such applications, any material that does not contribute to the
load-carrying capacity of a component is structurally parasitic.
Current engineering design is increasingly sophisticated, requiring
more efficient material utilisation; sub-system mass and volume
are crucial application determinants. For example, consider a mo-
bile phone that consists of structural materials, communication de-
vices, sensors and power sources; the total volume (or weight) is
limited and, therefore, compromises are made on parameters such
as range, operating time and durability. Other examples include
aircraft structures and electric vehicles that are required to maxi-
mise mechanical performance whilst minimising total structural
weight. The conventional approach to system design pursues opti-
misation of the individual components often through the use of
materials with improved specific properties. The alternative is to
formulate multifunctional materials that can perform two or more
functions simultaneously. Such materials could offer significant
savings in system level mass and volume or performance benefits
such as improved durability or redundancy. This design approach

is in its infancy and faces significant design and material synthesis
challenges [1], requiring the combination of disparate and often
cross-cutting phenomena. This paper introduces a new multifunc-
tional composite material that can simultaneously carry mechani-
cal loads whilst storing (and delivering) electrical energy. Although
at a very early stage, by adapting fibre reinforced composite struc-
tures to also store electrical energy, considerable weight or volume
savings could be achieved in the future. Carbon fibre composites
are an attractive starting point as carbon is commonly used both
for electrodes and as high performance structural reinforcement.
Although different forms of carbon are used, there is an opportu-
nity to unify these roles with appropriate fibre modification. Sim-
ilarly, polymers can be used both as a structural matrix and as an
electrolyte; however, performing both roles simultaneously re-
quires careful redesign.

Conventional approaches to electrical energy storage include
batteries, (super)capacitors and dielectric capacitors. Batteries pos-
sess high energy density but modest power density due to the rel-
atively slow kinetics of the redox processes involved. Dielectric
capacitors offer limited energy density but high power density as
only electrons are transported during charge/discharge. The focus
of the research reported here is on supercapacitors, which provide
a compromise between batteries and dielectric capacitors. These
devices typically have energy and power densities of 5 Wh kg�1

and 0.2–10 kW kg�1, respectively [2].
Double layer supercapacitors avoid solid state redox reactions,

as charge is instead collected at high surface area electrodes. The
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electrical performance of supercapacitors makes them desirable as
short term storage and high power density energy sources. In par-
ticular, they are useful for load-levelling applications; when used
in conjunction with a battery, they provide for peak power de-
mands that cannot be supplied efficiently by the battery. Substan-
tial improvements in battery life have been reported using this
strategy [3]. Supercapacitors consist of two electrodes, a separator
and an electrolyte [4]. The two electrodes, usually made of acti-
vated carbon to provide a high surface area, are separated by a
layer that is ionically-conducting but electronically insulating.
The energy is stored by the accumulation of charges at the bound-
ary layer between electrode and electrolyte; the nanometre sepa-
ration of the charges gives rise to high capacitance. The amount
of stored energy is a function of the available electrode surface,
the size and concentration of the ions and the electrolyte stability
to oxidation and reduction; the latter limits the voltage difference
between the two electrodes to a few volts (typically 4 V).

Multifunctional materials and structures, in general, have been
widely studied and were reviewed by Gibson [5]. Two configura-
tions have been pursued in order to simultaneously carry mechan-
ical load and store electrical energy. The multifunctional structural
approach packages distinct constituent components together to
minimise mass or volume; for example, embedding or even print-
ing thin batteries into a composite laminate such that the mechan-
ical stress on the battery is negligible [5]. Researchers have
demonstrated improvements in performance, but such an ap-
proach is perhaps limited and presents a number of practical chal-
lenges such as delamination at the device/composite interfaces and
restrictions in processing conditions. A more challenging, but
potentially more beneficial approach, is to synthesise a truly mul-
tifunctional material, in which the constituents simultaneously
and synergistically undertake two roles; electrical energy storage
and structural performance. Polymer composites have now
reached a level of maturity at which adventurous material config-
urations can be considered. Furthermore, the laminated architec-
ture of fibre composites, at a fundamental level, mirrors the
electrode configuration of many current electrical storage devices.
Carlson et al. [6] and Lin [7] have demonstrated structural dielec-
tric capacitors whilst Wetzel [1,8,11], Hucker [12] and Liu et al.
[13] have developed structural batteries. The multifunctional elec-
trolyte is perhaps the most challenging aspect of this class of mate-
rials, since it must provide both mechanical robustness and allow
ion diffusion. Various approaches have been taken [8], including
polymerised vinyl ester derivatives of poly(ethylene glycol) (PEG)
in which lithium trifluoromethanesulfonate was dissolved. It
should be noted that electrolyte developments for structural bat-
teries can also be pertinent to structural supercapacitors, although

requirements are slightly different. However, structural superca-
pacitors have not yet been studied significantly, other than an ini-
tial assessment in collaboration with ARL [9], utilising the original
concept developed by the authors [10]; in that work, the resulting
electrical and mechanical properties were poor, particularly lim-
ited by modest reinforcement surface areas, delamination issues
and the low stiffness of the electrolyte matrices. As with conven-
tional supercapacitors, increasing the surface area of the reinforce-
ment was recognised as essential for achieving high electrical
capacitance [9].

1.2. Aims of research

The study reported here demonstrates a carbon fibre reinforced
polymer composite, which can act as a supercapacitor whilst sus-
taining mechanical loads. This investigation compares the electri-
cal and mechanical properties of different matrix formulations
for structural supercapacitors. In particular, it explores the effects
of enhanced reinforcement surface area, which is expected to play
a key role in improving energy density. Polymer composites offer a
variety of architectures for multifunctional materials which have
different processing implications and ionic diffusion distances,
and hence potential performance. The embodiment described here
is a laminated architecture which conveniently maps onto the elec-
trode sequence of a supercapacitor using electrically conducting
carbon fibre weaves as electrodes and glass fibre weaves as separa-
tors (Fig. 1). Ions thus migrate from and through the electrolyte
matrix and accumulate at the carbon fibre surfaces.

To achieve multifunctionality, the two constituents need to
have additional properties over those associated with conventional
structural composites. Firstly, the reinforcement (carbon fibre) is
not only required to have excellent stiffness and strength but also
a high (electrochemical) surface area to enhance electrical energy
storage; the amount of charge stored is generally proportional to
the specific surface area of the electrode [14]. For the multifunc-
tional matrix, there are conflicting requirements; it must be com-
pliant enough to allow ions to diffuse but stiff enough to ensure
efficient load transfer and lateral support to the fibres. The latter
is vital to inhibit failure modes such as fibre microbuckling [15]. Fi-
nally, the interface between the fibres and matrix is critical to the
performance of the multifunctional composite. The interfacial
strength controls delamination resistance and consequently the
damage tolerance [15]. However, it is within this interface that
the energy can be stored in the form of the electrical double layer
around the fibres. The work reported here does not profess to offer
the optimal solution to these considerable challenges, but to be a
first step in formulating a novel material configuration.

Fig. 1. Illustration of configuration for the structural supercapacitor.
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