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a b s t r a c t

A new design of lithium ion batteries with tunable mechanical properties has been developed. Depending
on the material design of the battery components, the battery can range from elastic to structurally rigid.
Elastic battery electrodes have been fabricated by utilizing elastic polymer binders in the electrode con-
ccepted 15 September 2008
vailable online 1 October 2008

eywords:
ithium ion batteries

struction. The design of structural batteries capable of carrying load is based on a fiber reinforced polymer
composite structure. The first generation structural battery has been fabricated based on a high molecular
weight polyvinylidene fluoride (PVDF) matrix achieving a modulus of 3.1 GPa and an energy density of
35 Wh kg−1. Remaining challenges in fully realizing a multifunctional structural battery are outlined.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

The continuing demand for lithium ion batteries with higher
nergy densities is the driving force for the ongoing evolution of
attery active materials, new electrode architectures, and improved
ackaging design [1]. In actual applications, the batteries or battery
acks are usually treated as add-on components and are isolated
rom the rest of the system.

A potentially powerful way of improving system energy stor-
ge capability is to view the battery as a functional component of
he system. For example, prismatic cells were used as parts of the
ing for an unmanned air vehicle which achieved record flight time

2,3]. In this case, the battery served as both the power source and
s part of the structure. To achieve this, the mechanical strength of
he battery was increased by external reinforcement. An alternative
pproach is to make the battery itself truly structural by chang-
ng the material composition and structure of battery electrodes
nd separator. This approach is exemplified by the work of Snyder
t al. [4]. Both mechanical and electrochemical performance goals
ere considered in the battery design which dictated the mate-

ial choices. In regards to the structural battery, great challenges
merged. For example, the electrolyte layer requires high ionic
onductivity; however, the ionic conductivity of a material often

orrelates inversely with its mechanical strength. Nonetheless, this
ruly multifunctional approach represents a new paradigm in mate-
ial design and engineering and holds great potential in realizing
eight and volume savings on the system level.

∗ Corresponding author.
E-mail address: Pliu@hrl.com (P. Liu).
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The present work reports on our efforts in designing and fabri-
ating multifunctional lithium ion batteries with elastic or potential
tructural load bearing capabilities. We adopt the true multifunc-
ional approach by redesigning the structure and compositions of
he battery components to obtain structural performance. We will
iscuss our design philosophy, the material choices, and the perfor-
ance of first generation components and batteries. The remaining

hallenges in realizing a high performance multifunctional struc-
ure will be addressed as well.

. Experimental

.1. Structural battery components

The structural battery components were made of composites
ontaining high molecular weight poly(vinylindene fluoride) PVDF
Aldrich, Average Mw ca. 534,000) with a process modified from
ne previously reported [5]. PVDF was dissolved in N-methyl pyrol-
idone and carbon fiber (CNF, Pyrograf Products, Pyrograf IIITM

arbon Fiber, HT grade), carbon black, and LiCoO2 (FMC, LectroTM

lus 100) were slowly added and mixed. The slurry was cast on a
eflon block and was dried in oven at 110 ◦C for 5 h. The thickness is
ypically ∼100 �m. A similar process was used to make structural
nodes based on coke (Osaka Gas, MCMB 25-10) with a thickness
imilar to the cathode. The battery separator was a polymer blend
f PVDF–HFP (hexafluoropropene) (Elf Atochem Co., Kynar 2801,

verage Mw ca 100,000) and poly(ethylene glycol) dimethacry-

ate (Aldrich, PEGDMA, Average Mw ca. 330) which forms a high
trength polymer gel electrolyte with a electrolyte solution of 1 M
iPF6 in EC + DEC + DMC + PC (4:3:2:1, v/v) (Merck). Coupons of
athode and anode with a dimension of 2.54 cm × 2.54 cm were

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:Pliu@hrl.com
dx.doi.org/10.1016/j.jpowsour.2008.09.082
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onded to the copper and aluminum grids by hot pressing at 150 ◦C.
he cathode, separator and anode layers were finally laminated
ogether at 160 ◦C. The cell was dried for 4 h at 60 ◦C under vacuum
nd transferred to Argon filled glove-box where a small amount
f electrolyte solution was added, followed by sealing in a metal-
zed plastic bag for electrochemical testing. The tensile properties
f the battery components were measured on an Instron Model
565. Electrochemical testing was performed on an Arbin battery
esting system BTS-4000. Both structural and conventional battery
athodes were also tested in a liquid electrolyte cell with lithium
s the counter electrode. The electrolyte was the same as that used
n the complete structural battery.

.2. Elastic battery components

Elastic battery electrodes were fabricated with a process similar
o previously reported [6,7]. PVDF–tetrafluoroethylene–propylene)
PVDF–TFE–P) dissolved in methyl ethyl ketone (MEK), LiCoO2,
nd carbon black were combined and mixed, followed by addition
f CaO, 1,4-diazabicyclo[2.2.2]octane (DABCO) and triethylenete-
ramine (TETA). The mixture was cast on Teflon sheet and dried
n air overnight. The electrode was heated at 110 ◦C in Argon for
h to increase the density of crosslinking. The film thickness was
pproximately 115 �m.

.3. Carbon nanofiber reinforcement modification

For the modification of carbon nanofibers, carboxylic groups on
arbon fiber surface were produced using diazonium reaction with
-aminobenzoic acid [8]. Conversion of carboxylic groups to the
cid chlorides was achieved by reacting with thionyl chloride. In
he final step acid chloride groups were reacted with polyethylene
lycol (PEG, Aldrich, Average Mw ca. 10,000) to give the final surface
roups of –Ph-COO-(CH2CH2O)nH.

.4. Conventional cathode fabrication
A conventional cathode was fabricated with a process similar to
hat of the structural cathode, except that the PVDF was Kynar Flex
801 (Elf Atochem) and no carbon nanofiber was added. After the
aste of PVDF, LiCoO2 and conductive carbon was homogenized,
ropylene carbonate was added as a plasticizer. The paste was cast

d
b
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h
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ig. 1. Struture of a conventional plastic polymer lithium ion batteries. In a polymer matri
nd connected to the current collectors by carbon additives [3].
rces 189 (2009) 646–650 647

n a glass substrate and allowed to dry slowly in air before fur-
her drying at 110 ◦C for 6 h. The final electrode composition was
iCoO2:C:PVDF 82:7:11.

. Results and discussion

.1. Design considerations for structural battery

Our design starting point is the polymer lithium ion battery
reviously reported as shown in Fig. 1 [3]. A continuous porous
olymer structure is pervasive throughout the battery. In the anode
egion, carbon particles are held together by the polymer and
onnected to the copper current collector. Similarly, cathode par-
icles of lithium cobalt oxide and carbon additives are connected
o the aluminum current collector. This baseline design was cho-
en over a traditional three-layer lithium ion battery structure of
athode–polymer separator–anode because it more resembles a
olymer composite. The continuous polymer structure effectively
liminates the electrode/separator interface. Finally, organic elec-
rolyte solutions permeate through the whole battery to provide
on conduction.

We can view the polymer lithium ion battery as a very weak
omposite with regions of the polymer structure filled with oxide
r carbon particle fillers. The mechanical property of the battery is
argely dependent on the strength of the polymer which is often
VDF. To achieve load bearing capability, we would like to trans-
orm the battery structure to resemble that of a conventional fiber
einforced composite. Four major changes are necessary to realize
his goal: (1) use a higher molecular weight PVDF; (2) replace all
article fillers with fibers; (3) replace the organic liquid electrolyte
ith solid-state polymer electrolyte; and (4) reinforce the separator

egion with non-conducting fibers.
In our ideal design as shown in Fig. 2, the complete solid-state

attery can be best viewed as a PVDF-based fiber enforced compos-
te with different fillers. The active materials, for example, LiCoO2
or the cathode and graphite for the anode, are nanofibers of high
spect ratios. In both electrodes, carbon fibers are used as the con-

ucting additive to provide electronic conduction pathways. To
uild a high strength composite, it is also necessary to eliminate any
orosity in the electrodes. Consequently, a solid-state electrolyte
as to be used. This electrolyte needs to have high ionic conductiv-

ty as well as good chemical and mechanical compatibility with

x with liquid electrolyte, cathode and anode particles fill the two electrode regions
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ig. 2. Design of a structural battery. As compared to Fig. 1, all particulate fillers ar
inder. On the surface of carbon fibers are polyethylene (PEO) oligomers that facilit

VDF. While polyethylene oxide (PEO) is very compatible with
VDF, PEO-based polymer electrolytes are known to have modest to
ow conductivities, particularly for PEOs with high enough molecu-
ar weights to offer structural integrity [4]. Our design uses a unique

odification process to ensure strong interaction between PEO and
he carbon fiber surface. They not only provide enhanced ionic con-
uctivity but were also found to improve the mechanical strength
f the composite.

.2. Structural cathode fabrication and testing

Structural cathode was fabricated by using carbon nanofiber as
conducting diluent as well as a structural component. PVDF with
molecular weight of 534,000 was used as the polymer matrix

nd LiCoO2 was the cathode material. In addition, small amount of
arbon black was added to improve conductivity. An example of a
tructural battery has a final composition of 2% carbon black, 11.5%
arbon nanofiber, 35% LiCoO2, and 51.5% PVDF. Fig. 3 compares the
tress–strain curves of two structural cathodes to a control sample

repared according to conventional plastic battery fabrication tech-
iques and compositions. The structural electrode fabricated with
arbon nanofiber has a tensile modulus of 500 MPa and a maxi-
um tensile strength of 5 MPa before failure. When the structural

lectrode was fabricated from surface modified carbon nanofibers,

ig. 3. Stress–strain curves for three cathodes: conventional plastic, carbon
anofiber reinforced, and a modified carbon nanofibers reinforced electrodes. The
onventional plastic electrode was fabricated with a process similar to that described
reviously [5].
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c

F
c
v
T

aced by fibers. A high molecular weight polymer serves as the structural polymer
hium ion transport. Insulating fibers further reinforce the separator region.

he modulus increased to 650 MPa and the strength improved to
2 MPa. In contrast, the conventional battery electrode has a plas-
ic nature, elongates to a strain of >70% before failure at a stress of
2 MPa. Our data show that the surface modification of the car-
on nanofiber not only provides a possibility of surface lithium

on transport, but also serves to enhance the interaction between
he carbon nanofiber and the polymer matrix and the mechanical
trength of the structural electrode.

The electrochemical performance of the structural cathode was
valuated in a liquid electrolyte cell against metallic lithium as a
ounter electrode. After being charged to 4.2 V, the electrode was
ischarged at 0.1 mA cm−2 to 3 V (Fig. 4). A specific capacity of
0 mAh g−1 for LiCoO2 was obtained as compared to 143 mAh g−1

or a conventional electrode. This reduction in capacity is most
ikely related to the slower kinetics in the structural electrode.
owever, considering the remarkable improvement in mechani-
al strength, the reduction in electrode rate capability is deemed
cceptable.
.3. Elastic cathode fabrication and testing

While our main focus of this report is to fabricate battery
omponents with loading bearing capabilities, it is worthwhile to

ig. 4. The discharge voltage profile for the structural electrode made with modified
arbon nanofiber as shown in Fig. 3. Shown for comparison is the profile for a con-
entional electrode without the nanofiber. The current density was 100 �A cm−2.
he reported capacities are normalized to the weight of LiCoO2 in the electrodes.
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ig. 5. Stress–strain curves for a conventional electrode (top) and an elastic elec-
rode made with elastic polymer binders (bottom).

how that the composite design can be used to generate battery
lectrodes of different mechanical properties. We adopt a similar
rocess previously reported to fabricate an elastic cathode [6,9].
ig. 5 shows the stress–strain curve comparison between an elastic
nd a conventional electrode. The conventional electrode experi-
nced large irreversible strains for two cycles and failed on the
hird. In contrast, the elastic electrode can almost recover all of its
train on the 3rd cycle. These results, when combined with those on
tructural cathodes, show the versatility in tuning the mechanical
roperties of battery electrodes.

.4. Structural battery fabrication and testing

We used a similar recipe to prepare a structural anode. Due
o a lack of high capacity carbon fiber, we used coke particles as
he anode material and relied on the carbon nanofiber to provide
tructural reinforcement.

Our major challenge turned out to be the fabrication of a struc-
ural electrolyte. Our original design is a glass fiber enforced PVDF
omposite as shown in Fig. 2. The fiber surface is modified with PEO
ligomers which when added with LiPF6 are expected to provide
on conduction. Unfortunately, we did not observe conductivities of
igher than 10−5 S cm−1. Consequently, we used a polymer blend
hat has good mechanical performance and higher ionic conduc-
ivity. PVDF was blended with PEGDMA which forms a polymer gel
lectrolyte with a LiPF6 solution [10]. The three layers of cathode,
node and the separator were laminated together to form a com-
lete battery structure with Cu and Al grids bond to the anode and
he cathode, respectively, to serve as current collectors.

The mechanical property of the complete battery was tested
sing the three-point bending technique. A tensile modulus of

.1 GPa was achieved which is sufficient for many modest structural
pplications. Moreover the structural battery was also found to be
lectrochemically active. Fig. 6 shows constant-current discharg-
ng profiles for the first cycles. An energy density of 35 Wh kg−1

as achieved at a C/20 rate.

f
a
q
o
t

ig. 6. Constant-current discharge profiles for a structural battery at 40 ◦C for the
rst three cycles. The battery was charge at 200 �A to 4.1 V, voltage hold for 24 h,
nd discharge at 200 �A to 2.5 V. The battery area was 6.45 cm2.

.5. Remaining challenges for realizing high performance
tructural batteries

We have shown in this work a conceptual design for a lithium
on battery with tunable mechanical properties and fabricated a
rst generation structural battery with promising mechanical prop-
rties. The actual material composition of the first generation cell
iffers from our ideal design in three main aspects: (1) neither the
athode nor the anode was in fiber form; (2) a true solid-state elec-
rolyte with sufficient ionic conductivity was not identified. Instead,
he battery relied on robust polymer gel electrolyte; and (3) the
olymer gel electrolyte was not reinforced with non-conducting
bers. All these issues would negatively impact the mechanical
trength of the structural battery.

Another challenge is that the energy density of the structural
attery is low compared to state of the art commercial lithium ion
atteries. For a LiCoO2/Coke cell, an energy density of 110 Wh kg−1

an be expected with the plastic battery fabrication technique.
hile certain compromise in energy storage capability is expected

nd acceptable due to the added benefit of structural properties,
urther improvement in energy density is necessary to make struc-
ural battery a viable solution for applications. The first reason
or the low energy density is the lower loading of LiCoO2 in the
athode (35 vs. normally over 70%). This low loading was neces-
ary to achieve the observed improvement in mechanical property
ince LiCoO2 in fiber form is not yet available. Another likely
ause is the dense structure of the electrode which is based on
igh molecular weight PVDF. Without the porosity which perme-
tes through common lithium ion batteries allowing ion transport,
ur structural battery relies on very low porosity and the sur-
ace ion conduction provided by the ethylene oxide moieties. It is
ikely that the low ionic conductivity is limiting the power out-
ut of the battery. This challenge can be overcome by blending
tructural polymer electrolytes into the electrode if they become
vailable.

In addition to the need for advancement in component mate-
ials, a design optimization will also be necessary to realize the
esired structural and energy storage performances for specific
pplications. An example has been shown by Thomas and Qidwai
or a battery with external structural reinforcement [3]. A system-

tic design optimization for the current approach is needed to
uantitatively describe the effect of material properties and ratios
n basic parameters of battery components such as ionic conduc-
ivities in electrodes and the electrolyte layer as well as tensile
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trength of the Young’s modulus. All of these parameters will in
urn determine the energy and power densities of the battery as
ell as its mechanical properties.

. Conclusions

In summary, we have provided a novel design of a battery with
unable mechanical properties. When an elastic polymer matrix
s used, the battery electrode becomes elastic and can serve as
he starting point for the fabrication of an elastic battery. When

structural polymer matrix is reinforced with fibers, a battery

ith load bearing capabilities can be designed. A first generation

tructural battery was fabricated based on a carbon fiber rein-
orced PVDF composite with good mechanical strength and modest
nergy storage capabilities. Further advancement in developing
olymer electrolytes with robust mechanical properties is nec-

[

rces 189 (2009) 646–650

ssary to fully realize the potential of multifunctional structural
atteries.
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