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Battery

Richa Chaudhary,* Johanna Xu, Zhenyuan Xia, and Leif E. Asp*

Structural batteries refer to the multifunctional device capable of both storing
electrical energy and bearing mechanical loads concurrently. In this context,
carbon fibers emerge as a compelling choice of material and serve dual
purpose by storing energy and providing stiffness and strength to the battery.
Previous investigation has demonstrated proof-of-concept of functional
positive electrodes against metallic lithium in structural battery electrolyte.
Here, an all-carbon fiber-based structural battery is demonstrated utilizing the
pristine carbon fiber as negative electrode, lithium iron phosphate
(LFP)-coated carbon fiber as positive electrode, and a thin cellulose separator.
All components are embedded in structural battery electrolyte and cured to
provide rigidity to the battery. The energy density of structural battery is
enhanced by use of the thin separator. The structural battery composite
demonstrates an energy density of 30 Wh kg~ and cyclic stability up to 1000
cycles with ~100% of Coulombic efficiency. Remarkably, the elastic modulus
of the all-fiber structural battery exceeds 76 GPa when tested in parallel to the
fiber direction — by far highest till date reported in the literature. Structural
batteries have immediate implication in replacing structural parts of electric
vehicles while reducing the number of conventional batteries. Thus, offering

performance. Despite this, the energy den-
sity state-of-the-art of lithium-ion battery
remains inadequate, limiting the range
of electric transportation.l!l This can be
overcome by developing structural elec-
trodes with high specific capacity, extend-
ing the voltage window, and integrating
the multifunctional battery in structure.?!
Along storing the electrochemical energy,
the primary role of the multifunctional
battery is to carry the applicable mechan-
ical load and reduce the overall system
weight, extending the driving range or the
mileage.’! Structural batteries offer poten-
tial to achieve weight savings of up to
20% by just replacing the roof of an elec-
tric vehicle with a structural battery.*] This
weight reduction allows for the installa-
tion of more batteries, thereby increas-
ing the vehicle’s mileage. Despite the im-
portance of multifunctionality, little inno-
vation in terms of structural power has

mass savings to future electric vehicles.

1. Introduction

A multifunctional structural battery is an emerging concept
in the field of electric power. Presently, lithium-ion batteries
(LIB) are extensively employed for powering the devices such
as electric vehicles and electric aircraft, due to their exceptional
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been accomplished in the past few decades.

In this context, intermediate modulus

polyacrylonitrile (PAN)-based carbon fibers

(CF) stand out as best balance between

mechanical and electrochemical properties.l°! The electrochem-
ical cycling of these fibers is studied as negative electrode in
structural batteries, while only few focused on positive electrodes
but limited to the presence of liquid electrolyte system.[®! Elec-
trophoretic deposition is used to coat the surface of CF with
lithium iron phosphate (LiFePO,, LFP).”] Specific capacity of
100 mAh g~ is reported, however the poor capacity retention of
47% after 100 cycles are seen. This confirms the weak bonding
between the deposited LFP and CF in the EPD process, which
can lead to poor capacity retention. When LFP is coated onto the
CF surface, it forms an interface where the adhesion between
the two materials is not strong enough. Consequently, during
cycling (such as 100 cycles), the LFP particles may detach from
the CF surface, leading to reduced capacity retention. Further-
more, the repeated volume changes of ca. 7% during the charging
and discharging of lithium-ion batteries cause the LFP nanopar-
ticles to lose contact with CF.I”] The performance of positive elec-
trode is further improved by incorporating the reduced graphene
oxide (rGO) with LFP.[%¢] The performance of these compos-
ites is tested in a liquid electrolyte, resulting in a specific capac-
ity of 72 mAh g! at a 2C-rate.[®] Another, important parame-
ter of maintaining the mechanical property after electrochemi-
cal cycling is confirmed. The mechanical properties of IMS65
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Figure 1. A detailed roadmap for the development and implementation of All-Fiber Structural Batteries.

and T800H CF are tested after 1, 10, 100, and 1000 cycles — no
damage on the interface between the CF and coating is seen af-
ter 1000 cycles, which confirms a stable structure.[®8] Further-
more, the Young’s modulus and energy density of structural bat-
tery using CF as current collectors and load-bearing components
is studied.’! Graphite is used for the anode, and LiFePO, (LFP)
with carbon nanotubes (CNTs) for the cathode, coated on CF
weave materials. A Whatman GF filter separator with an elec-
trolyte of 1 m Lithium bis(trifluoromethane)sulfonimide (LiTFSI)
in 1-Ethyl-3-methylimidazolium tetrafluoroborate (EMIMBF) is
employed. The battery, sandwiched between epoxy-impregnated
CF, showed an energy density of 36 Wh kg~! and Young’s modu-
lus of 1.8 GPa.l’l Another approach on directly using uncoated
carbon fibers as anodes material in structural battery and alu-
minum foil coated with LFP as cathode has been published.!'’!
Two types of separators are used and energy density with What-
man GF/A and plain weave separator is reported to be 12 and
24 Wh kg1, respectively. The performance difference was at-
tributed to the greater thickness of the Whatman GF/A com-
pared to the GF plain weave.['%! This increased thickness led to
higher internal resistance, thereby reducing the maximum avail-
able capacities of the electrodes. The mechanical performance of
structural battery is assessed in an in-plane tensile testing mode,
reporting a Young’s modulus of 18 and 25 GPa, parallel to the
extension of carbon fibers in the negative electrode for What-
man GF/A and GF plain weave separator, respectively. Recently,
the energy density of this type of structural battery has been en-
hanced to 42 Wh kg™!, while maintaining the modulus, by an
improved manufacturing technique.[?! In addition, the energy
density and Young’s modulus of a battery based on carbon fiber
have been examined in the context of a structural battery elec-
trolyte. The structural battery laminate is manufactured using a
vacuume-assisted infusion process with the biphasic solid elec-
trolyte. The findings report an energy density of 33.4 Wh kg™,
Young’s modulus of 38 GPa, and a tensile strength of
234 MPa.l'l]
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Notably, all the mentioned methods come with few drawbacks
such as being limited to the use of a liquid electrolyte, carbon
fiber used only for negative electrode, or use of a commercial LFP
foil as positive electrode, etc. Previous work by the authors has
demonstrated the proof-of-concept of electrochemical and me-
chanical performance of structural positive electrode in half-cell
configuration, using lithium metal foil as negative electrode.!?
However, the lithium metal cannot be used at industrial scale due
to safety concerns such as high chemical activity, large volume
changes, unstable solid electrolyte interphase (SEI), uncontrol-
lable growth of Li dendrites, which can cause short-circuiting.
Hence, it is of prime importance to validate these carbon fiber-
based electrodes in full-cell configuration. Herein, an all-carbon-
fiber-based structural lithium-ion battery is demonstrated in a
structural battery electrolyte system (Figure 1). Pristine CF is
used as negative electrode, LFP-coated CF as positive electrode,
either cellulose/Freudenberg/Whatman as separator —all embed-
ded in a bi-phasic solid-liquid structural battery electrolyte.

2. Results and Discussion

Multifunctional structural batteries have potential to become
ubiquitous as a powering technique in future electric vehicles,
in aerospace industries, and portable electronics. The main ad-
vantage of structural batteries is that they have been designed to
combine inherent energy storage advantages (weight saving and
enhanced structural integrity) with the advantage of multifunc-
tionality. Multifunctionality is of prime importance, especially if
one seeks to replace the electrochemically inactive components
from lithium-ion batteries, reduce overall weight, and extend
the mileage. Here, electrochemically active positive electrodes
designed to achieve these innovations are tested in a full-cell
configuration using structural battery electrolytes. Various thick-
nesses of separators are being investigated to develop lightweight
structural batteries.

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 2. Electrochemical testing of all-fiber structural battery. A) Cyclic voltammetry of structural positive electrode. B-D) Specific capacity of full cell at
varying C-rates with different separators. B) cellulose separator. C) Freudenberg separator. D) Whatman separator. Specific capacity relates to the mass

of active materials to allow comparison of the full cell performances.

2.1. Proof-of-Concept of an All-Fiber Structural Battery is
Demonstrated using Cellulose Freudenberg and Whatman
Separator

The electrochemical stability and reversibility of faradic redox re-
action of LiFePO, particles deposited on CF is tested by cyclic
voltammetry in a half-cell configuration versus metallic lithium.
Figure 2A illustrates a sharp and symmetric peak, with a small
potential difference of 0.33 V between the anodic and cathodic
peaks, confirming low polarization and high redox reversibility.
Moreover, the structural battery electrolyte was found stable in
this potential range, as no additional peak corresponding to elec-
trolyte oxidation/reduction was observed. Following this initial
confirmation of redox reversibility, a structural battery was fabri-
cated using LFP-deposited CF as the positive electrode and pris-
tine T800 CF as the negative electrode. Using a separator is es-
sential to prevent a short circuit between positive and negative
electrodes, but it typically increases the weight and thickness of
the battery without contributing to the electrochemical reaction.
Therefore, a primary objective is to identify the thinnest sepa-
rator while optimizing porosity for ion migration. Here, three
different separators — cellulose, Freudenberg with a glass fiber
veil, and Whatman - are tested in a structural battery (Table S1,
Supporting Information). All components are fabricated using a
LiTFSI-based structural battery electrolyte and undergo galvano-
static cycling within a potential range of 2-3.6 V. Each of the three
cells with different separators demonstrated a specific capacity of
25 + 2 mAh g1 at a 0.025C rate (Figure 2B-D). However, an in-
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crease in the C-rate resulted in a decrease in specific capacity due
to the rapid migration of lithium. The structural battery, when us-
ing Whatman as a separator, displayed satisfactory performance
up to a 0.2C rate, attributed to its high porosity.

The specific capacity of structural positive electrodes has been
recently shown to be 95 mAh g=! at a 0.05C rate in a half-cell
setup with a similar active material loading. This value signifi-
cantly drops to 25 mAh g~! for a full cell, possibly due to the lim-
ited availability of lithium and the lower ionic conductivity of the
structural battery electrolyte. The ionic conductivity of the struc-
tural positive electrode is reported to be 7.4 x 107 S cm™!, which
is ten times less than a traditional liquid electrolyte system.!?]

Moreover, a substantial amount of lithium might be consumed
during the formation of the solid-electrolyte interphase (SEI) at
the negative electrode, which further limits the specific capacity.
One potential strategy to enhance the specific capacity could in-
volve upgrading the structural battery electrolyte by incorporating
ionic liquids or conducting polymers into the solid phase of the
SBE. However, in these instances, the maturity of the updated
structural battery electrolyte needs to be individually optimized
in detail and should be investigated as a separate case.

2.2. Coulombic Efficiency and Capacity Retention are Achieved
Exceptionally Close to 100%
Keeping track of the discharge capacity over a multitude of cy-

cles is a crucial practice that sheds light on several aspects of a
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Figure 3. Cyclic stability of all fiber battery. A) Specific capacities at varying C-rate for ten cycles at 0.025C and five cycles for 0.05-0.2C. B-D) Coulombic
efficiency and capacity retention of full cell at 0.1C for 1000 cycles. Specific capacity relates to the mass of active materials to allow comparison of the
full cell performances. The areal mass loading for positive electrode is 5 and 2.5 mg cm~2 for negative electrode.

structural battery performance. This includes the rate at which
the Dbattery degrades, its operational efficiency, and the overall
health and longevity of the battery. The discharge-specific capac-
ity of all the samples is recorded for up to six cycles at each C-rate
(Figure 3A). The capacity fades on increasing the C-rate, how-
ever, this process is reversible, as the initial capacity is restored
when it cycles back at 0.1 and 0.05C after cycling up to a 1C rate.
All samples are subjected to long-term cycling stability tests at
a 0.1C rate for 1000 cycles. Figure 3B-D represents the capacity
retention and Coulombic efficiency for all the structural battery.
Capacity Retention is a measure of how well a battery maintains
its capacity over time and through numerous charge-discharge
cycles. High-capacity retention indicates that the battery can de-
liver close to its initial capacity even after many cycles, which
is crucial for durable and efficient batteries. In this context, the
Whatman and cellulose separators, which maintain 100% capac-
ity retention, demonstrate excellent longevity and consistent per-
formance. Coulombic Efficiency, in contrast, assesses the energy
efficiency of a battery by measuring the ratio of the total charge
extracted from the battery to the total charge inputted over a com-
plete cycle. Achieving 100% Coulombic efficiency signifies that
all the energy supplied to the battery can be recovered, reflect-
ing a highly efficient energy conversion process. Here, the What-
man and cellulose separators demonstrate 100% Coulombic ef-
ficiency, highlighting their capability for optimal energy con-
version and consistent capacity delivery. However, the Freuden-
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berg separator exhibits a decrease in Coulombic efficiency to
90.2% after 860 cycles. Notably, some fluctuations in the Coulom-
bic efficiency of the Freudenberg cell are observed, which are
not present in another Freudenberg separator-based cell tested
up to 200 cycles (Figure S1, Supporting Information). This de-
cline indicates that some energy is lost during operation, likely
due to side reactions or other inefficiencies within the battery
system.

2.3. Structural Battery Demonstrates Improved Interface and
Reduced Charge Transfer Resistance after 1000 Cycles

The internal resistance across various frequencies in the fre-
quency domain is analyzed using electrochemical impedance
spectroscopy (EIS). Voltage excitations are generated, and current
responses are measured in potentiostatic mode. After measur-
ing multiple frequencies, the complex impedance can be graph-
ically illustrated in a standard Nyquist plot, where -Z,,, is plotted
against Zg; as depicted in Figure 4A-F. The Nyquist plot offers
insight into the underlying mechanisms or phenomena govern-
ing an equivalent circuit model system, specific sections here are
used to derive equivalent circuit parameters of the structural bat-
tery. The purely ohmic internal resistance, represented as R,, is
identified at the frequency where the imaginary part becomes
zero. The charge transfer resistance, represented as R, , is

ct 7
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Figure 4. Electrochemical impedance spectroscopy before and after galvanometric cycling at 100 kHz to 100 mHz. A-C) Nyquist plot of full cell with
Cellulose, Freudenberg, and Whatman separator, respectively. D—F) Zoomed view of Figure A-C, representing electrode-electrolyte resistance (R;). G-I)
Bode plot of full cell with cellulose, Freudenberg, and Whatman separator, respectively.

derived from the semicircle that spans from the point where the
imaginary part is zero to the local minima. This semicircle is fit-
ted with specific equivalent circuit elements. At frequencies be-
low the local minima, the diffusion arc can be adapted to fit with a
Constant Phase Element (CPE), such as the Warburg impedance
(Zy). The Warburg impedance is defined by the Warburg coef-
ficient (o) divided by the square root of the angular frequency
o/ /. The Bode plot offers distinct advantages in monitoring
phase margins, critical for detecting where the system enters a
state of instability, characterized by abrupt phase or magnitude
changes. Therefore, it proves valuable for gaining deeper insights
into structural batteries.

From a mechanistic perspective, the ohmic resistance or bulk
internal resistance (R,,) of cellulose, Freudenberg, and Whatman
separator-based structural battery is observed to be 44, 50, and
64 Q, respectively before galvanometric cycling. This resistance
comes from the battery core components such as the current col-
lector (aluminum and nickel in present case), electrolyte (SBE),
and separator. These components contribute solely to resistance
without any associated capacitance or inductance effects, and
their impact can be seen at Zy;. While bulk resistance remains
relatively stable regardless with the state of charge (SOC), pro-
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longed cycling increases the R, due to depletion of lithium ions
in structural battery electrolyte. Thus, bulk resistance serves as a
reliable indicator for assessing the state of health (SOH) of aged
cells. In this scenario, the ohmic resistance drops to 30 Q for the
cellulose battery and 45 Q for both the Freudenberg and What-
man batteries after they have completed 1000 charge—discharge
cycles. This observation affirms the battery’s stability and sug-
gests an improvement in the bulk resistance, potentially due to
the decrease in surface resistance.

During the initial cycles of a newly assembled structural
lithium-ion battery, the electrolyte decomposes at the anode as
lithium is consumed. This results in the formation of an in-
sulating layer known as the Solid Electrolyte Interphase (SEI)
on the anode surface. The electrode surface acts as a capacitor,
with charge accumulation at the interface with the electrolyte
ions, forming the double-layer capacitor (Cy). Nevertheless, its
properties significantly deviate from those of an ideal capaci-
tor. This non-ideal performance mostly comes from the surface
roughness, leakage capacitance, and non-uniform distribution,
which can be addressed by incorporating the concept of a Con-
stant Phase Element (CPE) in the modeling of the electrical
double layer."3] Concurrently, charge transfer occurs through a
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Figure 5. Stiffness and cross-section of all-fiber battery in SBE. A) Modulus of an all-fiber structural battery full cells before and after galvanometric
cycling. B-D) SEM cross-section of full cell with varying separators (top, middle, and bottom layer represents the positive electrode, separator, and
negative electrode, respectively). Data is presented as mean + SD, n = 3 and significance is determined by one-way ANOVA, at p < 0.05. * denotes a

significant difference in the means.

Faraday process, transitioning from electronic to ionic conduc-
tivity, which is characterized by charge transfer resistance (R).
The charge transfer resistance (R.) is associated with the kinet-
ics of electrochemical reactions and can be influenced by fac-
tors such as surface coatings, phase transitions, bandgap struc-
tures, particle size, and temperature. The charge transfer resis-
tance (R,) semicircle is not observed for the cellulose separator
before cycling. However, after cycling, the interface between the
electrolyte and electrode improves, resulting in the appearance of
two merged semicircles, corresponding to an R, of 940 Q. The
structural battery with the Freudenberg separator shows an R, of
169 Q before cycling, which increases to 947 Q after cycling, lead-
ing to decreased cell performance after 950 cycles, as observed
during galvanometric cycling (Figure 3C). Conversely, cells with
the Whatman separator exhibit an initial R, of 895 €, which de-
creases to 120  after 1000 charge—discharge cycles.
Additionally, during the charging and discharging processes,
lithium ions migrate between the positive and negative elec-
trodes. This mass transport is not instantaneous, leading to ad-
ditional overpotential. The Warburg resistance (Zy,) quantifies
this diffusion phenomenon. Notably, the 45° slope at the low-
frequency region is absent for the Freudenberg separator af-
ter cycling (Figure 4B,H), indicating poor mass transport. The
diameter of the semicircle observed at high frequencies in-
creases significantly, and the slope line corresponding to War-
burg impedance at low frequencies vanishes. This indicates a
very high charge transfer impedance, suggesting that the elec-
trochemical reactions predominantly occur at the electrode—
electrolyte interface, with minimal diffusion of lithium ions
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within the LFP particles. On the other hand, this inclination asso-
ciated with Warburg resistance is noticeable in the other samples,
which validates improved diffusion of lithium ions within the
electrodes. The equivalent circuit, consisting of ohmic resistance
(Rp), interfacial resistance (Ry), charge transfer resistance (R,),
and Warburg diffusion (W), is presented in the inset of Figure 4B.

2.4. All-Fiber Structural Battery Elastic Modulus Exceeds 76 GPa

The impact of electrochemical cycling on the mechanical perfor-
mance of structural batteries are evaluated by comparing pris-
tine, uncycled cells with those subjected to 1000 cycles. To as-
sess this, the elastic modulus of structural batteries made with
different separators was measured using a tensile test along the
fiber direction. The tensile strength of composite materials in
the longitudinal direction is predominantly influenced by the
strength and volume fraction of the fiber reinforcement. Since
the fibers possess significantly higher modulus (294 GPa, T800
Toray) compared to the polymer matrix, they primarily dictate the
composite’s elastic modulus."*l Young’s modulus is calculated
from the linear elastic region of the force-extension curve. The
average elastic modulus is calculated using compliance correc-
tion method as described in the Experimental Section and repre-
sented in Figure 5A. Among the structural batteries before cy-
cling, the highest modulus of 76 GPa is observed for the cell
with a cellulose separator, which decreases to 62 and 33 GPa for
the Freudenberg and Whatman separator, respectively. As antic-
ipated, the modulus of all cycled cells remains relatively stable
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(65 GPa for cellulose and Freudenberg, 30 GPa for Whatman) af-
ter 1000 electrochemical cycles, given that the longitudinal prop-
erties are chiefly controlled by the elastic modulus of the carbon
fibers. The Whatman battery shows the lowest elastic modulus
since it is the thickest among the separators (which all have very
low modulus). The stiff carbon fibers constitute a smaller frac-
tion of the total material (structural battery) due to the separator
thickness, which results in lower modulus. Furthermore, poor
interfacial adhesion between carbon fibers and separator is ob-
served with Whatman, as the electrodes detach from the separa-
tor during the mechanical cutting. The thickness of the cellulose
separator-based all-fiber battery (full cell) has been measured at
102 pm (Figure 5B), which is notable for exhibiting the highest
modulus among the materials tested, with a value of 76 GPa —in-
dicating its robustness and resilience. In comparison, the all-fiber
full cells with Freudenberg and Whatman separators are found to
be thicker. The Freudenberg separator-based full cell has a thick-
ness of 120 ym (Figure 5C), while the full cell with the Whatman
separator is considerably thicker, measuring 414 pm (Figure 5D).
These variations in thickness are crucial as they influence the me-
chanical properties and performance of the separators in battery
applications. The higher modulus of the structural battery cell
with the cellulose separator indicates superior stiffness and me-
chanical strength, which can be beneficial for maintaining struc-
tural integrity and enhancing the overall durability of the struc-
tural battery. Adding to this, the measurement of strength is not
possible due to the limitations of the load cell, which could not
exert a high enough force to induce failure in these stiff samples.

The maximum longitudinal strength of the structural bat-
tery was assessed both before (pristine) and after electrochemi-
cal cycling, with results represented by maximum stress values
(Figures S4, Supporting Information). For the optimized pris-
tine cells, the maximum average strengths were 790, 688, and
198 MPa for the cellulose, Freudenberg, and Whatman separator-
based full cells, respectively (Figure S4A, Supporting Informa-
tion). After cycling, these values decreased to 612, 589, and
164 MPa. To evaluate statistical significance, tensile tests were
performed on 3-5 specimens per cell type, with the mean values
shown in Figure S4B (Supporting Information). It is noteworthy
that all cells exhibited high standard deviations, indicating the
need for further refinement in the development and characteri-
zation of structural batteries.

In addition to separator and mechanical characteristics, the
structural stability of the battery materials themselves plays a crit-
ical role. During the charging process, the olivine crystal struc-
ture of LFP (LiFePO,) transforms into the FePO, phase, result-
ing in a theoretical volumetric expansion of 6.77%.1] However,
due to the similar crystal structures of the LEP and FePO, phases,
the volume change during the charging/discharging cycles gen-
erates only minimal internal stresses within LFP. Furthermore,
the P—O chemical bond is highly stable, preventing the loss of
oxygen from the lattice. This stability in crystal structure and min-
imal internal stress contribute to the overall structural stability
and longevity of LFP during cycling.[°]

In contrast, carbon fibers exhibit a reversible longitudinal ex-
pansion of 0.6% in structural battery electrolyte (SBE)!Y’] with a
more significant radial expansion of 5-7%.1®! This expansion is
particularly concerning because it can induce internal stresses,
potentially leading to deformation in multifunctionality, such
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as causing cracks in the SBE, electrode-SBE interface, coating-
SBE interface, or coating-fiber interface. Consequently, examin-
ing the morphology of all-fiber batteries after prolonged electro-
chemical cycling is essential for assessing their performance and
durability."%]

SEM micrographs taken after 1000 cycles (Figure S1, Support-
ing Information) reveal that the morphology of the cells remains
consistent, with no detachment of active materials. Further de-
tailed analysis of the positive electrode’s surface at various magni-
fications, including broad-ion beam (BIB) cross-sections (Figure
S2, Supporting Information), indicates that the volume changes
in carbon fibers during cycling do not appear to contribute to
crack formation. Additionally, the LFP particles on the carbon
fiber surface remain stable after 1000 cycles, as no detachment
of the LFP active material is observed in the SEM images of the
positive electrode (Figures S1B and S2, Supporting Information).

2.5. A Fiber Volume Fraction of 23% has been attained in the
Structural Battery

The mechanical properties of composites are dependent on the
volume fractions of the carbon fiber and matrix. These fun-
damental properties can be estimated using the rule of mix-
tures principle, provided certain assumptions are made.l'#20] The
method suggests that the elastic modulus of a composite is essen-
tially a weighted average of the moduli of its two constituents,
relying mainly on the volume ratio of the fibers (V;).12") The elas-
tic modulus (E ) of the structural battery composite, composed of
carbon fibers (coated and uncoated) and a porous polymer matrix,
can be determined by linearly combining the volume fractions
and elastic modulus of both the fiber (E;) and the matrix (E,,) as
E, = E V; + E,V,,, where V,, is the volume fraction of the ma-
trix. This equation is anticipated to be highly accurate, given the
fibers are sufficiently long to satisfy the assumption of uniform
strain. Applying the above assumption and the equation results
in a fiber volume fraction of 23% for cellulose-based structural
battery cells. The challenge posed by a low volume fraction of
fiber can potentially be addressed by minimizing or eliminating
the requirement for a separate separator in structural batteries.

2.6. Cellulose-based 102 um Thin Battery Cell offers the Highest
Energy Density of 30 Wh kg™’

A unique balance between energy density and power density
is ideally studied using a Ragone plot. Energy density mea-
sures the stored energy per unit volume, crucial for long-lasting
performance, while power density indicates how quickly en-
ergy can be delivered, essential for high-performance appli-
cations. Optimizing both in a structural battery ensures ef-
ficient energy storage and effective load-bearing capabilities.
On an active material basis, which includes the mass of LFP
on the positive electrode and CF on the negative electrode,
the cellulose-separator structural battery can achieve a spe-
cific energy density of 72 Wh kg™! at a specific power den-
sity of 105 W kg™!. In comparison, the Freudenberg sep-
arator attains 75 Wh kg™' at the same power density of
105 W kg™!, and the Whatman separator shows an energy den-
sity of 68 Wh kg~! and a power density of 95 W kg! (Figure 6A).

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH

85U80|7 SUOWIWOD A1IE81D 3|edl(dde aup Aq peusenob ae ssppiie YO ‘8sn Jo seini 1oy AriqiT8uljuO A8]1M UO (SUOpUoD-pUe-sLILIBIALI0D A8 | 1M ATl 1 BUl|UO//:SANY) SUORIPUOD pue swie | 81 88S *[20z/ZT/9T] uo ARiqiauliuo A(im ‘Bulupsled suemeis Aq Gz/60120Z Buwipe/z00T 0T/I0p/L0o" 8|1 Afeiq1jeuljuo//sdny woiy papeo|umod ‘gt ‘v20z ‘S600T2ST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

A 100

—0— Cellulose
P
()] —O— Freudenberg
i‘ —4— Whatman
=
>
=
(2]
c 104
[0}
[m)
>
>
(0]
c
L
1 T )
0.01 0.1 1
Power Density (kW/kg)
1204 @ LFP_CF /I CF (Current) LCO_Al Il Graphite_Cu
@® LFP_CFIICF O CF /i Lithium metal
® LFP_AIIICF O NMC_CF //LTO_CF
w100 @ LFP_CF /i Graphite_CF O MnO, CF I/Zn_CF
[a LFP_WCF I/ Graphite_ WCF O CNT fibre_Supercapacitor
() O NiOx_CNT-SS I/ FeOx_CNT-SS © CAG_CF_Supercapacitor
~ 80
(7]
=) [
= LFP_CF Il CF
5 604 o (Current)
o
=
© 404 P
b7 ]
Y ™ ®
w 204
o
(o]
ol 2% . 0 S ; ;
0 10 20 30 40 50 60
Energy Density (Wh/kg)

o

www.advmat.de

-

o

o
|

—0— Cellulose
—O— Freudenberg
—4A— Whatman

Energy Density (Wh/kg)
=)

1 . - '
0.001 0.01 0.1 1
Power Density (kW/kg)
D 1'2 10 Multifunctional Efficiency
1.0 *Hq 59
08 % %I %
0.8+ o4 = E 2 §
B E
:(I-,) 06_ 0.2 gl | 8I
0.0 -
0.4+
é o o
o
0.2
00{ ©

00 02 04 06 08 10 12

Ns

Figure 6. Ragone plot representing the energy and power density of full cell. A) active material-based B) Cell weight based. C) Elastic modulus and energy
density of reported structural batteries. D) Multifunctional efficiency matrix of structural batteries. The energy density and elastic modulus data from
these reports were used to calculate multifunctional efficiency, #,,¢. The elastic modulus of the cells is normalized with the modulus of an automotive
grade CFRP (128 GPa) to calculate structural efficiency, 1, and the energy density of the cells is divided by that of a commercial LFP battery (90 Wh kg™")

to calculate the electrochemical efficiency, 7..

However, it is also crucial to examine the Ragone plot, which
considers the mass of the cell. This includes the LFP-coated
CF positive electrode, separator, CF negative electrode, and the
electrolyte used in the structural battery (the highlighted region
in the inset of (Figure 6B). As anticipated, the calculated val-
ues for energy and power density decrease when considering
the mass of the entire cell. The energy densities for the cel-
lulose, Freudenberg, and Whatman separators are 30, 23, and
9 Wh kg1, respectively, while the corresponding power den-
sities are 46, 32, and 12 W kg=! (Figure 6B). It is notewor-
thy that the specific capacity for all separators falls within the
25 mAh g~! range. However, the energy density of the cellulose-
separator structural battery is significantly higher due to its
low thickness and lightweight nature. Additionally, two criti-
cal parameters — modulus and energy density — which are es-
sential for an effective structural battery, are compared with
the Lithium Iron Phosphate (LFP) based structural batteries re-
ported in the literature (Figure 6C). The elastic modulus in
the current study, at 76 GPa, exceeds all previously reported
work. Moreover, it surpasses an energy density of 30 Wh kg™,
thereby significantly advancing the state-of-the-art in structural
batteries.
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LFP: lithium iron phosphate; CF: carbon fiber; Al: aluminum
foil; WCF: woven carbon fabric; CNT-SS: carbon nanotube dec-
orated stainless steel framework; LCO: lithium cobalt oxide;
Cu: Copper foil; NMC: lithium nickel manganese cobalt ox-
ide; LTO: lithium-titanium-oxide; CAG: carbon aerogel modified
plain weave carbon fiber.

2.7. Multifunctionality of an All-Fiber Structural Battery

The multifunctionality aspect is integrated into each component
of the structural battery. The carbon fibers are electrochemically
activated in the positive electrodes, serving as current collectors,
facilitating electrochemical reactions, and imparting rigidity. The
separator prevents short circuits between the positive and nega-
tive electrodes, facilitates ion migration, and is impregnated with
SBE to enhance durability. The negative electrode, functioning
akin to graphite in commercial lithium-ion batteries, stores ca-
pacity, acts as a current collector and contributes to mechanical
stiffness. The structural battery electrolyte comprises a bipha-
sic solid-liquid electrolyte: the liquid phase transports ions be-
tween electrodes, while the solid phase provides mechanical load

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH

85U80|7 SUOWIWOD A1IE81D 3|edl(dde aup Aq peusenob ae ssppiie YO ‘8sn Jo seini 1oy AriqiT8uljuO A8]1M UO (SUOpUoD-pUe-sLILIBIALI0D A8 | 1M ATl 1 BUl|UO//:SANY) SUORIPUOD pue swie | 81 88S *[20z/ZT/9T] uo ARiqiauliuo A(im ‘Bulupsled suemeis Aq Gz/60120Z Buwipe/z00T 0T/I0p/L0o" 8|1 Afeiq1jeuljuo//sdny woiy papeo|umod ‘gt ‘v20z ‘S600T2ST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

transfer via its stiffness, addressing a limitation of traditional
liquid-based lithium-ion batteries. This approach allows the
achievement of multifunctional properties at the material level.

Evaluation of the multifunctional performance of structural
battery composites involves complexities that are not encoun-
tered with conventional batteries and structures. A simple per-
formance metric has been proposed to assess the multifunc-
tional efficiency (n,,¢) of structural batteries, considering both
electrochemical efficiency (1.) and structural efficiency ().
The multifunctional efficiency is accessed by #,,,¢ = 5. + n,, where
n. corresponds to the ratio of structural battery energy density
(30 Wh kg1, cell mass basis) to that of a standard LFP battery
(90 Wh kg') and n, is the elastic modulus of structural battery
(76 GPa) to that of a traditional structural component (here, we
consider an automotive grade CFRP with a unidirectional mod-
ulus of 128 GPa). Thus, a multifunctional efficiency of 0.88 for
the best-performing structural battery full cell demonstrated in
this study is achieved. A comparison of multifunctional efficiency
with devices from the literature is illustrated in Figure 6D, which
dictates that the present work achieves the highest 7. It should
be noted that the multifunctional efficiencies reported here do
not refer to any real design case. According to this model a mul-
tifunctional efficiency, #,,,¢, above unity is needed to realize mass
savings. The method is used here to rank materials due to its
simplicity and not to analyze potential weight savings in real
applications.

A significant challenge in improving multifunctional effi-
ciency remains on the positive electrode side. Previous studies
demonstrated 5, > 1 in half-cell configurations, which do not
accurately represent full-cell performance.l'?] In a full-cell struc-
tural battery configuration, the availability of lithium ions is lim-
ited to the structural positive electrode and electrolyte. This avail-
ability is further restricted by the inclusion of the solid phase in
the structural electrolyte. Additionally, a substantial amount of
lithium is typically consumed during the formation of the solid
electrolyte interphase (SEI), which limits the energy density of
the full-cell structural battery and impacts 7,

Furthermore, structural batteries offer significant potential for
mass savings at the system level compared to traditional mono-
functional batteries. However, accurately calculating these poten-
tial mass savings for any specific application requires detailed in-
formation about the monofunctional components being replaced
by the multifunctional material. These calculations consider fac-
tors such as mechanical and electrochemical performance, ma-
terial densities, and other relevant characteristics. For instance,
replacing the steel roof of an electric car with a structural bat-
tery could result in a 22% weight reduction because parts of the
traction battery can be eliminated. On the other hand, substi-
tuting the lightweight CFRP hull structure of an electric ferry
would yield only about a 10% weight reduction.l*?] The potential
for mass savings varies significantly depending on the specific
application and the components involved. Understanding these
nuances is crucial for optimizing the design and realizing the full
benefits of structural batteries in various applications.

3. Conclusion

Structural batteries offer tremendous potential to improve the
durability, mobility, and smart functionality in the realm of fully
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electric systems. By integrating energy storage directly into struc-
tural components, these batteries help extend operational en-
durance, enhance movement capabilities, and enable advanced
intelligent features in electric vehicles and other high-tech ap-
plications. This study explores the development of multifunc-
tional materials for structural batteries at the material level,
demonstrating a functional all-fiber structural battery as proof-of-
concept. To create a lighter battery with high energy density, three
separators of varying thicknesses were examined. The thinnest
separator, made of cellulose at 30 um, delivers a high energy den-
sity of 75 Wh kg™! based on the mass of active materials and
30 Wh kg™' based on cell mass, corresponding to power densities
of 105 and 46 W kg!, respectively. The same structural battery
achieves the highest modulus of 76 GPa with an overall 23% car-
bon fiber volume fraction. The Coulombic efficiency and capac-
ity retention of ~#100% confirms the long-term cycling stability
of structural batteries up to 1000 cycles. Advancements in struc-
tural batteries have the potential to revolutionize electric power
systems and human-machine interaction, paving the way for au-
tonomous operational domains.

4. Experimental Section

Materials: Toray Composite Materials America, Inc. manufactured
the T800SC-12K-50C type of Polyacrylonitrile (PAN)-based carbon fibers.
These fibers were subsequently converted into ultrathin unidirectional
(UD) tapes, ~15 mm wide, by Oxeon AB in Sweden. MTI Corpora-
tion supplied the LiFePO, powder with an average particle size of
3.5 um. LayerOne AS in Norway provided the reduced graphene oxide
(rGO) containing 95% carbon. Conductive Super P carbon black (CB,
~40 nm) and polydiallyldimethylammonium chloride (PDDA; 20 wt.%
in H,0) were sourced from Thermo Scientific and Sigma-Aldrich, re-
spectively. Avantor VWR Sweden supplied absolute ethanol (>99.8%).
Sigma-Aldrich provided the Whatman glass microfiber separator (What-
man GF/A, 260 um thick), while Freudenberg Performance Materials SE
& Co. KG, UK, supplied the Freudenberg separator (FS-3002-23, Freuden-
berg, areal weight of 33 g m~2). Technical Fibre Products Ltd, UK, pro-
vided the Fine E glass veil (6 g m~2). NKK Nippon Kodoshi Corp. (Koshi,
Japan) generously supplied the cellulose-based NF40-30 separator with
a nominal thickness of 30 um. The bi-continuous structural battery elec-
trolyte (SBE) comprised bisphenol A ethoxylate dimethacrylate (BPAMA)
(Mn: 540 g mol-1) monomer from Sartomer Company, Europe, along
with the heat-initiator 2,2’-azobis(2-methylpropionitrile) (AIBN), lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI, anhydrous 99.99%), propy-
lene carbonate (PC) (PC > 99%, acid <10 ppm, H20 <10 ppm), and ethy-
lene carbonate (EC) (99% anhydrous), all from Sigma-Aldrich. Addition-
ally, PELCO conductive carbon glue, an acrylic binder base used for bond-
ing the current collector and carbon fibers, was purchased from Caspilor,
Sweden.

Electrochemical Fabrication of Structural Positive Electrodes: ~Before pro-
ceeding with the synthesis of the positive electrode, the carbon fibers (CF)
were subjected to an 8-h reflux desizing process using dichloromethane
to remove the polymer sizing. The synthesis of the positive electrodes fol-
lowed a previously established procedure.l5¢] Briefly, 500 mg of LiFePO,
powder was dispersed in 50 mL of ethanol using a Sonics VCX-750 Vibra-
Cell ultrasonic liquid processor for 20 min. Reduced graphene oxide and
carbon black were subsequently added in equal weight ratios (100 mg
total) to enhance electrical conductivity and ion transport. The surface
charge of LiFePO, was adjusted by gradually adding 500 uL of PDDA dis-
solved in T mL of ethanol. The solution was then sonicated for an addi-
tional 20 min to ensure uniform dispersion of the EPD bath. This final
suspension was subjected to cathodic deposition in a two-electrode com-
partment system, with CF acting as the working electrode parallel to a plat-
inum mesh counter electrode, at a fixed deposition distance of 30 mm. A
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constant voltage of 70 V was applied using a Keithley 2450 Sourcemeter
for 20 min. The deposited weight was determined after drying the samples
at 70 °C for 12 h.

Synthesis of Liquid Electrolyte and Structural Battery Electrolyte (SBE):
The SBE mixture was prepared following the reported procedure with slight
adjustments under an argon atmosphere and dry conditions (<1 ppm
H,0, <1ppm 0,).[22 Initially, a stock solution of 1 m liquid electrolyte was
made by dissolving 1.0 m LiTFSIin EC:PC 1:1 (50:50 wt.%). For the SBE so-
lution, equal parts of liquid electrolyte and BPAMA monomer were mixed
followed by the addition of heat-initiator AIBN (1 wt.% of the BPAMA
monomer). The mixture was thoroughly stirred using a vortex to ensure
uniformity, then left to degas inside the glovebox before vacuum infusion.
The vacuum-infused SBE was subsequently cured in an oven at 90 °C for
45 min.

Vacuum Assisted Resin Infusion for the Manufacturing of Structural Battery
Full Cell: A full-cell pouch bag design was used for the manufacturing of
structural battery cells. EPD-deposited CF attached to the aluminum cur-
rent collector was used as positive electrode while pristine CF connected
to nickel tabs was used as negative electrode. The electrodes were stacked
on each side of an electrically insulating separator and dried in oven at
100 °C overnight. However, in the case of the cellulose separator, the cel-
lulose was dried first at 100 °C for 12 h followed by vacuum drying at 50
°C for 48 h. No, as such treatment was used for Whatman, Freudenberg,
and glass-veil. The mass of positive and negative electrode was balanced
by considering the deposited LFP on carbon fibers and theoretical capacity
of LFP (170 mAh g~") and CF (372 mAh g~). The mass of LFP-coated CF
in the cathode was 22 mg and the pristine CF in the anode was 11 mg,
which corresponds to the areal mass loading of 5 and 2.5 mg cm™2, re-
spectively. A total mass of 33 mg was considered as active material mass
in the battery. The structural battery was prepared using a vacuum infu-
sion process, followed by assembly into pouch bag.[®?] Cell components
were assembled on a glass plate in the following sequence: 1) placement
of release plastic film, 2) positive electrode attached to Al tabs, 3) separa-
tor, 4) negative electrode connected to Ni tabs, 5) perforated polyethylene
film, 6) breather fabric.

Silicon tubes were connected as inlet and outlet, and whole geome-
try was sealed with tacky tape and dried in vacuum oven at 50 °C for 12
h before SBE infusion. The SBE was prepared as described above and
connected to the inlet tube. The infusion was carried out at a pressure
of —0.5 bar, and subsequently cured at 90 °C for 45 min. This results in
SBE cured all-fiber structural battery which was sealed inside PET:Al:PE
(12 um:9 um:75 um) pouch bag for electrochemical testing. In case of
half-cell, similar process was followed for vacuum infusion of positive elec-
trode, while the lithium foil was added right before sealing the pouch bag.
An additional 200 pL of liquid electrolyte was added to the pouch bag to
facilitate ion conduction.

Electrochemical Testing and Morphological Characterizations of Struc-
tural Battery: Cyclic voltammetry (CV), galvanostatic charge/discharge
(GCD), and electrochemical impedance spectroscopy (EIS) were con-
ducted using a Bio-Logic SP-300 station. CV of half-cell was performed
at a scan rate of 0.1 mV s~ within a voltage range of 2.6 to 4.2 V versus
Li/Li*. GCD cycles were executed across a voltage range of 2-3.6 V at rates
from 0.025 to 0.2C for six cycles each, with cycling stability monitored up
to 1000 cycles at 0.1C. The selected current for GCD cycling was based on
the theoretical capacity of LFP. EIS measurements were carried out over
a frequency range from 100 kHz to 100 mHz using an alternating current
(AQ).

The specific capacity of the samples was determined from discharge
curves as per the formula Q = / Idt/m , where Q was the specific capacity
in mAh/g based on the deposited active materials mass, / was the current,
and m was the mass of the electrodeposited material (g) and dt was the
time differential. Specific energy density (ED, Wh/kg) and power density
(PD, W/kg) were calculated using following formula: ED = 1/m, [ IV dt
and PD = ED/%jcharge, respectively, where | was the discharging current
in Ampere, V was the potential in Volt, m, was mass of the active material
or full cell in kg, and tyicpar, Was the discharge time in hours.

Broad-lon-Beam Scanning Electron Microscopy (BIB-SEM): Scanning
electron microscopy (SEM) of full cells was performed to quantify the
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thickness of all fiber batteries. SEM was performed using JEOL JSM-
7800F Prime model at an acceleration voltage of 5 kV and gold coating
of 5 nm. Broad-ion-beam scanning electron microscopy (BIB-SEM) was
conducted on cycled positive electrodes. Before examination, the samples
were washed in distilled water for 12 h and then dried in a vacuum oven
at 60 °C for an additional 12 h. BIB milling was performed using Leica
TIC3X with an accelerating voltage of 8 and 6 kV for 6 and 2 h, respec-
tively. Subsequently, the imaging was carried out using a JEOL JSM-7800F
Prime SEM.

Tensile Modulus of All-Fiber Structural Battery:  For mechanical testing,
the SBE-infused LFP-deposited carbon fiber lamina and structural battery
full cell were cut into pieces ~30 mm long and 3 mm wide. Glass fiber
tabs were attached to the ends of the lamina using epoxy adhesive films
to ensure secure gripping and even load distribution, preventing prema-
ture failure or sample slippage. Tensile tests were conducted on at least
five samples, with sample thickness measured by SEM. The mechanical
testing was performed in tensile mode parallel to the fiber direction us-
ing a Deben microtester with a 2.0 kN load cell at a testing speed of
0.2 mm min~". Strains were derived from the crosshead displacement of
the microtester, and the compliance compensation method was used to
determine the modulus using ASTM D3379 method which describes the
test on single fiber filaments.['% An apparent modulus, E was calculated
using E = L/CA, where L was the specimen gauge length, A was the cross-
sectional area, and C was the true compliance. The true compliance, C was
determined from C = C, — C,, where C, was the apparent compliance
from the initial linear segment of the load-displacement curve, and C, was
the system compliance, measured experimentally.

Statistical Analysis:  All experiments were conducted in triplicate, with
the data presented as mean + SD (n = 3). Statistical significance was de-
termined using one-way ANOVA with Tukey’s correction, performed with
Origin-Pro 2024 64-bit software, where p < 0.05. An asterisk (*) indicates
statistical significance.
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