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ural batteries: cost-efficient high-
performance carbon fiber-coated LiFePO4

cathodes†

Jaehoon Choi, Omid Zabihi, Mojtaba Ahmadi and Minoo Naebe *

Structural batteries (SBs) have gained attention due to their ability to provide energy storage and

structural support in vehicles and airplanes, using carbon fibers (CFs) as their main component.

However, the development of high-performance carbon fiber-based cathode materials for structural

batteries is currently limited. To address this issue, this study proposes a cost-efficient and

straightforward method for creating a high-performance structural lithium iron phosphate (LiFePO4)

positive electrode by coating carbon fibers at mild temperatures and pressures. The resulting cathode

demonstrated a high LiFePO4 loading (at least 74%) and a smooth coating, as confirmed by X-ray

spectroscopy, scanning electron microscopy, and Raman spectroscopy. This structural cathode

exhibited a capacity of 144 mA h g−1 and 108 mA h g−1 at 0.1 C and 1.0 C, respectively. Additionally,

the LiFePO4 cathode displayed excellent electrochemical properties, with a capacity retention of

96.4% at 0.33 C and 81.2% at 1.0 C after 300 cycles. Overall, this study presents a promising approach

for fabricating high-performance structural batteries with enhanced energy storage and structural

capabilities.
Introduction

The demand for eco-friendly transportation has been on the rise
worldwide, partly driven by carbon-neutral regulations set to
take effect by 2050. Consequently, electric vehicles (EVs) have
garnered increasing interest from investors in research and
development as well as commercialization.1,2 Lithium-ion
batteries (LiBs) are widely investigated for use in EVs.
However, one of the key challenges faced by EVs is their rela-
tively shorter range per charging cycle, when compared to
combustion engine vehicles. Therefore many studies are
currently focused on enhancing the energy density of LiBs to
address this limitation and make EVs more practical for daily
use.3–5

Carbon bers (CFs) are being utilized as a replacement for
heavy car panels due to their lightweight and strong charac-
teristics. This makes them an ideal material for improving
energy efficiency by reducing the weight of vehicles.6–8 Addi-
tionally, the graphitic structure of CFs allow energy storage9,10

and its outstanding electrical conductivity makes it ideal to be
used as a current collector.11,12 Due to these unique character-
istics CFs have been investigated to realize structural batteries
which enables not only carrying mechanical load, but also
ls (IFM), Deakin University, Waurn Ponds,

deakin.edu.au

tion (ESI) available. See DOI:

the Royal Society of Chemistry
simultaneously storing energies.13,14 A structural composite
battery is made up of carbon bres that act as a reinforcing
structure, electrode, and solid polymeric electrolyte which
serves as both a separator and an electrolyte.13,15–17

At the early stage of research for structural batteries, there
were signicant focuses on developing CFs based anode as well
as efforts to integrate CFs to fabricate CFs-composite electrode
via solid polymer electrolyte.18,19 However, there have not been
many research on development of positive electrodes for
structural batteries. To fabricate a positive electrode for struc-
tural batteries, there are various cathode materials such as
LiCoO2, LiMn2O4, LiFePO4, which can be used in the conven-
tional LiBs due to not only its considerable theoretical capacity
(170 mA h g−1) but also structural stability.20–22

Liu et al. reported carbon nanober based lithium cobalt
oxide (LiCoO2) cathode holding a specic capacity of
90mA h g−1.19However, carbon nanober is not only being used
more commonly as an additive rather than a current collector,
but also requires a slow dry casting process to remove the
plasticizer (propylene carbonate). Recently, coating cathode
material onto CFs via electrophoretic deposition (EPD) and
autoclave method have been investigated for use in structural
batteries.11,23,24 Hagberg et al. reported that LiFePO4 coated onto
polyacrylonitrile (PAN)-based CFs tow via EPD method delivers
a specic capacity of 108 mA h g−1 at 0.1 C.11 However, the
coating performance was dependent on the distance between Pt
wire (counter electrode) and CFs (working electrode) at EPD
instrumental set-up, making it difficult to obtain a high yield.
RSC Adv., 2023, 13, 30633–30642 | 30633
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Park et al. reported a method using vacuum bag and autoclave
to coat LiFePO4 onto woven carbon bre, and recorded
a capacity of 112 mA h g−1 at 0.1 C with 0.82 retention (at 1.0 C)
aer 500 cycles.23 Despite obtaining such a good capacity using
autoclave for coating, makes this method less cost efficient.

In this study, we utilized a feasible cost-efficient method to
fabricate a LiFePO4 coated CFs cathode electrode for
a composite structural battery. To the best of our knowledge,
this approach has not been reported elsewhere. The CFs tow
performs not only as current collector, but also provides
mechanical stiffness and strength. The choice of LiFePO4 as the
cathode material is based not only on its non-toxic properties,
but also on its cost-effectiveness when compared to other
cathode materials. This makes it highly benecial for scale-up
applications. LiFePO4 cathode slurry are composed of LiFePO4

particles, carbon black particles and PVDF to bind the particles.
To seek an optimum LiFePO4 slurry ratio, different ratios of
LiFePO4 were prepared. The morphology and properties of
LiFePO4 coatings on CFs tow were investigated. Electrochemical
analysis was conducted to evaluate capacity, rate performance
and cycling life. Furthermore, tensile testing for the structural
cathode was carried out to investigate not only mechanical
strength, but also the crack propagation of LiFePO4 coating on
the surface of CFs.
Experimental
Materials

LiFePO4 (LFP) whose particle size ranging between 100 and
300 nm was supplied by TARGRAY. Carbon black (CB, SUPER
C65) with dimension of 20 nm was purchased from TIMCAL.
Anhydrous 1-methyl-2-pyrrolidinone (NMP, purity of 99.5%)
and polyvinylidene uoride (PVDF) with molecular weight 534
000 measured by GPC were purchased from Sigma Aldrich.
Furthermore, lithium hexauorophosphate solution in ethylene
carbonate and dimethyl carbonate (1.0 M LiPF6 in EC/DEC= 50/
50, battery grade) electrolyte were also obtained from Sigma-
Aldrich. All purchased chemicals were utilised without any
pre purications. Unidirectional (UD) T300 CF tow (A38-6k)
were obtained from DowAksa (Turkey).
Fabrication of UD carbon bre substrate

To prepare a CFs substrate, UD CFs tow (6k) was placed onto a Si
rubber plate with dimensions of 75 mm × 25 mm. Subse-
quently, the tow was secured with tape. Next, the CFs were
wrapped with a release lm layer, peel-ply strip, and breather on
Table 1 LiFePO4 slurry ratio for structural cathode

LiFePO4 (wt%) Carbon black (wt%) PV

92 2 6
90 4 6
88 4 8
78 10 12

30634 | RSC Adv., 2023, 13, 30633–30642
a 30 × 30 cm stainless-steel plate. Aerward, the PVDF binder,
consisting of 0.2 g of PVDF dissolved in 1 mL of NMP, was used
for vacuum infusion. The prepared mold was then placed in
a hot press for the coating step at 80 °C with an applied pressure
of approximately 3 bar for 30 minutes. This process was carried
out in a vacuum environment.

Fabrication of LiFePO4/CF structural cathode

Developed UD carbon bres substrate was used to fabricate the
LiFePO4/CF structural cathode for this study. To fabricate
LiFePO4 slurry for the CFs structural cathode, different ratios of
LiFePO4, carbon black, NMP and PVDF as listed in Table 1 were
prepared.

The composed cathode materials were poured into a mixed
solvent (0.48 mL of NMP + 2 mL of acetone) and stirred using
a magnet stirrer at 40 °C for 30 min. Then, the product was
sonicated for the same temperature and duration in a bath
sonicator and stirred for further 30 min at 40 °C prior to coating
onto the CFs substrate. The cathode slurry was applied to
a stainless-steel plate using a doctor blade with a thickness of
200 mm. Next, a CFs substrate, which was attached to a Si rubber
plate, was placed on top of the electrode slurry. The same
vacuum bagging procedure used to prepare the CFs substrate
was then conducted. The vacuum-sealed mold was transferred
to a hot press and kept at 120 °C for 2 hours under 1 bar
pressure, as shown in Scheme 1.

Characterization methods

X-ray diffraction (XRD). X-ray diffraction (XRD) was per-
formed using a Malvern PANalytical X-pert powder with Cu Ka
radiation operating at 30 mA and 40 kV. The measurement was
over the range of diffraction angle 2q = 10–60°, with a scan
speed of 3.3° min−1 at room temperature.

Raman spectroscopy. Raman results were obtained using
InVia confocal Raman spectroscopy (REINSHAW, UK), equip-
ped with a 758 nm laser. Raman results were used to study the
DG band changes between pristine CFs tow and series of
LiFePO4/CF.

Morphology of structural battery electrolyte. Morphology of
structural battery electrolyte was examined using scanning
electron microscopy (SEM) technique using SEM (Supra 55VP,
ZEISS). Before measurements, all samples were vacuum dried in
a conventional oven to perfectly remove moisture prior to con-
ducting SEM. The dried LiFePO4/CF samples were coated with
3 nm gold. SEM imaging of surface and cross-section of the
samples with different magnications was conducted. EDX
DF (wt%) NMP

1 : 4 ratio (PVDF : NMP) in 2 mL of acetone

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 A schematic of LiFePO4/CF production; (a) the fabrication details of a vacuum bag hot plate process for LiFePO4 slurry coating onto
CFs tow (b) optical images (surface) before/after LiFePO4 coating onto UD CFs substrate and (c) an image of the LiFePO4/CF structural cathode.
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measurements were also carried out to obtain the elemental
mapping of samples. The operating voltage of 20 kV was set for
EDX.

For electrochemical cycling experiments for half cell
(LiFePO4/CF-Li). For electrochemical cycling experiments for
half cell (LiFePO4/CF-Li), a 3023 coin-cell was used. The half-cell
was assembled with a structural cathode (LiFePO4/CF), lithium
foil, 250 mm thickness glass microbre lter, and 1 M LiPF6
(EC : DEC of 1 : 1) as working electrode, reference electrode,
separator, and electrolyte. All coin-cell fabrication was con-
ducted in a glove box with argon environment (<1 ppm O2 and
H2O), and LiFePO4/CF was vacuum dried in a conventional oven
for 24 h at 60 °C for 24 before the cell fabrication step.

According to standard test method D3039, characterization
of mechanical performance of the LiFePO4/CF electrode.
According to standard test method D3039, characterization of
mechanical performance of the LiFePO4/CF electrode were
carried out with the rate of 0.5 mm min−1 to study the elastic
potential as well as surface crack propagation of the LiFePO4/CF
electrode using a universal machine testing (UTM, Instron 5967,
UK equipped with load cell of 1 kN).
© 2023 The Author(s). Published by the Royal Society of Chemistry
Results and discussions

1. Structural characterization of the LiFePO4/CF electrode
composite

Scheme 1 shows the entire process of the LiFePO4 cathode
coating on to UD CFs substrate using a facile vacuum
compression molding press. In Fig. 1, the microstructure of 78
LiFePO4/CF electrode composite was investigated via SEM. As
illustrated in Fig. 1(a) and (b), LiFePO4 slurry was adequately
adhered onto the surface of pre-prepared CFs tow substrate.
Furthermore, the thickness of 78 LiFePO4/CF is conrmed as
42.9 mm via the cross-section image in Fig. 1(b) which is
comparable to the commercial electrodes having 20–30 mm
thickness. Fig. 1(c) shows the LiFePO4 coating onto the surface
of CFs at low magnication which is uniform.

Fig. 1(d) reveals the distribution of coated particles (LiFePO4

and carbon black) on the surface of CFs, demonstrating a good
particle distribution on the coating surface. In addition, the
particle distribution on the surface of LiFePO4 coated CFs was
evaluated via EDX (Fig. S2†) as it enables identications of key
RSC Adv., 2023, 13, 30633–30642 | 30635
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Fig. 1 Morphology investigation via SEM; (a) CF tow pristine, (b) the cross-sectional image of 78 LiFePO4 onto CFs (78 LiFePO4/CF) to investigate
the coating quality (c) and (d) surface investigation with low and high magnification.

Fig. 2 Microstructural evaluation of neat materials (CFs pristine and LiFePO4 powder) and different LiFePO4 slurry applied structural cathode
composite via (a) XRD and (b) Raman.

Fig. 3 Schematic Illustration of the coin cell design as a half-cell vs. Li/Li+.

30636 | RSC Adv., 2023, 13, 30633–30642 © 2023 The Author(s). Published by the Royal Society of Chemistry

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 2

/2
4/

20
25

 7
:1

8:
59

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra05228a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 2

/2
4/

20
25

 7
:1

8:
59

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
elements (Fe and P from LiFePO4, F from PVDF) distribution
and no distinct defects was found.

Fig. 2(a) shows XRD graphs of LiFePO4 and LiFePO4/CF. All
evaluated diffraction peaks can be indexed to crystalline
orthorhombic LiFePO4 phase according to JCPDS card no. is 40–
1499.25,26 In Fig. 2(a), the CFs peak disappeared from the XRD
pattern of LiFePO4/CF electrode composite, indicating that
Fig. 4 Electrochemical examination of the LiFePO4/CF electrode sample
1 by weight) as electrolyte; (a) charge–discharge profile with different LiF
spectroscopy (EIS) of different LiFePO4 slurry samples, (c) polarization vo
profile of 78LiFePO4/CF at different C-rate, (e) polarization voltage chan
Specific capacities of 78LiFePO4/CF at different C-rates.

© 2023 The Author(s). Published by the Royal Society of Chemistry
LiFePO4 is coated on to the surface of CFs substrate. Further-
more, by comparing the XRD pattern between the electrode
composite and LiFePO4, no signicant peaks were found in the
LiFePO4/CF composite, revealing that vacuum compression
moulding approach did not inuence the LiFePO4 crystalline
structure.
s with 1.0 M LiPF6, ethylene carbonate (EC) : diethyl carbonate (DEC) (1 :
ePO4 slurry applied structural cathode, (b) electrochemical impedance
ltage in different LFP slurry composition at 0.1 C (d) charge–discharge
ges at 78 LiFePO4/CF in different C-rate (0.1/0.33/0.66/1.0 C) and (f)

RSC Adv., 2023, 13, 30633–30642 | 30637
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Table 2 Different LFP slurry composition series and their 2 relative
values of Rs and Rct based on the Nyquist Plots in Fig. 4(b)

Weight of LFP
(mg cm−2) Rs (U cm−1) Rct (U)

78 LiFePO4/CF 7.53 3.19 263.6
88 LiFePO4/CF 5.78 2.99 313.6
90 LiFePO4/CF 4.94 2.84 417.1
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In Fig. 2(b), two distinct peaks were appeared at 1335 cm−1

and 1596 cm−1 which is related to D-band (sp3 hybridization,
disordered carbon) and G-band (sp2 hybridization, graphite),
correspondingly.27,28 Xie et al. reported that the intensity ratio of
ID/IG is an index of the degree of disorder carbon layers.29 The ID/
IG ratio of 78 LiFePO4/CF is 1.01 which is lower in comparison
with 88 LiFePO4/CF (1.03) and 90 LiFePO4/CF (1.05). This
suggests that 78 LiFePO4/CF has graphite-like coating layers
compared to other composite samples which present more
amorphous coating layers, thereby it may inuence the lithium-
ion interaction while performing electrochemical analysis.

Shi et al. reported the peak between 500 and 1100 cm−1 in
Raman spectra can be associated with vibration of the Fe–O and
PO4

3− group.29 As shown in Fig. 2(b), all LiFePO4 coated CFs
composite displayed PO4

3− peak at 950 cm−1, and hence these
are another evidence of LiFePO4 coating performance on the
surface of CFs which is in agreement with XRD result.
Fig. 5 Long-term cycling stability for 78 LiFePO4/CF composite electrode
coulombic efficiency at 1.0 C-rate over 300 cycle.

30638 | RSC Adv., 2023, 13, 30633–30642
2. The half-cell performance
For the half-cell performance of the LiFePO4 composite

electrodes, the half-cell was fabricated as depicted on Fig. 3.
As illustrated in Fig. 4(a), the results of electrochemical

performance of the fabricated cathode at 0.1 C exhibit that the
different LiFePO4 electrode slurry ratios inuenced the capacity
difference. The electrochemical performance at 0.1 C reveals
that 78 LiFePO4/CF indicated the highest capacity as
144 mA h g−1 compared to the other ratio samples. As
mentioned earlier about the LiFePO4 coating performance in
regards with ID/IG ratio, this result may be obtained by more
graphitized coating structure, which enables better lithium-ion
intercalation, on 78 LiFePO4/CF compared to other samples.
Sanchez et al. reported that the lower overall resistance between
electrolyte and electrode attaining from electrochemical
impedance spectroscopy (EIS) can be reected to superior
capacity performance.29 In addition, Ferg and Vuuren reported
a battery cell having higher internal resistance (Rct) could not
perform well compared to a cell with lower Rct.30

As shown in Fig. 4(b) and Table 2, the resistance between
electrolyte and electrode for 78 LiFePO4/CF, 88 LiFePO4/CF and
90 LiFePO4/CF samples were obtained via the intercept on the
real axis (Zre) in the intrinsic resistance (Rs) of the spectra to be
3.19, 2.99 and 2.84 U cm−1, respectively. In addition, the
semicircle between high and low frequencies indicates the Rct
(a) at 0.33C-rate over 100 cycle (b) at 1.0C-rate over 100 cycle and (c)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Performance comparison of the LiFePO4 composite electrode for structural batteries with previous studies

Method Carbon bre Materials
Capacity
(mA h g−1) Cycling retention (%)

Mass loading
(mg cm−2) Ref.

1 Hot press (at 120 °C
under 1 bar pressure)

6k tow LiFePO4/carbon black/PVDF 144 (at 0.1 C) 96.4 at 0.33 C, 95.8 at
1.0 C (100 cycles) and
81.2 at 1.0 C (300 cycles)

4.7 This work

2 Electro-deposition (EPD) 12k tow LiFePO4/carbon black/PVDF 110 (at 0.1 C) 62 at 1.0 C (500 cycles) n/a 11
Acetone and surfactant for EPD

3 Electro-deposition (EPD) 12k tow LiFePO4/carbon black/graphene
oxide (GO)

131 (at 0.1 C) 91 at 1.0 C (500 cycles) 1 39

DMF and surfactant for EPD
4 Electro-deposition (EPD) Carbon cloth LiFePO4/carbon black 110 (at 0.1 C) 80 at 0.5 C (300 cycles) 20 24

EtOH
5 Electro-deposition (EPD) Carbon cloth LiFePO4/carbon black 140 (at 0.1 C) 84 at 0.1 C (100 cycles) 10 24

EtOH
6 Autoclave Woven fabric LiFePO4/carbon black/PVDF 112 (at 0.1 C) 82 at 1.0 C(500 cycles) n/a 23
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and it was the smallest in 78LiFePO4/CF (263.6 U) compared to
88LiFePO4/CF (313.6 U) and 90LiFePO4/CF (417.1 U). According
to obtained resistances, the interfacial redox reaction is more
likely to be favoured in 78LiFePO4/CF compared to other
samples.

Cui et al. reported that cycle stability can be enhanced by
reducing interfacial resistance between the electrolyte and
electrode, as well as decreasing polarization voltage during
charging and discharging.31 Additionally, Wang et al. found that
an increase in cell polarization leads to capacity fading.32

Fig. 4(c) shows the lowest polarization voltage at 78 LiFePO4/CF
compared to other slurry composition samples, and it also
exhibits the smallest Rct value as mentioned earlier. These
results explain the capacity fading observed in different slurry
compositions in terms of electrochemical performance at 0.1 C,
as shown in Fig. 4(a), by correlating it with interfacial resistance
and polarization voltage.

Fig. 4(d) shows charge/discharge proles at different C-rates
for a CFs electrode coated via a vacuum hot press with the slurry
composition 78 : 10 : 2 (LiFePO4 : PVDF : CB). The voltage
plateau of 78 LiFePO4/CF was indicated as around 3.4 V vs. Li+/
Li, attributed to the redox reaction of Fe2+/Fe3+ in agreement of
the previous studies.33,34 Furthermore, the specic capacity is
decreasing via increasing C-rate from 0.1 C to 1.0 C in agree-
ment with the previous reported.35,36 Interestingly, Fig. 4(e)
shows increasing trend in polarization voltage by increasing C-
rate, and hence it could be evaluated as a crucial parameter on
battery performance.

As shown in Fig. 4(f), the performance of 78LiFePO4/CF
reduces with enhancing C-rate. Nevertheless, it is reversible
procedure because the initial capacity was returned by return-
ing to 0.33 C.

Fig. 5(a–c) show a long-term cycling stability which is a key
parameter for an electrode of Li-ion batteries. Two different
conditions for long-term cycling stability were conducted not
only at 0.33 C over 100 cycles, but also 1.0 C over 300 cycles.
Fig. 5(a) and (b) exhibit slightly fading the specic capacity at
0.33 C and at 1.0 C over 100 cycles. However, no signicant
© 2023 The Author(s). Published by the Royal Society of Chemistry
capacity drop was observed and also high-capacity retentions of
96.4% at 0.33 C and 95.8% at 1.0 C were obtained. Previous
works have reported that the capacity fade occurred by growth
of the negative electrode SEI, consequently it causes a contin-
uous capacity fading.37,38

In addition, the capacity over 300 cycles exhibited 81.2%
retention, demonstrating that the performance degradation was
not occurred rapidly at a high C-rate. By comparing the ob-
tained electrochemical performance with the previous studies
in Table 3, the structural cathode prepared via a vacuum bag hot
plate process reveals a potential to utilize for structural
batteries.

3. Mechanical properties of structural cathode
The tensile tests were carried out to study mechanical

properties of structural CFs cathodic composite as well as
investigate propagating crack regions while applying force.
Fig. 5 exhibits the results of tensile test and photography of
LiFePO4 coating crack propagation on the surface of CFs. The
rst surface crack was initiated in the region 1 in Fig. 6(a) and
conrmed through a photography of the region 1 in Fig. 6(c).
According to Fig. 6(a) and (b), the surface crack propagation was
continued until the fracture region appeared in the stress–
strain curve. In addition, the crack propagation occurred at the
outer surface area of the composite electrode. However, the
resultants of 90 LiFePO4/CF in Fig. 6(b and d) showed a signi-
cant surface crack propagation at the centre and outer surface
area compared to 78 LiFePO4/CF. Interestingly aer the test, 78
LiFePO4/CF sustained its structure as well as LiFePO4 coating on
the surface of CFs compared to 90 LiFePO4/CF. This phenom-
enon may be attributed by the different ratio of PVDF in the
cathode slurry. Because it inuences determining the degree of
binding LiFePO4 and CB particles on the surface of CFs.38–40

Furthermore, the optimized structural cathode composite
(78 LiFePO4/CF) in Table 4 shows high mechanical perfor-
mances, 538.7 MPa tensile strength, 4.30 GPa elastic modulus
and 64.4 MJ m−3 toughness. This result indicates that higher
binder affects not only effectively holding active materials, but
also physically bonding to CFs substrate.41,42 According to these
RSC Adv., 2023, 13, 30633–30642 | 30639
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Fig. 6 Tensile testing result of the 78LiFePO4/CF and 90LiFePO4/CF composite electrode (a and b) stress–strain curve for the composite
electrodes and (c and d) LiFePO4 (LFP) coating crack propagation for the composite electrodes while testing.

Table 4 Mechanical properties of the CFs composites coated with different ratio of LiFePO4
a

Sample Young's modulus (GPa)
Stress at elongation
at break (MPa) Toughness (MJ m−3)

78 LiFePO4 4.30 � 0.23 538.7 � 0.99 64.4 � 0.14
90 LiFePO4 4.74 � 1.06 517.9 � 79.27 42.5 � 5.09

a Toughness was calculated by integrating the tensile stress–strain curve.

30640 | RSC Adv., 2023, 13, 30633–30642 © 2023 The Author(s). Published by the Royal Society of Chemistry

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 2

/2
4/

20
25

 7
:1

8:
59

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra05228a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 2

/2
4/

20
25

 7
:1

8:
59

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
results, a vacuum bag hot press process to coat LiFePO4 on CFs
is a potential applicable method for a structural composite
battery.

Conclusions

In summary, we employed a straightforward approach to
fabricate a LiFePO4-coated CFs composite electrode for struc-
tural batteries. Based on XRD and Raman analyses, the LiFePO4

slurry was well-coated onto the surface of CFs. Furthermore, the
78 LiFePO4/CF composite exhibited thicker graphite coating
layers compared to other samples, as evidenced by the ratio of
ID/IG, which also conrmed its inuence on electrochemical
performance. The morphology of the LiFePO4 coating on the
CFs' surface, as observed via SEM, displayed not only awless
surface coating but also clear separation between the LiFePO4

coating layer and CFs in the cross-sectional view.
The optimized cathode composite half-cell, with high

mechanical performance (538.7 MPa tensile strength and
4.12 GPa elastic modulus), achieved a discharge capacity of
144 mA h g−1 at 0.1 C and 102 mA h g−1 at 1.0 C. Additionally,
long-term cycling stability demonstrated 96.4% (over 100 cycles)
and 81.2% (over 300 cycles) at 0.33 C and 1.0 C, respectively.
These results suggest that the developed LiFePO4-coated CFs
composite electrode holds great promise as a candidate for
cathode materials in structural battery development.
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