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ARTICLE INFO ABSTRACT

Handling Editor: Marino Quaresimin Carbon fibres (CF) have the potential to serve as versatile and multifunctional conductive electrodes within the
concept of “structural batteries”. These batteries possess the unique ability to both store electrical energy and
bear mechanical loads without requiring extra current collectors. However, numerous challenges remain on the
path to commercializing structural batteries. One significant challenge lies in the fabrication process of CF-based
cathode composites, including the poor adhesion of active materials to the CF surface and the use of hazardous
organic solvents, such as N-methyl pyrrolidone (NMP) through traditional blade coating. In this study, we
present a sustainable fabrication approach, using electrophoretic deposition (EPD) to construct positive electrode
composites with lithium iron phosphate (LiFePO4) and graphene nanosheets. Especially, ethanol was used as a
green solvent replacing NMP to minimize the environmental impact. Meanwhile, the influence of different types
of graphene additives (three kinds of graphene nanoplatelets (GNP), four kinds of reduced graphene oxide (rGO)
and one home-made graphene) to the relative battery performance were evaluated under a systematic
comparative analysis. Among the tested graphene additives, LFP/rGO2 based positive electrode exhibits a
desirable specific capacity of 126.2 mAhg ™, maintaining over 93% retention even under the demanding con-
ditions of 2C over 500 cycles.
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1. Introduction used in car body panel manufacturing [6]. A typical structural battery

composite consists of a laminated battery architecture, in which two

The increasing demand for energy and the accompanying environ-
mental impact of CO3 emission, mainly from fossil fuels, have urged the
search for sustainable energy generation/storage solution [1]. There has
been a transition in the automotive industry towards electric-powered
and lightweight vehicles, that can achieve zero-emission with a
reduced carbon footprint.

Differently from the traditional metallic structures (e.g., steel,
aluminium) that provide a mechanical load to the vehicles, carbon fiber
(CF) based structural battery composites can not only serve as structural
components but also provide energy storage capability, thus giving extra
energy and power with a significant weight reduction and increased
energy efficiency of vehicles [2-5]. These advanced lightweight com-
posite materials with excellent stiffness and strength-to-weight ratio
could potentially replace the inert component metal materials currently

different CF layers work as positive and negative electrode tows, and the
electrolyte is present within pores of a polymer matrix combining the
two layers and a separating glass fiber fabric [6]. Like graphite, CF tows
can be directly applied as the negative electrodes in Li-ion batteries.
However, as positive electrodes CF tows are electrochemically inactive,
they must be functionalized with active materials, for example,
lithium-based compounds like iron phosphate (LiFePO4, or LFP), to
form positive electrode (or cathode) composite lamina [7,8]. Standard
coating techniques like blade coating or spray coating can be used for
this functionalization, although the complex geometry of CF tows ren-
ders makes it difficult to obtain a uniform coating over the cylindric,
entangled surface of the CF tows [9,10]. Moreover, all these processes
need to use high-boiling organic solvents such as N-methyl pyrrolidone
(NMP) which require a time-consuming long drying process.
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We demonstrated in our recent work that electrophoretic deposition
(EPD) can be used to effectively coat complex substrates like CF tows,
without using NMP solvent (see in Scheme 1) [11]. EPD uses an applied
electric field to deposit on a conductive substrate charged particles,
suspended in a colloidal dispersion [12,13] and is a cost-effective
method in material processing to provide homogeneous and dense
layer of functional composite coating on any arbitrary shape, even on 3D
irregular shapes like individual CF surface [14]. High-performance
electrodes for Li-ion batteries have been reported using the EPD
approach, with better performance in comparison to those realized with
traditional wet coating methods [15,16]. Recently, Hagberg et al. coated
different mixtures of LFP, carbon black (CB) and polyvinylidene fluoride
(PVDF) onto T800 CF in acetone solvent [17]. The sample coated with a
ratio of 90:6:4 (LFP: CB: PVDF) showed the best performance and
delivered a specific capacity of 110 mAh/g with good stability and a
capacity retention of ca. 50 % after 1000 cycles. Apart from that, we
have previously reported electrochemical techniques to construct posi-
tive electrodes with LFP and graphene additives [11]. Further, we also
achieved significant improvements in cathode performance by adding
nanosheets of electrochemically exfoliated graphene oxide (EGO) dur-
ing the EPD fabrication process in dimethylformamide (DMF) solvent
[18,19]. The studies demonstrated the potential of graphene/LFP based
composite cathodes in a full cell, with a pristine CF negative electrode
and LFP/EGO coated CF cathode in liquid electrolyte, where a maximum
specific capacity of 79.85 mAh/g with 88.1 % capacity retention at 1 C
over 300 cycles was achieved. This excellent cycling behaviour could be
attributed to the efficient charge transfer from graphene additives, that
prevents capacity fade via the favourable mass balance between elec-
trodes and formation of uniform and continuous conductive networks in
the bulk of electrodes [10,11,20,21].

Although graphene additives can boost the electrochemical perfor-
mance of LFP based electrode composites, the toxicity of DMF solvent is
forcing us to find greener and more environmentally friendly solvents
for the EPD technique. There are many commercially available
conductive graphene related materials (GRM), which are generally
categorized into two types: reduced graphene oxide (rGO) and graphene
nanoplatelet (GNP). To the best of our knowledge, there is no report
about the influence of different graphene additives in LFP based Li-ion
batteries, not to mention the structural batteries. In the present study,
we performed a comparative study on the impact of various graphene
additives on the electrochemical performance on positive electrodes of
structural battery. The different graphene additives studied include our
home-made EGO along with commercially available GNPs (3 types), and
rGOs (4 types). Finally, for the EPD process, ethanol was used as the
environmentally sustainable solvent, instead of DMF.

2. Experimental

The reagents used for synthesis and experiments were analytical
grade and employed as received, without any further purification.
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Distilled water was used in all the experiments.

2.1. Electrophoretic deposition (EPD) of LiFePO4/graphene

Polyacrylonitrile (PAN) based carbon fibre tow (T800SC-12K-50C,
Toray) composed of 12,000 filaments with a linear tow weight of 0.52 g/
m was used as the starting material. As-received carbon fibres were
cleared with refluxed dichloromethane overnight to remove the polymer
sizing agents before deposition. EGO was prepared using an electro-
chemical exfoliation method reported by the authors previously [19].
rGO and GNP samples were purchased from different companies (see
Table S1). LiFePO4/EGO samples were synthesized via EPD involving
the following steps: 500 mg carefully grinded LiFePO4 (LFP) particles
(MTI Corporation average particle size 3.5 pm) were dispersed in 50 mL
of Ethanol using a Sonics VCX-750 Vibra-Cell ultrasonic liquid processor
(10 min). This process aimed to create stable LiFePO4 (LFP) dispersions
and reducing the particle size. Subsequently, the surface charge of LFP
particles in the solution was adjusted by slowly introducing 1 ml of
Ethanol (EtOH) containing 500 pL of poly diallyldimethylammonium
chloride (PDDA; 20 wt % in H0), which had been previously dissolved
in a batch sonicator. A 50 mL solution of graphene additive (EGO or rGO
or GNP) in EtOH solution (0.50 mg/ml) was combined with carbon black
(CB, Super P, ~ 40 nm, 0.50 mg/ml). CB was used as a micro-additive to
further enhance the conductivity. The PDDA/LFP dispersion was mixed
with graphene/CB dispersion under sonication for another 10 min. The
weight distribution of all components in the final suspension was as
follows: LiFePOy4 at 90 wt %, graphene additive at 5 wt % and CB at 5 wt
%. Given that the multi-composite particles carried a positive charge due
to the PDDA charging agent, these charged colloids or particles within
the suspension migrated towards the cathode side upon the application
of an electric field, ultimately forming a coherent deposit on CF elec-
trode surface. The deposition process was accomplished by cathodic
electrophoresis in an organic medium, offering the advantage of pre-
venting water electrolysis and mitigating oxidative damage to the active
materials on anode surface. The working electrode (WE) was composed
of a bundle of CF with 60 mm in length and 15 mm in width. A
stainless-steel plate, sized at 80 mm x 20 mm, served as a counter
electrode, positioned in parallel to the CFs at a distance of 40 mm. The
EPD coating was achieved by applying a direct current (DC) potential of
70 V for a duration of 20 min. Notably, no additional polymer binders
were utilized.

2.2. Microstructural characterization

Scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDX) were used to investigate the quality and composi-
tion of the EPD coating deposited onto the CF. SEM images of the
samples along with EDX having elemental mapping were collected using
a JEOL JSM-7800F Prime at an acceleration voltage of 8 kV. Zeta po-
tential and DLS measurement were conducted by Malvern DLS/Zetasizer

POSITIVE
ELECTRODE

Scheme 1. Schematic illustration about green synthesis of LiFePO, positive electrodes with graphene additives via EPD approach.
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Nano while Raman spectra were recorded using a Raman microscope
(alpha300 R, WiTech) with an Nd: YAG laser (532 nm wavelength) and
an optical objective of 50X, using an integration time of 0.5 s.

2.3. Half-cell assembly and characterization

The liquid electrolyte was prepared in a glovebox having an Argon
atmosphere. A Lithium (Li) foil was used as the anode, while LiFePO4/
EGO coated CF acted as the cathode, and glass microfiber filter paper
served as the separator. The pouch cell bags were composed of multiple
layers of PET/Al/PE, having a total thickness of less than 100 pm. Nickel
current collectors were connected to the Li foil, and aluminium current
collectors were attached to the positive electrode CFs. Before sealing the
pouches, the separator was impregnated with 400 pL of electrolyte made
of 0.6 M lithium triflouromethanesulfonate (LiTf) and 0.4 M lithium bis
(oxalato)borate (LiBoB) in a 1:1 wt ratio of ethylene carbonate (EC):
propylene carbonate (PC). The pouch cells were manufactured inside a
glove box under an inert atmosphere with less than 1 ppm Oz and H,O at
ambient temperature. The finished pouch cell had dimensions of 80 mm
x 60 mm. After assembly, half cells were analysed through Galvano-
static Charge/Discharge (GCD) and Electrochemical Impedance Spec-
troscopy (EIS) measurements, with cycling performance tested over 500
cycles at 2C.

GCD cycles were conducted between 2.6 and 4.2 V vs. Li/Li*
various rates using the Bio-Logic BCS-805 station. All charge/discharge
cycles were recorded for up to 500 cycles at 1C. EIS measurements were
performed in the frequency range from 100 kHz to 0.1 Hz under an
alternating current (AC).

Specific capacity of the samples was calculated from discharge
curves according to Ref. [11]:

[ Idt
m

0= (@]
Where Q is the specific capacity (mAh'g™") based on the total electrode
mass electrodeposited, I is the current, and m is the mass of the elec-
trodeposited material (g) and dt is the time differential.

3. Results and discussion
3.1. Dispersion study of the graphene materials

To evaluate the performance when using different graphene addi-
tives in the structural battery cathode (positive electrode) fabrication
process, we chose 8 different kinds of graphene additives (Table S1), to
prepare the dispersions. These include a home-made electrochemically
exfoliated graphene oxide (EGO) along with commercially available
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GNPs (3 types), and rGOs (4 types). The reason to select these samples is
that most of them are representative of graphene-based products from
the market, and the materials from each group (rGO and GNP) possess
varying specific surface area value (83-745 m? g~!), depending on their
production and availability on the kilogram scale or even ton scale, as
reported in the previous work [22].

A stable dispersion of additives is critical for the successful EPD
process and in this work, we choose ethanol (EtOH) as a green solvent
for the EPD of positive electrode materials instead of other toxic organic
solvents such as NMP and DMF. EtOH is also a volatile solvent (boiling
point: 78.3 °C), which facilitates the removal of solvent residue after the
EPD step. Initially, the stability behavior of the graphene suspensions
(0.2 mg/mL) in ethanol was studied with 3 types of commercial sur-
factants (5 % v/v polymer/EtOH), including two cationic polymers:
polydiallyldimethylammonium chloride (PDDA), polyethylenimine
(PEI), and one non-ionic surfactant octyl phenol ethoxylate ether (Triton
X-100). Fig. 1 shows that after overnight storage, all graphene samples,
except for rGO1, exhibited good dispersion stability in PDDA/EtOH
solvent. Meanwhile, none of the samples was stable in PEI/EtOH me-
dium with visible sedimentation, and only rGO3, GNP2 were well
dispersed in Triton X-100. This could be attributed to the effective
electrostatic stabilization of positively charged graphene in PDDA/
EtOH.

A further study on zeta potential ({) measurement confirmed that
surface charges stabilize graphene dispersions in PDDA/EtOH. { values
of EGO, rGO2, rGO3, rGO4, GNP1, GNP2 and GNP3 in PDDA were
+32.7 £ 1.8 mV, +30 £+ 2.0 mV, +25.5 + 0.9 mV, +26.3 £+ 4.4 mV,
+12.3 + 2.6 mV, +23.3 £ 1.7 mV, and +15.7 £+ 3.1 mV, respectively
(Fig. 2a). The positive values of these samples, in the range of 12-32 mV,
indicate the good stability of graphene dispersions assisted by the
cationic stabilizer PDDA. A { value close to zero (0.3 + 0.4 mV) observed
for rGO1 indicates low surface charge on rGO1 surface, which explains
the sedimentation phenomenon of rGO1 in PDDA/EtOH. In comparison,
graphene dispersions in PEI/EtOH solution reveal lower positive {
values than the ones in PDDA/EtOH(see Fig. 2a and Table S2). Mean-
while, in Triton solution, only rGO3 and GNP2 show a reasonable
negative zeta potential value of —30.6 mV + 4.2 and —39.2 + 3.0 mV.
The result validates what was visually observed, as depicted in Fig. 1.
These findings can be explained by the differences in the chemical na-
ture of the selected three surfactants: 1) PDDA is a strong cationic
polyelectrolyte with highly charged quaternary ammonium groups. In
addition, the existence of unsaturated side chains in PDDA facilitates the
n-n interaction between the graphene sheets and PDDA backbones. Both
strong electrostatic attraction and the n-1 interaction promote net pos-
itive charges on all graphene surfaces. 2) PEI is a weak linear cationic
polyelectrolyte, and the polymer’s charge increases with decreasing pH

1G04 GNPA GNPZ

== F

%% — % —— I
rGOS GNP1 GNP2 GNP3

. F—. e L —
Cationic == A
polymers = EGO™ "~ rGOT TrC02 TIGOS
'F-g
__" &_’ (e
Neutral
polymer

ggb

rGO1  rGO2

Triton

1G04  GNP1 GNP3

Fig. 1. Photographs of different graphene-based material in ethanol solution with 3 different types of polymer stabilizers after standing overnight.
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Fig. 2. a) Zeta potential and b) particle size distribution (DLS) data of different graphene dispersion in EtOH solvent with PDDA (5 v.v.%).

values. In EtOH solvent, it behaves like neutral water solution, with few
amine groups on PEI being protonated. Thus, there are less positively
charged PEI molecules anchored to graphene and there is no n-r inter-
action between PEI and graphene. 3) Triton is a nonionic surfactant that
contains alkyl phenol groups. These aromatic phenol species exhibit a
robust n-n interaction with graphene substrate. However, neutral sur-
factant Triton will not change the negative electric charge of the gra-
phene surface. Although it helps for the dispersion of some graphene
samples like rGO3 and GNP2, the negatively charged graphene nano-
sheets cannot be used for cathodic electrophoretic deposition in our
work.

Fig. 2b shows the size distribution of dispersed graphene samples in
PDDA/EtOH by dynamic light scattering (DLS). DLS provides the hy-
drodynamic radius of target particles, which is indicative of the apparent
size adopted by graphene samples in EtOH [23]. Average particle size
value of all rGO samples were higher than EGO and GNP ones, with the
decreasing trend: rGO4 (6895 + 890 nm) > rGO1 (5526 + 50 nm) >
rGO2 (2933 £ 211 nm) > rGO3 (1843 + 245 nm) > GNP3 (1743 + 65
nm) > EGO (1421 + 54 nm) > GNP2 (612 £ 24 nm) > GNP1 (422 + 3.2
nm).

3.2. Morphology and structure study of the graphene materials

To further define the particle size and surface morphology of
different graphene materials, SEM images of these samples dispersed in

EtOH and then spin-coated on silicon wafer were recorded as shown in
Fig. 3. Compared to rGO samples, GNPs showed a lamellar structure
with thicker layers, while large flakes with thinner and crumpled
morphology were observed in the rGO materials. These crumpled or
folded flakes are due to the intersheet interactions among the oxygen
functional groups on rGO surface [22,24]. Graphene flakes with the
lateral size over tens of microns could be easily found for the rGO4
sample, and the rest of the rGO samples showed similar lateral size and
surface morphology. In the case of EGO, the flake structures were similar
to rGO samples, but showed better adhesion to the silicon wafer sub-
strate, in which sheet-like morphology with overlapped EGO flakes can
be easily observed (see Fig. 3a). It is worth mentioning that the
morphology of GNP1 was totally different from other graphene samples
where clusters of nanoparticles with spherical architectures were
observed (see inset of Fig. 3b).

Fig. 4 displays the Raman spectra of all graphene samples. Among
them, two characteristic peaks at around 1346 cm~! (D band) and
around 1572-1596 cm ™! (G band) can be easily identified. The D band is
produced by out-of-plane vibrations due to structural defects while the G
band originates from the in-plane vibrations of sp2 carbons [18]. The
value of G band for GNP2 and GNP3 were at 1572 cm ™~ and 1578 cm ™,
respectively, which is consistent with the value of pristine graphene G
band. For all other samples, the G band has broadened and shifted to
higher wavelengths (rGO1: 1581 cm™}; rGO2: 1583 cm™}; rGO3: 1590
cm—1; rGO4: 1587 crn’l, GNP1: 1593 cm’l, EGO: 1596 cm ™) due to

Fig. 3. SEM images of different kinds of starting graphene materials: a) EGO, b) GNP1, ¢) GNP2, d) GNP3, e) rGO1, f) rGO2, g) rGO3, h) rGO4. (The inset of 3b) shows

the high-resolution image of GNP1 flakes with scale bar 100 nm).
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Fig. 4. a) Raman spectra of different types of graphene materials used in the study, b) zoom-in area of EGO, rGO2 and GNP1 materials within the D and G peak range.

the oxidation induced defects. The defect level can be evaluated by the
intensity ratio of D band and G band [18], and the (Ip/Ig) ratio increases
with the trend: GNP3 (0.19) < GNP2 (1.28) < GNP1 (1.47) < EGO
(1.49) < rGO4 (1.53) < rGO2 (1.64) < rGO1 (1.69) < rGO3 (1.77). The
high Ip/Ig value from all rGO samples and EGO is due to the small sp?
domains and distortions created by either the reduction of graphene
oxide or the electrochemical process. It is interesting that GNP1 also has
a high Ip/Ig value (1.28), with a broadener D and G band, as compared
to the bands of rGO and EGO (see Fig. 4). The high defect level of GNP1
might come from the pyrolysis process of waste tires during their syn-
thesis. 2D band is the secondary D band at around 2700 cm ™!, which is
usually used for determining the number of graphene layers and in our
case, all of the rGO, EGO and GNP1 samples showed a broad and low
intensity 2D band. This is possibly attributed to oxidation during the
fabrication process that broke the stacking order of adjacent graphene
layers and introduced amorphization of carbon atoms [18,25]. The
features in the Raman spectrum clearly corroborate the phenomena
observed in the SEM.

3.3. Structural study of the electro-deposited LFP/graphene composites

The electrophoretic deposition process for the fabrication of LFP/
graphene composites on carbon fibers was the same as our previous
report [11]. In the present work, EtOH was used as the solvent instead of
DMF for all EPD experiments. It is worth nothing that the dielectric

constant of the two solvents is different (epy: 36.7, egron: 24.5). A
solvent with a higher dielectric constant will intensify the polarization
effect on the LFP target particles, thereby enhancing the ability of the
negative electrodes to attract the nanocomposites out of the solution. On
the other hand, ethanol, with its lower dielectric constant, is not as
effective as DMF in the EPD process. Hence, we opted for a deposition
time of 20 min. PDDA, a long-chain cationic polymer featuring posi-
tively charged quaternary ammonium ring groups along with free
chloride, was chosen to serve the dual role of providing surface charge
and acting as a stabilizer to prevent aggregation of graphene flakes in
our multi-component suspension (Scheme 1). Positive charges intro-
duced from the quaternary cations will facilitate the deposition of
LFP/graphene particles to the negative electrodes, while the long alkyl
chains from PDDA helps in suppressing the aggregation and maintain
the stability of the suspension during the coating [11]. After EPD, the
microstructure of fabricated composites was studied by SEM microscopy
(see Fig. 5 and Fig. S1). A control sample without graphene additives
was also made to understand the effect of graphene in all composite
electrode materials. All coated samples with graphene showed similar
morphology, with the LFP/graphene coating covering almost the whole
CF surface. LFP particles with sub-micrometer size were well dispersed
on the fiber surface, wrapped, or partially covered by different graphene
flakes. All GNP samples with flat and thick nanosheets incorporated with
LFP particles were visible in the relative SEM images. In the case of rGO
and EGO samples, especially for rGO1, highly wrinkled layers with

h) w/o
graphene

Fig. 5. SEM images of LFP and different graphene additives coated on CF substrates, a) LFP/EGO, b) LFP/GNP1, c¢) LFP/GNP2, d) LFP/GNP3, e) LFP/rGO1, f) LFP/
rGO2, g) LFP/rGO3, h) LFP without graphene (the insets show the coating from a cross section with scale bar 1 pm).
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irregular shapes of graphene flakes were observed on CF matrix.
Compared with rGO and GNP samples, EGO additive shows a smoother
surface with consistent distribution of LFP particles wrapped on the fiber
surface. As for the control sample, only the aggregated LFP particles
unevenly distributed on CF surface were observed.

A comparison of the Raman spectra of the EGO, rGO and GNP
composites further confirmed successful combination of LFP particles
and graphene layers (Fig. S2). The Raman spectra of all LFP/graphene
composites show intense peaks ascribed to the orthorhombic LiFePO4
phase, including the vibrations modes of PO%’ tracked at 431, 581, 988
and 1031 cm ! and the vibrations modes attributed to Fe-O at 214, 277,
449 cm™! [11,26]. While the D and G band from graphene were over-
lapped with the CF substrate (D band: 1351 crn’l, G band: 1581 cm’l),
which makes it difficult to identify the contribution from graphene
additives.

3.4. Electrochemical characterization of the coated CF electrodes

The influence of different graphene additives on the electrochemical
behaviour for structural battery composites were studied in half-cell
devices. Fig. 6a-S3a, and S4a shows the CV curves of the samples
coated at different deposition times with a scan rate of 0.1 mV" s~ ! in the
2.6V-4.2V vs Li'/Li voltage range. Positive electrodes based on rGO2
and GNP1 were selected from the two types of graphene starting ma-
terials, to compare with the EGO sample and LFP coating without gra-
phene additive was used as the control. The three devices with graphene
additives displayed typical oxidation/reduction peaks during the
anodic/cathodic scan arising from the reversible faradaic redox reaction
Fe?"/Fe3" in LiFePO, particles, which agrees with previous reports [11,
27,28]. All devices presented sharp and symmetric peaks with a small
potential difference between the anodic and cathodic peaks (EGO: 0.31
V; rGO2: 0.36 V; GNP: 0.32 V), indicating low polarization and high
redox reversibility of the composites. Instead, the control sample
without graphene additives showed a wider and less intense peak with
potential intervals between the peaks of 0.43 V, demonstrating the
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beneficial role of graphene additives in improving the conductivity of
positive electrodes and enhancing the electron transfer during oxidation
and reduction process [11,26,29,30]. However, an irreversible oxida-
tion peak at around 4.0 V was observed for all graphene-based elec-
trodes during the first few CV cycles (Fig. 6a, S3a, and S4a), possibly due
to the remaining oxygen functional groups or impurities from the
starting graphene materials.

Fig. 6b and Figs. S3b and S4b displays the first charging and dis-
charging profiles of the four samples prepared with or without graphene
additives, measured at low (0.1C) or high (2C) charging rates. At 0.1C,
all LFP samples with graphene additives showed comparable perfor-
mance, much better than the control sample. At high charge/discharge
rate (2C), the composite LFP/EGO showed the highest specific capacity
of all samples. The control sample without graphene additives showed a
rather low-capacity value at 2C, due to the poor charge transfer inter-
action between the active LFP material and the CF substrates. The
average plateau at around 3.5 V vs Li*/Li during charge and at around
3.4 V vs Li*/Li during discharge also indicates a typical battery type
performance with Fe?t/Fe3" redox reaction [11,31], and the results fit
well with the observed redox peaks in CV curves. The polarization be-
tween the charging and discharging plateaus for the LFP/EGO,
LFP/rGO2, LFP/GNP1, and control samples were 0.06 V, 0.08 V, 0.05 V,
and 0.10 V respectively. Again, the lower polarization of the
graphene-based devices is attributed to the low internal resistance, in
agreement with the cyclic voltammograms (Fig. 6a). Similar electro-
chemical performance was detected in all other rGO and GNP related
half-cell devices.

Fig. 6¢, 83c, and S4c compare the rate capability of positive elec-
trodes with graphene additives at different C-rates (0.1C, 0.2C, 0.5C, 1C
and 2C). The LFP/rGO2 composite exhibited the best capacity value at
low-rate, delivering a discharge capacity of 126.2 mAh g~! at 0.1 C. On
the other hand, the LFP/EGO composite revealed the best high-rate
performance with a discharge capacity value of 61.7 mAh g ™! at 2 C
and a good capacity retention of 58.2 % from 0.1 C (106.1 mAh g™ 1).
The other three rGO-based composites also demonstrated similar low-
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Fig. 6. Electrochemical evaluation of the LFP with different kinds of graphene additives as positive electrode materials: (a) CV of the LFP/EGO, LFP/rGO2, LFP/
GNP1, and without graphene additives at a scan rate of 0.1 mV s~ in 2.6-4.2 V vs. Li*/Li. (b) Comparison of the first charging and discharging profiles of the four
samples at a low (0.1C) and high rates (2C). (c) Specific capacities of the four samples at various C-rates. (d) Cycling stability of the four samples cycled at 2C.
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rate capacity as LFP/rGO2, with the highest value of 100.8 mAh g~! for
LFP/rGO1, 101.1 mAh g_l for LFP/rGO4, and even 140.9 mAh g_1 for
LFP/rGO3 at 0.1 C. However, the high-rate performance of the three
rGO samples was worse than using EGO with LFP/rGO2 holding a ca-
pacity value of 44.5 mAh g, while LFP/rGO1 and LFP/rGO3 showing
values of 34.8, and 44.0 mAh g~! respectively. In addition, the LFP/
rGO4 composite proved to be unstable during the high-rate charge/
discharge process, resulting in device failure at 0.5 C rate. While testing
the GNP samples, LFP/GNP1 showed similar electrochemical perfor-
mance to the LFP/EGO device, with a discharge capacity of 110.2 mAh
g ' at 0.1 C and 57.0 mAh g! at 2 C, comparable to EGO and rGO2.
Other two GNP based devices demonstrated worse discharging capac-
ities, especially at high-rate: 131.8 mAh g~! at 0.1 C and 32.1 mAh g~!
at 2 C for LFP/GNP2, and 86.9 mAh g ! at 0.1 Cand 24.4 mAh g ' at2C
for LFP/GNP3. In comparison to all the above results, the control device
without any graphene additives displayed the lowest electrochemical
performance, with a discharge capacity of 77.2 mAh g~! at 0.1 C and
10.5mAh g lat2C.

The rate capacity performance of these samples is reproducible and
stable, as proved by the restoration of initial capacity after returning to
0.1 C. This behaviour clearly indicates good adhesion of graphene flakes
with the active materials during the charge/discharge process. Further,
SEM analysis of the samples after cycling confirmed that there was no
detachment of active LFP particles or debonding of the graphene addi-
tives on CF matrix (see Figs. S5 and S6), except rGO4 based sample. A
spotless and smooth surface of the CF without any discernible repre-
sentation of LFP particles or rGO flakes reveals the reason for detach-
ment in LFP/rGO4 during the cycling process, further explaining the
failure of rGO4 based half-cell. The failure of rGO4 is confirmed by
conducting repeated experiments. This phenomenon can be attributed
to the significant size difference between the large rGO4 flakes (up to
240 pm [22]) and the small dimensions of the carbon fiber matrix (with
an average diameter of 5-10 pm), the nearly 50-fold difference in size
between the graphene sheets and the carbon fiber matrix leading to
inadequate adhesion and subsequent delamination of the rGO and LFP
composites from the fiber surface.

To better understand the electrochemical behaviour of these com-
posites on the positive electrodes, electrochemical impedance spec-
troscopy (EIS) measurements (Fig. S7 and Table S3) were carried out for
all half-cell devices after assembling. The Nyquist plots in EIS demon-
strated that the overall impedance of graphene-based samples was much
smaller than the control sample without graphene. The intercept on the
real axis in the high-frequency region (R;) of the EIS spectra was com-
parable for all samples (ca. 2-5 Q cm™2). This value was mostly attrib-
uted to the resistance from the electrolyte and electrode. The semicircle
observed at high-to-medium frequencies represented the charge transfer
resistance (R.) on the electrode. Notably, most of the graphene samples
showed a R value of around 20 Q. Without graphene additives, the
sample exhibited a significantly higher R, value of 61.5 Q. This high
value suggests a higher diffusional resistance and poorer surface area for
charge transfer compared to most of the samples with graphene addi-
tives. In case of rGO4 sample, a relatively high value of 351.2 Q was
obtained, probably due to the large lateral size (from tens to hundreds of
micrometres [22]) from rGO4 flakes that hindered ion flow and charge
transfer within the positive electrode surface, confirming the battery
failure results in Fig. S3c.

Prolonged charge/discharge tests (see Fig. 6d-S3d, and S4d) showed
that most of the graphene-based samples have good capacity retention
(>80%) after 500 cycles at 2C. Among them, LFP/EGO held the best
high-rate capacity of 53.6 mAh g~! with a capacity retention of 90% and
discharge capacity of 90.5% at the end of the cycles. All GNP based
samples and rGO2 exhibited similar longevity data with high-capacity
retention (89.8% for LFP/GNP1; 89.3% for LFP/GNP2; 91.2% for LFP/
GNP3; 93% for LFP/rGO2).

The contribution of two important physical and chemical properties,
graphene flake size and oxygen content, were summarized with respect
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to the relative performance of LFP devices at both low and high scan
rates, as shown in Fig. S8. Drawing a definitive conclusion on whether
EGO, rGO or GNP is better than the other can be challenging. However,
for low scan rate, graphene samples with lower oxygen content in either
rGO or GNP group exhibited the better electrochemical performance
(rGO3: 2.8% oxygen, 140.9 mAh g’1 at 0.1 C; GNP2: 6.3% oxygen,
131.8 mAh g~ ! at 0.1 C). The presence of low oxygen content on gra-
phene might enhance the conductivity of the LFP cathode material,
which result in relatively good battery performance. Meanwhile, less
oxygen content on graphene surface means less oxygen-functional
groups (i.e., hydroxyl, carbonyl, and carboxyl groups) to alter its
wettability in EPD process and poor interaction with polar LFP particles.
Noteworthy, for high scan rate, rGO3 and GNP2 didn’t show the best
electrochemical performance. On the contrary, graphene samples with
highest oxygen content exhibited best specific capacity at high rate
(EGO: 20.4 % oxygen, 61.7 mAh g~1). The high density of oxygen-
induced defects did not seem to affect the battery lifetime. In fact, the
oxygen-functional groups aid in the dispersion of EGO in ethanol for
EPD deposition and enable the better adhesion of LFP particles on CF
substrates, which results in the best cycling performance in our work.
Besides the intrinsic chemical properties, graphene flake size also affects
the final battery performance. The average flake size of rGO group
samples was higher than GNP group and EGO samples, which is pri-
marily due to the different fabrication approach used for these materials,
as we reported in our previous study [18]. Graphene samples with flake
size over 3000 nm (rGO4 and rGO1) showed low-capacity behavior at
both low and high rates, especially for rGO4, as we discussed before. All
the other samples, except for GNP3, demonstrated reasonable capacity
performance at both low and high rate with the average flake size
ranging from 422 to 2933 nm. The poor device performance from GNP3
might be due to the hydrophobic nature of pristine GNP3 samples with
less defects (lowest Ip/Ig ratio in Fig. 4) and thick layers (see Fig. 3d),
which do not readily wet or incorporate with LFP active materials during
EPD coating and lead to the poor interaction between CF substrates and
active materials. Besides, there is no clear connection between specific
surface area of graphene samples and the relative device performance,
as we summarized in Table S1, S3 and S8. It is worth noting that there is
still room for improvement in optimizing our EPD deposition process
with ethanol media, for example, by varying applied potential or
deposition time according to different samples. However, even without
any optimization, the EPD process has already shown promising results
in fabricating LFP/graphene electrodes with comparable specific ca-
pacity to that of previously reported EPD coated materials. Besides EGO
sample, rGO2 in rGO group samples and GNP1 in GNP group samples
with moderate oxygen amount (13.5% for rGO2 and 9% for GNP1)
presented robust electrochemical performance at different scan rates.
The future work will focus on specific graphene samples like rGO2 and
GNP1, to improve their loading capacity and enhance their high-rate
performance, in comparison to EGO.

4. Conclusions

In summary, we designed and conducted a study on the dispersion
behavior of various types of graphene related materials in ethanol sol-
vent with polymer stabilizers and explored the potential in the devel-
opment of high-performance positive electrodes for structural batteries.
Some commercial rGO and GNP materials exhibited excellent electro-
chemical performance as additives in structural battery composites.
Specifically, the LFP/rGO2 based device showed the highest specific
capacity of 126.2 mAhg ! and over 93% retention at 2C over 500 cycles.
Our study provides a simple and eco-friendly fabrication process for
developing functional coating of graphene-related materials in battery
technology. This research presents a promising green deposition process
for making functional coating of electrode materials and sheds light on
the potential of graphene-related 2D materials in the development of
high-performance structural batteries.
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