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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Morphology of cathode on surface of 
carbon fibres affect battery 
performance.

• Thick, uneven slurry coating improves 
lithium access in the cathode.

• Homogenous coating provides more 
stable half-cell cycling.

• Inhomogeneous coating leads to higher 
resistances for each cell component

A B S T R A C T

Structural batteries utilise the bifunctionality of carbon fibres to act as a load-bearing structure, but also as a conductive current collector for a battery electrode. 
Lithium-ion transport during the cycling of structural battery cathodes coated with different morphologies is investigated using Iron X-Ray Absorption Near Edge 
Spectroscopy (Fe XANES) and correlated to electrochemical performance. Two contrasting morphologies were produced using slurry coating and electrophoretic 
deposition (EPD) of lithium-iron phosphate (LFP) onto continuous carbon fibres. The ability to study the different structural battery cathode morphologies operando 
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allows for a comparative analysis of their impact on cycling performance. The EPD-coated fibres exhibited a more homogeneous, thinner coating around the fibre 
compared to the thick, one-sided coating produced using slurry coating. Despite a lower initial capacity and 30 % lithium re-intercalation loss in the first cycle, EPD- 
coated fibres exhibited more stable capacity retention over time compared to slurry-coated counterparts. Electrochemical Impedance Spectroscopy (EIS) revealed 
initially high ionic resistance for the EPD-coated fibres, but a larger increase in resistance in the slurry coated electrodes over multiple cycles. This study demon-
strated an innovative and novel method of analysing in greater detail, the cycling ability of the coated cathode material on carbon fibres using synchrotron radiation.

1. Introduction

Lightweight energy storage has been a focal point for researchers 
who aim to realise electrified air travel and more efficient electric ve-
hicles [1]. Current methods utilise external components to strengthen 
the battery pack, such as polyurethane (PU) honeycomb designs, which 
are encapsulated within aluminium/steel sheets or thin-films lithium 
batteries between carbon fibre structures [2]. While these advanced 
structures offer improved mass savings of up to 10 %, further im-
provements are required to achieve the higher energy density demands 
for aerospace [3]. One particularly promising route involves combining 
the monofunctional mechanical structure and electrochemical material 
into a single multifunctional system, which has the potential to increase 
efficiency by up to 26 % [4].

Multifunctional structural batteries therefore aim to combine the 
mechanical properties of a load-bearing structure with the electro-
chemical capabilities of a conventional lithium-ion battery cell. There 
have been a number of iterations of the multifunctional batteries that 
utilise carbon fibre materials [5–11] with a laminated architecture being 
one of the first examples of its kind [12]. This battery architecture uti-
lises a carbon fibre anode, biphasic polymer electrolyte [13,14], glass 
fibre separator and lithium-iron-phosphate (LFP)/aluminium substrate 
cathode material. The resulting devices possess an energy density of 24 
Wh kg− 1 and elastic modulus of 25 GPa, from which the mechanical 
properties arise primarily from the thin and high stiffness separators and 
the relatively thick negative carbon fibre anode [15,16], and not from 
the positive LFP/aluminium cathode. An alternative approach to 
achieving a positive electrode is to use coated carbon fibres that also 
offer mechanical support along with the carbon fibre-based anode, as 
opposed to using a conventional aluminium coated electrode [17,18].

Efficiently coating the electrodes is of vital importance to the per-
formance. Electrophoretic deposition (EPD) provides an efficient, scal-
able and flexible route for coating the complex shapes of carbon fibres, 
compared to other electrode coating methods [11,19]. Successful at-
tempts at coating carbon fibres using this method have previously 
demonstrated its effectiveness, such as work conducted by Hagberg et al. 
[20] whose use of EPD with LFP particles, PVDF binder, and carbon 
black additives, achieved good adhesion of particle to the fibre surface 
and electrical connectivity. Sanchez et al. [21] enhanced the process by 
using exfoliated graphene oxide, changing solvents, and eliminating the 
need for PVDF, resulting in reduced deposition time, higher capacities, 
and better cycle retention. Despite its advantages of thickness tunability, 
EPD is time-intensive and not yet adopted for mass manufacturing, 
warranting exploration of alternative scalable methods.

Slurry coating is an alternative approach to produce coated carbon 
fibre and is a common commercial process for coating lithium-ion bat-
tery electrodes [22,23]. It entails applying a solution with the active 
material, binder, and conductive additives onto a 2D current collector, 
followed by solvent evaporation to leave a solid cathode material. 
Recent research has developed slurry coating methods for coating in-
dividual carbon fibres and has resulted in the first structural battery that 
utilises both a structural anode and cathode [24,25]. The 3-dimensional 
shape and irregular spacing of individual fibres led to inadequate 
coverage and adhesion of the active material, resulting in lower capacity 
compared to conventional aluminium/copper sheet electrodes. To 
improve this method of coating a carbon fibre, there is a need to un-
derstand how these inherent properties of the fibres influence the elec-
trochemical capabilities of the active materials.

X-ray absorption near-edge spectroscopy (XANES) is used to analyse 
the lithium distribution within a cathode material during a charge cycle 
[26,27]. By studying the absorption edge of transition metals within the 
electrode, which reflects the element’s oxidation state, it is possible to 
determine how much lithium can be found within the electrode. Cath-
ode coated carbon fibres have not been studied to this level of detail 
previously and by using this technique, it will be possible to determine 
how cathode morphology affects lithiation.

This paper explores the two most prevalent manufacturing methods 
of coating lithium-iron phosphate active material onto the surface of 
individual carbon fibres, slurry coating and electrophoretic deposition. 
Electrochemical characterisation was performed in a pouch cell with a 
lithium-metal counter electrode and liquid electrolyte. Electrochemical 
characterisation was performed via X-ray absorption near-edge spec-
troscopy (XANES), which was complemented by an electron microscopy 
study of the two coated electrodes in order to understand the influence 
of the coating morphology on electrochemical performance. By tracking 
the phase change of the coated LFP during de/lithiation, and its influ-
ence on cathode performance, this work elucidates the importance of 
cathode morphology to the electrical connectivity between the active 
material and the carbon fibre current collector. Results in this paper will 
support future specific tailoring of not only structural battery cathodes, 
but all cathodes that use a 3-dimensional current collector support.

2. Materials and methods

2.1. Materials

Unsized polyacrylonitrile(PAN)-based carbon fibres (T800SC-24K 
separated by weight to a 3K tow, Toray) were used for slurry coated 
fibres whilst T800SC-12k-50C fibres that were desized were used for 
EPD, following the procedure in Sanchez et al. [21]. The two different 
coating methods, slurry coating and electrophoretic deposition, were 
performed using the same materials where possible. Two different types 
of LiFePO4 (LFP) were used, a smaller 80–100 nm particle size was used 
for electrochemical testing (>99 %, Nanoshel) to improve lifetime per-
formance, while a larger particle size of <5 mm (>97 %, Sigma) was 
used for the synchrotron experiment for enhanced X-ray interaction. The 
exfoliated graphene oxide (EGO) was prepared using a method based on 
direct exfoliation of graphite flakes, as reported by Xia et al. [28]. 
Carbon black, Super P Conductive (>99 %, Alfa Aesar) was used for both 
samples. Each carbon fibre sample was weighed before coating and held 
between two glass slides, leaving a single side exposed for coating and 
another for electrical connection, as shown in Fig. 1(a).

2.2. Preparation of electrode slurry coating

For the slurry coating procedure, a slurry solution was made using 
100 mL 1-methyl-2-pyrrolidone, (NMP) (>99.5 %, Sigma-Aldrich) 
containing LFP (500 mg), 25 mg EGO, 25 mg CB and 50 mg of PVDF 
(Sigma-Aldrich). The slurry was stirred for 1 h and subsequently ultra-
sonicated for 20 min before 2.5 mL of the solution was pipetted onto the 
exposed section of the carbon fibre. The coated fibres were then 
immediately placed in a 200 ◦C oven for 1 h and heated under vacuum at 
110 ◦C overnight.
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2.3. Preparation of electrophoretic deposition

An electrophoretic deposition (EPD) suspension was made by slowly 
adding 500 μl PDDA (20%wt in water) (Sigma) to 100 ml of absolute 
ethanol, which was chosen as an alternative to previously used DMF or 
acetone as a more sustainable choice of solvent [29,30]. LFP (500 mg), 
EGO (25 mg) and CB (25 mg) were then added to the ethanol solution 
and stirred for 1 h to create the suspension, as depicted in Fig. 1(b). No 
binder was required for this procedure.

For the electrodeposition process, a 3k carbon fibre tow was inserted 
between two vertically offset glass slides, after ensuring the fibres were 
flat and had 1 cm of fibre exposed, as shown in Fig. 1 (a). The carbon 
fibre tow was then connected to an aluminium strip using silver paint 
which was dried for 1 h at 50 ◦C to ensure all solvent had evaporated. 
Before the electrodes were submerged in the EPD suspension, it was 
ultrasonicated for 20 min. The carbon fibre working electrode was then 
placed in the EPD suspension 2.5 cm from the graphite counter elec-
trode. The working electrode was connected to the negative terminal of 
a bench-top power supply, with the counter electrode connected to the 
positive terminal. A potential difference of 70 V applied between the 
electrodes, as shown in Fig. 1 (b). Deposition time was 300 s. Following 
deposition, the sample was placed in an oven at 110 ◦C for 15 h under 
vacuum.

2.4. Pouch cell assembly

To create the pouch cell, the dried electrodes, formed by slurry 
coating or electrophoretic deposition were introduced into a glovebox 
(Vigor) with argon atmosphere (<1 ppm H2O and O2). A half-cell set up 
was made using a 1 cm wide lithium-metal strip (Sigma, 99.9 %) used a 
counter electrode, which covered the exposed area of carbon fibre 
coated in lithium-iron phosphate (LFP). A 250 μm thick glass microfibre 
filter (Whatman) separator was employed between the LFP working 
electrode and Li-metal counter electrode. The electrolyte used for all 
samples consisted of equal parts ethylene carbonate (EC) (Sigma- 
Aldrich, 99 %) and propylene carbonate (PC) (Sigma- Aldrich, >99 %) 
and 0.4M:0.6M bis(oxalato)borate (LiBoB) (Sigma-Aldrich):Lithium 
trifluoromethanesulfonate (LiTFS) (Sigma-Alrichm, >99 %). The cell 
was filled with 0.5 mL of electrolyte before being heat sealed, with the 
final half-cell layout shown in Fig. 1 (c).

2.5. Electrochemical characterisation

The cells were galvanostatically cycled using a potentiostat (Met-
rohm Micro-Autolab III, Nova Software) between 2.8 V and 3.8 V vs Li/ 
Li+ for a range of C-rates, from C/20, C/10, C/5, C/2 to 1C before being 
cycled back at C/20 for 5 cycles at each C-rate. The cell was then cycled 

for a further 20 cycles at C/2 to measure the stability at a relatively high 
charge rate. The cycling current was calculated by using the initial mass 
of the uncoated carbon fibres which was subtracted from the final mass 
of the coated electrode to find the mass of the coating.

To analyse the different coatings on each electrode, a two-electrode 
half-cell setup was employed to exclusively focus on the active material. 
Lithium metal was used to serve as both the reference and counter 
electrode in this configuration. Given the surplus of lithium in the 
counter electrode compared to the working electrode, the lithium metal 
remains constant throughout the cycling process. EIS testing was con-
ducted using a potentiostat (Solatron Analytical ModuLab XM MTS 
system) connected to the current collectors of the working and counter 
electrodes. Each cell was cycled galvanostatically at a charge rate of C/ 
10 for 5 cycles and then a further cycle at C/2, with an EIS frequency 
sweep conducted at every 25 % state of charge (SOC) increment. Gal-
vanostatic measurements maintain a constant current throughout the 
experiment, while variables such as voltage were adjusted. The sweep 
amplitude was set to 10 mV relative to the open-circuit potential, with 
start and end frequencies at 100 kHz and 1 Hz, respectively. The fre-
quency sweep followed a logarithmic scale with 10 points per decade. 
The LFP cells underwent six galvanostatic charges, reaching 100 % SOC 
when the cell voltage hits 4 V vs Li/Li+ and discharged to 0 % SOC when 
the cell voltage reaches 2.8 V vs Li/Li+. The resulting Nyquist plots were 
then fitted using an equivalent circuit model (ZView, Scribner Associ-
ates, Inc.).

2.6. Synchrotron cell setup and characterisation

X-Ray Fluorescence (XRF) and XANES were performed on the I18 
microfocus spectroscopy beamline at Diamond Light Source, Oxford, UK 
to map the LFP particles and to understand the extent of lithiation of the 
coated LFP particles, respectively. Half-cell samples were mounted into 
a motorised co-axially fixed tower that held the samples in place during 
analysis and could be moved and rotated to ensure good coverage of the 
working electrodes. A Si(111) monochromator was used to select an 
incident beam energy for analysis and Kirkpatrick–Baez Si mirrors were 
used to focus the beam to a 10 × 10 μm2 spot size for the XRF and 2 × 2 
μm2 spot for the XANES. The smaller spot size used for XANES was used 
to obtain a higher signal-to-noise ratio and increase the accuracy of the 
measurements. An 8 keV energy was used for the XRF measurements 
with two Vortex Silicon detectors. A small, motorised stage was able to 
raster the sample to perform mapping of each of the samples, as shown 
schematically in Fig. 2 (a). XANES was performed at selected locations 
within each 2D map obtained by XRF to evaluate the electron charge 
state of the elements as shown in Fig. 2 (c) and the subsequent XANES 
profiles with corresponding rising edge shown in Fig. 2 (d).

To carry out a combination of XANES and X-Ray Fluorescence (XRF) 

Fig. 1. (a) Example of prepared working carbon fibre electrode before coating. (b) Graphical depiction of electrophoretic deposition (EPD) experimental setup. (c) 
Graphical depiction of half-cell layout.
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on the active material, whilst protecting the components in the cell from 
air and moisture, a novel cylindrical shaped battery cell was con-
structed; see Fig. 2 (b) The cell was sealed in a 5 mm thick walled Kapton 
tube, in an argon atmosphere, using two-part epoxy putty (Sylmasta 
AB). A lithium metal counter electrode was sealed on one side using a 
commercial butyl polymer (Tacky Tape) that was resistant to dissolu-
tion, as shown in Fig. 2 (b). Three cells were made using the electro-
phoretically deposited fibres (denoted by EPDx, where x is the charge 
rate) and one cell was made using the slurry coated fibres (denoted by 
SCx). The coated fibres were then placed in the cylindrical cell design 
and filled with the bespoke LiTFS/LiBoB electrolyte so that the 1 cm of 
coated fibre was submerged. Prior to XANES analysis, each cell was 
cycled through 5 charge/discharge cycles (except EPDP due to it being a 
pristine cell) at their respective charge rates, C/10 for EPDC/10 and SCC/ 

10, and C/5 for EPDC/5 as describe in Table 1.
Each sample was placed onto a co-axially fixed tower to allow for full 

rotation of the specimen during analysis; this allowed for optimal 
orientation of fibre for detailed XANES analysis. An initial Fe X-ray 
fluorescence (Fe-XRF) image was taken of the sample to locate spots of 
high Fe concentration as shown in Fig. 2 (c), where brightness indicates 
the concentration of Fe. For each sample, nine points were chosen from 
three vertical lines along single fibres that showed a high and consistent 
iron concentration, determined using the Fe-XRF maps where brighter 
pixels indicated higher Fe concentration, indicated by red crosses in 
Fig. 2 (c). Following this, XANES characterisation was performed over a 
full charge and subsequent discharge cycle in increments of 20 % ca-
pacity, with the charge held constant during data collection. The starting 
energy of the sweep was at 7000 eV and increased in increments of 5 eV, 

until the pre-edge energy of 7090 eV where the increments decreased to 
1 eV and finally 0.5 eV at 7110 eV. The size of the increments then 
increased after the K-edge peak at 7170 eV–1 eV, with intensity of a 
specific energy being measured by signal emitted from the sample.

3. Results and discussion

3.1. Electrode morphology

Following the electrochemical deposition using electrophoretic 
deposition (EPD), the morphology of the fibre coating was examined 
using a Scanning Electron Microscopy (SEM, JEOL JSM7900F), as 
shown in Fig. 3. A 10 keV was used for the fibres set in epoxy (Fig. 3 (a)) 
and 5 keV for the raw fibres (Fig. 3(b) and (c)). This revealed a varying 
coating thickness across fibres, with some regions of coating exceeding 
10 μm while others being less than 2 μm thick. However, for the EPD 
coated fibres showed a relatively consistent coating over the whole 
circumference was observed, as shown in Fig. 3 (a). Differences in 
thickness are attributed to uneven current distribution due to sub- 
optimal electrical connectivity between fibres and the voltage source.

Agglomerations of fibres sharing LFP were observed, resulting in 
enhanced electrical connections and thicker coatings on some fibres, 
while others lacked coating altogether. While cross-sectional analysis 
revealed the coating around the fibre was not consistent, this may have 
been dislodged during the cutting process.

The EPD coating fibres were also analysed using SEM, which showed 
that the agglomeration of the active material is supported around the 
circumference of the fibres, as shown in Fig. 3 (a). While slurry coating, 
commonly used for 2D materials, such as aluminium or copper sheets in 
commercial batteries, it is less suitable for 3D materials. Direct appli-
cation of slurry coating to the front face of individual fibres resulted in 
uneven and one sided coating, with a maximum thickness of approxi-
mately 1 μm and the reverse face mostly uncoated, as shown in Fig. 3 
(b)–and (c).

3.2. X-ray absorption near-edge spectroscopy (XANES) analysis

The shift in the XANES rising edge (E0) was calculated for each 2 × 2 
μm2 spot at every state-of-charge for all samples using linear combina-
tion fitting in the Athena software package [31]. Two control XANES 

Fig. 2. (a) Schematic of XANES and Fe-XRF beamline setup at I18, Diamond Light Source, UK. (b) Novel cylindrical cell design for operando testing of LFP coated 
carbon fibre half-cells in Kapton tubing. (c) Example of Fe-XRF image of immersed LFP coated carbon fibre. d) Examples of XANES spectra of lithiated (blue) and 
delithatied (red) lithium iron phosphate with example of rising edge profile and calculated edge value (E0).

Table 1 
Pre-cycling information for carbon fibre coated LFP samples (EPD - Electro-
phoretic Deposition, SC - Slurry coated).

Sample No. of pre- 
cycles

Charge 
rate

Capacity retention 
(%)

Coating 
method

EPDp 0 – – EPD
EPDC/ 

10

5 0.1 78.3 EPD

EPDC/5 5 0.2 74.5 EPD
SCC/10 5 0.1 82.7 SC
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spectra were obtained to use as reference materials. For fully delithiated 
and lithiated control samples, FePO4 powder and a LFP coated carbon 
fibre sample were held between two sheets of Kapton tape subjected to 
the same conditions as those used for collecting XANES spectra from the 
battery cells. For maximum lithium content (x = 1) in LixFePO4, the 
E0(LFP) was 7120.0 eV. For minimum lithium content (x = 0), the 
E0(FP) was 7123.5 eV. These values were obtained by finding the 
steepest gradient in the leading edge. Both spectra showed strong 
agreement with previous studies [26,32]. To monitor the progression of 
lithiation and delithiation during cycling, lithium content was derived 
directly from the E0 values of each sample. The average and standard 
deviation of the nine spectra were then plotted against the corre-
sponding state-of-charge.

Fig. 4 (a) shows the change of lithium content during the first cycle at 
a charge rate of C/2 for a pristine EPD LixFePO4 electrode, as the con-
centration falls from x = 0.94 at 0 % SOC to x = 0.29, revealing ~70 % 
lithium utilization during the initial charging; the 100 % data point 
appears anomalous. After delithiation, full lithiation is not regained and 
lithium content only reaches x = 0.69 during the charge. This 30 % total 
capacity loss is attributed to the formation of a cathode electrode 
interphase (CEI) on the LFP particles, loss of active LFP material, or 
lithium metal counter electrode dendrite formation. After being cycled 

five times at a lower C-rate of C/10, the initial and final lithium content 
after the full cycle remain similar, Fig. 4 (b) shows the cathode material 
recovering Li+ to the same original level (x = 0.60). Enhanced capacity 
retention in EPDC/10 is attributed to limited lithium loss during the 6th 
cycle, despite the higher C-rate cycling of C/2, demonstrating the active 
material’s charge retention at lower rates.

When cycled at a higher C-rate of C/5, shown in Fig. 4 (c), the lithium 
content in fully discharged state (0 % in EPDC/5) is higher (x = 0.70) 
than EPDC/10 (x = 0.60). A similar trend is observed in fully charged 
state (80 %/100 %), where the lowest lithium content in the EPDC/5 (x 
= 0.39) is larger than the lowest for EPDC/10 (x = 0.33). This indicates 
faster cycling utilises less lithium by the active material than slower 
rates over multiple cycles, meaning that the EPDC/5 cell has a lower final 
capacity than the EPDC/10, as quantified in Table 1. Importantly, the 
lithium content recovered to its original level even after this cycle, 
demonstrating that the faster charge rate does not affect the ability of 
the active material to recover lithium.

On comparing electrophoretically deposited (EPDC/10) and slurry- 
coated (SCC/10) samples under the same cycling conditions, the slurry- 
coated cathode demonstrated an improved ability to access more 
lithium during this cycle. Large discrepancies in the margin of error from 
arise from the uneven lithiating/delithiating of the individual fibres and 

Fig. 3. (a) A cross-sectional SEM images of electrophoretically deposited carbon fibres cut using liquid nitrogen and a doctor blade. (b) Front side of the slurry coated 
carbon fibre showing thick coating that does not encompass the full circumference of the fibre. (c) Reverse side of the slurry coated carbon fibre showing mini-
mal coating.

Fig. 4. Lithium-ion content in the LFP electrode at different states of charge for samples analysed by XANES, with the range of lithium content for each sample. E −
EPD made cells, S - slurry coated cells. (a) Pristine EPD coated cell with no previous cycling, (b) EPD cell previously cycled at C/10, (c) EPD cell previously cycled at 
C/5 and (d) slurry coated cell previously cycled at C/10, all for 5 cycles.
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is attributed to why the lowest lithium content is not always at 100 % 
state of charge in Fig. 4. The initial discharged state of the SCC/10 has a 
higher lithium content of x = 0.73 compared to x = 0.6 of the EPDC/10 
sample, see Fig. 4 (d). In addition, Fig. 4 (d) shows that more lithium is 
removed from the cathode material for the slurry-coated sample than 
the electrophoretic deposited. This indicates that the “charged” state of 
the slurry-coated fibre has significantly lower lithium content (x = 0.11 
at 80 %) than the lowest lithium content “charged” state of the EPD 
sample (x = 0.33 at 60 %). In additional, the slurry coated sample has a 
better electrically connected network between the active LFP particles 
and the carbon fibre current collector. This is thought to be due to better 
mixing of the solvent in the slurry coating method, thereby resulting in 
the exfoliated graphene oxide being more distributed within the active 
material.

In the slurry coated sample, the lithium content between the initial 
zero state of charge (x = 0.73) and the final zero state of charge (x =
0.69) is a greater fall loss than for the EPD sample. This indicates some 
capacity loss, which can arrive from a stable passivation layer that is not 
fully formed, resulting in the decrease in charge capacity after the first 
five cycles. This is thought to be due to the high density of the slurry 
coating sample, which results in greater particle fracturing and loss of 
active material. This can cause the increase in overpotential, the dif-
ference in measured potential and open-circuit potential during cycling, 
and therefore lower the capacity. Another cause of lithium loss is the 
formation of CEI, and this may be exacerbated in the slurry coated 
sample by the fracturing of particles leading to newly exposed LFP 
surface, resulting in higher CEI growth, compared to that of the more 
evenly and thinner coated EPD samples [33]. 

Error(ε) = σ/√N                                                               Equation 1

Whilst charging and discharging of all the cathodes, the lithium 
content is unevenly distributed through-out the coated cathode which 
results in a range of lithiation state, as shown in Fig. 4. This can be 
quantified by averaging the errors for each sample, calculated using 
Equation (1):

where σ is the standard deviation for each point in the sample, and N 
is the number of data points taken from the sample. For each sample, the 
error values across all SOC were averaged to determine the unitless 
variance of lithiation (ε), which is shown in Table 2. The first cycle of the 
pristine sample, EPDP, has one of the largest range of values of 0.103, 
which indicates that during the first cycle, the distribution of oxidised 
active particles is uneven. This is thought to be caused by structural 
changes that occur during the first cycle of delithiation and then lith-
iation, leading to less lithium being able to return to the cathode ma-
terial, as well as the formation of the electrode/electrolyte interphase 
[34]. These structural changes occur over several cycles until there is 
little change in the difference in the composition and a more consistent 
coulombic efficiency is observed. For example, the LFP particles in 
sample EPDC/10 appear to have a more consistent LFP/FP conversion 
during cycling compared to the pristine sample, as seen in Fig. 4(a) and 
(b). The effects of structural changes are less pronounced in the 
slurry-coated sample SCC/10, with the lowest variance of all the samples 
at 0.083. This means that the change in LFP/FP particles is more ho-
mogenous across the electrode during cycling. Using the higher charge 
rate of C/5 compared to C/10, shown in EPDC/5 sample, leads to more 
localised changes in lithium-ion concentration and results in a high 
LFP/FP disparity across the electrode. This can be attributed to the 
uneven distribution of particles across the electrode, where the difficulty 
to oxidise/reduce particles that are less accessible for the lithium-ion is 

exacerbated when cycling the LFP at a higher C-rate [26]. This results in 
the higher degree of fluctuation of Li + distribution at higher C-rates due 
to an inconsistent coating, where regions with poor connectivity will not 
be lithiated/delithiated as easily.

Improving the resolution of this technique would lead to improved 
results and an ability to better analyse the surface. Due to the thin 
electrode coatings and shape of the carbon fibres, only few sections were 
able to be studied for each sample. Potentially thicker coatings would 
aide in the ability to study the lithiation of the electrodes, however this 
may worsen the performance of the electrode itself [21] and not be a 
realistic comparison to a real electrode.

3.3. Pouch cell performance

Both the slurry cast, and EPD coated carbon fibre electrodes were 
used in a half-cell pouch cell, which is shown schematically in Fig. 1 (c). 
The electrodes were galvanostatically rate-tested against a lithium- 
metal counter electrode for 30 cycles at different C-rates of C/20, C/ 
10, C/5, C/2, 1C and then C/20 for a second time in 5 cycle segments. 
The cells were then cycled for an extended 20 cycles at C/2.

For the EPD sample, cycling at different C-rates (as shown in Fig. 5 
(a) reveals a 9 % capacity decrease from 132.4 mAh g− 1 to 120.6 mAh 
g− 1 (decrease of 11.8 mAh g− 1) during the initial C/20 cycles, indicating 
the formation of a CEI. Subsequent C/10 cycling results in a 20 mAh g− 1 

capacity drop from C/20 with similar trends occur at C/5, although with 
an initially high first charge due to less efficient discharges compared to 
C/10. Higher C-rates (C/2 and 1C) exhibit lower coulombic efficiency, 
showing a reduced LFP utilization compared to slower rates. However, 
returning to C/20 cycling after high C-rate tests results in nearly com-
plete capacity retention (0.25 % reduction).

The EPD cell was then cycled at C/2 for an additional 20 cycles to 
assess extended-term stability, with capacity results shown in Fig. 5 (a). 
The first discharge capacity of long-term cycling was 37.5 mAh g− 1, 
declining by 9.6 mAh g− 1, 25.6 %, to 27.9 mAh g− 1 after 20 cycles. The 

Table 2 
Lithium content distribution for each sample analysed using XANES.

Sample EPDP EPDC/10 EPDC/5 SCC/10

Li + distribution - ε a.u. 0.103 0.093 0.109 0.083

Fig. 5. (a) Combined discharge capacities of a sequential cycling cascade of 
LFP half-cells, deposited using EPD and SC. (b) Voltage charge and discharge 
profile for different charging rates for EPD and SC coated carbon fibres.

T. Barthelay et al.                                                                                                                                                                                                                              Journal of Power Sources 630 (2025) 236050 

6 



stability of these cycles is not constant but has coulombic efficiency that 
is greater than 90 % for almost all the cycles.

The cycling behaviour of the slurry coated fibres are also shown in 
Fig. 5 (a). The comparisons between this cell and EPD coated fibres 
revealed similar trends due to the use of the same cathode material. 
However, slurry-coated fibres consistently exhibited higher initial 
discharge capacities across most charge rates, apart from at C/10. For 
example, at C/20, the initial discharge capacity was 150.0 mAh g− 1, 
surpassing the discharge capacity of 132.4 mAh g− 1 of the EPD elec-
trode. Despite the higher capacities, the slurry-coated electrode expe-
rienced a greater capacity drop of 33.5 mAh g− 1, with a final discharge 
capacity of 116.5 mAh g− 1 at C/20 compared to 117.9 mAh g− 1 for the 
EPD-coated electrode.

The slurry-coated electrode underwent the same 20 cycles as the 
EPD-coated sample at a C-rate of C/2 resulting in a final discharge ca-
pacity of 30.2 mAh g− 1, representing a 29.8 % reduction from the initial 
discharge capacity of 43.0 mAh g− 1 for the 20-cycle run. The coulombic 
efficiency fluctuates for both samples but is more pronounced in the 
slurry-coated electrode, with a standard deviation of the coulombic ef-
ficiencies for the extended cycles of 5.63 %, compared to that of 4.55 % 
for the EPD sample. The coulombic efficiency for the first cycle is low 
due to previous cycle having a lower C-rate and was there excluded. This 
adds to the evidence of the higher instability in the slurry-coated cell 
compared to the EPD cell. This higher instability of discharge capacity in 
the slurry-coated cell causes a steeper fall in discharge capacity during 
these 20 cycles compared to that in the more stable EPD cell. Having a 
more homogenous cathode coating and, therefore, stable electrode is 
vital for future development of structural batteries to ensure improved 
longevity of the cell.

The first charge and discharge curves for each C-rate are shown in 
Fig. 5 (b), providing insight into electrochemical behaviour. Rate- 
limiting processes induce overpotential, reducing specific capacity and 
widening the voltage gap between charge and discharge profiles. Initial 
overpotential for C/20 is attributed to first cycle CEI formation on LFP 
surface. The curves for each C-rate show the same shape, albeit with 
higher overpotentials and more extreme cut-offs for the faster charge 
rates.

Voltage profiles of slurry-coated fibres Fig. 5 (b) show overpotentials 
increasing with higher charge rates, leading to an elevation in cell po-
tential and obscuring characteristic curves; this is particularly evident at 
higher currents. Overpotentials for slurry-coated cathodes demonstrate 
a notable increase with rising C-rate, with an approximate tenfold rise 
from C/20 to 1C. This change is more pronounced than the profiles in 
the EPD, indicating that the thick, inhomogeneous coating of the LFP on 
the surface of the slurry coated carbon fibre suffers from higher re-
sistances at higher C-rates than the coating of the EPD samples.

The electrochemical performance of these electrodes is compared to 
literature values for electrodes prepared using similar techniques in 
Table 3. The results align with the findings of this study, where the 
slurry-coated electrode exhibits a higher initial capacity, but poorer 
capacity retention compared to the electrodes prepared by electropho-
retic deposition.

While the discharge capacity of the electrodes in this work is lower 
than reported in other studies, the focus here is to investigate the impact 
of morphology whilst minimizing variations in other parameters. This 
approach sacrifices optimization of individual electrodes but enables a 
more detailed analysis of the factors contributing to the observed 
discrepancies.

3.4. Electrochemical impedance spectroscopy (EIS) measurements

Separate EPD and slurry cast cells were manufactured to analyse 
their performance using electrochemical impedance spectroscopy. The 
cells were cycled for five cycles at C/10 and then for a cycle at C/2 to 
mimic the conditions of cells XANES. Nyquist plots were generated for 
each sample during the first two C/10 cycles and the final C/2 cycle. An 
example Nyquist plot for an EPD carbon fibre cathode is shown in Fig. 6 
(a). Each of these Nyquist plots were processed in order to generate 
equivalent circuit models (ECM) and quantify the circuit component 
values associated with an equivalent Nyquist plot. A double RC circuit, 
composed of two superimposed semi-circles and a Warburg element 
representing the diffusion at lower frequencies, best characterized the 
electrochemical setup as shown in shown in Fig. 6 (b).

Table 4 provides an overview of the metrics that statistically measure 
the ‘goodness of fit’ for each equivalent circuit model, χ2 and the Total 
Sum of Squares (TSS). These results demonstrate that the quality of fit is 
over a magnitude better for a double RC circuit fit than the fit for a single 
RC circuit. Therefore, a double RC circuit ECM was used to characterise 
all SOCs.

The results from the Nyquist plot analysis for the EPD sample, shown 
Fig. 7(a–c) and the slurry cast sample, shown in Fig. 7(d–e). RΩ, R1 and 
R2 represent the internal ohmic resistance of the cell, charge-transfer 
resistance and electrode diffusion resistance, respectively, and each 
component of the cells can be compared to assess these electrochemical 
phenomena that occur within the half-cells.

During the initial charge, there was a noticeable decrease in resis-
tance across all equivalent circuit models components for the EPD 
coated cell, indicating CEI formation at the electrode/electrolyte inter-
face, which facilitates easier Li+ movement. However, if the CEI be-
comes too thick or traps lithium atoms, it can disrupt electrical 
connectivity due to changes in cathodic material morphology, which is 
often observed after extended cycling or in the presence of impurities.

R1, as shown in Fig. 7 (b), initially remained stable during the first 
charge cycle. However, this sample demonstrated a significant increase 

Table 3 
Comparison of electrode electrochemical performance with literature. 
*Measured from the first C/2 cycle.

Initial discharge 
capacity (mAh g− 1)

High C-rate discharge 
capacity (mAh g− 1)

Long term 
retention (%)

EPD – this 
work

132 (C/20) 25 (1C) 50 (45 cycles 
@ C/2)*

SC – this work 150 (C/20) 22 (1C) 48 (45 cycles 
@ C/2)*

EPD – Sanchez 
et al. [21]

131 (C/10) 86 (1C) 91 (500 cycles 
@ 1C)

SC – Choi et al. 
[19]

144 (C/10) ~105 (1C) 81 (300 cycles 
@ 1C)

Fig. 6. The Nyquist plot (a) and the corresponding equivalent-circuit model 
(ECM) (b) for a pristine EPD coated fibre half-cell. Red semi-circle and yellow 
semi-circle is represented by the red and yellow RC circuit, respectively.
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in the second discharge, indicating an increased resistance from the 
growth of a CEI. In the 6th cycle, both the charge and discharge showed 
elevated resistance due to higher current rates, with R1 resistance 
decreasing slightly, suggesting minimal CEI layer thinning after cycling.

Similar patterns were observed in R2, as shown in Fig. 7 (c), with the 
resistance increasing during discharge. This is likely due to difficulties in 
lithium ions intercalating into the cathode crystal structure at higher Li+

concentrations. A general trend of increasing resistance was also 
observed, most likely due to cathode material degradation associated 
with fractures and delaminations, that in turn leads to a more complex 
pathway for lithium-ion movement within the cathode.

The Nyquist plots of slurry-coated fibres closely resembled those of 
EPD-coated fibres, indicating similar electrochemical behaviour. How-
ever, the resistances were notably higher for the slurry-coated fibres 
with similar coated weights. This is thought to be due to differences in 
coating thickness and concentration, affecting charge-transfer reactions, 
as seen in Fig. 3 (a). This corresponds with observed high overpotentials 
from voltage profiles in Fig. 5 (b).

In Fig. 7 (d), the RΩ ECM element exhibited consistent resistance 
during low C-rate cycles 1 and 2. A higher C-rate of C/2 led to an 
elevated resistance, which remained constant through charge and 
discharge, despite a substantial 0 %–25 % resistance drop, indicating an 
initial higher internal resistance.

The R1 resistance gradually increased across all cycles for the slurry 
coated sample, with a significant rise in the final two C/2 cycles as 
shown in Fig. 7 (e). This indicates a consistent CEI build-up accelerated 
by high C-rate. Charge cycles were generally found to be associated with 
a resistance decrease, while discharge cycles showed a resistance in-
crease due to CEI formation. R2 resistance decreased during charge cy-
cles and increased during discharge as shown in Fig. 7 (f), mirroring the 
EPD trend. Faster C/2 cycles exhibited lower R2 resistance compared to 
slower C/10 cycles, due to either material loss during cycling or the 

inaccessibility of LFP particles. Due to the thick and agglomerated 
slurry-coated particles, any dislocation or loss of electrical contact can 
increase resistance. This is because the reduced lithium-ion flux, caused 
by the lesser available active material for lithiation, results in lower 
capacity over time.

Electrophoretic deposition and slurry-coating have both clear 
strengths and weaknesses when being used for structural battery cath-
ode production. Electrophoretic deposition enables a more controlled 
and homogeneous coating of the carbon fibres, which results in an 
improved life cycle of the electrode, as shown by electrochemical 
impedance spectroscopy and cycling testing. However, EPD offers a 
lower initial capacity than that of the slurry-coated electrode due to the 
improved distribution of particles within the uneven coating of the 
slurry-coated electrode. The slurry-coating method is a much faster and 
easier coating method that is already using in conventional electrode 
manufacturing. Further research into the conductive properties of 
various morphologies would provide valuable insights into the effects of 
coating method on electrode performance. Equally, computational 
studies employing multi-physics modelling would enhance the under-
standing of key features such as porosity, tortuosity, and potential 
electronic changes associated with each morphology. From this work, 
utilising 3-dimensional carbon fibres rather than the conventional 2- 
dimensional aluminium sheets for these electrodes alters the perfor-
mance significantly. To fully optimise these structural electrodes, either 
a new coating procedure is required to allow for slurry-coating to allow 
for a homogenous coating or a combinate of electrophoretic deposition 
with a slurry-coating method is needed to maximise the performance of 
both methods. In future work, in order to confirm the stability of these 
materials, structural and morphological analysis of the structural 
changes in morphology of the electrodes from charging/discharging 
cycles, both with and without the SEI should be conducted.

4. Conclusions

This work successfully examined lithium-ion transport during long- 
term cycling of structural battery cathodes, correlating electro-
chemical performance to the morphology of active material deposited 
by two methods: electrophoretic deposition (EPD) and slurry coating. An 
even, homogenous coating around the circumference allows for a more 
stable cathode, compared to an uneven, highly dense coating promotes 

Table 4 
Comparison of the statistical values to determine ‘goodness of fit’ for the EIS plot 
of the pristine EPD sample.

Type of ECM χ2 TSS

Single RC circuit 0.0090 0.261
Double RC circuit 0.0006 0.059

Fig. 7. Resistance changes over the equivalent circuit model components over the first, second and sixth cycles for the EPD coated cell shown in (a) RΩ, (b) RC1 and 
(c) RC2 and for the slurry-coated cell shown in (d) RΩ, (e) RC1 and (f) RC2.
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high initial capacity but with higher degradation with increased cycling.
Electron microscopy of the coated carbon fibres using the slurry 

coating methodology results in an inhomogeneous coating around the 
circumference of the carbon fibre. This occurs as only part of the three- 
dimensional surface area is exposed to the slurry during coating. This 
contrasts with the electrophoretic deposition methodology, which can 
coat the total circumference of the fibre.

A novel operando technique was developed to study the extent of 
lithiation in the cathode coating using synchrotron radiation for XANES 
analysis. This approach enabled precise tracking of particle lithiation at 
various locations within the electrode. Coupled with electrochemical 
techniques, this method allowed for a comprehensive assessment of the 
performance differences arising from different morphologies arising 
from two coating techniques. Electrophoretic deposition, which applies 
a uniform coating around the entire circumference of the electrode, 
resulted in a more stable and less resistive electrode. In contrast, the 
slurry coating method produced a one-sided, denser layer that offered a 
higher initial discharge capacity but led to greater capacity loss over 
multiple cycles and increased overpotentials at higher C-rates, attrib-
uted to higher internal resistances. This is reflected by cycling results 
showing slurry cast coating having an initially higher discharge capacity 
(150.0 mAh g− 1) during cycling than the EPD coating (132.4 mAh g− 1). 
However, over extended cycling, this coating suffers from higher ca-
pacity fade of 29.8 % over extended cycling of 20 cycles at C/2 
compared to 25.6 % for the EPD coating. To ensure a longer performing 
structural battery, it would therefore be best to use EPD coating due to 
having lower degradation with slurry coating being used for higher 
capacity requirements over a shorter lifetime.

For the first time, key electrochemical differences of two distinct 
cathode coating methods, onto three-dimensional current collector 
substrates, have been studied with distinct benefits of each. Under-
standing morphology of these coatings provides insight into the need for 
improved techniques for ensuring a uniform and consistent coating to 
enhance long-term performance and stability of structural battery 
cathodes.
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