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Structural batteries are multifunctional devices that store energy and carry mechanical load, simultaneously. The
pivotal constituent is the carbon fibre, which acts as not only structural reinforcement, but also as electrode by
reversibly hosting Li ions. Still, little is known about how Li and carbon fibres interact. Here we map Li inserted
in polyacrylonitrile based carbon fibres with Auger electron spectroscopy (AES). We show that with slow charge/
discharge rates, Li distributes uniformly in the transverse and longitudinal direction of the fibre, and when fully

discharged, all Li is virtually expelled. With fast rates, Li tends to be trapped in the core of the fibre. In some
fibres, Li plating is found between the solid electrolyte interphase (SEI) and fibre surface. Our findings can guide
AES analysis on other carbonaceous electrode materials for Li-ion batteries and be used to improve the perfor-

mance of structural batteries.

1. Introduction

The electrification of transportation calls for lightweight and
compact energy storage. A promising solution is to decrease the number
of components by using multifunctional devices such as the structural
battery, where the energy storage capabilities of traditional lithium-ion
batteries are integrated into the structural components of carbon fibre
reinforced composites [1-8]. In the structural battery, the carbon fibres,
besides being the mechanical load carrier, simultaneously functions as
negative electrodes by reversibly hosting lithium (Li) ions in their
microstructure. Consequently, demands on electrochemical perfor-
mance are imposed upon carbon fibres, which so-far have only been
designed for structural purpose. To guide the development of carbon
fibres tailored for multifunctional applications, it is evident that the
fundamental knowledge of the interaction between Li and carbon fibres
is required.

The microstructure of a carbon fibre is heterogenous, consisting of
disordered domains and ordered domains of nano-sized crystallites. In
the crystallites, graphene layers are stacked on top of each other in a
turbostratic manner [9,10]. Li can either be inserted in the disordered
domains or intercalated between the graphene layers in the crystallites
[11]. In regards to electrochemical capacity of carbon fibres, previous
research finds it advantageous to have microstructures with smaller
crystallites, higher degree of disorder [11], and larger amount of
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pyridinic and pyrrolic nitrogen heteroatoms [12]. During lithiation, due
to insertion of Li, the fibre expands significantly in the transverse di-
rection and moderately in the longitudinal direction. At the same time,
the transverse elastic modulus increases, whereas the longitudinal
elastic modulus decreases. During delithiation the fibre essentially re-
verts to its initial state [13]. The techniques — X-ray diffractometry
(XRD), nuclear magnetic resonance (NMR) [14], Raman spectroscopy
and synchrotron hard X-ray photoelectron spectroscopy (HAXPES) —
that have been used up until now to study multifunctional carbon fibres,
generate global information, which is often based on multiple fibres.

To understand how Li atoms are distributed within individual fibres
with a diameter of ~5 um, the lateral spatial resolution of the analysis
technique needs to be in the sub-micrometre range. Techniques with
sufficiently high spatial resolution that previously have been used to
analyse lithium-containing materials are electron energy loss spectros-
copy (EELS) coupled to transmission electron microscopy (TEM)
[15,16], atom probe tomography (APT) [17-20], secondary ion mass
spectroscopy (SIMS) [21,22], energy-dispersive X-ray spectroscopy
(EDS) coupled to scanning electron microscopy (SEM) [23,24], and
Auger electron spectroscopy (AES) [25-30]. Among them, AES is a
technique that is well suited to analyse Li in a carbon fibre for the
following reasons: its detection sensitivity to Li is high, since the signal
yield of Auger electrons increases with decreasing atomic number [31];
the analysis is none-destructive; with ion sputtering, it can provide
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composition depth profiles; sample preparation is relatively easy; the
allowed sample size is large (in the cm range); the ultimate spatial res-
olution is high, ~10 nm; and it can distinguish between different species
of Li [27,32].

In this paper, we utilise AES to analyse Li in polyacrylonitrile (PAN)-
based carbon fibres, T800, with different states of lithiation and
different charge rates. We compare with X-ray photoelectron spectros-
copy (XPS) results. The interpretation of the Li-related fine structures in
AES spectra can be applied in other carbonaceous battery materials. The
results provide a holistic view of Li configuration and distribution in (de)
lithiated carbon fibres. The insights gained will pave the way for the
design of carbon fibres for multifunctional purposes.

2. Method
2.1. Material

PAN-based T800 carbon fibre tows spread to unidirectional ultra-
thin tapes with a linear weight of 0.52 g/m (TeXtreme®, T800SC-12k-
50C) were supplied by Oxeon AB. The as-received carbon fibres were
attached with conductive silver paint to a copper current collector.
Electrochemical half cells with lithium metal as counter electrode were
manufactured with a pouch cell configuration. The pouch cell bags were
laminated constructions of PET/Al/PE from Skultuna Flexible with layer
thicknesses of 12 pm, 9 um, and 75 pm, respectively. The separator was
glass microfiber filter (Whatman GF/A, 260 pm thick). The electrolyte
consisted of 1.0 M LiPFg, ethylene carbonate (EC), and diethyl carbonate
(DEC). Cell assembly was performed in dry argon atmosphere in a glove
box (<1 ppm H20, <1 ppm Oy). Hereafter called uncycled carbon fibres
were soaked in the electrolyte and assembled into a pouch cell for a
duration of 90 h, corresponding to the time of five charge/discharge
cycles.

Charge/discharge cycling was performed with a Neware CT-4008-
5V10mA-164 battery cycler. Five cycles were conducted in the poten-
tial window between 1.5 V and 0.01 V versus Li/Li*, with the former
voltage considered to correspond to fully delithiated carbon fibres and
the latter to fully lithiated ones. The galvanostatic cycles had a current
corresponding to 0.1C based on the theoretic maximum capacity of
graphite of 372 mAh/g, before the final discharge/charge current was
set to correspond to 0.05C for slow charge rate and 0.2C rapid charge
rate (Fig. S1). The cell potential corresponding to 50 % lithiation was
determined after two cycles and set to 0.3 V.

Disassembly of the cells was conducted inside the glove box. The
fibre tow was dried overnight in the inert atmosphere of the glove box.
Then the tow was adhered to the sample holder of AES with a copper
tape, which also created the conduction path to prevent charging issues
in the AES. The tow was cut with a clean scissor. The fibres were
transferred to the spectrometers in a transfer vessel without exposure to
ambient air. SEM micrographs (Fig. S2) show extensive formation of
oxides on a lithiated carbon fibre after unprotected transfer through
ambient air from the glove box to the microscope, underscoring the
importance of the transfer vessel to protect the sensitive lithiated carbon
fibres.

2.2. Spectroscopy

AES analyses were performed in a PHI 700 Scanning Auger Nanop-
robe, with a Schottky field emission electron source, and a cylindrical
mirror analyser with energy resolution <0.6 %. For both secondary
electron imaging and Auger spectrometric measurements, the acceler-
ating voltage was set to 3 kV and the beam current to 1 nA, for which no
beam damage was observed. For each cycle state, ten fibres were ana-
lysed. Spectra were collected between 10 and 700 eV with a step size of
1.0 eV. Layer-by-layer depth profiling was conducted with an argon (Ar)
ion gun with 1 min sputtering at each interval for a total time of 120 min.
The sputter rate was around 145 A/min, with reference to the tantalum
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oxide (TaOs) etch rate calibration. The concentration profiles in the
transverse direction of carbon fibres were obtained with AES in two
approaches: positioning the fibre with its lateral surface facing the
incident electron beam, and alternate between analysis and ion sput-
tering; or positioning the fibres with their transverse cross-sections
facing the incident electron beam, and then analysing across the cross-
section (Fig. 1). The advantage with the former approach is that the
depth resolution is high. The advantage of the latter is that the entire
diameter can be scanned in a short time. The spatial resolution of the
scan profile is limited by the size of the electron beam ~10 nm. How-
ever, to increase the yield of Auger electrons the analysis area was
enlarged to ~350 nm, so that the 5 pm fibre cross-section was covered
by 13 analysis points (six points to either side of a centre point). Mul-
tiPak software (Version 9.7.0.1) was used to differentiate AES data and
smooth the data with Savitzky-Golay filter. XPS measurements were
performed in a PHI 5000 VersaProbe III Scanning X-ray Microprobe with
a monochromatic AlKa (hv = 1486.6 eV) source with a beam size ~100
um. During narrow scan for selected elements of interest, pass energy
was set to 26.0 eV and the step size to 0.10 eV. MultiPak was also used to
conduct peak deconvolution of XPS data.

3. Results and discussion

AES spectra were acquired from the lateral surface of lithiated car-
bon fibres. The AES Liky,, signal consists of three distinct peaks at 35 eV,
45 eV, and 55 eV (Fig. 2a). In contrast, the Lils signal from XPS only
consists of one single peak (Fig. S3), where deconvolution is required to
identify the chemical states. It is evident that in case of analysing (de)
lithiated carbonaceous materials, AES offers richer and more easily
interpretable information of chemical configuration on Li than XPS. We
show below how we assign the Lig;; peaks to their corresponding
chemical configurations. The chemical state information available in
AES spectra from lithium containing carbon materials can readily be
used in carbon anode research.

By comparing the evolution of the Ligy;, peaks with other detected
elements during depth profiling, it was found that the 35 eV peak follows
the same trend as the Oy, signal at 510 eV (Fig. 2b). Further connection
between Lik;, at 35 eV and O is found when comparing AES spectra from
a sputtered and an intact cross-sectional surface of a lithiated fibre.
Without sputtering, Li, C, and O are detected and the 35 eV peak is
present, but after sputtering, both O and the 35 eV peak disappear
(Fig. S4). Sputtering removes the small amount of oxide on the surface of
the lithiated fibres. This link between the low energy peak of Lik;, and
the Ogyy, signal was used by Clausing and Easton to identify lithium
oxide [33]. Evidently, 35 eV is associated with lithium bonded to oxygen
(Li-0).

The 55 eV peak, however, does not follow any trend of other ele-
ments in the depth profile, which indicates that it is independent and
thus presumably represents elemental lithium (Li®). Indeed, this is
confirmed by using high electron beam currents (10 nA) to severely
bombard a lithiated carbon fibre. The overwhelming supply of electrons
on the surface of the sample leads to local excess electrons. Inmediate
SEM monitoring shows a gradual formation of a precipitate on the fibre
surface. Coinciding with the appearance of this precipitate, the shape of
the Ligyy, signal changes to be dominated by the 55 eV peak (Fig. 2¢). The
excess electrons lead to accumulation of lithium previously inserted into
the fibre to form a precipitate of Li®. Zhang et al. also showed how the
electron bombardment can create precipitates of Li% [33,34]. Thus, the
peak at 55 eV corresponds to Li%

The 45 eV peak follows the trend of the 260 eV peak of the Cgy, signal
(Fig. 2d). The Ckyy, signal consists of two peaks: the main peak at 275 eV
is associated with carbon bonded to carbon, whereas the low energy
peak at 260 eV is associated with carbon bonded to metal, in this case
lithium (C-Li). Craig et al. demonstrated how additional low energy
peaks from the Cgyp signal appeared when carbon bonded to metals
[35]. Thus, the 45 eV peak represents lithium bonded to carbon (Li-C).
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Fig. 1. Schematic of the two approaches to obtain concentration profiles along the transverse direction of carbon fibres. To the left, sputter depth profiling, where ion
sputter and spectroscopic measurements alternate to generate a profile. To the right, cross-sectional scan profiling, where the electron beam scans across the fibre end

and spectra are collected.

Furthermore, the Cgpy, signal of lithiated carbon fibres also exhibit a
fine feature at 280 eV. The Cgy, signal can be viewed as a convolution of
o and © bonds in the graphite lattice, as proposed by Murday et al. When
Li intercalates in between two graphene layers [36], a Li atom located
above a graphene ring donates an electron that occupies the antibonding
n* band and give rise to the feature at the higher energy of 280 eV [37].
Since intercalation only takes place in ordered domains [11], the 280 eV
feature can represent Li intercalated into the ordered domains of the
carbon fibre. Interestingly, when the Cgp; signal of a fully lithiated
carbon fibre and a fibre lithiated to 50 % of the electrochemical potential
are compared (Fig. 3), it is found that the fully lithiated fibre shows the
n* feature, whereas the 50 % lithiated fibre does not. This indicates that
at increased charge states Li is located in both ordered and disordered
domains, while at lower charge states, Li is mainly located in disordered
domains. Similar conclusion was drawn by Fang et al. using X-ray
diffractometry and nuclear magnetic resonance on lithiated carbon fi-
bres [14]. It is important to note that the ordered domains in a carbon
fibre have a turbostratic structure instead of a graphitic structure
(hexagonal close packed). In turbostratic carbon, the graphene layers do
not align above each other in an ordered way, and some atoms have sp®
hybridization. Thus, Li intercalation between the layers is much
disturbed. Endo et al. demonstrated that the intermediate level of order
(between graphite and amorphous carbon) leads to a minimum in en-
ergy capacity compared to either more ordered or more disordered
carbon. As the level of disorder grows, the intercalation process is
replaced by a Li insertion process into the smaller and randomly located
graphene layers [11,38]. This explains the preference of Li to first be
inserted into the disordered domains of the carbon fibre.

Now, with a good understanding of the AES spectra, we can analyse
the chemical composition of the cross-sectional and lateral surfaces of
carbon fibres subjected to different electrochemical cycling conditions
and compare the results with those of XPS (Fig. 4).

AES analysis across the cross-section of fully lithiated carbon fibres
reveals that the Li/C intensity ratio is rather uniform across the trans-
verse direction of the fibre (Fig. 4a). With 13 adjacent analysis regions
on the ~5 um wide cross-section, no preferential Li enriched region is

observed. Thus, the inserted Li at a charge rate of 0.05C is distributed
evenly throughout the whole carbon fibre in the transverse direction.
Furthermore, a fibre, which has been charged to 50 % of the electro-
chemical potential, also shows a uniform Li distribution, albeit with a
lower Li/C ratio. When fully discharged down to 0 % of the electro-
chemical potential at a low discharge rate of 0.05C, the Li signal drops
below the detection limit for AES, indicating that the delithiation pro-
cess seemingly manages to expel all Li out of the carbon fibre. However,
for the fully discharged fibres that are instead subjected to a more rapid
discharge rate of 0.2C, still detectable quantities of Li remain in the fi-
bres. Therefore, the concentration of remaining Li in fully discharged
carbon fibres depends on the discharge rate. Additionally, at increased
discharge rates the remaining Li is preferentially located at the inner
part of the fibre. The reason can be a combination of the longer distance
required for diffusing from the inner part and the inherent skin-core
microstructure in the carbon fibres [39-41]. With increased charge/
discharge rate, the battery capacity is reduced [2] as a result of limited
mass transport and charge transfer [42], which decreases the rate of Li
insertion/de-insertion to/from the carbon fibre. Furthermore, these rate
limiting processes may behave differently at different stages of lith-
iation, and one of the reasons is the electrical conductivity increases for
graphitic materials with intercalated Li [43]. The insights in Li distri-
bution in carbon fibres as a function of charge state and charge rate are
valuable for the future research on structural batteries in general, and
particularly for the design of multifunctional carbon fibres.

AES sputter depth profiling on the lateral surface shows that a
lithiated carbon fibre is encrusted by a thin layer of solid electrolyte
interphase (SEI), which is indicated by a highly fluctuated region in the
beginning of the depth profile before the fibre is reached and the in-
tensity of the signals stabilises (Fig. 4b). SEI forms on the surface of
carbonaceous anode materials through side reactions with electrolyte
solvent and salt during the operation of Li-ion batteries and is essential
to the battery performance [44]. AES detects C, Li, O, F, and P in the SEI,
which consists of the complex reaction products of the electrolyte
(LiPFg, OC(OCHj3),, and (CH20)2CO). When the SEI has been sputtered
away the O, F, and P signals fade away and C and Li become the only
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Fig. 2. Assignment of Lig; peaks. a) Differentiated Liky;, signal with three peaks from the lateral surface of a lithiated carbon fibre. b) Depth profile of Lik;;, at 35 eV
compared to Ok, at 510 eV. They follow the same trend. c) Lix, signals at 45 eV from the interior of an intact fibre and at 55 eV from a precipitate formed under a
high electron current. Inset, SEM micrograph showing the cross-section of lithiated carbon fibres, one of which was exposed to a high beam current (10 nA), which
resulted in the formation of a precipitate on the surface. d) Depth profile of Liky;, at 45 eV compared to Ckp;, at 260 eV. Note that the intensity values in b) and d) are

normalized individually.

5
8
5 Lithiated
m
z
©
Lithiated
50%
240 250 260 270 280 290
Kinetic energy (eV)

Fig. 3. Cy. signal from a fully lithiated carbon fibre and a 50 % lithiated
carbon fibre. The fully lithiated fibre has an additional fine feature at 280 eV
representing the antibonding n* band.

elements present. Thus, it can be concluded that no co-insertion ozf O, P,
and F along with Li is detected by AES. In the fibre region the relative
intensities of C and Li stay constant, similarly as for the cross-section
analysis in Fig. 4a, although the sputtering depth is only estimated to
be ~1.5 pm.

Fig. 4c shows the AES survey spectra and Ligyy, and Cgpy, signals of the
surface SEI layer for lithiated, delithiated, and uncycled fibres. Uncycled
fibres, even though they have been soaked in electrolyte for 90 h, yield
only a main signal from C, and trace amounts of N. Both elements have
been proved to belong to the carbon fibre [12]. After cycling, Li, P, O,
and F are present, and N becomes undetectable by AES. The signals from
the elements introduced after cycling are weaker in delithiated fibres
than lithiated ones, especially the intensities of lithium bonded to car-
bon (45 eV and 260 eV), which indicates that the SEI changes during
cycling [45]. Additionally, SEI thickness varies between lithiated and
delithiated fibres, as shown by the depth profiles (Fig. S5).

Through deconvolution of Cls and O1s in XPS (Fig. 4d), it is found
that the signals from Li;CO3 (Cls = 290 eV and Ols = 532.5 eV) in
lithiated fibres are significantly stronger than in delithiated fibres. Li;O
(O1s = 529 eV) and (Li;O2 = 531.5 eV) are present for both types of
lithiation state. On uncycled fibres, no Li;O is detected, suggesting that
the LizO found in lithiated and delithiated fibres is a product of the
cycling.

Noteworthy is the discrepancy between AES and XPS spectrum of the
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fibre region.

surface of uncycled fibres, where the former shows no signal other than
C and N (Fig. 4c), while the latter shows small but clear signals from O
and F (Fig. 4d). This can be explained by the high lateral resolution
(~10 nm) of AES, which allows information to be obtained only from
inside individual fibres, while the analysis area of the XPS (beam

diameter of ~100 um) covers multiple fibres as well as the boundaries
between the fibres. There it is likely that electrolyte residues gather and
then contributes to the XPS spectrum in a way it does not for AES. Still,
there are also sources of uncertainty in the AES analysis. Firstly, for each
cycling condition ten fibres were investigated. A larger sample size
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would provide better statistics, however, the data retrieved is deemed
representative. Further uncertainty may arise from the slightly uneven
topography of the cross-section surfaces. Therefore, only the flattest
cross-section surfaces were selected and investigated. additional transfer
between instruments imposes unacceptable risks of contamination.
Finally, the fibres were selected randomly within the fibre tow, which
means that there is variation in the distance between the fibres and the
lithium source. Nevertheless, the tow thickness is only ~25 um and all
fibres are in direct contact with the liquid electrolyte, which is assumed
to negate any concentration gradients within the fibre tow. However, in
a structural battery electrolyte (a hybrid polymer and liquid electrolyte
system) with significantly lower ion conductivity, fibre position may
have far-reaching effects.

After sputtering down to the fibre region of the lithiated fibres, only
C and Li is present in the AES spectrum (Fig. 4e). The Ligyy, signal only
exhibits the Li-C peak at 45 eV, indicating that Li is bonded to C. The
Cgyy signal consists of peaks at 260 and 275 €V, as well as the fine feature
at 280 eV. The delithiated and uncycled fibres are remarkably similar,
showing no Lik;;, and only one carbon peak in Ckpy, which reaffirms that
the delithiation process at low discharge rates expels most of the Li out
of the carbon fibres, and any remaining level of Li is below the detection
limit of AES. Based on studies with higher charge rates, it was previously
assumed that capacity losses are associated with trapped Li in the carbon
fibres [1]. However, at the low charge rate in this study, no significant
amount of Li gets trapped inside the carbon fibres, while Li is still found
retained on the surface of these fibres and in the SEI. Thus, multiple
regions can trap Li and be responsible for capacity losses.

It has been showed that when the ratio of sp? and sp> carbon changes,
the distance between the local minima and maxima of Cgyy, also changes
[46-48]. The similarity in the shape of Ckpy, for delithiated and uncycled
fibres (Fig. 4e) suggests that no permanent change in the carbonaceous
structure has occurred during the cycling. Further evidence of this
structural stability to cycling is seen in the deconvolution of Cls in the
XPS spectra (Fig. 4f), where the sp?/sp® ratio remains constant for all
types of cycling conditions.

Discrepancies between AES and XPS is also found for the fibre region
(Fig. 4e and 4f). AES reveals no O or F, whereas XPS does. Additionally,
AES registers no Li in delithiated fibres, while XPS registers a lithium
carbide signal at the low energy end of the Cls, at 282.5 eV. Once again,
the reason is most probably the much larger analysing area in XPS. The
Li, O and F detected by XPS likely comes from electrolyte residues in the
crevices between the fibres that were not thoroughly sputtered away.
XPS is useful to analyse the composition of the SEI on cycled carbon
fibres as deconvolution of the O1s signal can yield much more chemical
state information than the Okyy, signal from AES can, but for Li mapping
in carbon fibres, the high lateral resolution (small analysis area) of AES
is needed.

The possible variation in Li distribution along the same fibre and
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between different fibres was analysed using AES. Sputter depth profiles
were compared at four positions along fully lithiated carbon fibres with
interspacing of 2 um between each position. It shows remarkably little
variation longitudinally within the same fibre (Fig. S6). For each indi-
vidual fibre the SEI thickness remains similar along the fibre. Likewise,
in the fibre region the Li/C intensity ratio is at a similar level from po-
sition to position, implying a fully lithiated fibre has an even Li distri-
bution along the fibre axis on the micrometre scale.

In Fig. 5, typical depth profiles of three adjacent fibres in the same
tow are compared. For all three fibres, again the Li/C intensity ratios are
at a similar level, meaning that the amount of Li stored by individual
fibres is comparable. However, the SEI thickness varies. For two of the
fibres on the side, the SEI thickness is thin (Fig. 5a and 5c), whereas for
the one in the middle, the thickness is almost three times thicker
(Fig. 5b). This much larger thickness in the fibre is accompanied by an
additional intermediate region between the SEI and fibre, yielding a
strong signal from Li’. This indicates Li plating along the fibre, and it is
found at all four measurement positions (Fig. S6). Li plating is a major
cause for capacity decay in Li-ion batteries, as dead Li is accumulated on
the anode surface and becomes inactive [49]. The reason why some fi-
bres exhibit plating while others do not is unclear. However, it is evident
that not all fibres behave the same. Therefore, even though, at the end of
full charging, different fibres manage to hold the same amount of
lithium, they may behave differently during cycling, since the SEI im-
pacts the transport of Li-ions [44]. This heterogeneity between fibres has
not been reported before. The finding gives a new potential design
parameter for structural batteries.

4. Conclusion

The power of AES as an analysis tool for electrochemically (dis)
charged carbon fibres was demonstrated. It allows both inter- and intra-
fibre investigation due to the large sample size and high lateral and
depth resolution. More importantly, it can distinguish the different
chemical configurations of metallic lithium LiO, Li-O and Li-C bond, and
even the n* bonding, which implies the intercalation of Li into the or-
dered graphene layers. XPS is a useful complement, but the spatial
resolution is too low relative the fibre diameter, and the acquired data
tend to contain information from possible remained contaminations.

AES and XPS were utilised to reveal Li distribution and configuration
in carbon fibres for structural batteries. Fully charged carbon fibres have
a rather uniform spatial distribution of Li in the transverse and longi-
tudinal direction of the fibre. Li is located in both ordered and disor-
dered domains based on the fine structure of n* signal. Carbon fibres
lithiated to 50 % still show uniform Li distribution, but Li is located
foremost in disordered domains. In fibres discharged to 0 % at a slow
discharge rate of 0.05C, the Li content is below the detectable level,
whereas with a rapid discharge rate 0.2C, some Li is trapped mainly in
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Fig. 5. AES depth profiles from three adjacent lithiated carbon fibres lying side by side. Fibres on the side a) and c) have a thin SEI layer. The fibre in the middle b)

with a thick SEI layer and Li plating.
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the core of the fibre. The cycled fibres are covered by a layer of SEL. The
SEI thickness and composition vary from fibre to fibre in the same tow.
Some fibres exhibit Li plating between the SEI layer and the fibre sur-
face, while their adjacent fibres do not.

The detailed AES spectrum analysis presented here can be general-
ised to interpret other carbon-based anodes for Li-ion batteries to reveal
the rich chemical information. Additionally, this study provides new
insights into how Li is distributed in carbon fibres used in structural
batteries. This knowledge can aid tailoring of future carbon fibre mi-
crostructures for multifunctional structural batteries.
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