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Carbon fibres in structural batteries are multifunctional by acting both as structural reinforcement and as lithium
(Li)-ion battery electrode. The relationship between the microstructure and mechanical capabilities of carbon
fibres are well established, but much remains unexplored regarding their electrochemical properties. Specifically
needed is a nanoscale understanding of how Li atoms distribute and interact in the carbon fibres. Atom probe
tomography (APT) is uniquely positioned to provide subnanometre resolution in three dimensions. However, it
has previously been hampered by undesirable Li migration during analysis. Here, we show that APT is suc-
cessfully used to analyse electrochemically cycled polyacrylonitrile-based carbon fibres, through electrostatic
shielding by means of conductive coating. We measure ~1.5 at% Li in the carbon fibres after full delithiation,
and thus identify trapped Li to constitute a substantial part of the initial capacity fade. After lithiation, Li ac-
counts for ~9 at% and according to frequency distribution analysis tend to agglomerate on the atomic scale. With
nearest neighbour analysis, Li agglomeration is shown independent of heteroatom dopants such as nitrogen.
Thus, the agglomeration is more likely induced by differing accessibility for Li in the crystalline and amorphous
domains in the carbon fibre. The method used in this study can inform APT experiments on other type of Li-
containing carbon electrodes. The findings of the study can be used to guide design of novel carbon fibres for
structural batteries with enhanced electrochemical properties.

1. Introduction

Extending the range of electric transport demands energy storage
systems to become lighter without compromising performance and
durability. Structural batteries propose a solution based on multi-
functionality by incorporating the energy storage function of lithium
(Li)-ion batteries into carbon fibre reinforced composites and effectively
reducing the required mass of the system [1-8]. In a conventional Li-ion
battery, graphite is used as negative electrode material due to its low
cost and ability to reversibly host Li ions. However, in a structural bat-
tery, carbon fibres act as negative electrode, while simultaneously per-
forming the traditional role of carrying mechanical load. Therefore,
carbon fibres that previously only have been developed to serve a
structural purpose are now required to also perform electrochemically.
The advancement of this new breed of multifunctional carbon fibres
calls for a deeper understanding of their interplay with Li.

* Corresponding author.
** Corresponding author.

The electrochemical performance of carbon fibres has been exten-
sively studied and proved promising with columbic efficiency of 99.9 %
and specific capacities up to 350 mAh/g, which is close to the theoretical
capacity of graphite at 372 mAh/g [9-12]. Carbon fibres have heter-
ogenous microstructure of amorphous domains interspersed with crys-
talline phases of nanometre-sized crystallites of turbostratically stacked
graphene layers [13,14]. Li can insert into either domain. It has been
shown that compared with high modulus carbon fibres, the smaller
crystallites in intermediate modulus carbon fibres are beneficial for
enhanced electrochemical capacity [15]. Electrochemically cycled car-
bon fibres have been investigated with Raman spectroscopy [15], X-ray
diffraction (XRD), nuclear magnetic resonance (NMR) [16], and Auger
electron spectroscopy (AES) [17]. Among these, AES has the highest
spatial resolution, in the nanometre range in the depth and lateral di-
rection [18], and was successfully used to map Li distribution across a
single fibre’s full diameter (~5 pm). For slow lithiation the Li
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distribution was proved to be rather uniform on the microscale. For slow
delithiation, the amount of present Li fell below the detection limit of
AES.

Still, it is unknown how Li atoms are distributed in the nano-sized
crystallites and amorphous domains in carbon fibres, and whether that
distribution differs between states of full lithiation and full delithiation.
Furthermore, the presence of N heteroatoms in intermediate modulus
carbon fibres has been shown with hard X-ray photoelectron spectros-
copy to be related to enhanced electrochemical performance [19].
However, the exact mechanism remains unknown — whether this effect
originates from that Li coordinate more easily near N heteroatoms or N
heteroatoms induce advantageous defects into the carbonaceous
microstructure [20-28].

Capturing the nanoscale distribution of Li atoms requires high spatial
resolution, which can be offered by electron energy loss spectroscopy
(EELS) coupled to transmission electron microscopy (TEM) [29,30].
However, the electron beam can induce damages that affect distribution
of light elements and more importantly EELS compresses
three-dimensional information into two dimensions. Atom probe to-
mography (APT), on the other hand, has the capability to map individual
atoms in three dimensions [31]. During APT analysis, a needle shaped
specimen (tip radius ~50 nm) is deconstructed atom-by-atom through
field evaporation induced by an electric field coupled with thermal
activation by laser pulsing, where the atoms are ionised and emitted as
positive ions. Based on the ion’s time-of-flight and hit position at the
detector, it is assigned a mass-to-charge ratio and a three-dimensional
coordinate. From this information an atomic reconstruction of the
specimen is generated and becomes possible to analyse with an array of
digital tools. Previously, we revealed the microstructure of uncycled
carbon fibres using APT [19,32]. Nevertheless, APT of materials con-
taining Li is inherently challenging, as the electric field can drive Li
migration [33-36]. Shielding the specimen with a thin layer of
conductive metallic coating has been proposed and shown to prevent Li
migration induced by electrostatic field penetration [35,37-39].

Here, we use APT to investigate the Li distribution in lithiated/
delithiated polyacrylonitrile (PAN)-based T800 carbon fibres. We anal-
yse specimens with and without shielding provided by an in-situ
deposited metallic Cr coating. From APT analyses, we deduce that a
significant part of the initial capacity fade comes from Li trapping in the
carbon fibres. With frequency distribution analysis, we determine that
the distribution of trapped Li in delithiated carbon fibres is uniform,
whereas in lithiated fibres Li agglomerate. With nearest neighbour
analysis, we show that the Li distribution is independent of the prox-
imity to N heteroatoms, and instead related to the crystalline and
amorphous domains. The insights brought forward by this study deepen
the understanding of the interaction between Li and multifunctional
carbon fibres and aid the development of tailored carbon fibres for
structural batteries.

2. Material and method

PAN-based carbon fibre tows of type T800SC-12 k-50C with a linear
weight of 0.52 g/m were supplied by Oxeon AB as unidirectional ultra-
thin tapes. The tows were adhered to copper current collectors with
conductive silver glue and stacked with 260 pm thick Whatman GF/A
separator, and lithium metal. The material was soaked in electrolyte of
1.0 M LiPFg, ethylene carbonate (EC), and diethyl carbonate (DEC) (EC:
DEC 1:1 wt/wt, LP40 Sigma Aldrich) and encapsulated by pouch cell
bags from Skultuna Flexible AB, Sweden. Cells were assembled in a dry
argon atmosphere in a glovebox (<1 ppm H20, <1 ppm O3). A Neware
CT-4008-5V10mA-164 battery cycler was used to charge/discharge the
cells for five cycles to either 0 % or 100 % state of charge. The potential
window was 1.5 V-0.01 V versus Li/Li* and the current corresponded to
0.1C relative a theoretic graphite capacity of 372 mAh/g.

Four atom probe tomography (APT) instruments were used: LEAP
3000X HR and CAMECA LEAP 6000 XR at Chalmers University of
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Technology in Gothenburg, Sweden, and CAMECA LEAP 5000 XR and
CAMECA LEAP 5000 XS at the Max-Planck-Institut fiir Eisenforschung
GmbH in Diisseldorf, Germany. The LEAP 3000X HR was used for
investigation of uncycled and lithiated carbon fibres, 6000 XR for
uncycled carbon fibres, and 5000 XR and XS for both lithiated and
delithiated carbon fibres.

At Chalmers University of Technology, the fibres were briefly
exposed to ambient air during transport to a FEI Versa 3D dual-beam
focused ion beam/scanning electron microscope (FIB/SEM) for APT
specimen preparation [19,32], and then again briefly exposed to
ambient air during transport to the atom probe instruments. For 3000X
HR, data was acquired for lithiated carbon fibres at a base temperature
of 100 K, a laser pulse energy of 1 nJ (wavelength A = 532 nm), and a
detection rate of 2 ions per 1000 pulses. Out of ten tips, only one yielded
useful data before fracture. For 6000 XR, data was acquired for uncycled
fibres at a base temperature of 100 K, a laser pulse energy of 150 pJ (A =
258 nm), and a detection rate of 2 ions per 1000 pulses. Out of five tips,
three yielded useful data before fracture.

At the Max-Planck-Institut fiir Eisenforschung, the fibres were either
transported through ambient air or via an ultra-high vacuum transfer
suitcase Ferrovac VSN-40. A Thermo-Fisher Helios5CX dual-beam FIB/
SEM was used for specimen preparation [19,32]. The specimens trans-
ferred by suitcase were held by a Cu clip affixed to a dual post cryogenic
atom probe puck (Fig. S1). Alongside the clip of fibres, another Cu clip
mounted with a flat coupon with Si posts was also placed on the same
puck. The puck along with the clips was transferred under ultra-high
vacuum by the suitcase. APT tips were prepared and coated with Cr
[37,40]. In brief, a Cr lamella was lifted out, and a circular half-cut was
introduced at a free edge (Fig. S2). The prepared APT specimen was
positioned inside the half-cut at a zero-degree tilt. Subsequently, a
semi-circular pattern with inner diameter 8 pm and outer diameter of 11
pm was placed on the cavity. To avoid cutting into the prepared spec-
imen, a rectangle with disabled milling was positioned over the circular
pattern. The milling was performed radially outwards with a current of
40 pA and 20 s. After completing the milling from one side, the
Cr-lamella was retracted, and the stage was rotated by 90°, to access the
other sides of the APT specimen. The same procedure was repeated to
coat all four sides of the specimen effectively. APT experiments were
conducted at a base temperature between 40 and 70 K, laser energy
between 50 and 80 pJ (A = 355 nm), and a detection rate of 2 ions per
1000 pulses. Out of twelve lithiated tips five yielded useful results, and
out of seven delithiated tips three yielded useful results. APT data were
reconstructed and processed with AP Suite and MATLAB.

3. Results and discussion

To analyse lithiated carbon fibres with atom probe tomography
(APT) presented an even greater challenge than that of analysing
uncycled carbon fibres [32,41]. The challenge originates in the stark
contrast between Li and C, and the weak bond between them. For bat-
tery applications, the physiochemical stability of carbon materials and
the electrochemical reactivity and fast mobility of Li are essential.
However, due to the semi-conductivity of carbon fibres, the electrostatic
field generated by the atom probe penetrates deep into the APT spec-
imen and drives out Li to the tip surface [35]. Since the field strength
necessary to induce field evaporation is a magnitude lower for Li — Li™
than for C — C* [42], the Li migration to the surface is followed by
massive evaporation of Li at low voltages before the voltage rises and C
starts to evaporate (Fig. 1a).

In the three-dimensional reconstruction of a lithiated T800 carbon
fibre, the massive field evaporation of Li manifests as an artifact: a cap of
lithium on top of the carbon dominated volume (Fig. 1b). The carbon
fibre is delithiated inside the atom probe instrument during the analysis.
This leads to interesting implications of in situ delithiation [36]. During
APT analysis, the sharp needle shaped specimen (end radius ~50 nm) is
exposed to a high electric field (~1010 V/m). For semi-conductors such
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Fig. 1. Massive Li evaporation in the initial stage of APT analysis is suppressed with a field shielding Cr coating. a) Mass and voltage history of a bare lithiated carbon
fibre with two stages: at the lowest voltage of 500 V with only Li hits; and at a higher voltage with foremost C hits. The continuous blue line represents the voltage
history (left axis). Individual black dots represent ions with certain mass-to-charge ratio (right axis). b) Reconstruction with the massive evaporation of Li, which
appears as a cap of Li ions (green) on a tip of predominantly C ions (black). ¢) Mass and voltage history of a Cr coated lithiated carbon fibre with no distinct separation
of Li and C hits. Note that the first Li hits are among Cr, and still occur some time before the first C hit. Reconstructions d) with Cr ions (grey) and e) without Cr ions
on a tip of lithiated carbon fibre. (A colour version of this figure can be viewed online.)

as carbon fibres, the electric field penetrates into the carbon fibre, which
drives field-induced migration of Li. This has been proved with sys-
tematic experiments by Kim et al. and Pfeiffer et al. [35,36]. Kim [35]
also indicated that employing a conductive coating on the top of the
prepared APT specimens can circumvent this issue, which was suggested
to provide a shielding effect against the penetration of the electrostatic
field below the emitting surface. Through further exploration and
optimization, Woods et al. [37] showed a successful and simple way of
facilitating such metallic coatings on battery cathodes. Hence, we
attempted to shield the APT specimens with a thin Cr layer on the tips as
proposed by Woods et al. [37]. The metallic coating proved efficient in
shielding the field, and the massive Li evaporation was supressed
(Fig. 1c—e). Still, diffusion of Li occurred as a few Li ions were detected
among Cr-related ions before the first C ions were detected (Fig. 1¢). The
diffusion may occur either before the analysis, i.e. during specimen
preparation due to radiation damage from the high energy electrons (4
nA and 2 kV) or Ga™ ions (3 nA and 30 kV), or during the APT analysis
some Li ions diffuse along the shank surface to the tip. Since Li ions
appear only after a quarter million ions, most likely it occurred during
the specimen preparation.

To generate a reference value for the Li concentration in lithiated
T800 carbon fibres, we made an estimate based on combining the in-
formation from the atomic composition of uncycled fibres and cycling
data. APT on uncycled fibres according to our previously developed best
practice [32] gave a composition of 96.6 at% C, 2.7 at% N, 0.7 at% O.
This agrees with the data sheet of T800 that claims >96% C [43] and

previous APT results [19]. Ga implantation into the carbon fibre was
observed in uncycled, lithiated, and delithiated carbon fibres. However,
our results show that Li distribution seems independent of Ga distribu-
tion. According to the results of electrochemical cycling of T800 carbon
fibres against Li metal, and in agreement with the literature [9], the
T800 carbon fibres performed a specific capacity of 245 mAh/g (Fig. 2).
The theoretical specific capacity of graphite (LiCe) is 372 mAh/g, with a
Li concentration of 14.3 at%. We estimate that fully lithiated T800
carbon fibres have the stoichiometry of LiCg.gNp.2500.05 and a Li con-
centration of 9.9 at% (see supplementary information). However, it is
important to note that this is the lower bound of the concentration value,
which assumes no Li from previous cycles is trapped in the fibre.
Therefore, analysis of trapped Li is important, especially since trapped Li
leads to capacity fade and loss in battery performance. However, esti-
mating the amount of trapped Li in the fibre based solely on cycling data
is precarious — Li is also consumed by the formation of the
solid-electrolyte interphase (SEI) on the surface of the fibres. Discerning
what part of the capacity fade in the cycling data is caused by SEI for-
mation and what is caused by trapped Li is challenging. Thus, this mo-
tivates measurements by APT.

Mass spectra from APT experiments on Cr coated lithiated/deli-
thiated carbon fibres (Fig. 3 and S3) were reminiscent of those of
uncycled fibres, since they contain multiple molecular ions and peak
overlaps [19], but with the additional peaks associated with Li and Cr
(Fig. S4, Table S1, S2 and S3). The Cr coating was excluded from the
analysis by isolating a cylinder-shaped region of interest (® 20 x 20 nm)
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Fig. 2. First and fifth electrochemical cycles of carbon fibres against Li metal.

away from the coating and in the centre of the carbon fibre material.
Nevertheless, it is apparent that during specimen preparation, some Cr
was implanted in the carbonaceous bulk. The spectrum consists of
multiple overlapping peaks which were deconvoluted based on the
natural abundance of isotopes of Cr and C [32]. The significant amount
of residual ion counts that were not accounted for by the isotope
deconvolution were assigned as Li-related. The identification of
Li-related peaks is further confirmed by their significant portion in the
extracted volume in the centre of lithiated carbon fibre. This is evi-
denced by comparing the spectrum from the entire volume and that from
the carbon fibre (Fig. 3). From the deconvoluted spectra of coated
lithiated and delithiated carbon fibres, we calculated the atomic
composition (Table 1). The distribution of O in the carbon fibres is rather
homogenous, shown by the O atom maps in Fig. S5. Note, the chemical
concentration and microstructure vary locally in both the uncycled and
lithiated carbon fibre [17,19]. The values in Table 1 reflect the variation.

The average Li concentration of delithiated fibres was measured to
1.6 + 0.2 at%, which indicates that Li is trapped inside the fibre. AES
should be able to detect elements with concentrations in that range, but
for analysis of delithiated carbon fibres, the Li concentration fell below
the detection limit of the AES instrument [17]. This inconsistency is
most probably due to difficulties in discerning very small Ligy;, peaks
located in the slanted part at the low kinetic energy region of the AES
spectrum [44]. APT could overestimate the Li concentration due to

40 50
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surface migration from the shank. However, as discussed above, there is
no indication of migration or diffusion of Li in the lithiated carbon fibres,
owing to the electrostatic shielding by means of conductive coating.
Furthermore, Li that was unambiguously detected by APT must come
from the little volume of delithiated carbon fibre. The trapped Li in the
carbon fibre is not involved in electrochemical cycling, and thus,
together with the formation of SEI and other reactions, it is responsible
for the initial capacity fade. Despite the heterogeneity within the dis-
tribution of trapped Li in carbon fibres and SEI, we can estimate the
amount of initial capacity fade originating from the trapped Li in the
fibre based on the APT measurement. The amount of Li trapped in a
T800 carbon fibre (1.6 at%) corresponds to 35 mAh/g lost specific ca-
pacity (see supplementary information). In total, 155 mAh/g of specific
capacity is lost during the first cycles (Fig. 2), which means that ~23 %
of the capacity fade comes from Li trapped in the fibre, and the rest from
the formation of SEI and other reactions.

With the now known amount of 1.6 at% trapped Li and the expected
reversible 9.9 at% Li based on just the electrochemical cycling data, the
expected total Li concentration in a fully lithiated carbon fibre is instead
estimated to ~11.5 at%. However, the measured Li concentration of
lithiated fibres only reaches 9.1 + 0.3 at%. The discrepancy can be
attributed to several reasons. Firstly, small Li transport into the Cr-
coating seems to occur as evidenced by Fig. 1c. This likely occurred
during the deposition of the Cr-coating via sputtering the Cr target with
the energic Ga ions (30 kV). Some Cr land on the lithiated carbon fibre
with relatively high energy, which drives a small amount of Li to migrate
into the coating. The leeching of Li leads to a lower measured concen-
tration. Secondly, the expected concentration is calculated based on the
assumption that all fibres are equally lithiated. Thirdly, the deconvo-
lution process of the relatively small data set is delicate and not entirely
unambiguous. Finally, the sample preparation can also deplete the
analysis volume of Li. During sample preparation in the FIB/SEM, the
fibres were exposed to negative charges from the electron beam and
positive charges from the ion beam. High current electron beams can
attract Li to the surface of lithiated carbon materials, while ion beams
displace Li [17,45,46]. During the shaping of APT tips from a small
chunk of material in micrometre size into a sharp tip with tip radius <
50 nm, Li can be attracted to the surface by the electrons and then
sputtered away by FIB, leading to the lower Li content.

A rough estimate of the spatial distribution of Li in the region of
interest was made with 1D concentration profiles along the analysis axis
(Fig. 4). The Li concentration appears uniform for both lithiated and
delithiated fibres. This affirms that thanks to the shielding effect of the
Cr coating, no remarkable preferential movement of Li during the APT
experiment, which was manifested in cathode materials as irregular
concentration profiles with elevated Li concentrations at the start of the
reconstruction [35]. Additionally, no large agglomerates of Li were
identified with iso-concentration surfaces. However, the crystallite size
in T800 carbon fibres is around 2 nm [15], so a more detailed analysis
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Fig. 3. Mass spectra of lithiated carbon fibre. The black coloured spectrum represents the full run, whereas the green coloured spectrum represents a cylinder-shaped
region of interest (® 20 x 20 nm) at the centre of the APT tip away from the Cr coating. Some of the main peaks from C, Li, and Cr are marked.
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Table 1
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Atomic composition of uncycled, delithiated, and lithiated T800 carbon fibres, as

measured by APT.

at. %

Uncycled
Delithiated
Lithiated

Analysis direction

Lithiated - Calculated
Lithiated

Conc. (at%)

0 2 4 6 8 10 12 14 16
Distance (nm)

0 s L f

Fig. 4. Li concentration profile for delithiated and lithiated carbon fibres along
the analysis axis. Note that the Li content in lithiated carbon fibres fall below
the expected value.

was required to study smaller agglomeration, which is discussed later.

Even though, natural isotopic abundance deconvolution can deter-
mine the contribution from a specific ion species to a mass-to-charge
peak and provide more accurate compositional information, it is not
able to spatially differentiate specific ions. This limitation hampers
analysis of the spatial distribution of Li-related ions. Typically, the
obstacle is circumvented by only analysing the spatial distribution of
ions from peaks without overlap and assume that those ions’ spatial
properties are also representative of the ions set aside. However, no Li-
containing peak was without potential overlap. The peak at 7 Da is the
largest source of Li in the spectrum but overlaps with a N-containing
peak. Still, there is a slight difference in their peak positions: Lit has a
mass-to-charge ratio of 7.02 Da, and N2t 0f 7.00 Da [47]. This peak shift
is enough to discern the two peaks (Fig. 5), but the issue of spatial dif-
ferentiation remains, as the peaks still partially overlap. One can of
course introduce a dividing line between the peaks and assign ions with
lower mass-to-charge ratio as N2t and higher mass-to-charge ratio as
Li*". However, this is an approach that will assign some ions incorrectly
due to the ions in the thermal tails in the spectrum. Fortunately, the two
ion types experience different evaporation conditions: Li" evaporates as
single ions, while N2t reaches the detector in multi hit events (Fig. 5).
The massive Li evaporation at the initial stage only consist of Li and has
98 % single hits, which further suggests that Li evaporates as single ions.
We utilised this, and deconvoluted the 7 Da peak by single and multiple
hits. Thus, all the single hits were assigned to represent Li. The approach
of single/multiple hits deconvolution can be even more powerful as it
can be used for peak identification in the case of weaker signals that
otherwise could be mistaken for background (Fig. S6).

We evaluated agglomerations of Li with frequency distribution
analysis (Fig. 6a-d). The region of interest was split in bins containing
100 ions each. The composition in each bin was calculated and then
plotted as histograms. If the distribution is random and free of ag-
glomerates the histogram will follow a binomial distribution [48]. On
the other hand, if the measured data deviates from the binomial distri-
bution the null hypothesis “the ions are distributed randomly throughout

Li*
mmm Al hits
Single hits
= mmm Multiple hits
s
=
3
o
(@]
: e & : .
6.95 ,\.g /\.Q 7.05 7.10

Mass-to-charge ratio (Da)

Fig. 5. Deconvolution of the peak at 7 Da. Superimposing linear spectra of
single and multiple hits on the full spectrum reveals that the Li" is almost
exclusively registered as single hits, whereas N>* ions are part of multiple hits.

the data set” can be rejected, indicating some sort of solute separation.
The deviation can be quantified with Pearson coefficient, i, which is a
value between 0 and 1. A random distribution has a Pearson coefficient
close to 0. The frequency distribution analysis of “Li* and '>C* in a
delithiated sample yields pr; = 0.15 and p¢ = 0.17, which indicates that
Li distribution is close to random. For a lithiated sample, though, the
coefficients are pr; = 0.49 and p¢ = 0.17. The Li distribution here is thus
farther from random.

The frequency distribution analysis suggests greater solute agglom-
eration in lithiated fibres compared to delithiated fibres. One possible
explanation for the even distribution of Li in the delithiated fibres is due
to the diffusion at low states of lithiation. For graphite at low states of
lithiation, Li diffusion is predicted to be faster due to a low activation
energy of 0.05 eV compared to 0.51 eV for high states of lithiation [49,
50]. However, electrochemical impedance spectroscopy (EIS) on IMS65
carbon fibres indicated slower diffusion at low states of lithiation [10].
Nevertheless, in order to investigate the Li distribution within minutes
after delithiation of the material, we returned to the in situ delithiated
fibres without Cr coating (Fig. 1b). The Li concentration in the deli-
thiated part is 1.4 at%, which is close to the level obtained from
Cr-coated delithiated fibres. The Li concentration in the part consisting
of only Li from the initial stage is of course 100 at%. Combining the ion
counts from the two regions gives a Li concentration of 10.3 at%
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Frequency distribution diagram of “Li" in the bulk of the delithiated carbon fibre.
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(Fig. 6e), which is rather close to the Cr-coated lithiated fibres. An
assumption that the sample has experienced similar delithiation process
inside the APT instrument as the fibre does during cycling, seems
reasonable based on these measured concentrations. Thus, a frequency
distribution analysis of the in situ delithiated sample is a fair method to
determine the level of solute agglomeration of Li immediately after
delithiation (Fig. 6f). The Pearson coefficient for 7Li* in the in situ
delithiated T800 is p; = 0.14, which reaffirms that in a delithiated state,
the spatial distribution of Li is close to random. It also indicates that no
Li diffusion occurred in the Cr-coated delithiated fibres.

At this point the Li agglomeration in lithiated fibres could be
explained by a mechanism dependent on either crystalline/amorphous
domains or N heteroatoms. To analyse the effect of N heteroatoms on the
Li distribution, we employed nearest neighbour analysis [51]. Here the
7 Da peak was deconvoluted based on mass-to-charge ratio. For each Li
atom the distance to its nearest N atom was measured and plotted in a
histogram (Fig. 7). In the same plot we added a histogram for the
calculated nearest neighbour distances for a system of randomly
distributed atoms. Thus, by comparing the measured histogram with the
calculated histogram, we can determine whether the Li distribution is
influenced by or independent of proximity to N. The more a measured
histogram adheres to the calculated histogram, the closer the distribu-
tion of atoms is to a random system without proximity dependence. The
analysis showed that in delithiated carbon fibres the proximity of N and
Li follows the expected distribution for a randomised system (Fig. 7a).
Therefore, there is no indication that N heteroatoms are responsible for
the distribution of Li trapped in delithiated carbon fibres. Similarly, in
lithiated carbon fibres the position of Li atoms is independent of the
proximity to N atoms (Fig. 7b). Furthermore, radial distribution function
analysis of the N concentration as a function of radial distance from each
Li atom showed no concentration peak (Fig. S7). Thus, it is evident that
Li atoms coordinate independently of the vicinity to N heteroatoms.
However, this does not discredit the effect of N on electrochemical
performance of carbon fibres, since the defects in the carbonaceous
microstructure induced by heteroatoms still may lead to favourable
properties such as transport paths through the otherwise virtually
impermeable graphene layers.

Thanks to the nature of field evaporation of Li — “Li * are readily
distinguished as single hit ions with no overlap and form the most pre-
dominant Li-containing peak — we can use ’Li © to perform detailed
frequency distribution analysis and nearest neighbour analysis. On the
other hand, despite their relatively low level, the Li-containing molec-
ular ions can influence the analysis results, which is not counted in this
study.

This leaves the Li agglomeration in lithiated fibres to be explained
with crystalline/amorphous domains. Presumably, the agglomerated
distribution (Fig. 6¢) shows that the Li concentration is higher in one
domain, and lower in the other. It has been shown that during the
lithiation process, Li is first inserted into the more amorphous domains
of the carbon fibre and at the later stage in the more crystalline domains.
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The sequence of lithium insertion into different domains has been evi-
denced by analysing carbon fibres with different charge states using
NMR and AES, respectively [16,17]. We are not able, with APT, to
conclusively determine which domain is rich in Li. Still, it is reasonable
to ascribe it to the amorphous domain, since this is the domain first
experiencing Li insertion, and thus being the preferred domain for Li to
insert into. This means that the crystalline domain is less accessible to Li.
The stacking of graphene layers in the crystallites is not perfectly
graphitic, but turbostratic, and known to be less capable of hosting Li
[52]. Furthermore, fibres with large crystallites perform worse electro-
chemically [15]. Hence, we identify key for enhancing the electro-
chemical capacity of carbon fibres to be modification of the crystalline
domains. It should also be kept in mind that the size and alignment of the
crystallites also influence mechanical properties [53,54]. The design of
crystallites can take two routes. The first option is to make the crystal-
lites smaller. A higher ratio of amorphous domains leads to greater ca-
pacity, but also decreased stiffness. The second option is instead
changing the graphene stacking to be less turbostratic and more ordered
towards graphitic. However, in carbon fibre manufacture practice,
increased graphitisation is closely linked to the growth of the crystal-
lites, which means shrinkage of the amorphous domain and conse-
quently its usefulness for the electrochemical capacity. Additionally, the
feasibility of achieving crystallites with graphitic stacking in carbon fi-
bres is dubious. Using the interplanar spacing as a measure of graphi-
tisation, carbon fibres with highly ordered crystallites only reach 3.47 A
[15], which is far from the tight packing of pure graphite at 3.35 A13].
Nevertheless, even though it is challenging to achieve from a purely
practical point of view, small and yet highly graphitic crystallites will
likely be beneficial for multifunctional carbon fibres in structural bat-
teries. Finally, the diffusion rate of Li in different domains is out of the
scope of this study, but still crucial for structural batteries.

4. Conclusion

We analysed lithiated/delithiated PAN-based T800 carbon fibres
with APT. Challenges with massive evaporation of Li and subsequent in
situ delithiation were overcome by shielding the APT tips from deep field
penetration with Cr-coating. Spectral deconvolution gave atomic
composition of ~9 at% Li, which is close to the theoretical values for
lithiated fibres. We also revealed the amount of Li trapped inside the
fibres after delithiation to be ~1.5 at%, which is responsible for a sig-
nificant part (~25%) of the initial capacity fade that carbon fibres
experience during electrochemical cycling. The spatial distribution of Li
was quantified with frequency distribution diagrams and Pearson co-
efficients. At the delithiated state, Li is uniformly distributed, but at full
lithiation state, solute agglomeration of Li is detected. Furthermore,
nearest neighbour and radial distribution function analysis showed that
the distribution of Li atoms is independent of N heteroatoms. These
findings extend the knowledge of the electrochemically active carbon
fibres for multifunctional energy storage and aids the advancement of
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Fig. 7. Nearest neighbour analysis of the distribution of distances separating each Li and its nearest N in a) delithiated and b) lithiated carbon fibres. The exper-
imental distribution in both cases coincide with the expected distances in a randomised system.
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structural battery technology. This study also shows that it is possible to
investigate lithiated carbonaceous materials with APT and map the
distribution of Li.
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