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Abstract
Carbon fibers can play dual roles, carrying mechanical load and hosting lithium (Li) simultaneously in multifunctional devices called structural 
batteries. It is essential to gain a detailed understanding on the interaction between Li and carbon fibers on the nanoscale. Atom probe 
tomography (APT) can potentially reveal individual Li and C atoms. However, lithiated carbon fibers experience massive Li migration once 
exposed to the electric field in the APT instrument. We show that a few nanometers of a chromium (Cr) coating on APT specimens can shield 
the electric field and suppress the massive Li migration. The related effects of the Cr coating, such as introduction of oxygen, enhanced mass 
resolving power of the mass spectrum, and increased portion of single hits, are also discussed.
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Introduction
Lithium (Li)-ion batteries power electric vehicles, enabling 
the transition to fossil-free transportation. However, today, 
almost all batteries are mono-functional, adding passive 
weight to the vehicle for the sole purpose of energy storage. 
Graphitic and hard carbons are the most widely used negative 
electrode materials in commercial Li-ion batteries, providing 
well-balanced properties and low cost (Asenbauer et al., 
2020; Zhang et al., 2021). Carbon fibers with specific micro-
structures also show electrochemical properties close to those 
of commercial carbon materials (Hagberg et al., 2016). Given 
their superior mechanical properties, carbon fibers have been 
successfully used in multifunctional devices—structural bat-
teries (Asp et al., 2019; Jin et al., 2022). These devices store en-
ergy as a Li-ion battery and simultaneously bear mechanical 
load as a carbon-fiber-reinforced composite. All the major com-
ponents of the structural battery are multifunctional, includ-
ing carbon fibers, which function as both negative electrode 
and structural reinforcements. By combining the energy storage 
and structural functions, the structural battery can, for instance, 
be installed as car panels, thus reducing the weight of electrical 
vehicles and further improving the overall environmental im-
pact, according to recent life cycle analyses (Zackrisson et al., 
2019; Hermansson et al., 2023).

The microstructure of different types of carbon fibers has 
been investigated and correlated to their electrochemical per-
formance. Hagberg et al. (2016) have shown that 
intermediate-modulus carbon fibers perform remarkably bet-
ter than high-modulus fibers as negative electrodes in struc-
tural batteries. The detailed microstructure of the two types 
of fibers has been studied using high-resolution transmission 
electron microscopy (Fredi et al., 2018), hard X-ray photo-
electron spectroscopy, atom probe tomography (APT; 
Johansen et al., 2021), and X-ray scattering techniques (Xu 
et al., 2023). It has been revealed that intermediate-modulus 
carbon fibers contain both amorphous and crystalline do-
mains, which are several nanometers in size. In addition to 
the predominant carbon (C) atoms, there are low concentra-
tions of other elements (<5% collectively), nitrogen (N) and 
oxygen (O). Particularly, the chemical states of nitrogen play 
an important role in the energy capacity of carbon fibers 
(Johansen et al., 2021).

Although the interaction of Li with graphitic and hard car-
bons is well-understood, the interaction with carbon fibers re-
mains largely unexplored. Recently, Auger electron 
spectroscopy (Johansen et al., 2023) and nuclear magnetic res-
onance (Fang et al., 2022) revealed the first details on how Li 
atoms interact with carbon fibers during electrochemical cyc-
ling. APT, with its unparalleled spatial resolution in three di-
mensions, has the potential to provide more microstructural 
and chemical details for a fundamental understanding. 
However, APT on carbon materials is inherently challenging 
(Nishikawa & Taniguchi, 2014; Lewis et al., 2015; 
Mukherjee et al., 2016; Jiang et al., 2017; Marceau et al., 
2019; Ngo et al., 2020; Raghuwanshi et al., 2020). In our pre-
vious work, we used different specimen preparation geom-
etries and optimized the acquisition parameters to enhance 
the mass resolving power of the mass spectra and thus deci-
phered the complex spectra of carbon fibers (Johansen & 
Liu, 2022). Based on the knowledge about APT on uncycled 
carbon fibers, in this study, we focus on how to use APT to re-
veal the microstructure of lithiated carbon fibers. We show 

that a conductive coating on the APT tip is essential to prevent 
electric field–induced massive migration of Li in the initial 
stage of the APT analysis. Furthermore, we reveal the interest-
ing observation of low hydrogen (H) concentration in lithiated 
carbon fibers. We also elucidate the effects of a chromium (Cr) 
coating on the APT results.

Materials and Methods
Preparation of Lithiated Carbon Fibers
A thin carbon fiber tape T800SC-12k-50C (Oxeon AB), man-
ufactured from T800 carbon fibers (Toray, Japan) in 12k (con-
taining 12,000 fibers) yarns, was cut ∼5 cm long and dried in a 
vacuum oven at 50°C overnight. Inside a glove box with dry ar-
gon atmosphere (<1 ppm H2O, <1 ppm O2), the fibers were as-
sembled in a pouch cell, together with Li metal foil as the counter 
electrode, a Whatman glass microfiber paper as the separator, 
and a copper and a nickel strip as current collectors. Liquid elec-
trolyte (1.0 M solution of Li hexafluorophosphate in diethyl car-
bonate and ethylene carbonate 50:50 wt%; Sigma-Aldrich) was 
added into the bag before the cell was vacuum-sealed. The cell 
was cycled with a Neware CT-4008-5V10mA-164 battery cy-
cler using a current corresponding to 0.1C (10 h to fully charge 
an ideal cell with perfect graphite) for five cycles, and finally, at 
0.05C for the last cycle until full charge (Xu et al., 2022). After 
cycling, the lithiated fibers were taken out from their cells, 
dried, adhered to scanning electron microscope (SEM) stubs 
with copper tape, and sealed again in a pouch bag before being 
taken out of the glove box and sent to the Max Planck Institute 
in Düsseldorf or transferred to other instruments at Chalmers 
University of Technology in Gothenburg.

Specimen Preparation for APT
The conventional in situ lift-out method using a combined fo-
cused ion beam (FIB) and SEM was used to prepare the APT 
specimens (Thompson et al., 2007). Two different workflows 
were followed to transfer the fibers into the FIB/SEM and then 
into APT at Chalmers University of Technology and the Max 
Planck Institute in Düsseldorf, respectively. For the first work-
flow, the fibers experienced quick exposure to air, estimated 
<10 min in total, until finally, the prepared APT specimen 
was kept under vacuum in APT. An FEI Versa 3D FIB/SEM 
was used. For the second workflow, the fibers were transferred 
under ultrahigh vacuum using a vacuum transfer system 
(Ferrovac). In order to shield the electrical field, some of the 
APT specimens were coated with redeposited Cr generated 
by FIB milling on a piece of pure Cr in the vicinity of the speci-
mens (Douglas et al., 2023; Woods et al., 2023). A Thermo 
Fisher Scientific Helios5CX FIB/SEM was used in this case.

Atom Probe Tomography
Atom probe instruments such as an IMAGO LEAP 3000X 
HR, a CAMECA LEAP 5000 XR, and a CAMECA LEAP 
5000 XS were used to analyze the lithiated carbon fibers. 
The LEAP 3000 has a green laser (wavelength 532 nm) and 
the LEAP 5000 instruments have an ultraviolet laser (wave-
length 355 nm). The instruments were operated in the pulsed 
laser mode with a pulse energy of 1 nJ on LEAP 3000, and be-
tween 50 and 80 pJ on LEAP 5000, and a pulse frequency of 
100 kHz. The specimens were held in the temperature range 
of 40–100 K. The acquired data were analyzed using the AP 
Suite software.
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A rather big matrix is formed by carbon fiber specimens 
with various charge states, three types of APT instruments, 
and a range of APT operational parameters. Therefore, to fa-
cilitate the process of navigation for the readers, we summar-
ize these factors into Supplementary Table S1 to provide an 
overview.

Results and Discussion
Transfer of Lithiated Carbon Fibers
Lithiated carbon fibers were transferred either under ultrahigh 
vacuum conditions or with short exposure to ambient air. 
These fibers are sensitive to air exposure; upon exposure, oxi-
dation of Li occurs, leading to the formation of an oxide layer 
on the surface of the fibers (Fig. 1). There are two obvious 
drawbacks of air exposure: first, the chemical reactions change 
the original distribution of Li atoms; second, the formed oxide 
layer tends to suffer from sudden peel-off from the fiber sub-
strate at the initial stage of the APT analyses and thus leads 
to premature specimen failures. The latter is due to the oxide’s 
poor mechanical properties, which are demonstrated by the 
cracks formed through the surface oxide layer along a lithiated 
carbon fiber (Fig. 1). Note that this particular lithiated fiber 
had been exposed to air for 2 weeks. A much thinner oxide 
layer is expected to form on the APT tips because of the delib-
erately quick transfer and short air exposure time.

Success Rate of APT Analyses on Lithiated Carbon 
Fibers
Ambient air transfer of APT specimens has been shown to 
have somewhat positive effects, particularly for APT analyses 
of certain positive electrodes, in terms of improving the success 
rate of APT analyses and suppressing delithiation induced by 
the electric field in APT (Kim et al., 2022). However, air trans-
fer does not increase the success rate of the APT analysis of 
lithiated carbon fibers. Uncycled carbon fibers are already 
challenging for APT, due to the extremely high evaporation 
field of C (>100 V/nm; Tsong, 1978), in combination with 
the nanopores in their microstructure (Johansen & Liu, 

2022; Xu et al., 2023). Unfortunately, the Li ions inserted in 
the lithiated carbon fibers do not seem to fill the nanopores 
in a way that eases the APT data acquisition process. With 
the challenge posed by the surface oxides, we experienced 
even higher premature specimen failures than with uncycled fi-
bers, obtaining only 4 good runs out of 20 prepared tips; for 
the uncycled fibers, we obtained 13 datasets, each containing 
>100,000 ions, out of a total of 40 attempts. In contrast, for 
APT specimens of lithiated fibers that were transferred in ul-
trahigh vacuum and coated with Cr, a remarkable increase 
was achieved in the success rate of acquisition, with two out 
of two specimens yielding useful results. There are two likely 
reasons for this: firstly, the ultrahigh vacuum transfer large-
ly mitigates the formation of an Li oxide layer, thereby pre-
venting sudden failure between the oxide and the lithiated 
carbon fiber; secondly, the Cr coating can promote a more 
homogenous field distribution, thus facilitating a smoother 
evaporation.

Premature specimen failure poses a big challenge in the ana-
lysis of lithiated carbon fibers using APT. Several factors can 
contribute to increased yield. Firstly, the use of a UV laser 
seems preferable over a green laser. This is also valid for a 
bare carbon fiber: only very short runs were obtained using 
a green laser, unless the specimen holding temperature was in-
creased to 100 K. Many successful runs were obtained using a 
UV laser at 50 and 60 K. Another crucial factor is coating the 
APT specimen with a thin metal layer, as discussed above. On 
the other hand, the trends in factors such as laser energy are 
difficult to determine.

APT of Bare Lithiated Carbon Fibers
The so-called “in situ delithiation”—Li migration under the 
electric field in APT to the fiber surface and subsequent 
massive field evaporation of Li—occurs immediately as the 
APT specimen is exposed to the starting voltage of 0.5 kV 
(Supplementary Fig. S1). Only 6Li+ and 7Li+ peaks are ob-
served in the mass spectrum, and almost all (98%) are detected 
as single hit ions (Supplementary Fig. S2). In situ delithiation 
was reported in the APT of Li2Mn2O4, a positive electrode, 

5 µm

(a) (b)

5 µm

Fig. 1. A scanning electron microscope micrograph of (a) an uncycled carbon fiber, and (b) a lithiated carbon fiber after a 2-week exposure to air. Note the 
rather smooth surface of the uncycled fiber and the cracks (arrowed) formed through the surface oxide.
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where delithiation was induced at a rather high temperature of 
298 K and a high electric field >3 kV (Pfeiffer et al., 2017). 
Compared with the positive electrode, lithiated carbon fibers 
experience delithiation at a much lower temperature (<100 
versus 298 K) and lower voltage (barely 0.5 versus >3 kV). 
After the completion of the delithiation process, in order to 
reach the set ion detection rate, the instrument voltage started 
to increase without any peaks being detected until above ∼3 kV, 
when the field evaporation of both trapped Li and C starts. 
The initiation voltages for the C dominant part are compar-
able with that of our previous study on uncycled carbon fibers, 
which was ∼3.5 kV (Johansen & Liu, 2022). This value also 
varies depending on the initial tip radius of the APT specimen. 
The reconstruction turns out to be a volume with a pure Li 
capping on a volume with predominant C and a small amount 
of Li (Fig. 2).

The massive delithiation in the initial stage of APT analysis 
is partly attributed to the weak bonds between C and Li. It is 
important to note that the bonds between the C and the Li are 
not covalent. For Li intercalation between graphene layers in 
graphite (a close-packed hexagonal structure), there is a weak 
bond between Li and the graphene rings—with Li sharing its 
outer electron with the graphene π bonds (Sole et al., 2014). 
In carbon fibers, even though the nature of insertion (not inter-
calation due to the lack of a layered structure) of Li into the 
amorphous domains and turbostratic graphene layers is still un-
clear, it is reasonable to assume that these C and Li bonds are 
also weak. Together with the weak bonds, the semiconductive 
nature of the intermediate-modulus carbon fiber, T800 
(Toray, 2024), leads to delithiation, since the electric field in 
APT penetrates deep into semiconductors (Schwarz et al., 
2024). Although not as profoundly as in insulators (Greiwe 
et al., 2014), the electric field applied to the APT specimen 
does penetrate into semiconductors. A lower electric voltage 
is expected at the apex of the APT specimen compared with 
at its base, similar to the voltage distribution shown by finite- 
element simulation by Adineh et al. (2017). Lithiated carbon fi-
bers are electrochemically active. Thus, the field drives the mi-
gration of Li to the specimen apex, and Li then becomes 
field-evaporated (Belkacemi et al., 2023). Massive migration 
and accumulation of Li on lithiated carbon fibers and graphite 
was also reported, which was driven by a high electron current 
in Auger electron spectroscopy and SEM (Zhang et al., 2022; 
Johansen et al., 2023). There, it was also believed that a local 
field generated by the accumulated electrons was the underlying 
reason. Electric field penetration was also the reason for the ini-
tial delithiation of Li2Mn2O4. However, in that case, the stron-
ger interaction between Li and the oxide lattice required a 
higher temperature and voltage for Li migration to occur com-
pared with lithiated carbon fibers.

Importantly, the delithiation process provides a unique op-
portunity to analyze the distribution of atoms in the original 
delithiated state without the interference of Li diffusion at am-
bient temperature and prolonged specimen preparation time. 
However, the initial massive delithiation in the APT hinders 
the analysis of the intact lithiated carbon fibers.

Carbon materials are known to be good candidates for H 
storage due to their adsorption capabilities (Mohan et al., 
2019). Indeed, a significant amount of H was detected in un-
cycled fibers (∼0.9%). However, in the lithiated fibers, the de-
tected H-related peaks were small—a low H+ peak and almost 
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Fig. 3. Spectra between 0 and 20 Da obtained from (a) bare lithiated and (b) uncycled carbon (C) fibers, showing hydrogen (H), C, and lithium peaks. Note 
that the H peak is much higher in the uncycled fiber.
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Fig. 2. An atom probe tomography reconstruction showing only lithium 
(Li) atoms for a lithiated carbon fiber experiencing massive evaporation of 
Li and the corresponding one-dimensional concentration profile of Li.
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no H2
+ and H3

+ peaks (∼0.1%; Fig. 3). Note that the ratio be-
tween C2+ and C+ was nearly identical in these two runs, indi-
cating a similar electric field for both. This ensures that any 
difference in H content is not caused by variations in the elec-
tric field. Yoo et al. (2022) elucidated the absence of H signals 
in alkali metals (Na and K) using experiment data and thermo-
dynamic data generated from density functional theory. They 
concluded that H usually detected by APT experiments most 
likely originated from specimen preparation instead of gas re-
siduals from the APT chamber. In this case, when many Li 
atoms interact with C in the lithiated carbon fibers, it is likely 
that fewer free locations are available for H. Consequently, the 
total H detected in a bare lithiated carbon fiber is much less 
than that in uncycled carbon fibers.

Effects of Cr Coating on APT of Lithiated Carbon 
Fibers
In order to analyze the original atomic distribution of lithiated 
carbon fibers, we protected the lithiated carbon fibers from air 
exposure using ultrahigh vacuum transfer from the glove box 
to the FIB/SEM and then to the APT; additionally, we depos-
ited a conductive Cr layer covering the APT tips. As proposed 
by Kim et al. (2022), this conductive layer can form a 
Faraday’s cage, preventing electric field penetration deeper be-
low the layer, thereby suppressing the massive Li migration in-
duced by the electric field. The results are significant and 
positive: without the coating, there is a cap of pure Li followed 
by a volume with a much lower Li concentration (∼1.5%); 
with the coating, almost all Li ions are found distributed with-
in the carbon fiber—the measured concentration (∼9%) is ra-
ther close to the calculated theoretical value, 9.9% (see 
Supplementary Information). With the obtained APT datasets, 
we performed frequency distribution and nearest neighbor 
analyses. The results indicate that Li ions tend to agglomerate 
in lithiated carbon fibers, while the distribution tends to be 
random in delithiated fibers (Johansen et al., 2024).

Note that even though a pure Cr piece was used as the sput-
tering target, in the mass spectra from the Cr coating, there is a 
significant number of O-related ions (Fig. 4). This can be ex-
plained by Cr oxidizing at room temperature even at the 
extremely low O2 partial pressure of ∼10−16 atm (Khanna, 
2002), and the reaction kinetics occur at a fast pace. Thus, 
at least a part of the Cr in the coating is oxidized, which leads 
to an increased evaporation field compared with metallic Cr. 
In the case of analyzing the lithiated carbon fibers, since C 
has a very high evaporation field (∼100 V/nm), it is advanta-
geous to increase the evaporation field of the coating and yield 
a smoother transition from the coating to the carbon fiber dur-
ing acquisition. However, in a material system where O is of 
interest, it may be beneficial to consider more noble metals 
such as nickel and silver as coating materials.

Additionally, a small amount of Cr was found deep in the 
carbon fiber, which is shown by the one-dimensional (1D) con-
centration profile retrieved from a thin cylinder (Fig. 4). In order 
to deposit the Cr layer to cover the APT tip, we used the 30 kV 
Ga ions from the FIB to bombard the Cr piece, and the sput-
tered material redeposited onto the tip. Secondary ions gener-
ated by the bombardment can gain up to 10% of the primary 
ion beam’s energy (Fu et al., 2019). Thus, a small amount of 
Cr was implanted into the carbon fiber. Together, some O 
ions are also expected to be implanted, which is further dis-
cussed below. The coating parameters can be further optimized 
for carbon materials to minimize Cr and O implantation. A 
much lower primary ion beam energy may decrease implant-
ation from the coating material. Additionally, more noble met-
als, with lower O affinity, can be used as the target material to 
reduce the O content.

The mass spectra obtained from the bare and Cr-coated 
lithiated carbon fibers were compared (Fig. 5). Both spectra 
were obtained by using the LEAP 5000 XR and extracted 
from volumes with the same number of ions, ∼2 × 106. Note 
that the significant H-related peaks in the spectrum of 
Cr-coated fibers were mostly linked to the Cr coating. 
Again, despite the prevalent Cr- and O-related peaks 

20 nm

Distance (nm)

C

Cr
O
N

Li

Fig. 4. A one-dimensional concentration profile for carbon, lithium, chromium (Cr), oxygen, and nitrogen over the interface between the Cr coating and the 
lithiated carbon fiber.
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(predominantly from the coating), a large amount of Li was 
detected in the Cr-coated fiber, while only a small amount of 
Li were left in the bare lithiated carbon fiber due to the massive 
initial delithiation. Obviously, the spectrum obtained from the 

bare lithiated carbon fiber exhibited a few times higher back-
ground (note that the y-axis was in a logarithmic scale). As an 
intermediate-modulus carbon fiber, T800 has a relatively poor 
thermal conductivity: 35 W/(m K) along the axial direction, 
and 5 W/(m K) across the transverse direction (Kurita et al., 
2014; Toray, 2020). With the geometry used for specimen 
preparation, the transverse direction of the carbon fiber is 
placed along the APT specimen axis, leading to a poor thermal 
conductivity away from the APT tip. Hence, with a much high-
er thermal conductivity (94 W/(m K)), Cr coating can dissipate 
the heat from laser pulses faster (Moore et al., 1977). 
Additionally, Cr can more significantly reflect the incident la-
ser beam compared with bare carbon fibers. Graphite has been 
reported to interact strongly with laser and convert the ab-
sorbed energies into thermal energy (Freitag et al., 2014). 
Therefore, smaller thermal tails are found in the spectrum of 
Cr-coated carbon fiber. The mass resolution power calculated 
at the full-width-half-maximum for the C peak at 12 Da is thus 
higher for the Cr-coated carbon fibers than for the bare lithi-
ated carbon fibers, 580 versus 485 (Fig. 6).
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Fig. 5. A comparison of spectra from bare and chromium (Cr)-coated lithiated carbon fibers. Some of the peaks introduced by the Cr coating are marked. 
Note that the lithium (Li) peak at 7 Da is pronounced for the Cr-coated fiber, as the coating prevents the initial massive migration of Li. Also, the Cr coating 
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Fig. 6. The mass resolving power of the peak at 12 Da from bare and 
chromium-coated lithiated carbon fibers.

Table 1. The percentage of single versus multiple hits of a bare lithiated 
carbon fiber, a Cr-coated lithiated carbon fiber, and the Cr coating itself.

Single (%) Multiple (%)

Bare lithiated carbon fiber 28 72
Cr-coated lithiated carbon fiber 44 56
Cr coating 80 20
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Furthermore, the Cr coating decreases the proportion of 
multiple hits (Table 1). For the bare lithiated carbon fiber, 
the percentage of multiple hits is as high as 72%, but with 
the coating, it decreases to 56%. The reason for this is likely 
linked to the decreased electric field with the conductive coat-
ing. For the Cr coating, the percentage of multiple hits is 20%, 
which confirms the partially oxidized nature of the coating, 
since pure metal usually exhibits multiple hits <10%.

Looking closer at the multiple hits in correlation histograms, 
it was found that none of the C-containing molecular ions ex-
perience dissociation into smaller ions during the flight to the 
detector. However, dissociation tracks are clearly seen for mo-
lecular ions related to the Cr coating (Fig. 7). Curved dissociation 
tracks from coordinates (42 Da, 42 Da) to (16 Da, 68 Da) indi-
cate a dissociation of CrO2+

2 into CrO+ and O+. This reaffirms 
that the Cr coating contains O and may lead to an implantation 
of O into the carbonaceous material. Indeed, the content of O in 
the Cr-coated lithiated fiber is higher than that in the bare fiber 
(1.4 ± 0.3 versus 0.8 ± 0.3 at%).

Conclusions
APT on lithiated carbon fibers is rendered challenging due to 
the quick reaction with ambient air and fast Li migration in 
the electric field. In situ delithiation provides some insights 
into the original Li distribution in the delithiated state. 
However, to map the original Li distribution in lithiated car-
bon fibers, a conductive coating is essential, which prevents 
field penetration into the semiconductive carbon fiber and 
consequently suppresses the massive Li migration at the very 
initial stage of APT analysis. Less H was found in the lithiated 
carbon fibers during APT analyses. Additionally, the Cr coat-
ing improves the thermal conductivity of the APT specimen, 
thus increasing the mass resolution of the obtained spectra; 
it also decreases the voltage needed for field evaporation of the 
carbon fiber, thus increasing the portion of single hits and low-
ering the background level. However, the FIB-milling-induced 

redeposition process for Cr coating may introduce Cr and O im-
plantation into the carbon fiber.
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