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Carbon fibres show great potential as multifunctional negative electrode for novel structural battery
composites e a rechargeable electrochemical cell with structural function. The electrochemical perfor-
mance of carbon materials can be enhanced with nitrogen heteroatoms, which conveniently are inherent
in polyacrylonitrile (PAN)-based carbon fibres. However, it is not fully understood how the electro-
chemical performance is governed by microstructure and composition of the carbon fibres, particularly
the distribution and chemical states of nitrogen heteroatoms. Here we reveal the atom-by-atom three-
dimensional spatial distribution and the chemical states of nitrogen in three PAN-carbon fibre types
(M60J, T800 and IMS65), using atom probe tomography (APT) and synchrotron hard X-ray photoelectron
spectroscopy (HAXPES), and correlate the results to electrochemical performance. The findings pave the
way for future tailoring of carbon fibre microstructure for multifunctional applications.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Carbon fibres are among the best commercial materials in re-
gard to specific strength and stiffness, providing superior rein-
forcement in lightweight composites for structural applications.
Thanks to their capability to also reversibly intercalate ions during
electrochemical processes, they are increasingly explored to realize
many other functionalities, while simultaneously keep the struc-
tural function. One interesting example is the so-called structural
battery composites, where besides as reinforcement, carbon fibres
act as host for lithium (Li) ions, thereby storing electrochemical
energy as negative electrode. This multifunctional device shows
great potential to reduce the weight of electric vehicles and
portable electronic devices [1e3]. Another example is morphing
enabled by Li ion intercalation into carbon fibres, where large de-
formations and high actuation forces are realized at very low
voltage [4].

The majority of carbon fibres are manufactured from the pre-
cursor polyacrylonitrile (PAN) with chemical formula (C3H3N)n.
(M. Johansen), fang.liu@
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During manufacture, PAN precursor fibres undergo multiple steps
of thermal treatment that alter their chemical composition and
structure. Depending on the treatment, the obtained carbon fibres
contain from 90 to >99 wt% carbon (C), the rest being mainly ox-
ygen (O) and nitrogen (N) [5,6]. Doping heteroatoms, in particular
N, into carbon materials is a common method to enhance electro-
chemical properties [7e11]. For instance, N-doped graphene
showed almost doubled reversible discharge capacity compared to
pristine graphene [7]. Large increase in reversible discharge ca-
pacity was also reported in N-doped mesocarbon microbeads [8].
However, in order to achieve enhanced electrochemical perfor-
mance, N-dopingmust be well controlled, since in carbonmaterials
N heteroatoms can have different chemical states, and conse-
quently different effects on active sites and conductivity [12e17]. It
is worth noting that N are intrinsically abundant in the PAN pre-
cursor, hence it provides a convenient “in-situ” route to produce N-
doped carbon fibres. Knowledge of the distribution and chemical
states of heteroatoms in carbon fibres is essential for a fundamental
understanding of their effects on electrochemical properties.
However, such knowledge is still largely lacking.

Investigation of heteroatom distribution in carbon fibres re-
quires analysis techniques with high spatial resolution, since dur-
ing carbon fibre manufacturing the local differences in thermal and
chemical conditions can lead to different local chemistry and
cle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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microstructure [18]. Previously, N distribution in carbon fibres was
investigated using transmission electron microscopy equipped
with electron energy loss spectroscopy (EELS) [19]. Although the
in-plane spatial resolution of EELS is high (in the lower nanometre
range), all material information perpendicular to that plane is
completely compressed into one point. Thus, information in three
dimensions (3D) is collapsed into two dimensions. Atom probe
tomography (APT) is a powerful technique that can map individual
atoms in 3D with sub-nanometre resolution [20]. APT utilises a
high local electric field (~1010 V/m), together with either voltage or
laser pulses, to field evaporate atoms from a needle shaped spec-
imen (end radius <50 nm) atom by atom, layer by layer. The time-
of-flight of individual ions are measured to identify their species.
Hit location of the ion is recorded by a position sensitive detector.
Togetherwith information on hit sequence, a 3D reconstruction can
be obtained with the relative position and chemical species of each
individual ion. APT has been extensively used formetallic materials.
Only in recent years with the advent of laser pulsing, has APT been
extended to analyse semi-conductors, oxides and even biomaterials
[21-25]. Despite the ever-increasing application of APT to non-
metallic materials, there have been only very few attempts to use
APT to analyse carbon materials [26-30], and even fewer for carbon
fibres [31,32]. To the best of our knowledge, no 3D atom map of
carbon fibres was presented before.

The chemical states of atoms are routinely determined with X-
ray photoelectron spectroscopy (XPS), but in the case of relatively
low levels of N, lab-based XPS lacks the sensitivity and resolution
for clear chemical state analysis. Instead, the required sensitivity
can be provided with synchrotron-based hard X-ray photoelectron
spectroscopy (HAXPES), thanks to tuneable X-ray radiation, with
high flux and high energy resolution. Compared to XPS with inci-
dent X-ray energy ~1.3 keV and acquired information limited to the
few top nanometres of a material, HAXPES utilises larger X-ray
energies and thus determine chemical states at various greater
depths [33].

Three types of commercial PAN-based carbon fibre, M60J
(Toray), T800 (Toray) and IMS65 (Teijin) were investigated using
APT and HAXPES. M60J is a high-modulus (HM) carbon fibre, and
T800 and IMS65 are intermediate-modulus (IM) carbon fibres.
Their microstructure, specifically crystal structure, and electro-
chemical performance were reported previously [34,35], which are
summarised together with their physical properties in Table 1. It is
worth noting that the capacity of the IM carbon fibres is compa-
rablewith the theoretical maximum capacity of graphite (372mAh/
g).

Here we present the distribution of N heteroatoms through 3D
atom-by-atom reconstruction using APT and the chemical states of
N at varying probe depths using HAXPES. We also correlate the
results to the electrochemical performance of the carbon fibres. The
new insights will enable us to design carbon fibres for multifunc-
tional applications.
Table 1
Physical properties, crystal structure and electrochemical performance of M60J, T800

M60J

Final heat treatment temperature range (oC) 1800e3000
Tensile modulus (GPa) 588
Tensile strength (MPa) 3920
Electrical resistivity (U$cm � 10�3) 0.7
Thermal conductivity (cal/(cm$s$K)) 0.363
Average crystal length (Å)* >300
Average crystal thickness (Å)* >100
Interlayer spacing (002) (Å)* 3.47
1st cycle capacity (mAh/g)** 159
10th cycle capacity (mAh/g)** 154
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2. Materials and methods

2.1. Materials

Three types of PAN-based commercial carbon fibres were
investigated: M60J, T800 and IMS65. The nominal diameter of all
three fibre types is 5 mm.M60J and T800 were provided with sizing,
which is routinely applied on the fibre surface by the manufacturer
to improve adhesion to polymer matrices for composite
manufacturing. IMS65 had no sizing.

2.2. Atom probe tomography

Atom probe tomography analyses were conducted in an IMAGO
LEAP 3000X HR in pulsed laser mode. Its detector efficiency was
37% and image compression factor was 1.65. Wavelength of the
laser was 532 nm. The laser pulse duration was 12 ps. The laser
pulse frequency and energy were 100 kHz and 1 nJ, respectively.
Specimen temperature was set to 100 K and acquisition rate to 2
ions per 1000 pulses. Premature failure is a big challenge for APT
analysis of carbon related materials. All except two specimens were
run until fracture. The radius of the two APT specimens before and
after field evaporation were used to determine reconstruction pa-
rameters, since the field evaporation behaviour of turbostratic
graphite is largely unknown. The software IVAS 3.4.3 (CAMECA)
was used to reconstruct the obtained data.

Atom probe analysis requires specimens with sharp tips, radius
<50 nm, in order to generate sufficiently high electric fields that can
ionise surface atoms. In order to fabricate nano-tips from carbon
fibres, in-situ lift out [38] was performed in a FEI Versa 3D work-
station, a combined focused ion beam and scanning electron mi-
croscope (FIB/SEM). The FIB uses gallium (Ga) ions to sputter away
material and the SEM allows for real-time monitoring of the pro-
cess. The FIB/SEM is equipped with an Omniprobe system for
micro-manipulation, and a platinum (Pt) gas injection system,
which can be used for electron induced chemical vapour deposition
of Pt.

Before being placed in the FIB/SEM, a single fibre was isolated
and adhered with silver glue to a silicon (Si) wafer. The fibre was
positioned in either of twoways, laterallye the carbon fibre simply
lies on the wafer (Fig. 1a), or cross-sectionally e the carbon fibre
sticks out of the edge of a vertically placed wafer (Fig. 1b). The
different positioning allows extraction of specimens either close to
the fibre surface or close to the fibre centre.

In the FIB/SEM, a region of interest was first coated with Pt to
protect the material from Ga implantation. Trenches were milled
along the region of interest to produce a wedge of carbon fibre
(~15 mm long for the lateral surface, and ~5 mm for cross-sectional
surface), which was adhered to the Omniprobe needle using Pt
and then extracted (Fig. 1c). The free end of the wedgewas adhered
to one of the pre-manufactured Si micro posts (CAMECA) using Pt,
and IMS65 retrieved from Ref. [34]* [35],** [36], and [37].

T800 IMS65

1100e1600 1100e1600
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5490 6000
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0.0839 e
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Fig. 1. Schematic of carbon fibre specimen fabrication for APT. A protective Pt layer is deposited on (a) the lateral or (b) the cross-sectional fibre surface; and the Ga ion beam mills a
wedge shape close to the Pt layer. (c) The wedge of carbon fibre is cut free and extracted using the micro-manipulator. (d) Part of the wedge is adhered with Pt to a Si post, cut free,
and annularly milled to (e) a sharp tip. (f) A SEM image of a sharpened APT tip of carbon fibre. (A colour version of this figure can be viewed online.)
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and then cut free from the rest. This process was repeated until the
wedge had been consumed. Thus 2e5 APT tips were obtained for
each lift-out. To ensure better adhesion, the stage was rotated 180�

and Pt was deposited on the other side of the posts as well. Then the
material piece was ion milled with an annular ring pattern (Fig. 1d)
into nano-tips (Fig.1e and f): first at 30 kV accelerating voltagewith
a series of ion currents from 500 to 100 pA, and finally, at 2 kV to
mitigate ion beam damage to the material. It should be noted,
although FIB is known to introduce various artefacts, such as sur-
face amorphization and Ga implantation, into the material, based
on our previous studies of carbides and nitrides in steels [39] and
Ti(C,N) in cubic BN [40], it is unlikely to activate N diffusion,
particularly underneath the surface. Thus, the initial distribution of
N is maintained.

Since FIB milling can easily remove any sizing (~100 nm thick)
from the surface, for APT specimen preparation all fibres were used
in their as-received state without sizing removal. APT results show
no evidence of remaining sizing.
2.3. X-ray photoelectron spectroscopy

A PHI 5500 Multi-technique Systemwas used for lab-based XPS.
Due to the less conductive nature of the samples, Mg Ka X-ray
source was used (1253.6 eV) to avoid the need for charge
compensation procedure during measurements.

HAXPES was performed at the P22 beamline at PETRA III (DESY
Hamburg, Germany) [41]. Spectra were recorded at incident X-ray
energies 2.5, 4.6 and 7.2 keV for all three fibre types. Several scans
were made for each fibre type and multiple sweeps were made for
each scan. The carbon fibres were assumed to only consist of C, N
and O, so that after background removal and intensity correction,
the relative intensities of C1s, N1s and O1s high resolution scans
were proportional to the relative element concentration. Shirley
type background removal was performed using MultiPak 9.7.0.1
and intensity correction was based on photoionisation cross-
sections calculated for C1s, N1s and O1s according to Ref. [42] for
2.5, 4.6 and 7.2 keV (Table S1). No X-ray irradiation damage was
detected. Repeated measurements at the same spot show no
change in spectral line shape.

The projected X-ray beam size on the samplewas approximately
800 mm for lab-based XPS and 100 mm for HAXPES, which are much
larger than the carbon fibre diameter of 5 mm. Therefore, for each
22
fibre type, a spread-out tow of multiple of fibres was analysed.
The sizing was removed from M60J and T800 prior to XPS and

HAXPES measurements. Each tow of fibres was first submerged in
acetone solvent in the 50 �C ultrasonic bath for an hour, and then
rinsed with isopropanol three times to remove the residual acetone
solvent. IMS65 fibres were also rinsed with isopropanol. After-
wards, all fibres were baked at 70 �C in low vacuum condition of
40 mbar for 3.5 h by using a Heraeus UT5050E oven to vaporise the
residual moisture.
3. Results and discussion

3.1. Atom probe tomography

APT provides straightforward chemical quantification by direct
ion counting from the mass-to-charge spectra. However, APT
spectra of carbon fibres are complex, showing nearly one hundred
mass-to-charge peaks (Fig. S1), consisting of monatomic ions and a
multitude of molecular ions (ions that consist of at least two atoms)
with overlapped ionic species. It is a big challenge to deconvolute
the overlapping peaks and unambiguously assign each mass-to-
charge peak to the corresponding ion species. Therefore, we star-
ted with unravelling the spectra of the HM carbon fibre, M60J,
because it contains almost pure C with trace amount of O; besides,
it exhibits better mass resolution than the IM carbon fibres, due to
its higher thermal conductivity (four times higher) (Table 1). For
laser pulsing APT, the thermal conductivity of the specimen plays a
big role in determining the mass resolution [43]. All the peaks are
identified, and deconvoluted, based on the natural abundance of
the isotopes 12C and 13C, which gives a unique satellite peak and a
theoretical ratio between peak areas of the isotope-pair 12Cx

nþ and
12C(x-1)

13 Cnþ (Fig. S2). At 28 and 44 Da, the significant deviation in the
measured peak area ratio to the theoretical ratio is attributed to
peak overlap with O-containing species, CO1þ and CO2

1þ (Fig. S3).
For the HM carbon fibre, the peaks associate predominantly

with various combinations of C/C atoms and occasionally with
combinations of C/O; and for the IM carbon fibres there are addi-
tional peaks associated with C/N. In all cases, the most abundant
ions are monatomic carbon, C1þ and C2þ: for HM fibres 75e80% out
of the total number of ions and for IM fibres 60e70%; most of the
other peaks corresponds to molecular ions that consists of only
carbons (C2-221þ/2þ/3þ/4þ/5þ). O was only detected in molecular ions
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with other elements, such as CO1þ/2þ, and CO2
1þ. The lack of pure O

ions indicates high affinity of O to other elements. The O content
varies between the fibres and even between different positions in
the same fibre: 0.33e0.68 at% for M60J; 0.22e0.96 at% for T800;
and 0.36e0.60 at% for IMS65. The major difference between the
mass spectra obtained from HM and IM fibres is that the IM fibres
have a much higher peak at 14 Da and several additional peaks at 7,
26, 27, 31, 38, 50, 62, 74 and 86 Da (Fig. 2 shows selected ranges
between 6.5 and 31.5 Da). These peaks are unambiguously assigned
as N containing: N2þ, CN1þ, C2NO2þ, C4N2þ, C2N1þ, C3N1þ, C4N1þ,
C5N1þ and C6N1þ. The peak at 14 Da can possibly be assigned as
CH2

1þ, CO2þ, and/or N1þ. Since the peak was not evidently shown in
polymers that contain CH2 units [44], this peak corresponds most
likely to CO2þ for the HM fibre, and a mix of primarily N1þ and
traces of CO2þ for the IM fibres.

Before discussing the distribution of N in the IM fibres, it is
important to note the analysis volume of APT and where the vol-
ume of material located originally in the carbon fibre. APT boasts
atomic spatial resolution for chemical analysis. However, as for all
the techniques with high spatial resolution, the analysis volume of
APT is limited. Particularly for carbon fibres, the combination of
strong covalent bonds within the graphene layer and weak Van der
Waals force between layers, together with a large number of nano
pores, leads to frequent premature specimen fracture and the
analysis length is often limited to less than 50 nm. Furthermore,
due to themanual control during the needle shaping procedure, the
removed amount of material varies slightly between specimens.
Therefore, the tip of each specimen corresponds to different depths
below the carbon fibre surface e up to tens of nanometres in dif-
ference. Finally, the sites of the APT analysis volumes in the carbon
fibre can be selected: we extracted specimens from different depths
with either the lateral or cross-sectional geometry.

3D atom-by-atom reconstructions of obtained APT datasets
from IM fibres show that the N distribution is smooth and there is
no distinct agglomeration of N (Fig. 3a, Fig. S4 and Video S1). For the
near surface region (from lateral specimen preparation), the
average N concentration varies between the APT specimens: T800
1.6e2.9 at% and IMS651.3e2.9 at% (Table S2). Fig. 3b and c show the
typical N concentration profiles along the analysis axis, i.e. from
near the surface towards the centre of the fibre, for T800 and
IMS65. The N content generally increases with depth within the
analysis volume. However, the rate of N concentration increase
(around ~0.2 at% per 10 nm) cannot be constant over the ~2500 nm
to the fibre core, since the APT specimens extracted from the cross-
Fig. 2. Comparison of selected ranges of mass-to-charge spectra for HM carbon fibre, M60J,
spectrum for M60J compared to T800 and IMS65. Note that since there is big difference in t
figure can be viewed online.)
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section (500e2500 nm in depth) have an average N concentration
of 2.4e3.5 at% for T800 (Table S2). The APT results thus indicate that
the N distribution varies smoothly in small domains, but the dis-
tribution is uneven on the long range over the IM fibres.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.carbon.2021.03.061

3.2. Hard X-ray photoelectron spectroscopy

In order to shed light on the chemical states of N, we analysed
the fibres using photoelectron spectroscopy, including both lab-
based XPS and synchrotron HAXPES. Compared with lab-based
XPS, synchrotron HAXPES provides more information from the
bulk. The probe depth is correlated to the energy of incident X-rays.
For lab-based XPS, the photon energy is ~1.3 keV, and the detection
depth is less than 10 nm. 95% of the detected signal originates from
within the depth of 3.0 times the inelastic mean free path (IMFP)
[45]. For HAXPES, at excitation energies of 2.5, 4.6 and 7.2 keV used
in our study and IMFP approximated according to Ref. [46], the
probe depth in graphitic materials is estimated to be 17, 28 and
40 nm, respectively. HAXPES survey scan spectra of the carbon fi-
bres show C1s, N1s and O1s at around 285 eV, 400 eV and 532 eV,
respectively (Fig. 4a), whereas lab-based XPS hardly detects N1s
(Fig. S5).

The most distinct difference between the carbon fibres is found
at the N1s region. The IM fibres generate pronounced N1s peaks,
while the HM fibre gives a very weak signal that is only distin-
guishable in scans with higher resolution (Fig. 4a insert). Quanti-
fication of data obtained at different energies show that the relative
composition varies for different depths (Fig. 4b and c). The O con-
tent decreases rapidly with depth for all fibre types: 3.7 at% for the
first 17 nm and 1.7 at% for the entire 40 nm region for M60J, 5.6 at%
for the first 17 nm and 2.0 at% for 40 nm region for T800, and 6.7 at%
for the first 17 nm to 2.8 at% for 40 nm region for IMS65. The N
content varies differently between the fibre types: M60J and IMS65
decreases; and T800 increases. At the highest X-ray energy, the N
content is 1.5 at% for IMS65, 1.2 at% for T800 and 0.1 at% for M60J.

Thus, the HAXPES results are consistent with APT in the aspect
that the N content is significantly higher in IM fibres. However,
HAXPES unambiguously detects traces of N in the HM fibres, while
APT does not. Additionally, the N concentration profiles against the
depth are different: APT showed a generally increase trend for both
IMS65 and T800, while HAXPES showed increase for T800 and
decrease for IMS65. This discrepancy in N detection between APT
and IM carbon fibres, T800 and IMS65. Note the absence of N-containing species in the
he peak height, the peaks are scaled separately in each range. (A colour version of this

https://doi.org/10.1016/j.carbon.2021.03.061


Fig. 3. (a) 3D atom-by-atom reconstruction of N atoms in T800. For clarity’s sake, only 10% of the acquired N atoms are shown. N concentration profile of lateral specimens of (b)
T800 and (c) IMS65. (A colour version of this figure can be viewed online.)

Fig. 4. (a) HAXPES survey scan spectra of M60J, T800 and IMS65 for three incident energies, with inset of high resolution N1s narrow scan spectra of M60J, where the peak is small
but clear. (b) O and (c) N concentration for different incident energies for M60J, T800 and IMS65. (A colour version of this figure can be viewed online.)

M. Johansen, C. Schlueter, P.L. Tam et al. Carbon 179 (2021) 20e27
and HAXPES can be explained by several factors: in APT the possible
peak overlap at 14 Da can overshadow the N signals; HAXPES an-
alyses cover a much larger area consisting of tens of carbon fibres,
whereas APT probes at the nanometre scale; additionally, HAXPES
analysis volumes are close to the surface, while in our studies APT
often probe deeper into carbon fibres. Thus, it is implausible to
directly compare the quantification results of APT and HAXPES.

The chemical states of N are revealed by deconvoluting the N1s
peak of the IM fibres. Five N species are used to fit N1s peaks for
IMS65 (Fig. 5aec) and T800 (Fig. 5eeg): pyridinic-N at 398.5 eV,
pyrrolic-N at 399.6 eV, graphitic-N at 401.0 eV, edge-located
graphitic-N at 402.2 and oxidic-N at 403.8 eV. Pyridinic-N (N1 in
Fig. 5i) is bonded to two carbon atoms of a six-membered ring at an
edge or a defect in the hexagonal carbon lattice. Pyrrolic-N (N2 in
Fig. 5i) is bonded in a five-membered ring. Graphitic-N (N3 in
Fig. 5i) substitutes a carbon atom in the graphene plane; edge-
located graphitic-N (N4 in Fig. 5i) substitutes a carbon atom at
the edge of the plane; and thereby both types are bonded to three
carbon atoms. Oxidic-N (N5 in Fig. 5i) is bonded to two carbon
atoms and one oxygen atom [47e50]. The content of the N species
is different in IMS65 and T800, varying with depth (Fig. 5d and h).
While the pyridinic-N peak decreases in IMS65 (8.6%, 7.8%, 4.6% out
of the total N species for the layer with thickness of 17, 28 and
40 nm, respectively), it increases in T800 (2.6%, 5.1%, 5.6%). At the
same time the level of pyrrolic-N decreases for both IMS65 (24.7%,
19.3%, 15.9%) and T800 (17.3%, 10.6%, 8.6%). The most abundant N
species in both cases is graphitic-N, and the level is lower in IMS65
(47.7%, 50.6%, 53.6%) than T800 (53.6%, 55.6% and 59.6%). Thus, for
24
both IM fibres the deeper into the fibres, the higher amount of
graphitic-N. The HAXPES results show that the chemical states of N
in carbon fibres differ between IM fibres and vary with depth.
3.3. Effect of heteroatoms on electrochemical performance

IM fibres (IMS65 and T800) have superior electrochemical
properties compared to HM fibres (M60J): their first cycle capacity
is 358 and 265 vs 159mAh/g [35]. The difference in electrochemical
performance was previously attributed to the size and orientation
of crystallites in IM and HM carbon fibres [34]. In this study, the APT
and HAXPES results show that the presence of N is another
essential aspect that sets IM and HM fibres apart. N is an inherent
component of the PAN precursor (C3H3N)n. During manufacture,
the precursor fibres undergo at least two heat treatment steps that
change the chemical make-up of the fibres: firstly, oxidisation in air,
where O is introduced to form stable ladder structure for later steps
at higher temperature; secondly, carbonisation in inert gas, where
most non-carbon atoms are removed from the fibre and a turbos-
tratic structure is obtained; optionally, if high modulus is sought,
graphitisation in inert gas, where the structure becomes more or-
dered and even more non-carbon atoms are expelled. The heat
treatment, and specifically the final heat treatment temperature,
dictates the atomic composition, particularly N-content, strength
and modulus of carbon fibres [5,6]. Compared to IM fibres, HM
carbon fibres are heat treated at a higher temperature, thus more
heteroatoms like N are removed, and more crystalline structure are
obtained, yielding a higher modulus. The IM fibres contain up to



Fig. 5. Deconvolution of N1s peaks from HAXPES of IMS65 and T800. The N species are denoted N1 for pyridinic-N, N2 for pyrrolic-N, N3 for graphitic-N, N4 for edge-located
graphitic-N and N5 for oxidic-N. The top row is IMS65 at increasing incident energy (a) 2.5 keV, (b) 4.6 keV and (c) 7.2 keV. (d) The composition of N species in IMS65 at
different sub-surface volumes. The bottom row is T800 at (e) 2.5 keV, (f) 4.6 keV and (g) 7.2 keV. (h) The composition of N species in IMS65 at different sub-surface volumes. (i) A
schematic of possible N configurations in carbon. (A colour version of this figure can be viewed online.)
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3.5 at% N, whereas the HM fibre contain virtually none. It is well
established that doping N heteroatoms into carbon materials
positively affect the electrochemical properties of the materials
[7,10,12e15]. Thus, the N heteroatoms in the IM fibres are linked to
their enhanced electrochemical performance compared to HM
fibres.

Still, for the two IM fibres, with similar level of N concentration,
their electrochemical performance differs significantly: the capac-
ity of IMS65 is more than one third higher than that of T800. It was
previously shown that the sizing applied to the surface of T800 did
not impair electrochemical performance [35]. Neither can the dif-
ference be explained by the crystallite size, since IMS65 and T800
are very similar in this regard [34]. The higher oxygen concentra-
tion for IMS65 measured with HAXPES may potentially influence
the electrochemical performance. However, there is little evidence
in literature of such mechanism. The difference stems most likely
fromN configurations. Graphitic-N is predominant in both IM fibres
(>50%). It has a n-type doping effect by donating electrons to the
system [16], thus favourable for the electronic conductivity, which
enables, for instance, fast charge and discharge. However, IMS65
has less N configured as graphitic-N than T800, but shows better
electrochemical performance, which suggests that the n-type
doping effect from graphitic-N is not responsible for the significant
increase in electrochemical performance. Moreover, it has been
shown that n-type doping effect can be cancelled out by the p-type
doping effect of pyridinic-N and pyrrolic-N [17]. On the other hand,
it has been shown theoretically and experimentally that pyridinic-
N and pyrrolic-N boost electrochemical performance of carbon
materials by inducing defects (edges and vacancies) in the
25
graphene lattice, which act as active sites for Li adsorption [11e15].
In IMS65, a higher level of N has the pyridinic- and pyrrolic-N
configuration (~20% in total) compared to T800 (~14%). With
comparable N concentration, IMS65 thus has more N induced de-
fects working as active sites and consequently higher capacity than
T800.
3.4. Future perspective

In this study, APT and HAXPES were used to elucidate hetero-
atoms in carbon fibres and their influence on electrochemical
properties. There are still challenges to overcome. There were high
rates of pre-mature specimen failures during APT analyses. This is
largely attributed to the inherent anisotropic structure of carbon
fibres with many defects, e.g. nano pores, together with the high
evaporation field of graphite carbon. To coat the APT specimenwith
a thin layer of proper metal can be a promising solution. With more
successful and longer analyses, other interesting features can
potentially be revealed, for instance, the transitional areas between
N-rich and N-poor regions. Synchrotron HAXPES provided chemi-
cal states of N in the “surface bulk”, up to 40 nm deep. To study N
configuration at greater depths in the carbon fibres is highly
desirable but requires sophisticated specimen preparation. In
addition, how the local microstructure of carbon fibres influences
the intercalation of Li ions is the subject of our ongoing work. For
future perspective, linking the distribution and chemical states of
heteroatoms with processing parameters of carbon fibres (e.g.
temperature and environment) will enable the design of novel
carbon fibres for multifunctional applications.
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4. Conclusion

In this paper, we shed light on the heteroatoms, in particular N,
in three fibre types (M60J, T800 and IMS65) with different capacity
(159, 265 and 358 mAh/g), using APT and HAXPES. With the two
strategies for specimen preparation (lateral and cross-sectional),
we used APT to probe the local N concentration variation at
different depths. It is shown that the HM fibre (M60J) contains close
to zero N, whereas the IM fibres (T800 and IMS65) contain
1.3e3.5 at% N. The N distribution is non-homogenous on the large
scale throughout the IM fibres. The chemical states of N vary within
the IM fibres. In the top 40 nm of the turbostratic structure,
graphitic-N becomes increasingly abundant with depth. IMS65 has
a larger portion of pyridinic-N and pyrrolic-N (20.5%) than T800
(14.2%), which is, at least partly, responsible for the higher capacity
of IMS65. These findings highlight the important role of N for the
electrochemical performance of carbon fibres for multifunctional
devices.
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