Wavy Graphene-Like Network Forming During Pyrolysis of Polyacry-
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ABSTRACT: Carbon fiber (CF) obtained by pyrolysis of polyacrylonitrile (PAN-CF) surpasses metals in properties suitable for
diverse applications such as aircraft manufacture and power turbine blades. PAN-CF obtained by pyrolysis at 1200-1400 °C shows
a remarkably high tensile strength of 7 GPa, much higher than pitch-based CF (pb-CF) consisting of piles of pure graphene networks.
However, little information has been available on the atomistic structure of PAN-CF and on how it forms during pyrolysis. We
pyrolyzed an acrylonitrile 9-mer in a carbon nanotube, monitored the course of the reaction using atomic-resolution electron micros-
copy and Raman spectroscopy, and found that this oligomer forms a thermally reactive wavy graphene-like network (WGN) at 1200—
1400 °C during slow graphitization taking place between 900 °C and 1800 °C. Ptychographic microscopic analysis indicated that
such material consists of 5-, 6-, and larger-membered rings; hence is not flat but wavy. The experimental data suggest that, during
PAN-CF manufacturing, many layers of WGN hierarchically pile up to form a chemically and physically interdigitated noncrystalline
phase that resists fracture and increases the tensile strength — the properties expected for high-entropy materials. pb-CF using nearly
pure carbon starting material, on the other hand, forms a crystalline graphene network and is brittle.

INTRODUCTION CF and its materials properties are less controllable. These ob-
servations suggest that carbonizing PAN-CF (cPAN) at IT pro-
duces materials of chemical constitution and/or nano/micro-
structure different from GN.!! Recent studies on bulk PAN-CF
produced at IT have revealed the presence of multi-walled car-
bon nanotube (MWCNT) and curved graphene layers in the
CF."2 On the other hand, only well-ordered graphitic structures
have been observed in pb-CF produced from carbon-rich pitch-
based feedstock. Therefore, we considered that the non-planar
GN contributes to the high mechanical properties of PAN-CF.
Little atomistic information has, however been available on
how PAN carbonizes in a graphitic environment and what kind
of hierarchical structure it forms. We studied the temperature-
dependent change of the structure of an acrylonitrile 9-mer
(AND9) in the graphitic environment of a carbon nanotube (CNT)
using atomic-resolution transmission electron microscopy
(TEM) and scanning TEM (STEM) combined with bulk Raman
analysis of CNTs containing the precursor. We report here the
temperature-dependent formation of a series of morphologies of
the carbonizing AN9 (cAND9), including the formation of a ni-
trogen-containing carbonaceous structure below 900 °C, its

Pyrolysis of polyacrylonitrile (PAN, (CsH3N)a) results in car-
bonization and weight loss to produce carbon fiber (CF) that
surpasses metals in tensile strength, elastic modulus, strength-
to-weight ratio, and chemical stability required by applications
such as the manufacture of aircraft and power turbine blades
(Figure 1a)."*** PAN-CF manufacturing is a complex process
involving pyrolytic decomposition of PAN between 700 °C and
1800 °C, resulting in 32% weight loss.> A large part of nitrogen
is lost between 1000 and 1200 °C.° and 99%-carbon PAN-CF is
obtained at 1800 °C.” This complexity has created a long-stand-
ing puzzle on the nonlinear correlation between the tensile
strength and the tensile modulus of PAN-CF (Figure 1b).2 Of
great practical and mechanistic interest is that the tensile
strength of PAN-CF maximizes to 7 GPa at a process tempera-
ture of at 1200-1400 °C (intermediate temperature range, IT),’
but, above 1800 °C, it drops to the level of pitch-based CF (pb-
CF). pb-CF uses nearly pure carbon starting materials, graphi-
tizes quickly at around 1000 °C, and forms a crystalline gra-
phene network (GN).!° Hence pb-CF is more brittle than PAN-



growth into a wavy graphene-like network (WGN) at IT, and
the formation of a fully developed graphitic system at 1800 °C
(Figure 1c). The WGN forming during pyrolysis of cAN9 be-
low 1600 °C consists of 5-, 6-, and larger-membered rings,
hence, it is wavy, as indicated by atomistic ptychographic anal-
ysis of individual cAN9. The results obtained for cAN9 suggest
that the pyrolysis of PAN first produces small amorphous
pieces of cPAN (Figure 1d left), then physically and chemically
interdigitated noncrystalline WGNs (Figure 1d middle) when
pyrolyzed at IT. WGNs eventually form crystalline graphite
above 1800 °C, which may form intergranular voids hence
causing fracture (Figure 1d right).!* A recent report described a
crystal structure of a model of the chemical connection between
two GNs via 5- and 7-membered rings (Figure 1d middle).™*

Single-molecule atomic-resolution time-resolved electron mi-
croscopy (SMART-EM) is a significant breakthrough in elec-
tron microscopy,'® which allows us, with sufficient time and
spatial resolution, to record the dynamics of molecular struc-
tures, monitor chemical reactions and their rates as a function
of temperature, to observe intermediates, and, when integrated
with other methods, to deduce the reaction pathways of individ-
ual molecules.'$:17-18:1% Atomic-resolution cinematography of
several individual cAN9@CNT substances (which are, in fact,
"molecules" like fullerene molecules) has shown its metamor-
phosis as it loses nitrogen and hydrogen between 700 °C and
1800 °C before the entire graphitization at 1800 °C (shown for
a single "molecule" in Figure 2a). Most notably, AN9 graphi-
tizes only gradually during heating at 1000 °C and 1800 °C. Py-
rolysis of AN9 in CNT produces four morphologies: shapeless
blobs (700-900 °C), footballs (1000-1100 °C), tubular half-
graphitized cAN9 (1200 °C), and fully graphitized tubes grown
along the interior of the CNT (1800 °C, as supported by Raman
spectroscopy). cAN9 substances appearing below 1400 °C are
thermally elastic, mobile, and chemically reactive substances.
They resemble in their shape the intermediates of the conver-
sion of two Ceo molecules (OT-11 and -14) into a short carbon
nanotube Ci2o that takes place via a series of Stone—Wales rear-
rangements (SWR) of ring systems containing 5-, 6-, and 7-
membered rings (Figure 2b).22!

In contrast, a planar aromatic hydrocarbon (benzo[a]pyrene,
BaP) used as a pitch model afforded a crystalline graphitic
structure already at IT, while nitrogen-containing aromatics
such as anthyridine and acridine produced wavy graphite struc-
tures like in the pyrolysis of AN9@CNT (Figure le). The dif-
ference between pb-CF and PAN-CF is reminiscent of the dif-
ference between crystalline metal and non-crystalline high en-
tropy alloys, the former prone to grain boundary fracture.??
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Figure 1. Carbon fiber (CF) formation by pyrolysis of polyacrylo-
nitrile (PAN). (a) CF obtained via thermal conversion of PAN with
the detachment of nitrogen and hydrogen and its applications. (b)
Tensile strength/tensile modulus correlation for various PAN-CF
taken from ref. 8. The CF with the highest tensile strength (7.2 GPa)
is the PAN-CF processed at around 1200 °C, and the other data are
PAN-CFs processed at other temperatures and pitch-based CFs. (¢)
The atomistic models of graphene-like intermediates of PAN-CF
manufacturing between 800 °C and 1800 °C. (d) Illustration of se-
quential formation of PAN-CF as the processing temperature is
raised: left, partially carbonized small amorphous pieces; middle,
chemically and physically interdigitated WGNSs; right, crystalline
graphite and intergranular voids. A chemically synthesized model
of'a chemical interdigitation taken from ref. 14. (¢) Chemical struc-
tures of precursor compounds used in this study.
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Figure 2. Atomic-resolution imaging of cAN9 formed upon pyrol-
ysis of AN9@CNT. (a) Sequential STEM images of an AN9 mol-
ecule obtained by in situ heating between 700 °C and 1100 °C and
another AN9 molecule obtained by ex situ heating at 1200, 1400,
and 1800 °C. Scale bar: 1 nm. (b) Images of two intermediates cap-
tured over 3.125 ms during Ceo dimerization to form a short Ci2o
CNT. The numbering was taken from ref. 20.

MATERIALS AND METHODS

Instrumentation. We used TEM and STEM in a complemen-
tary manner for atomic-resolution structural analysis of
cAN9@CNT. In the TEM imaging, the high image contrast ob-
tained because of the electron interference at the expense of re-
duced point resolution allows us to perform imaging of speci-
mens made of light elements (such as AN9) with a low total
electron dose (TED), that is, with a short exposure time per
frame (cf Figure 2b). Thus, dynamic molecular processes can
be tracked cinematographically with a temporal resolution of up
to a submillisecond.?!** STEM, on the other hand, requires a
TED higher than TEM by one order of magnitude because

interference-enhancement of the image contrast does not oper-
ate here. The low scan rate (up to 24 frames per second, fps) is
a limiting factor for the study of the dynamics of carbon-based
molecules. For static and electron-stable specimens, STEM us-
ing a high TED produces clearer images than TEM. Ptycho-
graphic analysis available as 4D-STEM imaging of stable spec-
imens is another asset of STEM.

Bright-field (BF)-STEM and high-angle annular dark-field
(HAADF)-STEM observations were carried out on a JEOL
JEM-ARM200F instrument equipped with a STEM aberration
corrector (point resolution: 0.10 nm) at an acceleration voltage
of 80 kV under 1 x 107 Pa in the specimen column. TEM ob-
servation was carried out on a JEOL JEM-ARM200F instru-
ment equipped with a TEM aberration corrector (point resolu-
tion: 0.10 nm) and a complementary metal oxide semiconductor
camera (Gatan OneView, 4,096 x 4,096 pixels, operated at bin-
ning 2 mode) at an acceleration voltage of 80 kV under 1 x 10~
3 Pa in the specimen column. We used a spherical aberration
(Gs) value between 1 and 3 um. STEM observation for ptycho-
graphic analysis was carried out on a JEOL NEOARM
equipped with a pixelated STEM detector (4DCanvas™, JEOL)
with a fast direct electron charge-coupled device image sensor
(pnCCD, PNDetector, maximum readout speed: 7,500 fps). Ra-
man spectra were measured on an NRS-3200 spectrometer
(JASCO Corporation) with an excitation wavelength of 785 nm.

Synthesis of AN9. We used an oligomer, AN9, as a model of
PAN in the present study. Industrially used PAN is structurally
impure because of comonomers and terminal groups derived
from initiators and unsuitable for an atom-level study. First we
examined a pentamer (4,6,8,10-tetracyanoundecanoic acid) and
found it too mobile in a heated CNT for atomistic observation
(Supporting Information, Figure S1). We also examined 1,9,10-
anthyridine and acridine (Figure le) as less nitrogen-containing
precursors and models of partially oxidized PAN formed by air
oxidation at about 300 °C before carbonization at 1000—
3000 °C.% The product obtained upon heating of anthyridine at
1000-1400 °C behaved similarly to that of AN9 (Figure S2).

AN09 was synthesized in 11 steps (2% yield in total) by sequen-
tial elongation of the main chain in a three-step reaction of
methacrylonitrile with fert-butyl cyanoacetate, alkylation with
dibromomethane, and thermal decomposition (Scheme 1), fol-
lowing the method reported by Klaus.” The structure was de-
termined using 'H-NMR, 3C-NMR, high-resolution mass spec-
trometry, and infrared spectroscopy (IR).

Scheme 1. Synthesis of AN9
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Preparation of AN9@CNT, BaP@CNT, anthyridine@CNT
and acridine@CNT. To gain insights into atomistic features of



PAN carbonizing in the graphitic network developing during
CF manufacturing, we used AN9@CNT as a model of cPAN in
the carbon network. CNT is a conductive electron donor and
protects organic molecules encapsulated therein from ionizing
degradation (radiolysis) during TEM observation.?¢ In this
study, we encapsulated AN9 in CNTs of 1.5-1.7 nm diameter.
We monitored the process of graphitization of AN9 by loss of
nitrogen and hydrogen atoms with TEM by heating the speci-
men in a vacuum. CNTs of this diameter can avoid excessive
thermal motions of AN9 but are sufficiently large for the growth
of a graphitic network to form a double-walled CNT (DWCNT,
see below).?’

Single-walled CNTs (Meijo Arc SO, produced by arc-discharge
using Ni and Y catalysts, >90% purity, average diameter 1.5—
1.7 nm determined based on the radial breathing modes (RBMs)
in Raman spectra, Lot # 6601316) were purchased from Meijo
Nano Carbon Co. Ltd. CNT powder was heated in the air in an
oven gradually from 23 °C to 500 °C for 12 min, kept at 500 °C
for 1 min, heated from 500 °C to 530 °C for 20 min and kept at
530 °C for 20 min to oxidatively remove the terminal caps of
the CNTs. For encapsulation of AN9, the opened CNTs (1 mg)
and AN9 powder (1 mg) were sealed in a glass tube (Pyrex ¢6
mm) under a pressure of 6.7 x 10~! Pa and kept at 100 °C for 12
h (Figure 3). The resulting AN9-containing CNTs were sepa-
rated from the remaining AN9 powder. AN9@CNT thus ob-
tained was a black solid (1 mg).

We used BaP as a model of a petroleum pitch which is a major
precursor of pitch-based CFs, anthyridine as a model of a high
nitrogen-content precursor, and acridine as a model of a low ni-
trogen-content precursor. For encapsulation of BaP, the opened
CNTs (0.1 mg) and BaP powder (0.1 mg) were sealed in a glass
tube (Pyrex ¢6 mm) under a pressure of 6.7 x 107! Pa and kept
at 200 °C for 12 h. The resulting BaP-containing CNTs were
separated from the remaining BaP powder. BaP@CNT thus ob-
tained was a black solid (0.1 mg). For the encapsulation of ac-
ridine or anthyridine, we prepared in the same procedure as
BaP@CNT.
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Figure 3. Schematic illustration of encapsulation of AN9 into a
CNT.

Carbonization of AN9I@CNT, BaP@CNT, anthy-
ridine@CNT and acridine@CNT at 700-1800 °C. Lin et al.
reported that a long-range graphite structure begins to form at
700-900 °C, where PAN starts to carbonize with rapid loss of
nitrogen and hydrogen atoms.”® The images shown in Figure 2a
indicated a substantial morphological change at 800—1000 °C
and hence provided atomistic support to Lin's bulk analytical
results. We, therefore, focused on a temperature range of 700—
1800 °C to investigate the structural change of AN9. Experi-
ments up to 1100 °C were performed in situ; that is, the speci-
men was heated in the TEM column and observed at regular
time intervals by turning on the electron beam for several tens
of seconds. Because of instrumental limitations, experiments
above 1200 °C were performed ex situ; that is, the specimen
was heated under a nitrogen atmosphere outside the TEM col-
umn, cooled, placed in the TEM column, and analyzed at room
temperature.

In situ heating was performed on a microelectromechanical sys-
tem (MEMS) device nanochip. After the target temperature was
reached, the specimen was kept for 30—60 min to allow the
structural changes to progress sufficiently at each temperature.
The duration of electron irradiation on the sample for electron
microscopy observation was limited to a maximum of several
tens of seconds per measurement. We did not observe any mor-
phological changes during the irradiation necessitated by the
STEM and TEM imaging (i.e., the cAAN9@CNT intermediates
are resistant to irradiation).

For the ex situ experiments, we sealed AN9@CNT in a glass
tube (Pyrex ¢6 mm) under a pressure of 6.7 x 107! Pa and kept
it at 600 °C for 1 h. In the experiments below 1100 °C, the pre-
carbonized specimen was placed on a platinum pan under nitro-
gen and heated from room temperature to three temperatures
(900, 1000, and 1100 °C) at a heating rate of 10 °C/min. In the
experiments above 1100 °C, the precarbonized specimen was
placed on a graphite furnace and kept at each temperature (1200,
1400, 1600, and 1800 °C) for 1 min under nitrogen. Each spec-
imen was then analyzed by STEM or TEM. For the ex situ ex-
periments of BaP@CNT, anthyridine@CNT and acri-
dine@CNT, we prepared carbonized samples in the same pro-
cedure as AN9@CNT.

Preparation of samples for TEM and STEM experiments.
We dispersed cAN9@CNT in toluene (0.05 mg/mL) in a vial in
a bath sonicator for 1 h to soften it to secure good contact be-
tween the CNTs and the carbon surface of the grid (essential for
temperature control).?’ For the ex situ experiments, a 10 uL so-
lution of the dispersion was deposited on a microscopic grid or
placed on a paper that absorbs excess toluene. The EM grid was
dried in a vacuum (60 Pa) for 2 h to remove the solvent, then
fixed on a TEM holder (JEOL EM-21130). For the in situ heat-
ing experiments, AN9@CNT in ethanol (ca 2 mg/mL) in a vial
was sonicated in a bath sonicator for 1 h. A 10 pL solution of
the dispersion was deposited on a MEMS chip (Wildfire,
DENSsolutions) on a microelectrochemical system-based heat-
ing holder (Lightning, DENSsolutions). Finally, the in situ heat-
ing specimen was dried in air to remove the solvent. For
BaP@CNT, we prepared an EM grid in the same procedure as
AN9I@CNT.

In situ observation of carbonization behavior of AN9@CNT
at 700-1100 °C using scanning TEM. The images of in situ
heating STEM at 700-1100 °C were captured at x20,000,000
magnification, with a convergence semiangle of 24-27 mrad
and a collection semiangle of 27-110 mrad. A comparison
among the images obtained by STEM and TEM of the cAN9
substances showed that the HAADF-STEM images provide
richer structural information than the BF-STEM and TEM im-
ages (Figure S3). In the in situ experiments at 700-1100 °C, we
continuously observed the translation, morphological changes,
and chemical reactions of cAN9 in the CNT (Figure 2a; see also
Figure S4 for enlarged images). Below 700 °C, the image of
c¢AN9 was vaguely detected, reflecting that the amorphous na-
ture of the cAN9 still contained many nitrogen and hydrogen
atoms.

Ex situ observation of carbonized AN9@CNT and
BaP@CNT using TEM. We performed a statistical analysis
of the structural features of cAN9 and cBaP for specimens
heated ex situ at various temperatures and analyzed them at
room temperature by TEM. In addition, cinematographic imag-
ing of the motions of individual carbonizing entities was per-
formed to study their mobility in CNTs. We first surveyed many



cAN9 or cBaP entities encapsulated in CNTs as described
above at x400,000 magnification at a low electron dose rate
(EDR, <10* e nm? s™!). Upon finding suitable specimens, we
set the EDR to ca 10° e nm s and magnification to the target
value and started image capturing with 0.5 s exposure time. Im-
age contrast was inverted when we obtained overfocused im-
ages.

Atomic-resolution STEM observation of carbonized
ANI@CNT by ptychography. Because the atomic-resolution
TEM imaging of structurally undefined molecules composed of
light elements provides only low-contrast images, we per-
formed ptychographic analysis, where one can correct lens ab-
errations of the optical system of the microscope used in the
experiment.” Because the complete information on the phase
of the electron probe is obtained, one can add an aberration cor-
rection function to the phase of the probe to create an aberra-
tion-free phase image, which made precise details of the struc-
ture visible. The method is effective for obtaining STEM im-
ages with a higher signal-to-noise ratio than the conventional
annular dark-field (ADF) imaging method.’**! We simultane-
ously recorded a 4D dataset and an ADF-STEM image.

TEM image analysis. The images were collected as a .dm4 for-
mat file on Gatan DigitalMicrograph software and processed
using ImagelJ 1.50i software. The length of the cAN9 and cBaP
molecules was measured along the CNT major axis, and the
width was measured perpendicular to the CNT major axis. The
width was calculated as the average of two to five measure-
ments for each molecule.

Raman Scattering. A unique feature of the SMART-EM
method is that we can compare the average of the sum of the
numerical information (e.g., reaction rate) for many individual
molecules with the ensemble average for the bulk sample of the
same molecule. Such comparison recently gave the first exper-
imental proof of the quantum transition state theory for the in-
terpretation of bulk kinetic data by the data obtained for indi-
vidual reaction events by SMART-EM.* In this study, the sta-
tistical data on the behaviors of individual AN9@CNT mole-
cules were obtained from the TEM/STEM observations. They
were then compared with the Raman scattering data (ensemble
average) obtained for the same bulk sample. We measured Ra-
man spectra with an excitation wavelength of 785 nm. To avoid
any side effects associated with heating, the laser power at the
CNT surface was adjusted to be less than 3 mW using neutral
density filters. The magnification of the objective lens was 100
times, giving a beam spot diameter of around 2 um.

RESULTS AND DISCUSSION

The primary purpose of this study is to examine the chemical
and physical properties of cAN9 being pyrolyzed between 700
and 1800 °C with the ultimate goal of gaining insights into the
origin of the extremely high tensile strength of PAN-CF pro-
cessed at IT (Figure 1). To this end, we synthesized a well-de-
fined model compound, AN9, put it into a CNT, and heated it
in a vacuum at various temperatures for 30 to 60 min. The reac-
tion was monitored by observing the cAN9 using TEM or
STEM (Figure 2a). The chemical structure of cAN9 was further
investigated by Raman analysis of bulk cAAN9@CNT, which in-
dicated that full graphitization of cAN9 requires 1800 °C. The
ptychographic STEM analysis provided direct evidence of an
incomplete and wavy graphene-like structure at IT and a com-
plete graphitic structure at 1800 °C. The nongraphitic

intermediates forming below 1200 °C comprise 5-, 6-, and
larger-membered rings (Figure 1c). They are mobile and chem-
ically reactive to fuse, strongly suggesting their ability to form
interdigitated noncrystalline networks in CF processed at IT (cf
Figure 1d).

Structural Analysis of AN9@CNT by STEM. A BF-STEM
image of the AN9 molecule in CNTs before pyrolysis is shown
in Figure 4, where we see a weak linear contrast with a linear
distance between two ends of 1.78 nm and a curvilinear length
along the molecule of about 2.26 nm. These data compare fa-
vorably with the calculated length of approximately 2.3 nm. We
also found that AN9 does not move for the STEM imaging time
of 10 s due to CH/r and N/= interactions between AN9 and the
CNT inner wall. We thus confirmed that AN9 was stably en-
capsulated in the CNT.
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Figure 4. BF-STEM image of AN9@CNT. (a) A single AN9 mol-
ecule in the CNT. (b) The same image as (a) with length annota-
tions of the molecule. (¢) Molecular model of the AN9 molecule in
the CNT. Scale bar: 1 nm.

In Situ Imaging of Thermal Transformation and Dynamic
Motion of cAN9@CNT at 700-1100 °C. We next discuss the
pyrolytic structural change of AN9@CNTs in Figure 2a. Upon
heating to 700 °C, the linear outline of AN9 disappeared in the
HAADF-STEM image, and amorphous cloud-like objects ap-
peared scattered along the CNT interior. At 700-800 °C, where
nitrogen loss occurs, we see better defined but still amorphous
ribbon-like objects, which we ascribe to nitrogen-rich polycy-
clic condensed aromatics—intermediates commonly assumed
to be a precursor to CF.2** They are longer than 4 nm in length,
and shown to contain 5-, 6-, and larger-membered rings as
shown by ptychography experiments discussed later (cf Figures
5 and 7). Bulk analysis of PAN pyrolysis at temperatures around
800 °C previously reported high nitrogen and hydrogen con-
tents,* hence the lack of a well-developed graphitic structure.

At 900 °C, we find a dramatic change (Figure 2a): The cAN9
molecule markedly shrank, and the high-contrast image indi-
cates a higher atomic density in the depth direction due to the
formation of a three-dimensional capsule-like structure formed
from the amorphous one found at 800 °C. They look similar to
the Ceo dimerization intermediates (Figure 2b),?' and must be
rich in sp? carbon atoms as expected from the nitrogen loss ob-
served in bulk experiments at 8001000 °C.2*3*35 Bulk experi-
ments also indicated reduced intergraphitic distances (doo2) and
conversion of sp? into sp? hybridization of the carbon atom.3¢

At 1000 °C, cAN9 shrank further and changed its structure now
resembling a football as seen in Figure 2a. Its outline is much
smoother than we saw at 900 °C, and the carbon network has
become more regular in structure as nitrogen and hydrogen loss
progresses. The STEM image of Figure 2a between 800 °C and
1100 °C was taken at the same location, and we see translational
motion upward. This result is consistent with the temperature
conditions up to 1100 °C. Given that nitrogen loss at 900 °C



causes the formation of voids in CF, we surmise that cPAN
forming during CF manufacture migrates in the void to find the
most stable location. At 1100 °C, cAN9 continues to migrate
and becomes shorter. Bulk experiments indicate that the loss of
nitrogen and hydrogen is almost complete in this temperature
range,’* and the microscopic observation fits very well with the
bulk observation. The cAN9 molecules at 1100-1200 °C mi-
grated, reacted with each other, and grew in size (Figure 2a),
suggesting that cPAN forming in CF manufacturing would sim-
ilarly migrate, react, and create a complex network of to-be-gra-
phene substances (i.e., WGN).

cAN9 pyrolyzed under 900 °C and the STEM images obtained
by the ptychographic process are shown in Figure 5. In Figure
Sa, we see an encapsulated cAN9 apparently contains a sub-
stance other than 6-membered rings. To extract the structural
information of this substance, we removed the contrast originat-
ing in the periodic CNT structure (Figure 5b) from Figure 5a
and obtained the image of the encapsulated cAN9 shown in Fig-
ure Sc. This image clearly indicates that the substance is not
made exclusively of 6-membered rings, and resembles a typical
Stone-Wales defect of graphene made of a heptagon flanked by
two pentagons.’” This structure accounts for the observed ther-
mal plasticity of cAN9. Molecular dynamics simulations previ-
ously suggested that nitrogen loss from acrylonitrile precursors
produces 5-membered rings. 3 In the STEM image of
cAN9@CNT pyrolyzed at 1800 °C (i.e., DWCNT), we found
neither 5- nor 7-membered ring (cf. Figure 7) in the image ob-
tained by the same image processing.
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Figure 5. HAADF-STEM images of AN9@CNT treated at 900 °C
reconstructed by ptychography. (a) STEM image of AN9@CNT.
(b) Image of the CNT part extracted from (a) by FFT filtering. (c)
A filtered image where the image contrast of CNT (b) was sub-
tracted from (a). (d) A magnified image of (c) highlighting five-
and seven-membered rings. Scale bar: 0.5 nm.

The mobility of cAN9 in CNT was investigated further because
the mobility of cPAN in pyrolyzing CF has never been sug-
gested or discussed in the literature. To find the correlation

between the structure and mobility of cAN9, we cinemato-
graphically followed, using TEM at room temperature, the dy-
namics of amorphous cAN9 formed at 700 °C. The images in
Figure 6 show the frequent translation of a 5-nm cAN9 entity
during 175 s, and we surmise that cPAN forming in void spaces
of CF also moves frequently during pyrolysis. cAN9 seen at
higher temperatures, e.g., at 1100 °C (cf Figure 1d) also trans-
lates in the interior of the CNT, though far less frequently, and
fuses to produce longer tubular objects, e.g., those seen at 1600
and 1800 °C (Figure 2a).
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Figure 6. Sequential TEM images of AN9@CNT pyrolyzed at
700 °C showing high mobility of the cAN9 molecule in the CNT.
The timestamp denotes the time after starting the video recording.
Scale bar: 2 nm.

Structural Analysis of cAN9@CNT at 1100-1800 °C. The
reduced mobility of cAN9 at temperatures higher than 1100 °C
facilitated detailed structural analysis using ex situ TEM obser-
vation. We found an increase in the structural regularity and its
growth along the CNT axis was more pronounced above
1400 °C where the carbon content exceeds 95% (measured for
bulk PAN-CF).” The TEM images taken at 1100-1400 °C in
Figure 7a, 7b and 7c¢ show the change of the shape of a lumpy
mass into a more regular structure. TEM images between
1600 °C and 1800 °C (Figure 7d,e), as well as STEM images
(Figure 2a) show that the cA9@CNT forms a DWCNT, and has
grown longer in the axial direction. The formation of complete
DWCNT at 1800 °C was ascertained by the Raman analysis
(see below).

Ptychographic reconstruction of cAN9 pyrolyzed at 1800 °C in
CNT is shown in Figure 7f-h. We used the same procedure as
discussed in Figure 5 to remove the periodic structural compo-
nent of the outer CNT (Figure 7g) from the original picture (Fig-
ure 7f). The inner CNT derived from AN9 is shown in Figure
7h. Unlike ¢AN9 in Figure 5c, we see a very regular graphitic
structure in Figure 7h. Taken together with its linear outline, the
data indicate that cAN9 (i.e., inner CNT) produced at 1800 °C
has defect-free graphene. The formation of a DWCNT observed
here provides a plausible mechanism for the formation of the
MWCNTs and the curved graphene layers isolated by disassem-
bling the bulk PAN-CF sample by the use of ultrasound and su-
percritical liquid treatment.!? The conversion of the structures
in Figure 5 into those in Figure 7 resembles the SWR reaction
in the transformation of OT-11 and OT-14 into a short CNT
(Figure 2b).%!
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Figure 7. TEM and STEM images of cAN9 obtained by ex situ
thermal treatment of AN9@CNTs. (a—d) TEM images of
cAN9@CNTs treated at (a) 1100 °C, (b) 1200 °C, (c) 1400 °C, and
(d) 1600 °C. (e) STEM image of cAN9@CNTs treated at 1800 °C.
(f) STEM image of cAN9@CNT treated at 1800 °C reconstructed
by ptychography. (g) Image of the CNT part extracted from (f) by
FFT filtering. (h) A filtered image where the image contrast of CNT
(g) was subtracted from (f). Scale bars: 2 nm for a—e and 0.5 nm for
f. See also Figure S5 for additional TEM/STEM images at each
temperature.

Previous X-ray diffraction studies on bulk carbonization of
PAN have shown that the average size of the crystallite (Lc, La)
increases monotonically with increasing carbonization temper-
ature.’® We have seen in the present electron microscopic stud-
ies that individual cAN9 entities shrank first as they lost nitro-
gen/hydrogen and grew larger by fusing. The SMART-EM
method allows us to obtain statistical data from the individual
cANY entities, and compare them with the average data ob-
tained for a bulk sample. We measured the sizes of cAN9 enti-
ties observed by TEM for dozens of CNTs at different temper-
atures (Figure 8). The lengths measured in the direction axial to
the CNT axis (length) are shown in Figure 8a, and those meas-
ured in the direction perpendicular to the axis (width) are shown
in Figure 8b. The axial length of the CNTs did not change much
at 900-1100 °C, averaging 4 nm, but grew significantly from
1400 °C onward, exceeding 10 nm and extending beyond the
field of view. This observation is consistent with the individual
STEM image shown in Figure 2a in that cAN9 shrinks at 900—
1000 °C whereas it grows longer at higher temperatures through
the fusion of multiple cAN9 entities.

The lengths measured at each temperature show a wide distri-
bution because individual growth reaction events occurred sto-
chastically—the norm for any chemical reaction at the molecu-
lar level.?” The width of ¢cAN9 is distributed from 0.4 to 1.2 nm
with an average value of 0.73 nm, and the average begins to
increase at 1000 °C and finally converges to a distribution with
an average value of 0.83 nm and individual values ranging from
0.8 to 0.9 nm at 1800 °C (Figure 8b). This indicates that the
interaction between cAN9 and CNTs is weak at low tempera-
tures but becomes stronger, and the CNT inner wall acts as a
template for SWR of WGN into flat graphene made solely of 6-

membered rings.”?’ We expect such a template effect to also
operate in the process of pyrolysis of PAN to form the crystal-
line graphite CF region (cf Figure 1d).
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Figure 8. Statistical analysis of TEM images of cAN9 formed in
CNTs at different temperatures. (a) Length of ¢cAN9 measured
along the axis of the CNT. (b) Width of cAN9. Circles denote data
points and mean values are shown as rectangles.

Structural Analysis of carbonized benzo[a]pyrene@CNT at
1200-1800 °C. We studied by TEM the pyrolysis of
BaP@CNT lacking nitrogen atoms as a model for pb-CF fab-
rication,* and found at 1200 °C an image of carbonized BaP
(cBaP) resembling that of a graphene nanoribbon (GNR, Figure
9a).*! In contrast, Figure 7b taken for AN9@CNT also at
1200 °C shows a structure lacking the sign of 6-membered ring
graphitic structure. Heated at 1600 °C to 1800 °C, cBaP@CNT
produced DWCNTs (Figure 9¢c, d). The comparison of the CNT
axial lengths of the materials produced from cAN9 and cBaP
(Figure 9¢) in the temperature range from 1200 to 1800 °C
shows that cBaP gives substances of longer length (i.e., higher
molecular weight).
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Figure 9. TEM image of cBaP@CNT. (a) 1200 °C, (b) 1400 °C,
(c) 1600 °C, (d) 1800 °C, (e) Comparison of the length of cAN9
and cBaP measured along the axis of the CNT.



Raman scattering of cANI@CNT and BaP@CNT after
thermal conversion. Raman spectra of bulk cAN9@CNT and
BaP@CNT corroborate well with the results of the TEM anal-
ysis described above. First, we confirmed the formation of
graphite network structure at long range by the RBM signal ap-
pearing around 100-400 cm™', and the growth of the G band due
to a flat six-membered ring array by the signal at 1580 cm™. In
the following paragraphs, we discuss the behavior of AN9 and
BaP at 1000—1800 °C, and the correlation between the nitrogen
content in the precursors and the structure of the pyrolyzed
product forming at 1400 °C.

In Figure 10a—c, we show a comparison of the Raman spectra
between AN9@CNT and BaP@CNT. As shown in Figure 10a,
The Raman spectra of the starting AN9@CNTSs show two RBM
signals at 155 cm™! and 168 cm™!, corresponding to diameters of
1.68 nm and 1.54 nm.*? It was only at 1800 °C that a new signal
at 271 cm™! appeared indicative of a 0.9-nm diameter CNT, that
is, a DWCNT. These data and the wavy outline of the encapsu-
lated molecules seen by TEM indicate that the wall of cAN9
formed below 1600 °C was not a flat graphitic network but was
WGN (Figure 1c).

From BaP@CNT, DWCNTs are produced at lower tempera-
tures than from AN9@CNTs, as judged by the appearance of
the RBM signal (265 cm™), albeit small, already at 1600 °C.
More strikingly, a 350 cm™' signal originating in a radial-breath-
ing-like mode (RBLM), ** not found for AN9@CNT, began to
appear at 1200 °C, reached a maximum at 1400 °C, and disap-
peared above 1600 °C, where the RBM peak of DWCNTSs ap-
peared. The 350 cm™! signal is characteristic of planar six-mem-
bered-ring carbon structures such as GNR, and its appearance
matches the crystalline structure detected by TEM at IT (see
above).

In addition to the RBM region, the temperature-dependent var-
iations in the G- and D-band regions also characterize the dif-
ference between AN9@CNT and BaP@CNT (Figure 10b). Py-
rolysis of BaP@CNT at 1200-1400 °C results in the appear-
ance of the G-band (1580 cm™) (Figure 10c). Since the outer
CNT generates G*-band at 1590 cm™ and G —band at 1570 cm
! (buried among other signals), we assign the 1580 cm™! signal
to the planar graphene structure. Using the G'—band of the outer
CNT as an internal standard, we quantified the intensity of the
forming G-band (Figure 10d). cAN9@CNT showed almost no
G-band at 1200-1400 °C (yellow line), whereas cBaP@CNT
showed the G-band (blue line) which disappeared at 1600 °C.
In response to this disappearance, the RBM signal of 265 cm™
appeared, i.e., the production of DWCNT. Finally, for both
AN9@CNT and BaP@CNT, the G-band (1580 cm ™) and G*-
bands disappeared at 1800 °C and G-band of DWCNT appeared
at 1585 cm™! (Figure 10c). For the D-band region, the intensity
of anew D-band (1280 cm™), which appeared at a different po-
sition from the outer CNT-derived D band (1300 cm™), is also
stronger for cBaP@CNT than in cAN9@CNT. It is consistent
with the spectral change in the RBM region where the conver-
sion cBaP to the GNR-like substance occurs at IT (Figure 10b).

In summary, AN9@CNT below 1400 °C produces WGN, at
1600 °C produces a planar substance, and finally form DWCNT
at 1800 °C. On the other hand, BaP@CNT forms planar GNR
already at 1200 °C, and starts to form DWCNT at 1600 °C com-
pleting at 1800 °C.
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Figure 10. Raman spectra of AN9@CNT and BaP@CNT treated
at 1000 to 1800 °C. (a) RBM and RBLM region. (b) G- and D-band
region. (c) G-band region. (d) Comparison of the G-band intensity
normalized by G*-band at different temperatures.

Raman scattering of carbonized N-containing PAH precur-
sors@CNT after thermal conversion. Next, we compared the
thermal behavior of CF precursors with nitrogen content vary-
ing from 0% to 32.14% at 1400 °C. We focused on the peak
intensity of the G-band (1580 cm™) As is seen in Figure 11a
and summarized in Figure 11b, we found the increase in the ni-
trogen content causes the decrease of the G-band, indicating
that nitrogen suppresses the formation of the planar graphene
structure. Thus, BaP consisting only of carbon and hydrogen
atoms gives a strong G-band, while acridine with a nitrogen
content of 7.69% gives only a shoulder peak at 1580 cm.
Anthyridine with 27.28% nitrogen content and AN9 with
32.14% nitrogen content show no G-band at all at 1580 cm™.
We noted however that all four precursors gave DWCNTSs when
heated to 1800 °C where nitrogen atoms are entirely lost (cf.
Figure 10a, b).
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Figure 11. Raman spectra of nitrogen-containing precursors in
CNT upon pyrolysis at 1400 °C. (a) G-band and D-band spectra of
CNTs encapsulated with AN9, anthyridine, acridine, and BaP. (b)
Correlation between the nitrogen content of the precursor and
G/G*-band ratio.

CONCLUSION

Industrially produced PAN-CF has a tensile strength of 7
GPa,** which may even reach 19-23 GPa.***’ However, the
elastic modulus of 600 GPa remains rather unimpressive, com-
pared with the data reported for pb-CF, which has achieved 965
GPa, comparable to a CNT. *® At the same time, the maximum
tensile strength is only 4 GPa.® Achieving both high tensile
strength and high modulus for PAN-CF has been a long-stand-
ing challenge in the materials community. However, our effort
to improve the tensile strength of PAN-CF has been hampered
by the lack of understanding of the origin of the high tensile
strength, in particular, the reason why the tensile strength max-
imizes at IT.

A consensus has been that the imbalance between tensile
strength and elastic modulus of PAN-based CF is due to its
three-component composition, consisting of a highly periodic
graphitic portion, an aperiodic portion with an unknown struc-
ture, and voids.*>->° The least known has been the chemical
structure of the aperiodic structure and its role in the mechanical
properties—a bottleneck of the PAN-CF research. The present
study suggests that both the imbalance and the temperature de-
pendence of the mechanical properties are closely related to the
formation of WGN upon pyrolysis at IT (Figure 1d). Such struc-
ture will resist fracture because of high entropy that suppresses
further entropy increase (e.g., fracturing).

The comparison of the thermal behavior of BaP@CNT and
ANI@CNT shows that the former forms a planar graphene
structure at I'T before forming DWCNT at 1600 °C, whereas the
latter forms a 5-, 6-, and 7-membered WGN as a semi-stable
structure before forming DWCNT at 1800 °C. As formed in the

bulk CF, the disordered WGN structure should resist crystalli-
zation and hence enhance the mechanical properties from an en-
tropic point of view, while crystalline graphite structure would
prone to grain boundary fracture. This difference between pb-
CF and PAN-CF is reminiscent of the difference between crys-
talline metal and non-crystalline high entropy alloys, the former
prone to grain boundary fracture.?

We have compared in this study the bulk data, the properties of
individual molecules, and the ensemble average data deter-
mined using TEM/STEM observations and suggest a scenario
for pyrolyzed PAN to achieve high tensile strength at IT. Before
the rapid nitrogen decomposition around 900 °C, cPAN is
amorphous and thermoelastic so that it can move among voids
formed by nitrogen/hydrogen loss (as large as 32% mass loss).
The cPAN produced at 900 °C consists of 5-, 6-, and 7-mem-
bered rings, and further nitrogen loss occurs around 1100 to
1200 °C, where the cPAN forms aperiodic stacks of WGN.
Templated promotion of the growth of graphitic layers has been
suggested previously by the isolation of MWCNTs and curved
multigraphene layers.'

The data have shown that the high nitrogen content of PAN
plays a crucial role in the production of CF with high tensile
strength, because the nitrogen loss at IT is critical in that it pro-
duces the WGN that shows thermoelectricity due to SWR. The
presence of WGN may destabilize PAN-CF due to a decrease
in enthalpy but stabilize it due increase in entropy so that the
CF resists further increase of entry by fracture. The observed
conversion of wavy graphene to order graphene resembles the
2-D and 3-D crystal nucleation/growth processes recently ob-
served by the SMART-EM method.!'®*! The situation differs for
pb-CF, where graphitization and crystallization occur nearly at
once at around 1000 °C to form a full-fledged graphite structure,
resulting in less hierarchical mesostructure and thus leaving lit-
tle chance for structure control. Finally, we note in passing the
renewed interest in the ubiquity of carbon and carbon-based ma-
terials these days for nonscientific but nontrivial reasons, >3
such as geographically uneven distribution of metal resources
and the decreasing supply of even common elements, for exam-
ple, high-grade iron ore.
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