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ABSTRACT: We prepared graphite films using typical
Shirakawa-type and stretchable polyacetylene (PA) films as
precursors through a morphology-retaining carbonization. A
macroscopically aligned PA film was prepared from the
drawable PA film using a mechanical-stretching procedure.
The degree of orientation of the aligned PA film was evaluated
by measuring polarized infrared absorption spectra and an
azimuthal-angle profile of a Laue X-ray diffraction (XRD)
pattern. The carbonization was performed from the iodine-
doped PA films as precursors at 800 °C. The carbon films were
subsequently graphitized at 1400—3000 °C, yielding graphite
films with almost the same surface morphology as that of the
original PA films and that of the carbon films as precursors.
The typical PA film graphitized at 2600 °C exhibited tensile
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strengths of up to 224 MPa, moduli of up to 10 GPa, and an average electrical conductivity of 2.5 X 10> S/cm. In contrast, the
graphite film prepared from the stretched PA film presented a Laue XRD pattern in which graphitic crystal structures are aligned
parallel to the direction of stretching of the PA film. The anisotropic graphite film showed an enhanced conductivity of up to 1.5
X 10 S/cm along the stretching direction. We demonstrated that an iodine-doped PA film is a highly efficient carbon source for
producing graphite films with good mechanical and electrical properties. The total yield of a graphite film is as high as 61—74% at
up to 3000 °C, which is considerably higher than that of polyacrylonitrile-based carbon fiber and polyimide-based graphite film.

1. INTRODUCTION

Carbon-based freestanding films, such as graphite foils," carbon
nanotube (CNT) buckypapers,” and graphene-based papers,’
have recently attracted considerable attention because of their
high mechanical flexibility, electrical properties, and excellent
chemical and thermal stabilities. Therefore, these films are
currently being used in industrial applications in various fields.
Graphite foils are generally fabricated by rolling thermally
expanded graphite flakes. In contrast, CNT- and graphene-
based papers are often fabricated from dispersed CNTs and
chemically exfoliated graphenes using a solution processing
route with a vacuum filtration technique. The chemical vapor
deposition growth method is also widely employed as a direct
fabrication technique for freestanding CNT films.* A number of
approaches have been reported for efficiently preparing high-
quality and large-scale carbon-based films that exhibit excep-
tional performance. However, fabricating carbon materials with
desirable forms, such as nanofibers, anisotropic structures, and
hierarchical structures, is generally difficult. For potential
advanced applications of carbon-based films, particularly in
the fields of nanotechnology and carbon electronics, precise
morphsoélogy control based on a bottom-up approach is a key
factor.”
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We have recently succeeded in preparing hierarchical helical
graphite films through a solid-state carbonization and a
subsequent graphitization, in which graphitic carbon fibrils
are helically bundled and spirally arranged.” These helical
graphite films were prepared from helical aliphatic and aromatic
conjugated polymer films, such as iodine-doped helical
polyacetylene (PA) and ClO, -doped helical poly(3,4-ethyl-
enedioxythiophene) films, as carbonization precursors that are
synthesized through a chemical or electrochemical polymer-
ization in a chiral nematic liquid crystal as an asymmetric
reaction field. Notably, the novel carbonization method
provides stable freestanding graphite films from unstable
aliphatic conjugated polymer films. The iodine doping is the
most important and indispensable procedure for preventing
thermal decomposition and for retaining the morphology of the
PA precursor film. Because PA has a high carbon content
(~92.3%), the theoretical carbonization yield after the heat
treatment is supposed to be higher than that of other precursor
polymers, such as polyacrylonitrile (PAN, ~67.9%) and
polyimide (PI, ~67.4%), which are representative carbonization
precursors for the production of carbon fibers® and graphite
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Figure 1. SEM images of the (a) S-type (gas side), (b) unstretched (as-polymerized), and (e) mechanically stretched PA films. The insets present
photographs of the (a) S-type [gas side, thickness (t) = 107 =+ 2 um, bulk density (dyy) = 0.72 g/cm’] and (b) unstretched (¢ = 26 + 4 um, dyy =
1.16 g/cm®) PA films. Photographs of the (c) stretched [draw ratio (1/]) ca. 4] PA film and the (d) film in which two polarizers are arranged parallel
(bright) and perpendicular (dark) to the direction of stretching of the PA film. A schematic illustration is also presented in part d. These samples are

pristine PA films before the iodine doping.

films,” respectively. Indeed, previous studies reported that the
novel carbonization procedure affords a high carbonization
yield of approximately 80% at 800 °C.”*" Although helical
graphite films are anticipated to be used in potential
applications based on their helical structure and electrical
conductivity, such as graphene aggregates, carbon electrodes,
and molecular magnets based on an induced solenoid
magnetism, their intrinsic performance is still too low for use
in such applications, even in a macroscopically aligned helical
graphite film,”® when compared with the theoretical properties
of a natural graphite single crystal, a single-layer graphene sheet,
and the above-described carbon-based papers. Therefore,
improving the mechanical and electrical properties of graphitic
materials produced from conjugated polymeric precursors is of
considerable importance.

One of the most promising approaches for enhancing the
electrical conductivity of graphite films is the macroscopic
alignment of polymer films used as precursors.'® The direct
synthesis of a macroscopically aligned PA film has previously
been successfully achieved using a highly oriented nematic
liquid crystal with a monodomain structure through a gravity-
flow technique,11 a magnetic field method,"? or a combination
of the two methods."® The PA film with a highly aligned fibril
morphology exhibited a distinct enhancement in its anisotropic
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electrical conductivity. The order parameter of the aligned PA
film has been reported to be approximately equal to the value
for nematic liquid crystals. In other words, the order parameter
of the PA film has never exceeded that of the nematic liquid
crystal as long as the liquid-crystal polymerization method is
used to synthesize the aligned PA film. By contrast, highly
stretchable PA films with high tensile properties have been
synthesized through using the method of Naarmann and
Theophilou,14 a solvent evacuation method,'® and an intrinsic
nonsolvent method."® The conductivity of the PA film was
enhanced through a uniaxial alignment of the polymer chains,
which was associated with the mechanical stretching of the film
following polymerization. In these methods, the high-temper-
ature-aged catalyst solution affords PA film with high density
and mechanical stretchability. Indeed, among conjugated
polymers, the highest electrical conductivity has been reported
in a mechanically aligned PA film doped with iodine.'” If the
highly stretched PA film is used as a carbonization precursor
polymer, the production of an anisotropic graphite film with
improved electrical conductivity might be achieved.

In this study, first we present (i) freestanding graphite films
with an entangled fibril morphology that were prepared from
iodine-doped typical Shirakawa-type (S-type) PA films'®
through a morphology-retaining carbonization method and a
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Figure 2. (a) Polarized IR absorption spectra of the stretched PA film and (b) their magnified spectra.
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Figure 3. XRD patterns of the (2) S-type, (b) unstretched (as-polymerized), and (c) mechanically stretched (I/], ca. 4) PA films. The incident X-rays
are perpendicular to the film surface. The inset shows the azimuthal-angle profile based on the (110) and (200) reflections of the XRD pattern.

These samples are pristine PA films before the iodine doping.

subsequent graphitization procedure at very high temperatures
of up to 3000 °C. The carbonization and graphitization
procedures were optimized to achieve high crystallinity and
electrical conductivity in the obtained graphite film. Next, we
present (i) macroscopically aligned graphite films that were
prepared from highly stretched PA films using the optimized
heat-treatment condition. The aligned PA film was prepared by
drawing the stretchable PA film synthesized using the solvent
evacuation method.

2. RESULTS AND DISCUSSION

2.1. Morphologies of PA Films. The S-type and
stretchable PA films were synthesized through an interfacial
acetylene polymerization in isotropic solvents, such as toluene
and cumene, using the Ziegler—Natta catalyst tetra-n-butox-
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ytitanium [Ti(O-n-Bu),] and triethylaluminum (AIEty). The
full experimental details of the polymerization methods are
described in the Supporting Information. Figure 1 presents
photographs of the S-type, unstretched (as-polymerized), and
mechanically stretched PA films with a metallic luster. The glass
and gas sides of the typical PA film exhibited shiny and dull
metallic lusters, respectively. The stretchable PA film could be
drawn approximately four times in length without breaking
under nitrogen gas at room temperature. This film also
exhibited a linearly polarized dichroism when the polarizer was
arranged parallel (bright) or perpendicular (dark) to the
stretching direction of the film (Figure 1d). In contrast, the
typical PA film only exhibited a weak stretchability at room
temperature.19 Figure la presents a scanning electron micro-
scope (SEM) image of the typical PA film. This image shows

DOI: 10.1021/jacs.5b04012
J. Am. Chem. Soc. 2015, 137, 9077—-9087


http://dx.doi.org/10.1021/jacs.5b04012

Journal of the American Chemical Society

[a]

DTA [pV]

TG [%]

DTA [uV]

P R T N 100 obo 0 30 -100
200 400 600 800 1000 200 400 600 800 1000
Temperature [°C] Temperature [°C]
[c] 0 [d] 0
40}
4-20 --20
40k
30
3 1Y Z 1"
< 3] < oL U]
B 20} -4-60 + . -60 +
480 10p --80
0k
. 1 N 1 " 1 . 1 i 100 0 . 1 L 1 N 1 " 1 L 100
200 400 600 800 1000 200 400 600 800 1000

Temperature [°C]

Temperature [°C]

Figure 4. TG-DTA curves of the (a) pristine S-type, (b) pristine stretchable, (c) iodine-doped S-type ([CHI,5],), and (d) iodine-doped stretchable

([CHI,4,],) PA films.

that a number of fibrils with thicknesses of less than 100 nm are
entangled. By contrast, the stretchable PA film shows no clear
fibril morphology, regardless of whether the PA film is in a
mechanically stretched state (Figure lce). As observed from
the SEM image of the stretched PA film, the polymer chains are
macroscopically aligned parallel to the direction of mechanical
stretching.

2.2. Polarized IR Absorption Spectra of PA Films.
Infrared (IR) absorption spectra of the PA films were
measured. The cis contents were determined from the
absorption bands at 740 and 1015 cm™" attributed to cis and
trans C—H out-of-plane vibrations, respectively. The present S-
type and stretchable PA films have a high cis content of 87%
(Figure S1 in the Supporting Information), which is due to the
low polymerization temperature of —78 °C. Subsequently, the
polarized IR absorption spectra parallel (0°) and perpendicular
(90°) to the stretching direction of the mechanically drawn PA
film were measured (Figure 2). The IR dichroic ratio (R) and
the optical order parameter (S) of the stretched PA film were
determined to be 10.8 and 0.76, respectively, where R is defined
as R = A5 /Ajois,1 and S is defined as S= (R —1)/(R + 2).%°
Here, Ajg;5) and Ajg;5 | represent the integrated absorbances of
polarized light at 1015 cm™ parallel and perpendicular to the
aligned direction of the film, respectively. The present optical
anisotropy and the relatively high order parameter indicate a
significant alignment of PA chains along the direction of
stretching. The orientational angle (6), defined as 6 =
cos '[(2R = 1)/(2R + 1)]"? was calculated to be 17°.'

2.3. XRD Patterns of PA Films. Figure 3a presents an X-
ray diffraction (XRD) pattern of the typical PA film. The XRD
pattern shows sharp (110) and (200) reflections at 3.8 A (23.3°
in 26), a small (210) reflection at 2.9 A (31.0° in 26), and a
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(002) reflection at 2.2 A (41.3° in 26). This result indicates that
the typical PA film has a highly crystalline region inside the
fibril.''? Figure 3b presents an XRD pattern of the unstretched
PA film. The pattern shows (110) and (200) reflections at 3.9
A (22.8° in 26), a (210) reflection at 2.9 A (30.6° in 20), and a
(002) reflection at 2.2 A (40.6° in 26). Figure 3c presents an
XRD pattern of the stretched PA film. The pattern shows sharp
(110) and (200) reflections at 3.8 A (23.2° in 26), a small
(210) reflection at 2.9 A (30.9° in 20), and a (002) reflection at
2.2 A (40.9° in 20). As shown in Figure 3¢, the fiber diagram in
the pattern indicates a uniaxial alignment of the PA chains,
which is in stark contrast to the Debye—Scherrer ring observed
in XRD patterns of the S-type and unstretched PA films. The
degree of orientation of the stretched PA film was estimated
using Hermans’ (second-order) orientation factor (f) based on
the (110) and (200) reflections of the pattern using the
equation f = ({3cos* @) — 1)/2, where @ is the peak width at
half-maximum for the azimuthal-angle profile.”” Consequently,
the orientation factor was calculated to be as high as 0.81—0.82.
From these results, the stretched PA films are anticipated to
afford potential carbonization precursors consisting of inter-
chain z-stacked polyene chains with uniaxially aligned
structures.

2.4. TG-DTA Curves of PA Films. The thermal behavior of
the undoped PA film in a heating run was compared with that
of the iodine-doped film using thermogravimetric—differential
thermal analysis (TG—DTA) up to 1000 °C (Figure 4). The
DTA curve of the undoped typical PA film presented
exothermic peaks at 165 and 347 °C and an endothermic
peak in the range of 400—600 °C. These peaks are attributed to
a cis—trans isomerization, a cross-linking, and thermal
decomposition, respectively.23 The decomposition is accom-
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Figure S. (a) Carbonization yield of the typical PA film as a function of the amount of doped iodine. SEM images of the (b) S-type (gas side), (c)
unstretched, and (f, g) mechanically stretched PA films ([CHI,6_¢34],) graphitized at 2600 °C. The insets show photographs of the (b) S-type
[precursor, [CHI,,;],, gas side; t = 55 =+ 6 pm, dyy = 1.32 g/cm?, electrical conductivity (6) = 257 + 22 S/cm] and (c) unstretched ([CHIy6],, t =
46 + 8 um, dpyy = 1.05 g/cm’, 6 = 282 + 33 S/cm) PA films graphitized at 2600 °C. Photographs of the (d) stretched PA film ([CHI,3,],, t = 14 +
0 pm, dyy = 1.61 g/cm’, oy 539 * 39 S/cm) graphitized at 2600 °C and the (e) aligned graphite film with polarizers.

panied by a large weight loss (67% at 600 °C) of the PA film
due to the volatilization of hydrocarbon gases, such as benzene,
toluene, methane, and ethylene,24 as shown in the TG curve
(Figure 4a). The DTA curve of the stretchable PA film reveals
that polyene chains are transformed from a cis form to a trans
form at 142 °C, are cross-linked at 331 °C, and are thermally
decomposed in the range of 400—600 °C (Figure 4b). In
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contrast, in the case of the doped PA film, the DTA curve
shows that a transformation from cis form to trans form occurs
at 111-125 °C, after which the weight of the film rapidly
decreases as the temperature increases up to 300 °C due to an
evaporation of excess doped iodine. Furthermore, a small
decrease in weight is observed in the range of 400—500 °C. The
doped PA film showed no endothermic peaks attributed to
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thermal decomposition in the DTA curves (Figure 4c,d). The
thermal behavior of these S-type and stretchable PA films is
similar to that of aligned and helical PA films synthesized in a
liquid-crystal reaction field.”*"

Here, it is of interest to discuss the role of iodine in PA films
during the heat treatment. From the TG—DTA results, it is
clear that the doped iodine prevents the PA film from
undergoing a thermal decomposition during the heat treatment.
In our previous work, a plausible mechanism of the preparation
of carbon films from iodine-doped PA films was suggested: the
iodine dopant reacts with the hydrogen atoms in the polymer
chain, leading to the formation of hydrogen iodide gas during
the heat treatment, and the polymer chains partially cross-link
between the adjacent chains. Consequently, it is possible to
prepare carbon and graphite films with completely preserved
morphologies and even fibril structures. Further details about
the mechanism are presented in the previous literature.”*® The
carbon and graphite films with retained morphology are
presented in section 2.6.

2.5. lodine Doping, Carbonization, and Graphitization
of PA Films. Iodine doping was performed by exposing the PA
film to iodine gas at room temperature for 2—186 h in a glass
vial. The iodine doping of the stretchable PA film was
performed after the mechanical stretching treatment of the
PA film. The amount of iodine doped into the films was
determined by weighing the doped PA films. The atomic ratio
of doped iodine to carbon in the PA film (I/C) was 0.07—0.36.
The doped PA film was placed between carbon plates (80 X 80
X 2—10 mm) and was inserted into an electric furnace. The
doped PA film was then carbonized at 800 °C in the electric
furnace for 1 h under flowing argon gas. The heating rate was
10 °C/min. The yields of the carbon films after the
carbonization of the S-type and stretchable PA films were as
high as 64—80 and 62—74% of the weight of the PA film prior
to iodine doping, respectively. Note that the carbonization yield
was determined using the equation

100[ (weight of carbonized PA film) /(weight of PA film)]

The “weight of PA film” means a pristine PA film before the
iodine doping. The degree of shrinkage of the typical PA film
([CHIy4],) during the carbonization was 66% of the area of
the film prior to iodine doping. The carbonization yield of the
typical PA film increased as the amount of doped iodine
increased (Figure Sa). The elemental analysis (EA) results for
carbonized typical PA film ([CHI,,4),) are as follows: C, 94.43;
H, 0.71; N, 0.16; and O, 2.08 (total, 97.38%). On the basis of
the EA results, no iodine was detected in the carbon film. The
EA results for the carbon film prepared from the stretchable PA
film ([CHI,4],) are as follows: C, 96.65; H, 0.64; N, 0.54; and
0, 0 (total, 97.83%).>® The carbonized film was further heated
at 1400—3000 °C with a graphitizing apparatus under flowing
argon gas. The graphitization time was 30 min for 1400—2600
°C and 1 min for 3000 °C. The graphitization yields of the S-
type and stretchable PA films graphitized at 2600 °C were 89—
96 and 91—97%, respectively. The EA results for the typical PA
film ([CHI,,3],) graphitized at 2600 °C were as follows: C,
99.80 and H, 0. Note that the carbon films that were heat-
treated at temperatures above 1400 °C possessed a carbon
content of ~100% (precursor, [CHI,,,],; temp, 1400 °C; EA:
C, 99.35 and H, 0). In contrast, the EA results for the
stretchable PA film ([CHI,g],) graphitized at 2600 °C were as
follows: C, 99.93 and H, 0. Freestanding carbon and graphite
films were obtained from the iodine-doped PA films through
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carbonization at 800 °C followed by graphitization at 1400—
3000 °C.

2.6. Morphologies of Carbon and Graphite Films.
Importantly, the fibril morphology of the typical PA film
remained unchanged after the carbonization at 800 °C, as
indicated in the SEM image of the carbon film (Figure S2a in
the Supporting Information). A morphology consisting of
entangled fibrils was observed in the carbon film prepared from
a fully doped typical PA film. Note that the carbon film
prepared from the less-doped PA film ([CHI,,],) retained
neither a fibril morphology nor the original film shape after the
carbonization (Figure S3 in the Supporting Information). By
contrast, an aligned morphology was observed in the carbon
film prepared from the stretched PA film ([CHI,;],) after the
morphology-retaining carbonization (Figure S2e in the
Supporting Information).

Figure 5 presents photographs of the S-type, unstretched,
and stretched PA films graphitized at 2600 °C. Notably, the
graphite film prepared through a heat treatment at 2600—3000
°C has almost the same surface morphology and film shape as
that of the original PA film and as that of the carbon film
prepared at 800 °C, even in the aligned graphite film prepared
from the stretched PA film [Figures S and S4 (Supporting
Information)]. The surface of the gas side of the typical PA film
graphitized at 2600 °C exhibited a more porous morphology
than that of the glass side in SEM images [Figures Sb and SSc
(Supporting Information)]. The porosity (P) of the graphite
film was estimated to be 39—53% using the following equation:
P (%) = 100[1 — (dpui/dirwe) ], where dyy is the bulk density of
the film and d, is the true density of graphite (2.25 g/cm?).

2.7. XRD Patterns of Carbon and Graphite Films. The
XRD patterns of the carbon films prepared at 800 °C present
no crystalline reflections (Figure S6 in the Supporting
Information), implying that the films exist in an amorphous
state. Figure 6 presents XRD patterns of the typical PA films
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Figure 6. XRD patterns of the carbon films prepared from the typical
PA films ([CHI54_o26),) at various temperatures. The incident X-rays
are perpendicular to the film surface.

carbonized at 800—3000 °C. The XRD peak corresponding to
the (002) plane and the mixed reflection of (100) and (101)
planes of a graphitic crystal essentially increased with increasing
heat-treatment temperature,*® indicating that the number of
graphite layers in the crystalline structures, the degree of
crystallinity, and the crystal sizes are supposed to increase with
increasing heat-treatment temperature. In particular, the sharp
(002) peak of the graphite film prepared at 2600 °C indicates
that the graphitic crystallization proceeds in the carbon film
through the heat treatment. The crystal size along the c-axis
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the azimuthal-angle profiles based on the (002) reflection of the XRD pattern.

(L.) of the graphite film was estimated to be approximately 4.7
nm from the (002) plane of the powder XRD pattern (Figure
S7c in Supporting Information). The present graphite film is
found to possess, on average, 14 graphite layers in the
crystalline structure based on the dy,-spacing and the L. Using
these parameters of the carbonaceous materials, the dgo,-
spacing is estimated to be close to the theoretical value of 3.35
A.

Figure 7 presents Laue XRD patterns in the through and
edge directions of the S-type, unstretched, and stretched PA
films graphitized at 2600 °C. To investigate the degree of in-
plane orientation of the graphitic crystallites in the graphite
film, the intensity ratio of the (002) plane and (100) (101)
planes (Inp,/I100 101) Was estimated from the XRD pattern. The
structural parameters of the graphite films are summarized in
Table S1 of the Supporting Information. The XRD patterns in
the through and edge directions of the typical PA film
graphitized at 2600 °C show Iyg,/I 9 10; ratios of 9.0 and 16
(Figure S7ab in the Supporting Information), respectively,
indicating that the film is composed of almost randomly
arranged graphitic crystallites with no specific orientation. This
result is in good agreement with the randomly arranged fibril
morphology of the film (Figure Sb). In contrast, the XRD
pattern in the edge direction of the stretchable PA film
graphitized at 2600 °C shows a considerably larger Iyy,/I100 101
ratio than that in the through direction (Figures S8 and S9 in
the Supporting Information), indicating that the graphene
layers tend to be parallel to the film surface. The aligned XRD
patterns in the edge direction of the graphite film also clearly
show the in-plane orientation of the layers in the film (Figure
7). The graphite film prepared from the stretched PA film
shows a higher degree of in-plane orientation than that from
the unstretched one because the former has a higher orientation
factor than the latter. Note that such an orientation in the
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graphite film is similar to the case of PPV (poly-p-phenylene-
vinylene)-based graphite films.”” Furthermore, the stretched PA
film afforded a graphite film with a higher crystallinity and a
distinct crystal size. The L, values of the graphite films prepared
from the unstretched and stretched PA films were estimated to
be approximately 5.3 and 11 nm from the (002) planes of
powder XRD patterns, respectively (Figures S8c and S9c in the
Supporting Information). The present graphite films are found
to possess, on average, 16 and 31 graphite layers in the
crystalline structure based on the dyy,-spacing and the L,
respectively.

The stretched PA film graphitized at 2600 °C exhibited an
aligned XRD pattern not only in the edge direction but also in
the through direction. The equatorial reflection was determined
to be 3.4—3.5 A, and therefore, it corresponds to an interlayer
distance in the graphitic crystal. This reflection can be assigned
as the distance between graphene layers macroscopically
aligned parallel to the direction of stretching. This is because
the PA chains aligned parallel to the direction of stretching
effectively cross-link each other during the heating process and
because the graphenes formed from the cross-linked polyene
chains closely stack, yielding graphite structures along the
direction parallel to the alignment. The orientation factor of the
graphite film was calculated to be 0.28—0.33 in the through
direction and 0.77 in the edge direction. These values are lower
than those of the original PA film after the stretching treatment.
The difference in the degree of orientation between the aligned
PA and graphite films is due to thermal shrinkage during the
heat treatment, particularly during the carbonization process,
and the disordering in the molecular structure arrangement
during the thermal transformation from polymer chains to a
graphene-like structure.

2.8. Raman Scattering Spectra of PA, Carbon, and
Graphite Films. The Raman scattering spectrum of the typical
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Figure 8. Raman scattering spectra of the carbon (black) and graphite (red) films prepared from the (a, c) S-type and (e) stretchable PA films and

(b, d, f) their magnified spectra.

PA film presents two large bands at approximately 1494 and
1119 cm™, which are assigned to the C=C stretching
vibration and the mixed vibration of C—C stretching and C—
H in-plane bending of trans-PA, respectively (Figure S10 in
Supporting Information).”® The Raman spectrum of the typical
PA film carbonized at 800 °C presents a broad disorder band
(D-band) at 1357 cm™" and a strong graphite band (G-band) at
1601 cm™ (Figure 8ab). The D- and G-bands decrease and
increase in intensity, respectively, and the two bands become
sharp, after the graphitization at 2600—3000 °C (Figure 8d).
The sharp Raman band observed at 2696—2708 cm™' in the
graphite film is assigned to the so-called 2D-band, which is
often observed in graphitic materials (Figure 8c).”” The crystal
sizes along the a-axis (L,) of the carbon and graphite films were
estimated from the Raman spectra to be 3.8 and 8.0—8.7 nm,
respectively. The L, of the typical PA film graphitized at 3000
°C is slightly larger than that of the PA film graphitized at 2600
°C. The Raman spectrum of the stretchable PA film carbonized
at 1000 °C shows a D-band at 1366 cm™" and a G-band at 1598
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cm™" (Figure 8e,(f). The L, of the carbon and graphite films
prepared from the stretchable PA film was estimated to be 4.1
and 9.6 nm, respectively. Among the graphite films, the
stretched PA film graphitized at 2600 °C has the highest L,
which is in agreement with the result of the XRD profile.
From the results of XRD patterns and Raman spectra,
graphite films with a higher degree of crystallinity are obtained
when using the stretched PA films as precursors. However, their
crystallinity is still not enough when compared with polyimide
(PI)-based graphite films and polyacrylonitrile (PAN)-based
graphite fibers because the D-band is still pronounced in the
Raman spectra, even after the heat treatment up to 3000 °C.
This lack of crystallinity is rationalized as follows: it is well-
known that the inherently rigid backbone of aromatic PI
derivatives is easily graphitized, and highly crystalline graphite
fibers are produced through an aromatization step followed by
carbonization and graphitization processes. It is considered that
the aromatic units in the precursor polymer structure facilitate
positive eftects for the formation of graphite crystal. In contrast,
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Figure 9. (a) The stress—displacement curves for five different measurements during the three-point bending test of the graphite film (t = 60 + 11
um) prepared from the typical PA film [(CHI;5),] at 2600 °C. (b) The stress—strain curves for five different measurements during the tensile test
of the graphite film (t = S5 & 6 ym) prepared from the typical PA film [(CHI,,,),] at 2600 °C. The insets present photographs of the graphite film
before (upper) and after (lower) the measurement. (c) Electrical conductivity of the carbon films (t = $2—82 ym) prepared from the typical PA films
([CHI,,4-030)s) as a function of heat-treatment temperature. The error bars represent the standard deviation from several measurements. (d) TG
curve of the typical PA film ([CHI,,,],) graphitized at 2600 °C, indicating the high thermal stability of the film (weight loss <0.5% up to 1000 °C).

aliphatic PAs have no such aromatic units in their molecular
structure. Therefore, PA films could possess a fundamental
difficulty to be completely graphitized that is related to the
intrinsic chemistry itself.

2.9. Mechanical Properties of Graphite Films. The
mechanical properties of the typical PA film graphitized at 2600
°C were evaluated through tensile and three-point bending
tests at room temperature. The average bending strength and
modulus of the graphite film were 62 + 10 MPa (6}, = 76
MPa, 6}, i, = 52 MPa) and 16 =+ 3 GPa (&, = 19 GPa, &) i,
= 12 GPa), respectively (Figure 9a), which are both comparable
to those of CNT blocks and are both higher than those of
commercial graphites.”® The graphite film has a higher bending
flexibility than the stretchable PA film graphitized at 2600 °C
because of its entangled fibril morphology. In contrast, the
average tensile strength and modulus of the graphite film were
196 + 16 MPa (0, . = 224 MPa, 0, ;, = 185 MPa) and 8 + 1
GPa (&1, = 10 GPa, &, = 7 GPa), respectively (Figure 9b).
This strength is higher than that of the previously regorted
graphite foils,' buckypapers,*** graphene papers,**>* and
graphene oxide papers”>® and is slightly lower than the highest
value of graphene papers reported by Chen et al.>* The tensile
property of the graphite film was higher than that of the
corresponding film carbonized at 800 °C. The average tensile
strength and modulus of the carbon film were 66 + 16 MPa
(Gymax = 81 MPa, 6, i, = 45 MPa) and 6 + 2 GPa (&, = 9
GPa, &, = 4 GPa), respectively (Figure Slla in Supporting
Information). This difference in mechanical properties between

9085

the carbon and graphite films can be rationalized as follows: the
graphite film has a larger graphitic crystalline structure with a
significant crystal size in a carbon fibril than the amorphous
carbon film, leading to the enhancement in the strength and
modulus through the heat treatment at 2600 °C. Furthermore,
although the graphite film prepared from the stretchable PA
film exhibited a lower tensile strength than that from the typical
PA film, the former showed a higher tensile modulus than the
latter. This is probably due to the tightly entangled fibril
structure of the graphite film prepared from the typical PA film,
leading to the higher tensile strength than that from the
stretchable PA film. The highest tensile strength and modulus
of the graphite film prepared from the stretched PA film at
2600 °C were 126 MPa and 22 GPa, respectively (Figure S11b
in Supporting Information).

2.10. Electrical Conductivities of Carbon and Graphite
Films. The electrical conductivities of the iodine-doped PA,
carbon, and graphite films were roughly measured using the
four-point probe method at room temperature. The film
carbonized at 800 °C and the film graphitized at 2600 °C
prepared from the fully doped typical PA film have
conductivities of 37 + 2 S/cm (t = 82 + 1 um) and 251 +
21 S/em (t = 52 = 1 pm), respectively (Figure 9c). The
graphite film prepared from the less-doped typical PA film
exhibited a higher conductivity than that from the fully doped
film due to its dense surface morphology (Figure S3 in the
Supporting Information). The carbon and graphite films
prepared from the unstretched PA film exhibited conductivities
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of 58 + 5S/cm (t =45 + 9 um) and 282 + 33 S/cm (t = 46 +
8 yum), respectively. Note that the conductivity of the present
graphite film is higher than that of the PA-based helical graphite
film (o on the order of 100 S/cm),”*® even in a relatively thick
film. This result is probably due to the difference in bulk
density between the present graphite film and the helical one.
Although the present graphite film is considerably lighter than
bulk graphites due to its high porosity, it has a higher bulk
density of 1.05—1.61 g/cm® than that of the helical graphite
film (<1.00 g/cm?), leading to the relatively high conductivity.

The conductivity of the graphite films increased through
chemical doping with fuming nitric acid (HNO;). The HNO,
doping was performed by immersing the graphite film in
fuming HNO; in a glass vial at room temperature for over 24 h.
The doped graphite film retained its morphology throughout
the doping (Figure S12a in the Supporting Information).
Figure S12b in the Supporting Information presents a typical IR
absorption spectrum of the graphite nitrate film. The
absorption band at 1385 cm™" provides evidence that a NO,~
ion is formed as a dopant species in the graphite film.”*
Furthermore, the graphite film prepared from the stretched PA
film exhibits an increase in conductivity compared with the
unstretched film. The maximum conductivity parallel to the
stretching direction (o)) in the relatively thin film was
determined to be 1501 + 194 S/cm (t = 4 + 2 um). This is
approximately S—6 times higher than the conductivity of the S-
type and unstretched PA films graphitized at 2600 °C. The
main benefit of stretching the PA film is the enhancement in
the electrical property of the graphite film. The aligned graphite
film also exhibited an electrical anisotropy in which the
conductivity parallel to the direction of stretching was higher
than that perpendicular to the direction. This anisotropy,
defined as the parallel-to-perpendicular value of the con-
ductivity (0y/0,), ranged from 1.1—1.3, depending on the
sample. The unexpectedly lower value is attributed to the
formation of networks of sp* hexagonal carbon bonds during
the heat treatment via a thermal cross-linking between the
adjacent PA chains, which produce diagonal transportation
passes of charged carriers and enhance the perpendicular
conductivity.

3. CONCLUSIONS

It was demonstrated that an iodine-doped PA film is a highly
efficient carbon source for producing graphite films with good
mechanical and electrical properties. The present carbonization
procedure provides a graphite film with a total yield as high as
61—74% at up to 3000 °C, which is considerably higher than
that of PAN-based carbon fiber (up to 56%) and Pl-based
graphite film (50—55%)***" and is slightly lower than the
carbonization yield of pitch-based carbon fiber (80—85%).>>
Furthermore, the highly mechanically stretched PA film
retained its aligned morphology even after the carbonization
and subsequent graphitization, affording an anisotropic graphite
film with enhanced conductivity. We expect that the strong,
electrically conductive, thermally stable, and single-component
graphite films might exhibit unique functional properties that
are characteristic of the entangled fibril morphology or
anisotropic structure and could also be used as a porous
carbon paper suitable for a gas diffusion layer in polymer
electrolyte fuel cells or as an anisotropic carbon negative
electrode material for lithium ion batteries. We plan to perform
such experiments for one of the particular applications, and the
details will be reported in the near future.
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