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Abstract Carbon papers (CPs) have been fabricated using
wet-laying carbon fibers (CFs) and polyacrylonitrile (PAN)
fibers. Scanning electron microscopy revealed that the PAN
fibers tightly interconnected the CF junctions with the pores
between the fibers. The tensile strength of the carbon webs
(CWs) increased as the fraction of PAN fibers used as the
binder increased. The CW fabricated with 0.15 wt% PAN
fibers had a tensile strength six times greater than that of the
CW without PAN fibers. Moreover, by mixing the CFs with
PAN fibers in water, the CFs separated from each other in the
webs due to the interruption of hydrophobicity between the
CFs. After mixing with PAN fibers, the CW's were carbon-
ized at 1200 °C in the presence of a phenolic resin. The PAN
fibers maintained their morphology due to their high carbon
content after carbonization. The electrical resistivity of the
CPs with high PAN fiber content was significantly lower than
that of a CP without PAN fibers due to the interconnection of
the CFs by the carbonized PAN fibers.
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Introduction

Carbon papers (CPs) have been widely investigated as gas
diffusion layers in proton exchange membrane fuel cells
due to their high electrical conductivity and gas permeability
[1-6]. In general, CPs are prepared from the high-tempera-
ture pyrolysis of preformed carbon webs (CWs) covered with
a phenolic resin. Prior to pyrolysis with a phenolic resin, the
preformed CWs assembled by wet-laying carbon fibers
(CFs) are too weak for fabrication in a continuous production
process. The tensile strength of the CWs is a particular
problem. To overcome this obstacle, chemical binders have
been added to the CF solutions. Jabbour and co-workers used
microfibrillated cellulose (MFC) as a binder in an aqueous
suspension to produce flexible paper-like electrodes for
Li-ion batteries [7]. Scanning electron microscopy (SEM)
revealed that hydrogen bonding within the MFC induced the
formation of a porous web-like structure in the graphite/
MEC film. More recently, the authors used bleached euca-
lyptus kraft cellulose fibers (BEKCF) as a novel binder for
CF composite papers [8]. The CFs were held together by a
homogeneous BEKCF network. Increasing the BEKCF
weight fraction in the composite sheet, improved the
mechanical properties of the paper. Yan and co-workers
reported the fabrication of carbon nanofiber—polyaniline
composite flexible paper using a facile polymerization of
aniline monomers on the CNT paper [9]. The composite
paper showed improved electrical conductivity and elec-
trochemical performances compared with the CNT paper.
Polyacrylonitrile (PAN) fibers are a well-known precur-
sor for the synthesis of CFs due to their high carbon yield and
melting point [10]. High-temperature thermal treatment
converts the precursor PAN fibers into graphitic CFs. This
PAN-based CF is significantly stronger than the CFs derived
from pitch, rayon, and other materials [11]. The high strength
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of the CFs derived from the PAN fibers motivated our study
of the incorporation of PAN fibers into the CWs as a binder to
increase their tensile strength. Herein, we report the fabri-
cation of CPs using a wet-laying process with PAN-based
CFs and PAN fibers as the binder. The PAN fibers played
roles not only to prevent the aggregation of the PAN-based
CFs but also to increase the tensile strength of the CWs. The
tensile strength of the CWs with a significant fraction of PAN
fibers was significantly higher than that of the CW without
PAN fibers. In addition, after the pyrolysis of the CWs at
1200 °C in the presence of a phenolic resin, the electrical
resistivity of the CPs with a significant fraction of PAN fibers
was significantly lower than that of the CP without PAN
fibers due to the interconnection of the CFs by the carbonized
PAN fibers.

Experimental
Materials and instruments

The PAN-based CFs, branded as T700, were manufactured
by the Toray Co., Ltd. (Nasushiobara—shi, Tochigi, Japan).
These CFs were chopped with a length of 4.5 mm and
purchased from ACE C & TECH Co., Ltd. (Seoul, South
Korea). The nominal diameter of CFs is approximately
8.5 um. The polyvinyl alcohol (PVA) flakes with DP 2000
were purchased from Kuraray Chemical Co., Ltd. (Osaka,
Japan). Dimethyl sulfoxide (DMSO) and methanol were
purchased from Samchun Pure Chemical Co., Ltd.
(Pyungtak-si, Gyeonggi-do, South Korea). Sodium car-
boxymethyl cellulose (Na-CMC) with the molecular
weight of 300000 and the phenolic resin (KRD-HM2) were
purchased from KOREA CMC Co., Ltd. (Daejeon-si,
South Korea) and KOLON Industries, Inc. (Gwacheon-si,
Gyeonggi-do, South Korea), respectively.

The SEM images were acquired on a HITACHI S-4800
at an acceleration voltage of 5 kV. The thermogravimetric
analysis (TGA) data were obtained using a TA 2050
instrument with a heating rate of 10 °C/min up to 1000 °C.
The X-ray photoelectron spectra (XPS) were obtained on
an AXIS-NOVA (KRATOS Analytical, UK) with a
monochromatic Al Ka X-ray source operating at 15 kV
and 10 mA. The XPS spectra were deconvoluted using the
“Fitt” software as an XPS curve-fitting program to deter-
mine the chemical state and number of functional groups.

Preparation of the PAN fibers
The PAN fibers were prepared by phase separating the
PAN from the PVA [12]. The PAN (18 wt%) and PVA

(15 wt%) were dissolved at 50 °C for 24 h and 110 °C for
4 h, respectively, in DMSO. Next, the PAN and PVA
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Fig. 1 SEM image of the PAN fibers
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Fig. 2 TGA data of the PAN fibers

solutions were combined in a weight ratio of 5:5. A wet-
spinning instrument was specially designed in our lab for
the PAN:PVA composite fibers. The PAN/PVA mixture in
DMSO was directly spun into a methanol coagulation bath
at 25 °C through a spinneret with 150 holes measuring
0.1 mm in diameter. To establish the fiber orientation, the
fibers were elongated sixfold using a drawing roller and
washed with water at 100 °C to remove the PVA. As
observed in the SEM image in Fig. 1, the PAN fibers were
several micrometers in thickness. The TGA data revealed
that the PAN fibers decomposed at temperatures above
260 °C, losing 68 wt% of their total weight up to 900 °C.
Above 900 °C, no significant weight loss occurred (Fig. 2).

Preparation of the CWs

The NaCMC (12 g, 0.6 wt%) was added to H,O (2 L) to
increase the viscosity, and the solution was stirred for
1 day at room temperature at 1000 rpm. The dynamic
viscosity of the solution was measured to be 145.2 cP at
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28.5 °C using a Brookfield viscometer with an LV-1
spindle. After completely dissolving the NaCMC in H,O,
the chopped PAN-CFs (2 g, corresponding to 0.1 wt% in
H,0) and various quantities of PAN fibers (corresponding
to 0.05, 0.1, and 0.15 wt% in H,O) were added and stirred

for 2 h at 1500 rpm. Each solution was then filtered using a
fine screen with a 0.11 x 0.18-mm”® mesh (Ultra
5000-XK574, Albany International Corp.) and dried at
90 °C. According to the SEM images of the CWs in Fig. 3,
the CFs without PAN fibers were unidirectionally aligned.

Fig. 4 SEM images of the CWs a with no addition of PAN fibers and with addition of b 0.05 wt%, ¢ 0.1 wt%, and d 0.15 wt% PAN fibers
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In contrast, those with PAN fibers were randomly distrib-
uted because the PAN fibers prevented CF aggregation.
The porosity of the CWs was measured by mercury
intrusion porosimetry (AutoPore IV 9500, Micromeritics).
In addition, the gas permeability of CWs was measured
using an air permeability tester (A20, Borgwaldt KC),
which is in compliance to ISO 2965.

Tensile strength of the CWs

The tensile properties of the CWs were measured on a
Tinius Olsen HSKT benchtop tensile tester with a 50-N
load cell and a crosshead speed of 1 mm/min at room
temperature under ambient humidity. Sheets of CWs
(2.5 x 24 cm?) were affixed to the two machine grips with
a support span of 180 mm and pulled until the samples
broke. Stress—strain curves of CWs with PAN fibers were
plotted (Fig. S1). The maximum of the stress—strain curve
was defined as the tensile strength (Eq. 1). Each

measurement was repeated three times to obtain an average
value.

F

The term TS is the tensile strength (MPa), F' is the

maximum load (N), and A is the cross-sectional area
(mm?).

Preparation of the CPs

To improve the electrical conductivity of the CWs with
electrical resistivity of a few hundred mQ cmz, the CWs
combined with the PAN fibers were coated with a phenolic
resin [13]. The CWs with PAN fibers were immersed in a
phenolic resin solution diluted with methanol (resin:meth-
anol = 1:6 w/w) for 5 min, then dried at room tempera-
ture. The webs were heated at a rate of 5 °C/min and
carbonized at 1200 °C for 90 min under a N, atmosphere.

Table 1 The properties of the

Percentage Basis weight Thickness Tensile Gas permeability Porosity
CWs entangled with PAN fibers o pAN fibers  (g/m?) (mm) strength (MPa) ~ mL/(cm® s) (%)

0 29.05 0.190 0.436 £+ 0.233 823.9 94.4210

0.05 32.22 0.221 1.661 4+ 0.198 547.8 90.4676

0.10 32.86 0.186 2.343 £ 0.794 398.6 89.8642

0.15 35.40 0.206 2.511 £ 0.125 268.9 87.8183

Fig. 5 SEM images of the CWs after pyrolysis (x500) a without PAN fibers and with b 0.05, ¢ 0.1, and d 0.15 wt% PAN fibers. Inset magnified

images of the CFs
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The CWs with PAN fibers were carbonized under the same
conditions used for pyrolysis with a phenolic resin solution
to confirm that the PAN fiber morphology was maintained.

Electrical resistivity of the CPs

The donut-shaped CPs with an area of 4.799 cm® were
prepared and placed between two gold electrodes. The
thickness and electrical resistance of CPs were simulta-
neously measured using a gas diffusion layer (GDL)
property analyzer (CPRT 10 L, LivingCare). The electrical
resistance (Q2) was multiplied by a CP area (sz) to cal-
culate the electrical resistivity (Q x cm?) (Fig. S2).

Results and discussion
Characterization of the CWs with PAN fibers

Dispersing the CFs in water is difficult because they are
hydrophobic; this problem must be addressed to facilitate
the preparation of CWs via the separation of CF bundles.
To improve the dispersion of the CFs in water, significant
effort has been devoted to design hydrophilic CFs using CF
surface oxidation [14—16]. As indicated in the SEM images
in Figs. 3a and 4a, the CW without PAN fibers exhibits
individual CFs that were not well separated but were
loosely assembled. The SEM images of the CWs with the
PAN fibers demonstrate that the CFs were well separated,
indicating that the PAN fibers might disrupt the CFs
aggregation. In addition, PAN fibers play an important role
as a binder in the CWs. When the fraction of PAN fibers in
the mixture was increased, CFs were more tightly entan-
gled by PAN fibers (Fig. 4b—d).

To investigate the mechanical properties of the CWs
entangled with the PAN fibers, the tensile strengths of the
samples were measured using the TAPPI test T-494, which
measures the tensile breaking properties of paper using a
constant rate of elongation apparatus. When 0.05 wt%
PAN fiber was added to the CF solution, the tensile
strength of the resulting CW was 1.661 MPa, which is 3.8
times higher than that of the conventional CW (Table 1).
The tensile strength of the specimens increased with the
increasing fraction of PAN fibers. Ata 0.15 wt% PAN fiber
content, the tensile strength of the CW reached 2.511 MPa.

To investigate whether the PAN fibers block the pores, we
measured the gas permeability of the webs using an air
permeability tester (A20, Borgwaldt KC). The gas perme-
ability decreased linearly as the fraction of PAN fibers in the
webs increased due to pore blockage. The porosity, deter-
mined using mercury intrusion porosimetry (WIN9400,
Micromeritics), also indicated that the CWs with PAN fibers
are less permeable than the CWs without PAN fibers.

However, porosities of 88-94 % are sufficiently high for
fabricating CPs by mixing CWs with phenolic resin.

Characterization of the carbonized CWs

According to the PAN fiber degradation mechanism, PAN,
with its open-chain structure, undergoes a cyclization
reaction to form a ladder polymer at temperatures above
180 °C [17]. Further heat treatment up to 1600 °C expels
the non-carbon atoms and yields a turbostratic structure

Table 2 Elemental analysis of the carbonized CWs with PAN fibers

Quantity of PAN fibers (wt%) C (%) H (%) N (%) O (%)
0 96.09 0 197 256
0.05 9580 0 173 3.55
0.10 96.64 0 155 262
0.15 9625 0 140 2.79

* Determined via energy-dispersive X-ray spectrometry
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Fig. 6 a C 1s XPS spectra of the CWs with different fractions of
PAN fibers, b the deconvoluted spectra of the CWs with 0.15 wt%
PAN fibers
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[10, 11]. As revealed in the SEM image in Fig. 5, the PAN
fibers maintained their morphology after pyrolysis due to
their high carbon content. Elemental analysis revealed a
carbon content over 95 %, small quantities of nitrogen and
oxygen, and no hydrogen (Table 2), which indicate the
carbonization of PAN fibers [17].

As in the previous XPS analyses of the CFs [18-22], the
C 1 s XPS spectra of the CWs revealed the surface char-
acteristics of the carbon present in the web. Figure 6
illustrates a sequence of C 1 s XPS profiles recorded for the
CWs with the PAN fibers. The C 1s XPS spectra of the
CWs with 0.15 wt% PAN fibers were deconvoluted into
four individual peaks of C=C, C=N/C=N, amide, and
0O-C=0 at 284.8, 286.5, 288.2, and 290.3 eV, respectively
(Fig. 6b; Table 3). The graphitic carbon peak at 284.8 eV
is 80.2 %, indicating the dominant formation of a

Table 3 The compositions of the CWs with PAN fibers

Fraction of C=C at C=N/C=N  Amide at O-C=0 at
PAN fibers 284.8 eV at 286.5eV 2882eV  290.3 eV
(Wt%)

0 80.2 10.8 54 3.6

0.05 80.0 11.2 54 34

0.10 80.5 11.0 5.2 33

0.15 80.2 10.8 5.6 34

conductive pathway by overlapping p-orbitals [19]. The
other CW compositions determined via deconvolution of
the C 1s XPS spectra are listed in Table 3.

Preparation and properties of the CPs

The phenolic resin on the CW changed to a glassy carbon
with high electrical conductivity and rigidity above
900 °C. As shown in Fig. 7, the CWs are fully covered by
the glassy carbon, which connects the CFs. The CW is
named the CP after pyrolysis of the CW with a phenolic
resin at 1200 °C. PAN fibers and phenolic resin partially
blocked the pores during carbonization lowering the
porosity of CPs to ~80 %, but the values are higher than
those of SGL 10AA, 24AA, and 34AA (Table 4) [23-25].

The electrical resistance of the CPs was measured using a
gas diffusion layer (GDL) property analyzer (CPRT 10 L,
LivingCare). With considering the stack clamping pressure
in the PEM fuel cell, the electrical resistances were measured
[26] (Fig. S2). As the fraction of PAN fibers increased, the
gas permeability and porosity decreased indicating that some
of the pores became blocked by the carbonized PAN fibers
and phenolic resin (Table 4). Adjusting the fraction of PAN
fiber may enable control over the porosity and gas perme-
ability of the CPs. When the fraction of PAN fibers increased,
the electrical resistivity of the CPs at 10 bar decreased. The
flexural strength of CPs with PAN fibers is much higher than

Fig. 7 SEM images of the CPs a without PAN fibers and with b 0.05 ¢ 0.1, and d 0.15 wt% PAN fibers
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Table 4 Thickness, gas permeability, and electrical resistivity of the CPs

CPs PAN fibers Thickness Gas permeability Porosity Electrical resistivity Flexural strength
(Wt%) (pm) mL/(cm? s) (%) at 10 bar (mQ cm?®) (MPa)

This work 0 368 722.5 88.7 17.9 8.820 £+ 1.041
0.05 291 560.8 85.7 14.6 29.657 £+ 11.966
0.1 242 347.5 84.6 6.3 24.353 + 6.069
0.15 299 275.7 79.4 5.7 24.940 + 4.950

10AA - 340 159.5 733 2.6 8.134 + 1.419

24AA - 191 53.8 71.7 0.7 24.498 + 2.274

34AA - 301 148.3 66.4 1.9 21.198 + 4.356

that of CP without PAN fibers. These behaviors may be
attributed to the interconnection of the CFs by the carbonized
PAN fibers.

Conclusions

The CPs entangled with PAN fibers were prepared via the
wet laying of chopped CFs and PAN fibers. The junctions
of the CFs were tightly bound by the PAN fibers, resulting
in CWs with tensile strength that increased with the PAN
fiber fractions. Although the CPs exhibited lower gas per-
meabilities at high PAN fiber contents than the CP without
PAN fibers, the electrical conductivity increased due to the
interconnection of the CFs by the carbonized PAN fibers.
The gas permeability and conductivity values of the CPs
containing significant fractions of PAN fibers are compa-
rable to those of commercial products [27]. Therefore, we
believe that fabricating CPs using PAN fibers as a novel
binder in a gas diffusion medium will contribute to further
improving fuel cell performance.
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