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Mesoporous carbon fibers were prepared by controlled pyrolysis of poly(vinyl acetate)-b-poly(acrylo-
nitrile) (PVAc-b-PAN) copolymer located inside a cylindrical nanoporous template. A melt-compression
method was developed to help the penetration of the infusible copolymer inside the template without
the use of any solvent that ensures the formation of completely filled fibers instead of nanotubes. The
influence of the composition of the PVAc-b-PAN copolymer and the heating rate during pyrolysis on the

porous morphology of the fibers was studied by transmission electron microscopy (TEM).

Keywords:
Poly(acrylonitrile)
Mesoporous carbon fibers
Block copolymer

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Carbonaceous materials prepared by pyrolysis of organic
molecules have been widely used in many areas of chemistry and
chemical engineering such as catalysis [1,2], sensors [3], electrode
materials for cells [2,4], gas storage [5] and purification [6]. These
applications generally require carbon materials with a high
surface area which justifies the intensive researches focused on
the maximization of this property by controlling the pores size
and their distribution in the materials. For this purpose, two main
strategies can be distinguished. The first one consists in the
decrease of the carbon particles size which led to the preparation
of fullerene [7], carbon nanotubes [8] and individual carbon sheets
[9]. The second method relies on the formation of highly porous
carbon materials with small interconnected pores. These materials
can be classified as microporous (<2 nm), mesoporous (2—50 nm)
and macroporous (>50 nm) depending on the pore size [10].
These materials are generally prepared using a porous template
such as silica that is filled with an organic precursor [11—14]. After
carbonization of the precursor, the silica is removed by treatment
with hydrofluoric acid or concentrated alkali. The organic
precursors are generally based on polymers such as poly-
acrylonitrile, polyimide, polybenzimidazole, cellulose... Another
method is based on the use of block copolymers or phase
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separated blends where one component consists in the previously
mentioned organic precursor and the other component plays the
role of a sacrificial part that creates the pore structure during
pyrolysis [15—26]. Small films are generally used as starting
materials but the current tendency is to use materials that already
develop a high surface area such as fibers. These fibers are mostly
prepared by electrospinning of polyacrylonitrile based block
copolymer or blends solutions [10,27—29]. However, this tech-
nique results in the formation of a highly interpenetrated network
where the fibers are difficult to disentangle. In order to avoid such
problem, Russel et al. filled anodic aluminum oxide (AAO) nano-
templates with PAN containing block copolymer solutions to
prepare carbon nanotubes [30]. In this process, the cylindrical
pores of the nanotemplate are filled by a solution of the poly
(styrene)-b-poly(acrylonitrile) (PS-b-PAN) block copolymer.
During solvent evaporation, the polymer deposits on the template
surface leaving the center of the cylindrical pores empty. Graph-
itization at a temperature of 600 °C then leads to carbon nano-
tubes after dissolving the template. This technique has the
advantage that the nanotubes are not entangled during the
formation process.

In our study, we develop a templating compression moulding
process for preparing mesoporous carbon fibers instead of carbon
nanotubes using a poly(vinyl acetate)-b-poly(acrylonitrile) (PVAc-
b-PAN) block copolymer, the PVAc block being the sacrificial block
while PAN is the carbon precursor. In this process, an anodic
aluminum oxide (AAO) membrane is used as the template but the
penetration of the block copolymer is forced by pressing the
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Table 1

Molecular characteristics of the three copolymers used in this study.
Name (weight ratio) Mn PDI
PVAc-b-PAN 80/20 21 500—-5500 1.48
PVAc-b-PAN 55/45 23 500—19 000 1.22
PVAc-b-PAN 36/64 29 500—54 000 1.29

molten copolymer on the template. The whole pores are conse-
quently completely filled by the copolymer. This technique has
been widely used for classical block copolymers (such as poly
(styrene)-b-poly(butadiene) [31,32], poly(styrene)-b-poly(methyl
methacrylate) [33], poly(styrene)-b-poly(ethylene oxide) [34] and
poly(styrene)-b-poly(2-vinylpyridine) [35]) by simply depositing
an AAO template on the top of a molten copolymer film. The
strong capillary forces drew the copolymer inside the nanopores
of the template. However, our carbon precursor block (poly
(acrylonitrile)) of the copolymer is infusible which prevents the
use of this method. We therefore develop a compression moulding
process to force the copolymer to enter the template. The second
block has a dual role of (i) favoring the penetration of the block
copolymer inside the nanopores of the template, thanks to its low
Tg, and (ii) creating the nanopores in the final carbon fibers by
pyrolysis and volatilization at high temperature. The influence of
the PAN/PVAc ratio and the heating rate during pyrolysis on the
porous morphology of the fibers was studied by transmission
electron microscopy (TEM).

2. Experimental part
2.1. Materials

The AAO membranes (thickness 60 pm, pore diameter
150—400 nm) were purchased from Whatman Ltd. PVAc-b-PAN

block copolymers are prepared by cobalt-mediated radical poly-
merization (CMRP) [36] according to a previously reported

AAO membrane
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procedure [36,37]. Molecular characteristics of the copolymers are
summarized in Table 1.

2.2. Carbon fibers preparation

The procedure used for the preparation of mesoporous carbon
fibers is represented in Fig. 1. Films of PVAc-b-PAN
(thickness = 100 um) are first prepared by compression moulding
at 180 °C under 80 bar. An AAO membrane is then placed on the top
of these films and a pressure of 80 bar is applied at 180 °C for
10 min. The filled AAO membranes are then placed in a Hi-Res TGA
Q500 from TA Instruments for thermal treatment. The structure is
first stabilized with a treatment at 240 °C for 1 h under air, before
increasing the temperature to 600 °C using different heating rates
(20, 5 and 1 °C/min) under nitrogen. The AAO template was then
dissolved with a 5 wt% NaOH solution for 2 h. The tubes were then
collected using an ultrasonic treatment and repeatedly washed
with water.

2.3. Characterizations

Fiber morphologies were observed by scanning electron
microscopy (SEM; JEOL JSM 840-A) after metallization with Pt
(30 nm) and by transmission electron microscopy (FEI, TECNAI G2
TWIN) at an accelerating voltage of 200 kV. Image analysis was
performed manually by measuring the size of at least 300 pores on
the basis of SEM pictures.

3. Results and discussion

Fibers of poly(vinyl acetate)-b-poly(acrylonitrile) (PVAc-b-PAN)
block copolymers were prepared by template wetting of anodic
aluminum oxide (AAO) membranes with cylindrical pores as
depicted in Fig. 1. The use of solvent has been avoided since it leads
to the formation of nanotubes instead of completely filled fibers
[30].

Cyclisation and
carbonization
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Fig. 1. Schematic diagram of the procedure used for the preparation of mesoporous fibers.
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Fig. 2. a) SEM micrographs of fibers of PVAc-b-PAN 80/20 after dissolution of the template and b) TEM micrographs of carbon fibers prepared by graphitization of PVAc-b-PAN fibers

80/20 (heating rate = 5 °C/min) in the template, followed by its dissolution.
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100 nm

Fig. 4. TEM micrographs of carbon fibers prepared from a) PVAc-b-PAN 80/20, b) PVAc-b-PAN 55/45 and c) PVAc-b-PAN 36/64 at a heating rate of 5 °C/min.
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Fig. 5. Pore size distribution of carbon fibers prepared from a) PVAc-b-PAN 80/20, b) PVAc-b-PAN 55/45 and c) PVAc-b-PAN 36/64 at a heating rate of 5 °C/min (analysis realized on
about 200 pores).

Fig. 6. TEM micrographs of carbon fibers prepared from a) PVAc-b-PAN 80/20, b) PVAc-b-PAN 55/45 and c) PVAc-b-PAN 36/64 at an heating rate of 1 °C/min.
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Fig. 7. Pore size distribution of carbon fibers prepared from a) PVAc-b-PAN 80/20, b)
PVAc-b-PAN 55/45 and c¢) PVAc-b-PAN 36/64 at a heating rate of 1 °C/min (analysis
realized on about 200 pores).

In order to promote the penetration of the copolymer in the
template, a film of PVAc-b-PAN was deposited on the template
membrane, placed between two heating plates of a compression
press. A pressure of 80 bar was then applied at 180 °C during 10 min
to force the migration of the copolymer in the template, thanks to
the molten PVAc block that helps the copolymer to enter inside the
cylindrical pores. Fig. 2 shows that this technique allows individual
and completely filled fibers to be prepared.

The fibers diameter ranged from 200 to 400 nm which corre-
sponds to the pore diameter of the AAO membranes. After dissolution
of the template by a NaOH solution, the fibers tend however to
collapse as a consequence of the presence of a soft PVAc block (Tg
41 °C) which renders the copolymer fibers flexible. In order to avoid
any collapse of the fibers and therefore preserve their structure before
the thermal treatment, the AAO membrane was only removed after
the carbonization step. By this method, individualized fibers were

prepared with a diameter ranging from 200 to 400 nm and with
alength superior to 5 pm (Fig. 2b). In order to prove that PVAc did not
degrade during the melt-compression process, a thermogravimetric
analysis (TGA) under air was carried out on a PVAc homopolymer.
There was no significant polymer degradation below 300 °C, sug-
gesting that PVAc sequence of PVAc-b-PAN remained unchanged
during the penetration of the copolymer in the template at 180 °C.

Three different PVAc-b-PAN copolymers were then used in
order to study the influence of the PAN/PVAc weight ratio on the
pore size of the mesoporous carbon fibers (Table 1).

Unfortunately, all our attempts to determine the morphology of
the copolymer by TEM were unsuccessful since no contrasting
agent (neither RuO4 nor Os04) was efficient to allow distinction
between the two blocks of the copolymer. However, based on
several studies on the morphology of PAN-based block copolymer
[19,20], we might expect that PVAc-b-PAN 80/20 and PVAc-b-PAN
36/64 block copolymers present a morphology where the low
content block is dispersed inside the high content block matrix
while the PVAc-b-PAN 55/45 should exhibit a cylindrical or co-
continuous morphology.

The conversion of PAN into carbon fiber requires a two-step
thermal treatment. The first step is realized at 240 °C under air to
induce the cyclization of the polymer chain that renders it infusible
and stabilizes the morphology for the second thermal treatment
[38]. Carbonization is then realized by increasing the temperature
to 600 °C under inert atmosphere. The formation of nanopores
occurs during this second thermal treatment due to vaporization of
the degradation product of the sacrificial block (PVAc). The heating
rate during carbonization is a critical parameter because it will
control the rate of gas release formed during the degradation of
PVAc and the fusion of PAN cycle (release of hydrogen and other by-
products [38]). Three heating rates (20, 5 and 1 °C/min) were
investigated in order to determine their influence on the
morphology and the pore size of the fibers. Fig. 3 shows the TEM
picture of the carbon fibers prepared from the three PVAc-b-PAN
copolymers at a heating rate of 20 °C/min. As expected, the total
volume occupied by the carbon structure increased with the PAN
content in the original block copolymer. For the two copolymers
with low PAN content, the morphology of the resulting carbon
fibers were not well defined with pores as large as the fiber
diameter (Fig. 3a and b). Only PVAc-b-PAN 34/66 was able to
produce porous fibers but pores remained quite large (>50 nm;
Fig. 3c). The high diameter of the pores reveals that the carbon
structure was not strong enough to resist to the high pressure
generated during the gas release from the degradation product of
the sacrificial block. As a consequence, the growing pores coalesced
with the formation of bigger pores.

To limit this effect, lower heating rates were studied. The gas
release will occur at a slower rate and, consequently, the pressure
inside the pores will be lower. Fig. 4 shows that, whatever the
copolymer used, the average pore diameter was greatly reduced
when a heating rate of 5 °C/min is used instead of 20 °C/min. In this
case, even the copolymer with low content of PAN (PVAc-b-PAN 80/
20) is able to form porous fibers.

The distribution of the pore diameter is however quite large
ranging from 50 to 250 nm with an average diameter of 130 nm.
When the PAN content in the copolymer increased, the morphology
of the fiber is better defined with lower pore diameter distribution
(from 30 to 150 nm for PVAc-b-PAN 55/45 and from 20 nm to 80 nm
for PVAc-b-PAN 36/64) and smaller average pore diameter (77 nm
for PVAc-b-PAN 55/45 and 39.5 nm for PVAc-b-PAN 36/64) (Fig. 5).

Two effects can account for this observation. First, when the
ratio PAN/PVAc in the copolymer is increased, the amount of gas
generated in the fibers during the PVAc degradation is decreased
consequently limiting the total fibers porosity and the pores
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Fig. 8. TEM micrographs of carbon fibers prepared from a) PVAc-b-PAN 80/20 and b) PVAc-b-PAN 55/45 at a heating rate of 1 °C/min and in presence of ZnCl,.

coalescence. Smaller pores are thus formed. Secondly, the carbon
structure produced by the higher amount of PAN becomes stronger
and more efficient to prevent pores coalescence.

When the heating rate is further decreased (1 °C/min), the
quality of the fiber porosity is improved as depicted in Fig. 6.

Indeed, whatever the copolymer used as starting materials, the
average pore diameter is decreased. The effect is particularly
pronounced for the copolymer PVAc-b-PAN 80/20 where the
average pore diameter is almost divided by two (76.8 nm vs
130.1 nm; Fig. 7). The pore diameter is however still slightly too
high to consider the fibers prepared from the two low PAN content
copolymers as mesoporous (pore diameter > 50 nm). The pore
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Fig. 9. Pore size distribution of carbon fibers prepared from a) PVAc-b-PAN 80/20 and

b) PVAc-b-PAN 55/45 at a heating rate of 1 °C/min in the presence of ZnCl, (analysis
realized on about 200 pores).

diameter distribution is also significantly decreased. On the other
hand, fibers prepared from the PAN rich copolymer (PVAc-b-PAN
36/64) are highly homogeneous with a pore size distribution
ranging from 10 nm to 60 nm with an average pore size of 30 nm
(Fig. 7). Conclusively, when starting from the same copolymer,
increasing the heating rate during carbonization increases the size
of the fibers pores.

Finally, the structure of the fibers can be further improved by
a more efficient stabilization of the morphology during the
oxidative cyclization of the PAN chains. The resulting carbon
structure would then be more resistant against the coalescence of
the growing pores. Kim et al. have shown that zinc chloride can
efficiently accelerate the oxidative stabilization by acting as
a dehydrating agent and consequently eliminating water and
inducing the aromatization of carbon [28]. 5 wt% of zinc chloride
were then dispersed in PVAc-b-PAN block copolymer by solvent
casting in DMF. After drying, carbonaceous fibers were prepared
by the same method reported here above at a heating rate of 1 °C/
min. Figs. 8 and 9 show that this method is efficient to decrease
the pore size of the fibers allowing mesoporous materials to be
prepared with the two low PAN content copolymers (pore
diameter < 50 nm).

These results show that with the same copolymer as starting
material, a wide range of morphology can be achieved only by
changing the parameters used for carbonization.

4. Conclusion

A melt template wetting method under pressure was developed
to fill in nanopores of a template by a PVAc-b-PAN block copolymer,
whose PAN block is a carbon precursor by carbonization and PVAc
is a sacrificial block. Carbonization was carried out to form porous
carbonaceous fibers after dissolution of the template. The compo-
sition of the copolymer and the heating rate during the carbon-
ization steps were the main parameters investigated to tune the
morphology of the porous fibers. From a same starting block
copolymer, a large variety of fiber structures were prepared by
modulating the heating rate during the carbonization of PAN. At
high heating rate, the gas produced during the degradation of the
PVACc block is quickly released resulting in fast growing pores and
a large tendency to coalescence. The average pore diameter is
consequently high with a large polydispersity. When decreasing
the heating rate, the carbon structure is strong enough to limit the
coalescence of the growing cells and mesoporous pores are
obtained (diameter = 50 nm). An increase in the PAN/PVAc relative
ratio in the copolymer results expectedly to a decrease in the total
porosity and an increase in the carbon structure thickness that
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consequently reduces more efficiently the coalescence of the
growing pores.
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