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ABSTRACT 
 
We developed a simple and scalable method to fabricate 

carbon nanotube (CNT) and graphene hybrid foams. We 
use polymethylmethacrylate (PMMA) microspheres as 
template and polyacrylonitrile (PAN) as precursor to create 
crosslinks among CNTs and nanoscale graphene flakes 
around CNTs. The porosity and the pore size of the CNT 
foam can be turned by adjusting the concentration and 
particle size of PMMA spheres. The assembled CNT foams 
have a hierarchically porous structure and the pore size 
ranges from tens of nanometers to micrometers. The effect 
of PAN on crosslinking CNTs and creating graphene flakes 
was evaluated by using ultrathin freestanding CNT sheets. 
The observations of electron microscope and other 
measurements demonstrated that our approaches are 
effective. 
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1 INTRODUCTION 
 
Porous materials are a unique class of porous solids with 

a number of interesting structural features, such as 
lightweight, large pore volumes, and high surface areas [1]. 
Their unique structure and excellent properties 
demonstrated a wide potential applications ranging from 
energy absorption and damping in structural components to 
thermal management and scaffolds for biological 
applications [2]. Recently, a computer model is designed to 
place carbon nanotubes (CNTs) in the hole of a theoretical 
sponge network [3]. The CNTs are arranged in parallel, 
each nanotube is in contact with others but not all the way 
along the edge of the nanotubes. It is found that such 
special CNT three-dimensional (3D) networks adsorbed a 
significant amount of hydrogen, 5.5 wt% at room 
temperature, which is close to the target of hydrogen 
storage (6 wt% by 2015) of the Department of Energy, 
USA. CNT foam is a material with a porous structure 
constructed with nano-porous carbon. It is expected that 
CNT foam derives many of its functions from both its 
nanostructure and its microstructure and, as a result, has 
better performance than other types of carbon foams. CNT 

foams are also predicted to have tremendous potential 
application in energy storage. 

There are various approaches for producing CNT foam. 
Yodh’s group created CNT aerogels from aqueous-gel 
precursors by critical-point-drying and freeze-drying and 
used polyvinyl alcohol to reinforce the networks [4]. Zhai’s 
group used poly(3-(trimethoxysilyl) propyl methacrylate) to 
disperse and functionalize multi-walled CNTs and freeze-
dried wet gel to obtain “CNT aerogel”, a honeycomb like 
structure [5]. Wu’s group synthesized CNTs by floating 
catalyst chemical vapor deposition (CVD) and obtained a 
special CNT assembly with ultrahigh porosity-CNT 
sponges, in which nanotubes are self-assembled into a 3D 
interconnected framework [6]. Hata’s group reduced the 
catalyst density to synthesize very long and randomly 
oriented clean CNTs by CVD, which form a CNT network 
where each CNT made contacts with numerous other CNTs 
[7]. It is still a great challenge to develop a technology that 
is simple, scalable, and a method without affecting CNTs’ 
intrinsic properties. Besides, to control the size and 
distribution of the pores in CNT foam is required for 
fabricating the foam with expected properties. 

Our approach differed from others. We made CNT 
foams by using polymer spheres as a template and the 
produced foam can have controllable pore size. The process 
involves coating CNTs on polymer spheres in a solution 
with polyacrylonitrile (PAN), obtaining a densely packed 
CNT/polymer composite, and then removing the polymer 
from the solid by heating the composite to a temperature 
higher than the polymer’s boiling point. The previous 
positions of the polymer particles are the cells of the foam 
and the CNT networks form the struts of the foam. Further 
high-temperature treatment converts PAN precursor to 
graphene and graphene flakes, which crosslink CNTs to 
enhance the structural integrity and create high surface area 
of the foam.  
 

2 EXPERIMENTAL 
 
The CNTs used in this work were multi-walled CNTs 

with 4-6 walls, ~10 nm in diameter, and ~500 µm in length. 
The polymer template was polymethylmethacrylate 
(PMMA) microspheres with 27-32 µm in diameter. The 
PAN power had molecular weight of 15,000 g/mole. 
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The fabrication process had a few stages. First, PAN 
powder was dissolved in dimethylformamide (DMF) to 
form a homogeneous PAN/DMF solution. Next, CNTs 
were dispersed well in PAN/DMF solution by using high 
power probe sonication. Then, the PMMA spheres were 
added to the CNT/PAN/DMF suspension. The mixture was 
subsequently stirred at 1000 rpm for 10 min to reach 
uniform dispersion of PMMA spheres in the 
CNT/PAN/DMF suspension. After this, the suspension was 
placed on a hot plate (50 °C) to evaporate DMF. Proper 
stirs were added to avoid sinking of PMMA spheres. 
Finally, a 2-cm-diameter sample with a thickness of 5 mm 
was obtained. The sample was dried in a vacuum oven at 70 
°C for 12 hours to ensure complete removal of DMF. The 
CNT/graphene hybrid foam was obtained via a two-step 
heat treatment process, the same as the standard carbon 
fiber fabrication process. In the first step, the samples were 
heated in a tube furnace to 280 °C at 2 °C/min, followed by 
an isothermal hold for 3 hours in air. During this step, 
PMMA was removed and PAN polymer was pyrolyzed 
(stabilization of PAN) [8]. In the second step, the samples 
were treated at 1000 °C under 1 atm pressure in nitrogen 
gas with the flow rate of 80 ml/min for 1 hour. The 
graphene and graphene flakes were formed due to the 
carbonization of the stabilized PAN.  

The variable CNT/graphene hybrid foams were prepared 
by adjusting the CNT/PMMA weight ratio and the amount 
of PAN. The concentration of the PAN/DMF solutions was 
1 mg/ml and 2 mg/ml. The weight ratio of CNT to PMMA 
was 1/5, 1/7, and 1/10, respectively. Scanning electron 
microscopy (SEM, JEOL-JSM7401F, 10 KV) was used to 
characterize the morphology of the samples during the 
fabrication processes. For the observation of the inside 
structure, the samples were fractured in liquid nitrogen. The 
effect of the PAN was evaluated by using the CNT sheets. 
The CNT sheets were made by drawing CNTs directly from 
a sidewall of the CNT array and they are freestanding and 
ultrathin [9]. The CNTs in the sheet are aligned in the 
drawing direction. The CNT sheet was dip-coated in the 
PAN/DMF solution and dried, and then heat treated 
following the same process for foam fabrication to convert 
PAN into graphene and nano graphene flakes. High-
resolution transmission electron microscopy (TEM, JEM-
ARM200F, 200 KV) was used to observe the structures 
around CNTs and CNT joints. 

 
3 RESULTS AND DISCUSSIONS 

 
Figure 1 shows the morphology and structure of the 

sample with CNT/PMMA weight ratio of 1/10 before and 
after 280 °C as well as 1000 °C heat treatments. The CNTs 
form a random network around PMMA spheres (see Fig. 
1a) and the pore size is in the tens of nanometers. After the 
composite was stabilization at 280°C for 3 hours, PAN 
converted into condensed heterocyclic ring structure [10]. 
At the same time, the PMMA spheres depolymerized into 
oligomers. Generally, the cross section of the oligomers is 

approximately 1 nm, which is smaller than the nanopore 
formed by entangled CNTs [4-7, 11]. Therefore, the 
oligomers are readily expelled from the composite through 
the nanopores of CNT network. Eventually, the PMMA 
spheres were removed. As the original size of the PMMA 
spheres was preserved, cells were formed at the previous 
sites of the PMMA spheres in the composite as shown in 
Fig. 1b.  

The cells in CNT foam are almost spherical and 
uniform. The wall of the cells in CNT foam (the struts of 
the foam) is made of a random network of long and 

 
(a) 

 
(b) 

 
(c) 

Figure 1: SEM images show (a) CNT/PAN/PMMA-
spheres composite, (b) that after 280 °C heat treatment, 
and (c) that after 1000 °C heat treatment. 

20 µm 
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interconnected CNTs. The pore size there is in tens of 
nanometers. While the cells are formed after the removal of 
PMMA spheres, the diameter of the cell is equal to the 
diameter of PMMA spheres, namely in micrometer scale. 
Therefore, the prepared CNT foams have a hierarchically 
porous structure and the pore size ranges from tens of 
nanometers to micrometers. The thickness of the cell wall is 
around 1 µm when the weight ratio of CNT to PMMA 
sphere is 1/10. Because the length of multi-walled CNT 
(~500 µm) is more than 15 times longer than the size of a 
cell (~30 µm), the adjacent hollow capsules were connected 
by CNTs, which is good for the integrity of the structure. 
Further treated at 1000 °C, the structure of the foam did not 
collapse and maintained well (see Fig. 1c).  

It is known that the PAN-derived condensed 
heterocyclic ring structure changes into graphitic structure 
after carbonization [12]. The yield of graphitic from 
stabilized PAN is typically about 60 wt% [8, 13, 14]. 
Meanwhile, the conversion of PAN to graphitic is 
accompanied by a volume decreasing of 50-70 % during the 
carbonization process [14]. Comparing Figs. 1b and 1c, the 
surface of the cells is smooth before carbonization, but 
rougher after carbonization. It is because that there is 
stabilized PAN coated on the wall surface of the cell and its 
volume decreases during carbonization. The cells retain 
during these processes. 

When the CNT/PMMA weight ratio increases, the 
amount of cells (pores in microscale) decreases and the 
cells have thicker walls (CNT networks). The foam has 
fewer pores in microscale, but more pores in nanoscale.  

The mechanical properties of these CNT foams and 
aerogels originate from the bending modulus of CNTs or 
entanglements between them. Most of the CNT foams and 
aerogels rely on van der Walls forces at CNT-CNT 
junctions. The CNT-based structures undergo structural 
collapse or plastic deformation with a reduction in 
compressive strength when they are subjected to cyclic 
strain [15]. Large deformations are observed at the struts 
and nodes of the inter-tube structure of the CNT foams and 
aerogels. To fabricate cellular solids, which are strong, 
robust, and have large surface area, the CNT joints need to 
be reinforced. Generally, polymers are utilized to reinforce 
the structural integrity of the CNT-based porous network. 
Here, we used PAN to reinforce the CNT network by 
locking the contacted CNTs and generate connections 
between CNTs because PAN can be carbonized to form 
strong C-C bonding when it is treated in an inert gas over 
1000 °C. The effect of PAN was evaluated by using CNT 
sheets. Figures 2a and 2b show the TEM images of the 
CNTs connected by graphene flakes when the concentration 
of the PAN/DMF solution is 1 mg/ml and 2 mg/ml, 
respectively. The TEM images reveal that PAN polymer 
changed into graphitic after the carbonization. The graphitic 
was accumulated at the joints between CNTs because the 
PAN precursors were mainly concentrated on the CNT 
joints by strong capillary force during evaporation of DMF 
[16]. Meanwhile, some of the CNTs surfaces are also 

coated with graphitic. When the concentration of 
PAN/DMF solution increases to 2 mg/mL, a layer of PAN 
is uniformly coated on the CNTs surface. Consequently, all 
the surface of the CNTs was coated by graphene and 
graphene flakes after carbonization (Fig. 2b). The graphitic, 
like a jacket, can “lock” the CNTs. The sliding of CNTs can 
be confined by the jacket under high loading to dissipate 
energy. Since the nanotubes in CNT foam are long and one 
nanotubes belong to many joints, the “locking” and sliding 
will definitely increase the robustness of the CNT foam. 
The PAN enhancement does not affect the structural 
integrity of the CNT foam or the porosity of the nanotube 
network. 

We measured the mechanical properties of CNT sheet 
and PAN-treated CNT sheet to evaluate the locking effect 
of PAN to CNT joints. We found that the tensile strength of 
the PAN treated sheet experienced a five-fold increase.  

 
4 CONCLUSION 

 
We developed a simple and scale method for fabricating 

CNT/graphene hybrid foams. Using PMMA microspheres 
as template and PAN as reinforcement agent, the 
CNT/graphene hybrid foams were prepared from a 

 
(a) 

 
(b) 

Figure 2: TEM images of the CNTs connected by graphene 
and graphene flakes when the concentration of the PAN in 
DMF solution is (a) 1 mg/ml and (b) 2 mg/ml. 
 

100 nm 
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suspension of CNTs, PAN, and PMMA spheres in DMF. 
The PMMA spheres are removed by a heating process and 
the micro-pores formed at the previous sites of the PMMA 
spheres. The effects of PAN are confirmed by using 
ultrathin CNT sheets. The prepared CNT/graphene foams 
have a hierarchically porous structure and the pore size 
ranges from several nanometers to tens of micrometers. The 
technology developed in this research can be used to 
fabricate the foams with controlled porosity and structural 
integrity by adjusting the concentration of polymer particles 
and their size as well as the amount of PAN precursors. 
Due to the integration of micropores and nanopores, the 
prepared CNT/graphene hybrid foams are expected to have 
potential applications in a variety of areas, such as catalyst 
support, energy absorption, separation, chemical reactor, 
sensor, medicine and solar cell. Moreover, such highly 
porous and conductive structures can be filled with other 
functional materials to form novel structures for emerging 
applications. 
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