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Novel Carbon Nanotube Structures and Microcellular Foams 

 

Abstract  

Structural foams reinforced with carbon nanotubes could prove to be beneficial in numerous 

industrial applications. High internal phase emulsion foams are emerging as new and important 

forms of microcellular foams.  Microcellular foams, foams with a pores size of 0.1-10 �m, have 

numerous advantages, such as high impact strength. The dispersal of carbon nanofibers, as wall 

pore reinforcements, within microcellular foams promises to enhance the foams’ mechanical 

properties. This research has developed a novel method for creating such foam. 

 

1. Introduction 

Polymeric foams are widely used as structural materials. Developed in the 1940s, polymeric 

foams are broadly defined as 'structures with material domains separated by spherical gaseous 

voids'.
1
 Polymeric foams can be used in a number of applications construction materials and gas 

storage devices. These foams have many favorable characteristics such as good chemical 

resistance, high energy absorption, high toughness, and excellent thermal and sound insulation.
2
  



 

Figure 1. A picture of A) Polyurethane foam typically used in furniture and B) Egg crate styled 

foam used as sound insulation. 

 

 

Foam production and modification are one of the fastest growing industries in the United States 

because they have numerous applications that range from healthcare to food packaging and 

transport because they have mechanical and physical properties that are easily tailored. 

Polymeric foams can be classified based on pore size yielding three different classes: 

macrocellular, microcellular, and ultracellular. Macrocellular foam, commonly referred to as 

conventional foam, has a cell size of 50-100 µm. Microcellular foams have an average cell size 

of 0.1-10 µm. ultracellular foams contain voids < 0.1 µm. In particular, microcellular polymer 

foams exhibit greatly improved mechanical properties as compared to standard foams due to the 

formers' small bubble size.
3
 Microcellular foams reinforced with carbon nanotubes could prove 

to be beneficial in numerous applications by enhancing the foams mechanical properties.   



 

1.1 Microcellular Foams 

Microcellular foams are typically rigid, closed-cell structures. While conventional foam falls into 

either a low density region (less than 0.1 g/ml) or structural foam category (density greater than 

0.5 g/ml) microcellular foams range in relative density between and 0.5 g/ml. the density range 

presents new properties not available with conventional foams4, such as high stiffness-to-weight 

ratio and high fatigue life. Microcellular foams reinforced with carbon nanotubes could prove to 

be beneficial in numerous applications by enhancing the foams mechanical properties.  The 

foams are produced through the use of 'thermodynamic instabilities' without the use of foaming 

agents. This leads to a very uniform cell size.
3
 New research efforts have been made to created 

an open-cell porous structure. Open-cell microcellular foams have been made via thermally-

induced phase separation in the past. However, methods using concentrated emulsion seem to be 

amongst the more promising and easy to perform.
5
 Emulsion-derived foam is a new class of 

porous polymeric material that’s properties have an internal void volume greater than 74% 

(typically >90%, i.e. 90% pore  volume/10% polymer), a controllable cell diameter range (as 

small as 2 �m to as large as 100 �m), and a fully interconnected structure with every cell being 

connected to all its neighbours.
5
 Creating microcellular foams derived via emulsion while 

utilizing commercially available polymers is of great interest because they are generally cheaper 

to make as well as easier.  

Previous studies have attempted emulsion-derived foams using ring-opening metathesis 

polymerization (ROMP) while utilizing Dicyclopentadiene (DCPD) as a polymer, because it is a 

cheap and readily available structural foam used in commercial applications. After 



polymerization, DCPD becomes a ridged thermoset polymer with high chemical corrosion 

resistance. Previous studies have paired Emulsion derived processes with ring opening 

metathesis polymerization (ROMP) to create microcellular dicyclopentadine foams. The 

traditional processing for creating DCPD foam requires the use of a Grubbs catalyst to facilitate 

ring opening metathesis with the DCPD, however the open-cell porous structures were not 

successfully achieved. One of the critical issues with creating emulsion-derived foams is finding 

a polymer stable enough to withstand the polymer curing process.
6
 It was believed for a while 

that DCPD could not create an open-cell foam structure due to weak wall formations that would 

collapse during the curing process. In 2012, Kovacic et al., created an open-cell foam with 

DCPD, utilizing the ROMP method and a Grubbs catalyst, through the incorporation of a 

stabilizer, synperonic PEL121. The process for this foam using ROMP requires the use of a 

Grubbs catalyst and for the process to occur under nitrogen.
18

 In Kovacic et al. a DCPD foam of 

80% porosity was generated. Despite the success of achieving an open-celled structure the use of 

the Grubbs catalyst increased the cost and difficulty to manufacture this foam. The price of the 

Grubbs catalyst creates a process where producing a HIPE is no longer cheap. Also the reaction 

must be carried out under nitrogen to keep the catalyst stable and prevent decompositions. 

Research continues to be ongoing for the creation of open-celled DCPD foam that is cheap and 

easily fabricated.  

 

1.2 Carbon Nanotubes 

The physical properties of carbon nanotubes allow them to be used as reinforcing fibers in 

polymer composites
8
, yielding ultra-light composites with enhanced mechanical, electrical, 



thermal, and optical properties
9
. Carbon nanotubes were discovered in 1991 by Sumio Iijima,

10
 

following the 1985 discovery of C60 by Sir Harold Kroto, Richard Smalley, and Robert Curl.
11

 

Carbon nanotubes (CNTs) are hollow tubes comprised completely of carbon. CNTs can be 

envisioned as one-atom thick sheets of graphite rolled up into a seamless cylindrical tube, 

sometimes end capped with a half fullerene.
12,8

  Carbon nanotubes with similar chemical 

composition to graphite are highly isotropic. This uniformity in properties gives CNTs their 

unique properties, setting them apart from other carbon structures.
8
 Carbon nanotubes are 

composed of hexagonal rings of carbon ending with 12 pentagonal rings. The atoms in Carbon 

nanotubes are linked in a distinct configuration, each carbon atom is covalently bonded to 3 other 

carbon atoms in the hexagonal latticework of the sheets of carbon. These covalent bonds are sp2-

hybridization sigma-bonds, as in graphite, which are among the strongest bonds in nature.  For 

example, these sp2 bonds are considered stronger than the bonds found in diamonds, which are 

sp3 bonds. This arrangement of atoms yields a material with a high strength-to-weight ratio
8. 

 

CNTs posses a very unique strength, they are the strongest and stiffest materials yet discovered 

in terms of tensile strength and elastic modulus respectively. CNTs’ tensile strength, the force 

required to pull a material to its breaking point, is two orders of magnitude higher than other 

high-strength carbon fibers (100-600 GPa).
8,13,14

  If produced as bundles CNTs would be 100 

times stronger than steel.
15

 CNTs’ hollow lightweight design yields a density of 1.3 g/cm3, 

giving CNTs strength unmatched by steel with only 1/6 the weight. CNTs have demonstrated a 

compressive strength greater than two orders of magnitude higher than any know fiber. In 

addition to this incredible stiffness, CNTs are extremely flexible. They deform reversibly with 

fracture strains between 10-30%, compared to 0.1-2% for most carbon fibers.
19,8,17

 MWCNTs 

will behave like elastic rods and bend, however, under high bending induced by compression, 



MWCNTs will collapse forming kinks on the compressed side of the bend.
16  

Figure 2A shows a 

diagram of what SWCNTs and MWCNTs look like in molecular form, and figure 2B is an actual 

SEM image of CNTs.  

 

Figure 2. A) Schematic of a typical single walled carbon nanotube (SWCNT) a multi-walled 

carbon nanotube (MWCNT). B) A SEM image of MWCNTs.  

 

1.3 Project Objectives 

 

This project initially began with the investigation into the formation of a microcapsules for self-

healing materials that develop cracks due to strains and stresses over time. The experimental 

rationale was to modify the outer structure of the capsules produced to incorporate Graphitized 

Carbon Nanofibers (with a diameter of 200 – 600 nm and a length distribution of 5 - 50 µm). The 



simple mixture of the carbon nanofibers (CNFs) into the mixture for producing capsules resulted 

in the formation of capsules with the fibers attached. (Figure 3) 

 

 

 

Figure 3. SEM Image of a CNF coated Urea Formaldehyde Capsule. (A. Spann - Thesis 2012) 

 

The successful integration CNFs resulted in a the substitution of CNF for CNTs to increase the 

surface area for blending into a composite. The CNTs (pre mondified with -COOH groups) had 

an outer diameter range of 50-80 nm and a length distribution of 10 - 20 µm. 

 



 

 

Figure 4. SEM Image of a CNT coated Urea Formaldehyde Capsule. (A. Spann - Thesis 2012) 

During the proces of optimizing the conditions for capsule formation, we produced a foam-like 

structure which warrented further investigation. We plan to investigate the properties of the foam 

by altering the length of time the materials are mixing at each stage, investigating different 

temperatures to find an optimal environment, and testing different concentrations of each 

reactant. We believe finding the correct combination of all three factors will lead to the 

successful incorporation of CNTs in the microcellular foam that will be a stable product. We 

hope to achieve a material that has enhanced mechanical properties compared to existing 

microcellular foams, while also creating a cheaper more efficient way of producing them. If 

successful, There are many advantages to achieving such product; they would prove to be very 

beneficial in industrial applications due to there simplistic creation method as opposed to other 

design methods, there increased range of properties, and that they will be cheaper to produce. 



The properties of the emulsion-derived foams can be altered by manipulating the synthesis as 

well as the dopants such as CNFs and CNTs. Embedding fibers within polymer composite 

matrices allows for load transfer giving the material increased strength and stiffness.
7  

 

 

2. Materials and Method 

2.1 Dicyclopentadiene Foam Materials 

The carboxy functionalized multi-walled carbon nanotubes (MWNT-COOH) were 

supplied by Nanostructured and Amorphours Materials Inc. The CNTs were modified with 5-

norbornene-2-yl(ethyl)chlorodimethylsilane to facilitate a better interaction between the carbon 

nanotubes and foam . The resorcinol, ammonium chloride, poly(ethylenealt-maleic anhydride) 

(EMA), and formalin used in the precursor solution, were all purchased from Sigma-Aldrich. 

Urea was purchased from Fisher Chemicals and was used without additional modifications. 

DCPD was purchased from Sigma Aldrich. 

 

 

 

2.2 Microcellular Foam synthesis 

The polymer/CNT composite foam was created via high internal phase emulsion. The 

aqueous phase consisted of dissolving 0.125 g of poly(ethylene-alt-maleic anhydride), 0.5 g of 

urea, 0.5 g of NH4Cl, and 0.05 g of resorcinol in 25mL of ultra pure H2O.  Once dissolved the 



pH was adjusted to 3.5 using 1N NaOH. The solution was then heated to 55 
o
C and 6 g of DCPD 

was added. The DCPD was allowed to stir creating an oil-in-water emulsion. A CNF/formalin 

mixture (0.5 g of CNF with 3 mL of formalin) was then added to the solution. The mixture was 

sonicated and stirred at 55 
o
C for 4 hours. Afterwards the solution was then allowed to cool and 

dry overnight.  

 

2.3 Scanning Electron Microscopy 

The samples were analyzed using Scanning Electron Microscopy (SEM). Samples of the 

dried foam were taken and sputter coated with Iridium to avoid charging. The foam was 

examined using a FEI Nova 400 Nano Scanning Electron Microscope. Low magnification 

images were recorded using an Everhart Thornley Secondary Electron Detector (ETD). Figure 5 

shows a schematic of a SEM. The SEM’s electron beam is emitted from an electron gun with a 

tungsten filament cathode. The beam is achieved through thermionic emissions. Thermionic 

emission occurs when the thermal energy is larger than the binding potential allowing the heat-

induced flow of electrons. The electron beam produced by an electron gun ranges in energy from 

0.2 keV to 40 keV. The beam is focused to a 0.4 nm to 5 nm area on a condenser lens. As the 

beam travels under vacuum in the electron column it passes through scanning coils and an 

objective lens. The final lens deflects the beam in the x and y directions. The deflections in x and 

y allows for raster scanning over the samples surface.  



 

 

Figure 5. Schematic of scanning electron microscope. (A. Spann Thesis 2012) 

 

2.4 Porosity Testing 

Brunauer–Emmett–Teller (BET) measurements were made to estimate the porosity of the foam 

using nitrogen as the gas. Absorption / desorption curves were created for foams with and 

without CNTs. The BET surface area and average pore size were calculated. 

 



2.5 Raman Spectroscopy 

The Raman scattering technique is a vibrational molecular spectroscopy which derives from an 

inelastic light scattering process. With Raman spectroscopy, a laser photon is scattered by a 

sample molecule and loses (or gains) energy during the process. The amount of energy lost is 

seen as a change in energy (wavelength) of the irradiating photon. This energy loss is 

characteristic for a particular bond in the molecule. Raman can best be thought of as producing a 

precise spectral fingerprint, unique to a molecule or indeed and individual molecular structure. 

Raman data is analyzed by two factors: the degree of disorder (D-band) and the degree of 

crystallinity or graphite structure (G-band). The D-band in graphite involves scattering from a 

defect which breaks the basic symmetry of the graphene sheet, it is observed in sp
2
 carbons 

containing porous, impurities or other symmetry-breaking defects. The G-band involves testing 

the actual amount of sp
2
 character, meaning the amount of SWCNTs.   

 

3 Results and Discussion 

We investigated the formation of carbon nanotube reinforced emulsion-derived microcellular 

foams, using a modified self-healing capsule procedure that incorporates DCPD as the polymer 

used to create an open-cell structure. Figure 6 is a sample of typical foam without any CNTs 

incorporated after it has dried overnight and figure 6B is an SEM image of a typical foam 

without any CNTs incorporated.  

      



           

Figure 6. A) A sample of dried foam without CNTs incorporated. B) An SEM image of a typical 

foam without any CNT’s incorporated.  

 

We also worked on the incorporation of carbon nanofibers (CNFs) to see the effect of larger 

carbon structures on the dimensions of the foam. CNT/CNF reinforcements enable rigid 

structures to be produced.
8
 In order to facilitate a better interaction between the carbon nanotubes 

and foam, the tubes were modified with 5-norbornene-2-yl(ethyl)chlorodimethylsilane which has 

a similar chemical motif to DCPD. Figure 7. shows the simplified reaction pathway used for the 

modification of the carbon nanotubes and the production of foam. 



 

Figure 7. Reaction pathway for the modification of multi-walled carbon nanotubes with 5-

norbornene-2-yl(ethyl)chlorodimethylsilane and formation of foam. 

During the testing phases of the self healing material, we found that with the addition of more 

DCPD and the modified CNTs, coupled with a longer sonication time, the contents of the self 

healing capsules (DCPD) would release from the solution, resulting in the open-porous structure 

desired.  The CNF and CNT capsules are pictured below in figure 8.  

 



 
 

Figure 8. A) SEM image of DCPD Microcellular capsules with CNFs. B) SEM image of 

microcapsules with integrated CNTs shells. 

 

When the carbon nanotubes detached from the shell, they also removed a section of the shell 

resulting in DCPD migrating out of the capsule. 

 

Figure 9. SEM images of broken capsules. The tears occurred when immobilized carbon 

nanotubes were pulled from the surface of the capsules. 



We also observed different concentrations of CNTs to find the optimal amount needed. We 

added 50% more CNTs while keeping the other reactants constant to determine if there was a 

maximum threshold for the concentration of CNTs until they did not maintain the open cell 

structure. 

 

Figure 10. A) SEM image of the foam preparation with a high concentration of DCPD causing 

the loss of the foam structure and a prominent coating of the CNTs. B) A schematic of the 

coating of a CNT.  

 

Figure 11 shows that when there was too high of concentration of CNTs we saw the structure we 

wanted to achieve start to form but there were some areas of the sample that had a closed cell 

structure, this was a result of the CNTs cross-linking more with the polymer rather than having 

foam synthesis occur.  



 

Figure 11. High resolution scanning electron microscope images of the foam produced using 5-

norbornene-2-yl(ethyl)chlorodimethylsilane modified carbon nanotubes. 

 

The successful incorporation of the carbon materials into the foam required careful control of the 

reaction conditions. We optimized these conditions to prevent the open cell structure of the foam 

from collapsing during formation. Some of the areas I investigated were the concentration of the 

reactants, the effect of pH, the temperatures during formation and sample preparation for SEM 

(as a precaution for introducing artifacts during preparation). After testing we were able to find 

the perfect concentration needed of each reactant and environment factors, to produce the desired 

foam. Early work on incorporating CNFs was demonstrated limited success possibly due to the 

large size of the fibers and the reduction in the ability of the fibers to bend and conform to the 

sides of the foam. Carbon nanotubes proved to be much more successful with the formation of 

open cell foams with the norbornene modified tubes producing good results. Gas absorption 

studies were also investigated for more characterization of these materials.  

 



The open structures give the possibility for the incorporation of nanocrystals such as palladium 

and platinum for reactions with gasses. 

Highly porous dicyclopentadiene foam with integrated carbon nanofibers was successfully 

synthesized with high internal phase emulsions. The synthesis also successfully integrated 

carbon nanofibers into the cell walls. With increased temperature control throughout the 

emulsion and polymerization process all closed-cell sections could be eliminated. Under these 

conditions, dicyclopentadiene shows to organize in a manner resembling open-celled foam. The 

resulting solid is a microscopically highly porous foam. 

.  Raman data shown in figure 12 is consistent with the previously proposed beta data suggesting 

that our modified foam is consistent with that of standard foam, yet has increased mechanical 

properties. The peak at 1300 cm
-1

 is representative of the D-band, we expect this band to be a 

high peak (as observed) because the modified side chain we added to the CNTs contributes to the 

disorder, thus the peak conforms that the modified structure was maintained in the final product. 

Also, the peak at 1600 cm
-1

 is representative of the G-band, which confirms that our final 

product maintained its sp
2
 character and thus the structure of the MWCNTs was not 

compromised during the reaction.  



 

Figure 12.  Raman data of A) Pristine MWCNTs (Nanoamor) and B) Foam sample with CNTs 

incorporated and of foam without CNTs.  

Unlike other methods of creating microcellular dicyclopentadiene using HIPE this 

method was performed in air and did not need to be carried out under nitrogen, as a nucleating 

agent. Also there no need to introduce a stabilizer, nor blowing agent. There was sufficient 

stabilization of the emulsion throughout polymerization of the DCPD and the CNF loadings did 

not disrupt the emulsion. Utilizing this method instead of ring opening metathesis to polymerize 

DCPD deletes the need for a Grubbs catalyst and thus creates a cheaper method with a more 

stable emulsions phase. The production of porous microcellular foam with highly interconnected 

pores is intrinsic to this method using DCPD, as this structure could be achieved with and 

without the introduction of CNF.   

 

 

 



4 Conclusion 

This research presented a new method for producing highly porous dicyclopentadiene foam with 

integrated carbon nanotubes. We first examined capsules without any CNTs incorporated and 

observed that the open cell structure did not form at all, thus the need to add CNTs to maintain 

the cell wall structure. We found that with the incorporation of too much DCPD the CNTs 

became coated in it and were not able to properly form the open cell structure and instead just 

clumped together. We also observed that with too high of concentration of CNTs the open cell 

structure would start to form in some areas of the sample but the CNTs would end up cross-

linking with the polymer in other areas preventing the open cell structure from forming. Once 

finding the necessary concentration of each reactant as well as the optimal temperature at which 

to run the reactions, the desired open cell porous structure was achieved. Unlike other methods 

of creating this type of structure in microcellular foams our research method was performed 

without the use of a nitrogenous environment or using an expensive catalyst, which are both very 

useful achievements for industrial materials.  
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