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Background
The study and applications of nanomaterials such as carbon nanotubes (CNTs) have gained tremendous interest in recent years, due to their exceptional structural, electrical and mechanical properties [1-3].
CNTs however are often energetically inhomogeneous, exhibiting various surface sites, such as structural defects or specific functional groups. Therefore, a surface energetic heterogeneity profile can provide more
comprehensive information on the nature and population of these surface sites. Such a heterogeneity profile allows the prediction of product properties, especially in the formulation of blends, composites or
coatings. In this work, the surface energy heterogeneity of commercial multi-walled CNTs was measured, relating to the effects of different modifications (i.e. annealing and oxidation). Also understanding the
adhesive and cohesive properties of CNT material in a polymer matrix.

Materials & Methods
•

•

Commercial multi-walled carbon nanotubes (MWCNTs) were used as received
(Arkema SA, Serquigny, France). Modifications include [4]:
• high temperature annealing (2100 °C under argon flow);

•

• thermal oxidation (640 °C under air flow).

Carbon Nanotubes
• As received (AR-MWNT)
• Oxidised with HNO3 solution to create -COOH functional groups (MWNT-COOH)
Nanoclay
• As received (AR-nanoclay)
• Surface treated with isophrone diisocyanate - isocyanate functional groups (fNCO-nanoclay)
• Polyurethane Matrix (PU)

Inverse Gas Chromatography for Surface Energy Mapping

• . Surface free energy heterogeneity analyses were determined using iGC-SEA (Surface Measurement Systems Ltd., UK).
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Fig. 1 Schematic of iGC-SEA technique

Results & Discussion
2. Dispersive Surface Energy Heterogeneity

1. Effect of Different Modifications on MWCNTs
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•

Various characterization results (Table 1) confirmed significant differences in
the modified MWCNTs’ surface properties compared to the as received
sample.

Heterogeneous & More active

Oxidation increased surface oxygen content (by factor of 3), hence the
surface polarity. However there was a slight decrease in crystallinity, with
presence of additional defects.

MWCNTs
As-received

Fig. 2 HRTEM images of (a)
As received, (b) Annealed,
and (c) Oxidized MWCNTs
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Fig. 3 Dispersive surface energy profiles

3. Surface Energetics of Nano-fillers and Matrix

•
•

Homogeneous & Less active

γsD Oxidized > γsD As Received > γsD Annealed

Table 1. General characterization data for as-received and modified MWCNTs [4]
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Figure 4 reveal that high crystallinity (annealed) sample only possessed small variations of γsD,
implying a fairly homogeneous surface property.

Annealing has increased crystallinity of MWCNT considerably, but decreased
specific surface area.

5 nm

(c)

•

Area Increment [%]

•

Morphology of as received MWCNT (Figure 2) is relatively wavy and
disorganised.

γsD profiles in Figure 3 show that all MWCNT samples were heterogeneous in surface property
(meaning that γsD changes with surface coverage); however the degree of energetic heterogeneity
was found to depend on the modification treatment.
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Fig. 4 Dispersive surface energy
distributions

4. Adhesion/Cohesion Ratio

iGC-SEA was used to predict nanofiller-polyurethane composite mechanical performance.
With a higher surface energy, the greater cohesive forces between the AR-Nanoclay particles, and
between MWNT-COOH particles (Figure 5).

•
•

Particle-particle interactions dominate thermodynamically, leading to poor dispersion and
decreased load transfer.

•

200

Wad/Wcoh ratio -- indication of the balance of forces between adhesion and cohesion.
Too strong or too weak particle-particle interactions, increased segregation of the particles or poor
dispersion, resulting in decreased particle-matrix interactions.
Ideally, formulations should be developed to optimize the Wad/Wcoh ratio.
Table 2. Work of cohesion and adhesion data for all samples
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Fig. 5 Total surface energy profiles for all samples
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Conclusions
Dispersive surface energy heterogeneity profiles were measured on as received, annealed and oxidized
CNT samples. Thermal oxidization showed a dramatic effect on the surface property of CNTs, possibly
due to the introduction of additional surface functional groups and/or structural defects. iGC-SEA can
be used to determine work of adhesion and cohesion which correlates to blending performance and
can be used for formulation and optimization.
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