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ABSTRACT 

XIONG, YAO, Ph.D., August 2011, Chemistry 

AFM Studies of the Metallicity of Single-walled Carbon Nanotubes and Corrosion 

Inhibitor Adsorption 

Director of Dissertation: Liwei Chen 

Two families of novel materials, carbon nanotubes and corrosion inhibitors, were 

studied in this dissertation research. Their unique structures and properties were analyzed 

using atomic force microscopy in conjunction with other optical spectroscopies. 

Applications of atomic force microscopy were developed to measure the dielectric 

responses of nanomaterials, operate in aqueous environments and for removal of 

adsorbed molecules.    

The heterogeneity of carbon nanotube samples has hindered their application and 

further development. A scanning probe microscopy assay has been established to 

differentiate between metallic and semiconducting nanotubes as well as to quantitatively 

determine metallicity; this was based on the different dielectric responses of metallic and 

semiconducting nanotubes. The metallic contents of multiple nanotube samples with 

various metallic-to-semiconducting ratios were determined using this method, the results 

being further confirmed by UV-Vis and Raman spectroscopy. This assay can provide a 

rapid method for evaluation of the effectiveness of selective nanotube synthesis and 

separation methods.  The technique can be extended for the study of the dielectric 

properties of other nanomaterials. 
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Based on the different electronic properties between metallic and semiconducting 

nanotubes, a microwave irradiation effect directed towards the preferential etching of 

metallic nanotubes was further studied. Irradiation was found to cause the fracturing of a 

nanotube-film coated glass substrate, indicating nanotubes can absorb microwave energy 

and convert it to heat. THz transmission and Raman spectra show that the metallic 

content decreased after irradiation as particular spectral features decreased in intensity. 

UV-Vis absorption spectra indicated that the decreased metallicity was not solely due to 

the complete decomposition of the nanotube structure, but was affected by preferential 

oxidation or defect induction in metallic nanotubes. 

The adsorption structure, film thickness, penetration force and removal force of 

adsorbed corrosion inhibitors were studied in aqueous solution. The structure and 

thickness of inhibitor films was found to depend on their concentration, bulk pH, solution 

ionic strength and surface properties. The measured force for penetration of an inhibitor 

film and removal of inhibitor molecules was of the order of 1~10 MPa, indicating 

inhibitor molecules cannot be removed by fluid flow alone. This is the first time that the 

adsorption structures of inhibitors on metal surfaces were directly visualized and the 

mechanical properties of adsorbed inhibitor films quantitatively measured.  
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Chapter 1.  Introduction 

 

1.1 Atomic force microscopy 

1.1.1 History 

Scanning probe microscopy (SPM) is an advanced technique that uses a physical 

probe to scan the surface of a specimen. Images and curves are measured by recording 

the interaction between the scanning probe and the surface, as a function of position. The 

foundation of SPM was the invention of Scanning Tunneling Microscopy (STM) by 

Binning and Rohrer at IBM1-3. STM was the first microscopic method to generate real-

space images at atomic-level resolution. In STM analysis, a conducting probe applied 

with a bias is brought within ~10 nm of the conductive surface, resulting in a tunneling 

current occurring between the tip and the sample surface. By recording the tunneling 

current which is related to the tip-to-sample distance, surface morphology and electronic 

structure of the sample are revealed4-6. However, the use of STM requires conductive 

probes and samples, and thus this technique has limitations on insulating materials. 

In 1986, Atomic force microscopy (AFM) was developed by Binnig, Gerber and 

Quate, and expanded the SPM technique to non-conductive surfaces7-9. AFM probes 

themselves, however, are not necessarily conductive. AFM can measure three-

dimensional topography and does not require particular specimen treatment10-14. The first 

commercial AFM was available from Park Scientific, and more than 10 major AFM 

manufacturers are now established worldwide. Figure 1 shows available AFM equipment 

from two leading manufacturers. Both instruments were used in this research.  
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Figure 1.1 Photographs of (a) Asylum research MFP 3D AFM and (b) Pico scan 2000 

AFM. 

 

Another advantage of AFM, over the STM, is that it does not require a vacuum 

environment. It can operate in both gas and liquid environments. To serve various 

research purposes, AFM provides different scanning modes and can measure multiple 

types of interactions, such as van der Waals forces, electrostatic forces, magnetic forces, 

capillary forces, chemical bonding15-19. AFM is not only a technique for imaging surface 

morphology and structures at the nanometer scale, but also provides precise force 

measurements and material manipulation at designated conditions20-22. After 20 years of 

development, AFM has become a powerful tool for exploration of the “nano world”.  
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1.1.2 Basic Principles of AFM 

Even though the instruments have different designs, an AFM system usually 

contains similar components: an AFM probe, an optical lever, a piezoelectric scanner, a 

feedback loop, and a conversion system (Figure 1.2)  

  

                 

Figure 1.2 Basic principles of AFM. 
 

In a typical AFM scan, an AFM probe, which consists of a sharp tip mounted on 

the cantilever, is first assembled within the system. A laser beam is adjusted to focus onto 

the back of the cantilever and reflected onto a photodiode detector. In order to image the 

surface morphology, the tip must be brought within 5 nm of the surface, either manually 

or remotely. At this point, the tip scans over a selected area, in a range from 100 nm by 

100 nm to 100 µm by 100 µm, based on the scanning protocols. As the laser beam is 
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focusing on the cantilever during the scanning, any cantilever deflection created by the 

tip-sample interaction can instantaneously induce the reflection change of the laser beam 

in the photodiode. This deflection or reflection is the raw signal for AFM images. 

However, in most AFM systems, the cantilever deflection is at a constant value in the 

scanning, and thus the AFM probe is correspondingly moving up and down in the z-

direction to keep the tip-sample interaction constant. The voltage created to move the 

AFM tip up and down in the z-direction is recorded as information for topography. 

Finally, a three-dimensional image is produced through the feedback loop and conversion 

system, and displayed on a monitor20. 

As AFM measures the interaction between the tip and the sample surface, the 

resolution of the image is defined by the size and symmetry of the tip, the spring constant 

of the cantilever, the sample preparation, and the scanning conditions. Artifacts may be 

created due to a variety of conditions, including a worn tip, a rough sample surface, 

scanning at a high velocity, and outside noise21-23. Therefore, obtaining a perfect AFM 

image requires the understanding of the AFM principle, the selection of suitable tips, and 

samples as well as the setting of appropriate scanning parameters. 

   In order to measure interactions for various analysis purposes, AFM has been 

developed to work in different modes. Most AFM instruments include three basic 

scanning modes: contact mode9, non-contact mode24, and tapping mode25. Based on these 

basic modes, more advanced modes have also been established such as chemical force 

microscopy17,26, electrostatic force microscopy27, conductive AFM28, magnetic force 

microscopy29-30, Kelvin probe force microscopy31 and lateral force microscopy32.  
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1.1.3 AFM image modes 

1.1.3.1 Contact mode 

The earliest mode created is the contact mode9. In this mode, the tip is physically in 

contact with the sample surface, and the overall interaction between the tip and the 

surface is repulsive. Contact mode is also referred as static mode because the surface 

morphology is measured directly from the deflection of the cantilever. This mode is the 

basic mode for every AFM, and it can work in vacuum, air and liquid environments and 

further serve as a basis for other advanced modes. 

 

1.1.3.2 Non-contact mode 

In contact mode, due to the direct contact, the scanning tip may alter the sample 

position or even change the sample morphology. In order to conquer problems associated 

with this configuration, a non-contact image mode was developed33-34. In this technique, 

the tip is usually 5 to 15 nm above the sample surface, avoiding direct contact. At this 

distance, the attractive van der Waals interaction is acting between the tip and the surface. 

This attractive force is usually much weaker than the repulsive force in the contact mode. 

Therefore, an oscillation must be applied to the tip, and the AC detection method can 

help to measure the small attractive force by measuring the change in amplitude, phase, 

or frequency of the oscillating cantilever.     
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1.1.3.3 Tapping mode 

In tapping mode, an oscillation is applied to the cantilever near its resonant 

frequency using a piezoelectric crystal. During the scanning, the cantilever oscillates in a 

pre-set amplitude, and the sharp tip correspondingly “taps” on the surface25. The 

oscillating tip is moving towards the surface until it slightly or softly touches the surface 

itself. Interaction, such as van der Waals forces, dipole-dipole interactions and 

electrostatic forces, can decrease the amplitude of tip oscillation. However, in most AFM 

instrumentation, the amplitude of the tip oscillation is set to a constant value by adjusting 

the height of the tip using the z scanner. Therefore, the voltage change for adjusting the 

tip during the scanning is used as the signal for producing a tapping mode image. The 

major difference between tapping mode and non-contact mode is the amplitude in the 

tapping mode is much higher than that in the non-contact mode (Figure 1.3). 

Usually tapping mode can provide higher resolution images than contact and non-

contact modes. This is  because the tapping avoids dragging the tip across the surface, 

which could happen in the other two modes35. The gentle tapping also helps to image soft 

materials, such as DNA and lipids, as the tapping avoids continuous contact between the 

probe tip and the sample features. 
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Figure 1.3  Schematic drawings of contact mode, non-contact mode and tapping mode. 

 

Based on the three basic modes, advanced imaging modes have been developed to 

measure electrostatic forces, forces between specific molecules, magnetic forces, etc. In 

these advanced modes, AFM is usually called as electrostatic force microscopy (EFM)17, 

chemical force microscopy (CFM)26 and magnetic force microscopy (MFM)30. 

 

1.1.3.4 Chemical force microscopy (CFM) 

CFM is used to detect interactions between designated molecules, instead of 

between the AFM tip, usually Si or Si3N4, and the sample. If the interaction between 

molecule A and molecule B is interested, the sharp tip can be modified by molecule A or 

similar functional groups, while the substrate can be coated with molecule B or similar 

functional groups26 (Figure 1.4a). Therefore, the specific interaction between A and B 

can be measured.     

 

1.1.3.5 Electrostatic force microscopy (EFM) 

EFM measures the electrostatic force between the charged tip and the surface. In 

this mode, a bias is applied on the scanning tip and the electrostatic force can be 
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measured based on the charge density on the sample surface17. Figure 1.4b shows the 

measurement between a biased tip and a sample surface in EFM. EFM usually applies to 

map charged domains and polarizations on the sample surface. However, if the charged 

scanning tip is within 5nm above the surface, the obtained image is a combination of 

topographic signal and electrostatic force signal. To separate electrostatic force from 

surface morphology, a double-pass mode was developed for EFM measurements36. In a 

double-pass mode scanning, the first pass is a standard tapping mode scanning on a 

normal topographic line. On the second pass, the conductive tip is lifted a set amount of 

height and scan the same line with an applied bias. This double-pass scanning mode can 

help to avoid the interference from topography. This double-pass method has been also 

applied to magnetic force microscopy (MFM) and other advanced modes. 

 

1.1.3.6 Magnetic force microscopy (MFM) 

The mechanism of MFM is similar to EFM. Instead of applying a bias to the 

conductive tip, the tip in MFM is coated with a layer of magnetic film and scans a 

magnetic sample in the non-contact mode (Figure 1.4c). Different magnetic domains and 

their strengths can be detected during the scanning, based on measured magnetic forces30.   
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Figure 1.4   Schematic drawings of (a) a CFM setup containing a functionalized tip and 

surface; (b) an EFM setup containing a biased tip and a sample with different charge 

distributions; (c) a MFM setup containing a magnetic coated tip and a flat magnetic 

sample. 

 

1.1.3.8 Nanolithography and manipulation 

Normally AFM is used to image the surface without further changing or 

damaging its morphology. By applying excessive force on the cantilever or using specific 

tips, however, AFM can change the surface by “writing” down new features or moving a 

feature to a new position. This function is referred as nanolithography or nano-

manipulation. Figure 1.5 shows a pattern generated by AFM nanolithography on a 

photoresist material37.  

 

a b c
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Figure 1.5  AFM image of a generated pattern by nanolithography. (Figure reproduced 

with permission from reference 37) 

 

1.1.4  AFM probes 

Hundred types of AFM probes are available for various samples and scanning 

conditions. But no matter how different they are, AFM probes are a combination of tips 

and cantilevers38. For general imaging of surface topography, AFM probes are usually 

made of Si or Si3N4, which can work in contact, non-contact and tapping modes. By 

functionalizing the probes with extra layers/coatings, AFM can be sensitive for the 

designated interactions. For example, By coating a probe with a conductive Pt/Ti layer, 

the AFM instrument can measure electrostatic interactions39.        

 

1.1.4.1 Cantilevers 

As discussed above, the cantilever deflects the interaction, which is sensed by the 

sharp tip, based on Hooker’s law40. Therefore, the cantilever material is crucial to the 
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sensitivity of the instrument. The spring constant of a cantilever defines the smallest force 

that can be measured by AFM. The selection of inappropriate cantilever may even cause 

the difficulty in imaging or damage on sample features. For example, biological samples, 

such as DNA and protein, can be damaged by hard AFM probes with large spring 

constants (>10 N/m). Soft AFM probes with small spring constants (<1 N/m) are used for 

biological samples and in aqueous environments25.  

Based on the number of cantilevers in a probe, AFM probes can be classified as 1-

lever probes and multiple-probes. For a multiple-lever probe, it usually consists of 

cantilevers with different lengths and spring constants. The shape of a cantilever can also 

be rectangular (Figure 1.6a) or V-shaped (Figure 1.6b).     

   

  

Figure 1.6  SEM images of AFM probes with (a) rectangular cantilever, (b) V-shaped 

cantilever. 

  

1.1.4.2 Tips 

The resolution of an AFM image is highly dependent on the size, shape and symmetry 

of the tip41-42. Small and sharp tips can provide higher resolution images than large and 
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blunt tips. Figure 1.7 shows a sharp tip with a diameter of ~60nm on its “head” part. The 

diameter of the tip can change during the scanning because of the wear of the tip. 

Possible reasons for tip wear can be due to the scanning at a high velocity, excessive 

applied force, contamination, and long-term usage. The continuous use of a worn tip may 

cause enormous artifacts in an image, or generate “fake” images. For conductive tips and 

magnetic tips, their diameters are usually increased by the extra layers, and thus the 

resolution of images provided by these functionalized tips may not be as high as images 

provided tips for regular topographic scanning.    

For nanolithography and nano-manipulation, a diamond tip may be applied to 

change the features of the sample as diamond is one of the hardest materials.  

 

 

Figure 1.7  SEM image of a sharp tip with a diameter of ~60nm on its “head” part. 
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1.2 Carbon nanotubes 

1.2.1 History 

Carbon nanotubes were first synthesized by Sumio Iijima in 199143. Since their 

discovery, carbon nanotubes have attracted continuous academic and industrial interest 

because of their unique structures and special properties44-49. The one-dimensional 

structure and sp2 C-C bonding confer naontubes useful properties of high strength, high 

thermal conductivity and metallic or semiconducting properties. All these 

physicochemical properties make carbon nanotubes good candidates for applications, 

such as electronic devices50-51, drug delivery52-54, energy storage55-56, etc. 

 

1.2.2 Structure and synthesis of nanotubes  

Based on the number of sidewalls, nanotubes are categorized as multi-walled 

carbon nanotubes (MWNTs) and single-walled carbon nanotubes (SWNTs). In this 

dissertation, we only focus on SWNTs and all nanotubes refer to single-walled carbon 

nanotubes. An individual nanotube has a small diameter of about 1~2 nm, but a length on 

the micrometer scale57-58. It can be conceptualized by rolling of a graphene sheet into a 

cylindrical tube. The diameter and chirality of a nanotube are characterized by chiral 

vector Ch = na1 + ma2 ≡ (n,m), where a1 and a2 are unit vectors and n and m are integers59.   

(Figure 1.8, generated from Nanotube Modeler © JCrystalSoft). Based on different chiral 

vectors, the nanotubes can be refer to as ‘zigzag’ if m = 0, or ‘armchair’ if n = m. All 

other nanotubes are of the ‘chiral’ types. Figure 1.9 shows the structures of (10, 0), (9, 9), 

(8, 5) nanotubes. The electronic type of nanotubes is dependent on the chiral vectors (n, 
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m). When (n – m) = 3q, where the q is an integer, nanotubes are metallic, otherwise they 

are semiconducting57. An as-synthesized nanotube sample is always a mixture of many 

species, thus containing both metallic and semiconducting types. 

 

 

Figure 1.8 Schematic of a graphene sheet. A nanotube can be constructed by rolling of a 

graphene sheet. The diameter and chirality are characterized by chiral vector Ch = na1 + 

ma2 ≡ (n, m), where a1 and a2 are unit vectors and n and m are integers. 

 

a1 

a2 
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Figure 1.9 schematic of (A) a zigzag (10, 0) nanotube; (B) an armchair (9, 9) nanotube; 

(C) a chiral (8, 5) nanotube.  

 

Multiple techniques have been developed to synthesize nanotubes over the past 

two decades including arc discharge, laser ablation and chemical vapor deposition 

(CVD)57,60-62. In the arc discharge method, nanotubes are synthesized between two 

graphite electrodes where an arc is generated in a helium atmosphere. The yield for this 

method is up to 30%, producing both multi-walled nanotubes and singled-walled 

nanotubes62.   
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In the laser ablation process, graphite is vaporized by a pulsed laser in a 1200℃ 

reactor in flowing argon. The vaporized carbon source then condenses on the cooler side 

of the reactor and carbon nanotubes are produced. One benefit of this method is the high 

yield of  ~70%, but it is very expensive to create the high temperature62.  

In chemical vapor deposition (CVD), nanotubes are synthesized from gaseous 

carbon onto the substrate with catalyst particles. The catalyst particles behave as “seed” 

for nanotube growth and nanotubes are directly produced on the substrate at several 

hundred degrees60. Large scale production of nanotubes can be achieved in industry via 

the CVD method, and the selection of gaseous carbon source and catalyst particles can 

help to control the diameter and chirality of synthesized nanotubes. For example, in the 

high pressure CO disproportionate (HIPco) process, a continuous CO flow is used as the 

carbon source and Fe(CO)5 is used as the catalyst precursor63-64. The diameter or chirality 

distribution of produced nanotubes can be adjusted by varying the partial pressure of 

CO63. In the CoMoCAT process, a unique Co-Mo catalyst formulation is selected with 

the CO source. The Co-Mo catalyst can help to inhibit the formation of undesirable forms 

of carbon, and selectively synthesize nanotubes with a certain diameter range by 

controlling the temperature65. Nanotubes produced from these two CVD methods are 

usually called HIPco nanotubes and CoMoCAT nanotubes. The HIPco and CoMoCAT 

processes provide high quality nanotubes and do not change the structure and property of 

nanotubes. 
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   However, multiple synthesis methods have been developed during the past twenty 

years to control the diameter and properties of the nanotube samples, but the synthesized 

nanotube samples are still a mixture of metallic and semiconducting types.   

 

1.2.3 Electrical properties of nanotubes 

As discussed above, nanotube types can be expressed by chiral vectors (n, m). 

Nanotubes are metallic when n-m can be evenly divided by 3. Otherwise, they exhibit 

semiconducting properties. All nanotubes species have different (n, m) chiral vectors and 

unique electronic structures66.  

Figure 1.10 shows the density of states (DOS) diagrams of a metallic nanotube 

and a semiconducting nanotube. A nanotube is metallic when the DOS is continuous 

between the first pair of van Hove singularities (VHS), or the DOS is non-zero at Femi-

level, while a semiconducting nanotube has a clear gap between the first pair of van Hove 

singularities57,67. This gap is called band gap. Electronic transitions from valence bands to 

corresponding conducting bands are called Eii transitions (i = 1, 2, 3, 4…). For example, 

the E11 transition corresponds to the electron transition from the first valence band V1 to 

the first conduction band C1. Mii and Sii are used to express the Eii transitions in metallic 

nanotubes and semiconducting nanotubes, respectively68-69. The band gap between each 

pair of van Hove singularities is inversely proportional to the diameter of the nanotube, 

and thus nanotubes in larger diameters have smaller band gaps70.  
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Figure 1.10 Schematic drawings of electronic structures of (A) a semiconducting (12, 8) 

nanotube and (B) a metallic (10, 10) nanotube. (Figure reproduced with permission from 

reference 68). 

 

1.2 4 Dispersion and separation of nanotubes  

Although nanotubes have many potential applications due to their unique 

properties, their insolubility and heterogeneity have hindered their development. As-

synthesized nanotubes are agglomerated bundles of various species due to the strong van 

der Waals interactions and inherent hydrophobicity (Figure 1.11)45. Therefore, the first 

step prior to nanotube analysis and application is usually the dispersion of individual 

nanotubes in solution. To overcome the strong inter-tube interactions, covalent 

functionalization71-75 or non-covalent dispersion methods have been developed75-78. 

Covalent functionalization to modify the sidewall structure of nanotubes can be 

performed via various chemical reactions, such as nitrene addition, arylation, alkylation, 

fluorination73,79, etc. Nanotubes become soluble because the original sp2 hybridization is 
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changed to sp3 in the functionalization and the π-conjugation system becomes disrupted 

(Figure 1.12A). However, the structure and properties of nanotubes are also changed in 

this process. Noncovalent methods have become more appealing as the properties and 

structures of nanotubes are preserved after dispersion79. Multiple noncovalent methods 

have been published such as DNA-assisted dispersion78, surfactant assisted dispersion70, 

polymer assisted dispersion80 and organic solvent dispersion81. With the help of assisting 

molecules, nanotube bundles can be dispersed to individual ones in solution without 

changing any of their inherent properties (Figure 1.12B).         

 

 

Figure 1.11  TEM image of nanotube bundle consisting of approximately 100 nanotubes. 

(Figure reproduced with permission from reference 45). 
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Figure 1.12  Schematics of (A) a covalent functionalization of nanotubes and (B) a 

noncovalent functionalization of nanotubes. (Figure reproduced with permission from 

reference 79). 

 

Even if the bundled nanotubes can be dispersed to individual tubes, the nanotube 

sample is still a mixture of a variety of species, including metallic and semiconducting 

types. Applications in electronic devices and biomedicine usually require high purity of 

the materials. Therefore, the separation of nanotubes based on their diameter, chirality 

and electronic structure has become an important topic in nanotube research. Strano and 
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co-workers designed a selective chemical reaction to eliminating metallic nanotube 

contents using diazonium reagents82. The diazonium reagents can react with metallic 

nanotubes and form covalent bonds on the sidewalls of the nanotubes (Figure 1.13). 

However, this chemical reaction can only react with metallic nanotubes faster than 

semiconducting ones, but cannot eliminate all the metallic content.  

 

 

Figure 1.13  Schematics of selective chemical reaction of nanotubes. The diazonium 

reagents selectively reacted with metallic nanotubes, leaving semiconducting nanotubes 

unreacted. (Figure reproduced with permission from reference 82). 

 

Other methods are based on the physical properties of nanotubes. Krupke, et al., 

fabricated a dielectrophoresis (DEP) device that took advantage of differences in 

dielectric properties of metallic and semiconducting nanotubes83. Once the nanotube 
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suspension was dropped onto this device and a 10V AC voltage was applied, metallic 

nanotubes were attracted toward a microelectrode array, leaving a semiconducting 

suspension in the solvent (Figure 1.14). One drawback of this ac-dielectrophoresis 

method is that the amount of separated nanotubes is only about 100pg metallic nanotubes 

per recovery. 

 

 

Figure 1.14  Microelectrode device for ac-dielectrophoresis (DEP). With an applied 

voltage, metallic nanotubes are attracted toward a microelectrode array, leaving 

semiconducting nanotubes in the solvent. (Figure reproduced with permission from 

reference 83). 

 

To achieve the dispersion and separation of nanotube, Zheng and co-workers 

designed DNA-coated nanotubes which helps to disperse individual nanotubes78. Further 

investigation of DNA-nanotubes has found that the DNA coating on the nanotube surface 
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can also assist the separation of nanotubes by ion-exchange chromatography (IEX)84-86. 

In a typical IEX experiment, a nanotubes suspension was injected into a column in which 

the resin was functionalized with quarterized polyethyleneimine and then eluted with a 

linear salt gradient. DNA coated nanotubes which weakly interacted with the resin 

flowed out of the column earlier and nanotubes can be separated based on their type. 

Figure 1.15 shows the absorption spectra of separated fractions in ion-exchange 

chromatography with enrichments of different nanotube species.  

 

 

Figure 1.15  Absorption spectra of separated fractions in ion-exchange chromatography 

(IEX). Each fraction showed enrichment of different species of nanotubes. (Figure 

reproduced with permission from reference 78). 
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Hersam group developed the separation of surfactant-nanotubes by using density 

gradient ultracentrifugation(DGU)87. Density gradients were formed from a non-ionic 

density gradient medium, and centrifugation was carried out at 40,000~60,000 rpm for 

9~24 hours. Due to the different densities of surfactant-nanotubes, the nanotube 

suspension in the centrifuge tube forms several colored bands with different contents. For 

example, the pink colored band in Figure 1.16 only contains metallic nanotubes as only 

one peak in the M11 region, while the bottom contents are still mixtures. By varying the 

surfactants, which means the control of the density of surfactant-nanotubes, nanotubes 

become separated by diameter, band gap or electronic structure, using this technique. 

 

 

Figure 1.16  Colored band and corresponding absorption spectra of enriched nanotubes in 

density gradient ultracentrifugation (DGU). The pink colored band contains only metallic 

nanotubes as only one peak in M11 region, while the bottom contents are still mixtures. 

(Figure reproduced with permission from reference 87).  
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The mechanisms of all these methods are still not fully understood. Comparing 

with selective chemical reactions, the physical separation methods are more attractive 

because they do not change the unique properties of nanotubes87. As the dielectric 

polarization directly affects the intermolecular interaction, the dielectric properties of 

nanotubes become the key in the understanding of separation mechanism in DEP, IEX 

and DGU methods. In chapter two, we studied the dielectric polarization of nanotubes 

and developed an assay for determining the metallicity of nanotubes using electrostatic 

force microscopy (EFM). In chapter three, we further investigate the microwave 

irradiation effect on nanotubes, as well as the selective etching of metallic nanotubes 

using the irradiation.  

 

1.2.5 Characterization of nanotubes 

The most common characterization techniques for nanotubes are transmission 

electron microscopy (TEM), scanning electron microscopy (SEM), atomic force 

microscopy (AFM) and optical spectroscopy. In this research, Raman and absorption 

spectroscopy, as well as AFM, have been used to characterize nanotubes. 

 

1.2.5.1 Atomic force microscopy 

As discussed above, AFM is able to provide high resolution image in nanometer 

scale. Figure 1.17 shows an AFM image of individual nanotubes. The direct 

measurement of the tube diameter is very helpful for  determining whether the nanotubes 

are in the forms of bundles or individuals85, as well as whether they are multi-walled88 or 
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single-walled89 nanotubes. An individual single-walled carbon nanotubes has a diameter 

of 0.6 nm to 2 nm. Therefore, AFM is often used for evaluating the dispersion and 

separation methods of nanotubes, as well as the sample quality.  
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Figure 1.17  An AFM image of individual single-walled nanotubes dispersed on a SiO2 

substrate. 

  

1.2.5.2 Raman spectroscopy 

Raman spectroscopy is very important for studying the physical and electronic properties 

of nanotubes. Figure 1.18 shows four major bands in a Raman spectrum of an individual 

nanotube, including the radial breathing mode (RBM), the tangential G band, the 

disorder-induced D band and its second-order harmonic G’ band90-93. Among these four 
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bands, the G band and RBM band are the most important features to determine the 

electronic properties of nanotubes. 

 

 

Figure 1.18 A typical Raman spectrum for a nanotube. (Figure reproduced with 

permission from reference 92). 

 

Figure 1.19 shows the G band features from (a) semiconducting nanotubes and (b) 

metallic nanotubes91. Each possesses two G band features, one at 1590 cm-1 (G+) and the 

other at about 1570cm-1 (G-). The G+ and G- feature are associated with the vibrations of 

carbon atoms along the axis direction and the circumferential direction of the tube, 

respectively92. It has been found that the lineshape of the G- feature is sensitive to 
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whether the nanotube is metallic or semiconducting. For semiconducting nanotubes, two 

dominant Lorentzian features are shown with 6-15 cm-1 linewidth. For metallic 

nanotubes, G+ bands are still dominant Lorentzian features but G- features are broad 

Breit-Wigner-Fano lines92.   

 

 

Figure 1.19  G bands for (a) semiconducting nanotubes and (b) metallic nanotubes. 

(Figure reproduced with permission reference 92). 

 



  56 
   

The Radial breathing mode (RBM) features are generated from the coherent 

vibration of the carbon atoms in the radial direction, and usually occur at between 120 

cm-1 and 350 cm-1 (Figure 1.20)91-92. These RBM features are very useful for identifying 

the diameters of nanotubes, through the use of the Equation 1.1 ωRBM = A/dt +B.  

 

 Equation 1.1 

 

In Equation 1.1, ωRBM is the frequency of Raman shift, dt is the tube diameter, 

and A and B are constants.  Figure 1.20 shows the RBM spectra for three different 

nanotube species. Dresselhaus has reported A = 248 cm-1nm and B = 0 for individual 

tubes91, and thus the diameter of  nanotubes can be calculated from the measured RBM 

features. After knowing the diameter of the tubes, their chiral vector (n, m), as well as 

their species, can be further solved through the following Equation 1.2 and 1.3, where a = 

2.46 A, and n and m are all integers: 

 

                                     Equation 1.2 

 

                    Equation 1.3 
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Figure 1.20  RBM bands for different nanotube species. (Figure reproduced with 

permission from reference 93) 

 

1.2.5.3 Absorption spectroscopy 

UV-vis-NIR absorption spectroscopy has been widely used to study the electronic 

structure of nanotubes68-70,94. The absorption peaks originate from Eii electronic 

transitions, such as from a valence band v1 to a conduction band c1, or from valance 

band v2 to conduction band c2. Eij transition (i≠j) transitions are not allowed. A typical 

absorption spectrum ranges from 400 nm to 1400 nm in wavelength. The M11 transitions 
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from metallic nanotubes are from 400 nm to 650 nm. The S11 and S22 transition from 

semiconducting nanotubes range from 900nm to 1600 nm and 550 nm to 900 nm, 

respectively95-97. Absorption spectra are useful for charactering the composition of 

nanotube sample and for qualitative determination of the metallic-to-semiconducting 

ratio97. Figure 1.21 shows absorption spectra for a HiPco nanotube thin film after 

microwave irradiation. 
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Figure 1.21  Adsorption spectrum for a HiPco nanotube samples after microwave 

irradiation. 

 

1.2.5.4 Fluorescence spectroscopy 

Fluorescence, also call photoluminescence, is an important technique for 

charactering the species in semiconducting nanotube components70,98-99. Fluorescence 
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occurs when excited electrons decay through radioactive emission. For semiconducting 

nanotubes, the decay of electrons from the excited valance band v1 to the ground state 

conduction band c1 is associated with S11 transition70. Therefore, fluorescence spectra 

can reveal the electronic band gap structures of nanotubes. However, no fluorescence of 

metallic nanotubes can be obtained because the excited electrons decay non-

radioactively, and no photon emission is generated98. Figure 1.22 shows the fluorescence 

spectra for semiconducting nanotubes from 658 nm and 785 nm excitations. The 

wavelengths of fluorescence features show the S11 transition energies of excited 

semiconducting nanotubes. The relative contents of these semiconducting tubes can be 

further calculated based on the intensity of these features.    

   

 

Figure 1.22  Fluorescence spectrum of a nanotube sample (A) from 658 excitation and 

(B) from 785 nm excitation. 
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1.3 Corrosion inhibitor 

1.3.1 Background 

Corrosion inhibitors are materials which retard corrosion when added to an 

environment in small concentrations (defined by the National Association of Corrosion 

Engineers). Over the last twenty years, protection mechanisms for corrosion inhibitors 

have been widely studied100-105; it is commonly accepted that the protection conferred by 

inhibitors is usually provided by the formation of protective layers on the metal 

surface106-108. After the formation of the protective layers, the contact between the metal 

and its corrosive environment is reduced. Different kinds of protective layers can be 

formed according to the properties of the inhibitor molecules. For example, the inorganic 

corrosion inhibitor chromate forms a passive layer and prevents the oxidation of a metal 

surface109. Silicates and phosphates as corrosion inhibitors act by precipitation on the 

metal surface, blocking both anodic and cathodic sites110.  

           Organic corrosion inhibitors are surface active agents which form protective films 

by adsorbing on the metal surface. They are usually referred to as surfactants, 

amphiphilic molecules composed of hydrophilic polar heads and hydrophobic non-polar 

tails111-112. Figure 1.23 shows the molecular structure of a quaternary ammonium salt 

which is an organic corrosion inhibitor. The hydrophobic tail group is a long-chain alkyl 

group and the hydrophilic head group has either an ionic or highly polar functionality. 

Based on the property of the hydrophilic group, surfactants (organic corrosion inhibitors) 

are classified as ionic and non-ionic types. Ionic surfactants can be further categorized as 

anionic, cationic and zwitterionic types (Figure 1.24).  One of the most important 
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properties of surfactant-type corrosion inhibitors is their ability to significantly retard 

corrosion on metal surface by forming adsorption layers113-115.  Understanding the 

adsorption mechanism of surfactants is a significant step in selecting an appropriate 

inhibitor for a realistic scenario, to evaluate inhibitor performance, and to develop a 

predictive model for corrosion in the presence of inhibitors.  

The adsorption of surfactants at the solid-liquid interface is strongly influenced by 

a number of factors, in particular the nature of the structural groups terminating the solid 

surface, the adsorption structures of the surfactants themselves and the nature of the 

aqueous environment116-117. Therefore, in this chapter, the adsorption mechanism will be 

described in three sections:  

(1) The driving force for the adsorption of surfactants from bulk solution to the interface. 

(2) Adsorption isotherms and aggregation structures of surfactants. 

(3) Environmental effects on the adsorption process.   

 

 

Figure 1.23 Molecular structure of an organic corrosion inhibitor (a quaternary 

ammonium salt).  
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Figure 1.24  Molecular structures of organic corrosion inhibitors: (a) cationic; (b) 

anionic; (c) zwitterionic; (d) nonionic surfactants. 

 

1.3.1 Driving forces for inhibitor adsorption 

Adsorption of surfactants is driven by intermolecular interactions118-121. These 

interactions are related to the molecular structures of surfactants – particularly whether 

they are ionic or non-ionic and whether the hydrophobic groups are long or short, 

aliphatic or aromatic119. For example, one driving force for cationic surfactants adsorbing 

on negatively charged surfaces is the electrostatic force between positively charged 

surfactant molecules and the negatively charge surface. Figures 1.25 list the most 

common intermolecular interactions between surfactants and substrates: electrostatic 

interactions between ionic surfactants and oppositely charged surfaces; dipole-dipole 

interactions between polar hydrophilic groups of non-ionic surfactants and substrates; 

dispersion interactions between non-polar hydrophobic groups of surfactants and non-
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polar surfaces116-117. In corrosion science, most of the corrosion inhibitors are ionic 

surfactants, with either positive charges or negative charges on their hydrophilic heads. 

Therefore, the most important driving force for corrosion inhibitors is electrostatic 

interaction, as the metal surfaces are often positively or negatively charged122-124. Other 

intermolecular forces such as dipole-dipole interactions and dispersion interactions are 

usually supplementary driving forces for the corrosion inhibitors, even though they are 

not as strong as electrostatic interactions.  

 

 

Figure 1.25 Schematic drawings of (A) the Electrostatic interaction between a cationic 

quaternary ammonium salt surfactant and a negatively charged surface; (B) the Dipole-

dipole interaction between a non-ionic surfactant and a positively charged surface; (C) 

the Dispersion interaction between the hydrophobic tail of a quaternary ammonium salt 

surfactant and non-polar surface. 

 

Another important intermolecular interaction existing in every surfactant is called 

the hydrophobic effect or hydrophobic interaction116. This interaction comes from the 
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hydrophobicity, which means fear of water, of the hydrophobic groups in surfactants. In 

aqueous solution, surfactant molecules would move away from water molecules because 

of this hydrophobicity, resulting in the adsorption at the solid/liquid interface. After the 

concentration of surfactant exceeds the critical micelle concentration in the bulk solution, 

the hydrophobic groups of surfactants can aggregate together and form compact 

micelles116-117,119. This compact micelle structure also increases the adsorption of 

surfactants on the solid surface. Therefore, after the electrostatic interaction drives the 

corrosion inhibitors from bulk solution to the interface, this hydrophobic effect further 

increases the adsorption and aggregation of corrosion inhibitors, and a high surface 

coverage is achieved. 

 

1.3.2 Adsorption isotherm 

An adsorption isotherm describes the amount of surfactants on the surface as a 

function of its concentration at constant temperature125-126. The isotherm usually depends 

on the type of surfactants and the nature of surfaces. Many isotherms have been reported 

indicating different adsorption processes and mechanisms126-128. Here, we mainly focus 

on the adsorption isotherm of ionic corrosion inhibitors adsorbing on oppositely charged 

metal surfaces. Figure 1.26 shows a typical isotherm of a cationic surfactant adsorbing on 

a negatively charged surface. Four regions were shown in this graph120,129-134. In region 1, 

at very low bulk concentration, the surfactant adsorbs mainly by electrostatic interactions, 

possibly with the hydrophobic group more or less prone on the substrate. In region 2, a 

remarkable increase in adsorption isotherm is shown. This increase is due to the 
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hydrophobic interaction between previously adsorbed molecules and the oncoming 

surfactant ions. Both electrostatic interaction and hydrophobic interaction drive the 

surfactants from bulk solution onto the surface. A monolayer is usually formed at the end 

of region 2. For further adsorption, the slope of the isotherm is reduced in region 3, 

because of the repulsive interaction between the oncoming surfactants and the similarly 

charged solid. A bi-layer film may be formed through tail-to-tail hydrophobic 

interactions, and adsorption at the end of region 3 usually reaches the maximum value. 

Therefore, in region 4, the adsorption keeps a constant value. No more molecules or 

layers can adsorb onto the surface at this stage.  

 

                         

Figure 1.26  Schematic of adsorption isotherm for an ionic surfactant on an oppositely 

charged substrate. 
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1.3.3 Adsorption structure 

Figure 1.27 shows the aggregation structures of surfactants on the surface in the 

four regions shown in figure 1.26. At low concentration (region 1), only a few surfactant 

molecules adsorb onto the surface with the hydrophobic groups more or less prone on the 

substrate. As the concentration increases (region 2), more surfactants coming from the 

bulk solution adsorb onto the surface. In this region, surfactants form a compact layer 

with the hydrophobic tails stand up, allowing more molecules adsorb on the water/solid 

interface. At the end of this region, the original charge of the surface is neutralized by the 

oppositely charged surfactants, and the surface is fully covered with a monolayer. After a 

fully covered monolayer is formed on the surface, more adsorption of surfactant 

molecules can only aggregate on top of the monolayer through tail-to-tail hydrophobic 

interactions. This tail-to-tail hydrophobic interaction is induced by the hydrophobicity of 

non-polar hydrocarbon tails. Non-polar tails repel water molecules and aggregate 

together. At region 3, an aggregated bi-layer structure is formed and the adsorption 

remains it a maximum at the end of this region. Therefore, the adsorption in region 4 

remains at a constant value as no more surfactant molecules can absorb onto the surface. 
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Figure 1.27 Schematic drawings of adsorption structures in four regions: (A) Initial stage, 

no adsorption. (B) In region 1, only a few surfactant molecules adsorb onto the surface. 

(C) In region 2, surfactants gradually form a compact monolayer with the hydrophobic 

tails stand up. (D) At the end of region 3, a bi-layer structure is formed and the adsorption 

reaches it maximum. 
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However, at the maximum adsorption, the aggregation structures of surfactants 

are not always bi-layer structures. Multiple micelle structures have been reported and it is 

believed that different aggregation structures are formed for various surfactants at 

different environmental conditions130,135-138. It has been reported that the structure of 

surfactant can be transformed by controlling the water chemistry139. Figure 1.28 shows 

two possible aggregation structures for tetradecyltrimethylammonium bromide in the 

absence and presence of Br- ions140. No matter what kind of aggregation structure is 

formed, corrosion inhibitors reach their maximum adsorption at certain concentrations 

and their protection efficiencies also reach the maximum. 

 

 

Figure 1.28  Different aggregation structures of cationic surfactant 

tetradecyltrimethylammonium bromide (C14TAB) in the (A) absence and (B) presence of 

Br- ions . (Figures reproduced with permission from reference 141).  

 

1.3.4 Environmental effects 

1.3.4.1 pH effect 

Because more hydrogen ions adsorb from the solution onto the surface, the 

surface becomes more positive, or less negative, at lower pH. Consequently, the 
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adsorption of anionic surfactants will increase and the adsorption of cationic surfactants 

will decrease. Figure 1.29 shows the isotherms of cationic and anionic surfactants 

adsorbing on oppositely charged substrates at multiple pH values141. As the pH decreases, 

the adsorption of sodium p-3-nonylbenzene sulfonate increases while the adsorption of 

dodecyl pyridinium chloride decreases.  Therefore, to better achieve protection at a 

certain pH, the selection of inhibitor type is very important. 

Changes in the pH may also affect the structure and property of surfactant 

molecules. For example, zwitterionic surfactants can be either positively or negatively 

charged at different pH values. Positively or negatively charged functional groups may 

also be induced on nonionic surfactants at certain pH, because nonionic surfactants can 

act as hydrogen ion donors or acceptors. For example, an amine can protonate to form an 

alkyl ammonium salt at acidic condition. Therefore, the selection of corrosion inhibitors 

highly depends on the pH value of the environment. 

 

1.3.4.2 Temperature effect 

A temperature increase generally causes a decrease in the adsorption of ionic 

surfactants, the change being relatively small compared to that caused by pH changes.  

Figure 1.30 shows the adsorption isotherms of anionic surfactant sodium dodecylsulfate 

(SDS) at different temperatures142. From 293 K to 313 K, the adsorption of SDS only 

decreases less than 10%, while the change from 7.0 to 9.0 at 298 K causes a significant 

change in the adsorption process.  
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Figure 1.29 (a) Adsorption isotherms of anionic surfactants on a positively charged 

surface at different pH values; (b) Adsorption isotherms of cationic surfactants on 

negatively charged surfaces at different pH values. (Figures reproduced with permission 

from reference 142). 

 

 

Figure 1.30  Adsorption isotherms of anionic surfactant SDS at different temperature, pH, 

ionic strength. Temperature increase causes a decrease in the adsorption of ionic 

surfactants. (Figure adopted from reference 143). 

 



  71 
   
1.3.4.3 Surface potential 

Surface potential can be adjusted by varying the pH in the bulk solution or by 

applying an extra potential directly on the substrate. Most metal oxides can behave either 

positively charged or negatively charged based on the pH of the bulk solution. If at a 

specific pH the metal oxide is neutral then this pH value is called “point of zero charge” 

(PZC)143-144.  When the pH is lower than the point of zero charge value, the acidic water 

donates more hydrogen ions than hydroxide groups, and so the adsorbent surface is 

positively charged. A point of zero charge of CuO at 9.5 indicates that the CuO surface is 

positively charged when the pH is below 9.5145.  

Applying an external potential onto the surface directly changes the charge 

density, or even reverses the charge. Lowering potential can induce more negative 

charges on a surface, and the adsorption of cationic inhibitors will be consequently 

increased. 

 

1.3.5 Adsorption kinetics 

           Although the adsorption happens immediately after adding surfactants into the 

solution, adsorption kinetics are quite different between various surfactants and 

substrates. Even for the same type of surfactants, the adsorption kinetics can be 

significantly varied by the concentration, pH and ionic strength. Figure 1.31 shows the 

adsorption isotherms of cetyl tetradecyltrimethylammonium bromide (CTAB) at various 

concentrations146. At 0.5 mM, it takes 800 minutes for surfactant molecules to reach the 

adsorption maximum, while at 10 mM only 5 minutes are needed to reach the maximum. 
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Therefore, in the use of corrosion inhibitors, even through inhibition may happen 

immediately after adding inhibitor dose, enough time needs to be given to achieve the full 

adsorption of inhibitor molecules. 

 

Figure 1.31 Adsorption kinetics for CTAB at the following bulk surfactant 

concentrations: (a) 0.50mM (0.55 CMC); (b) 0.80mM (0.89 CMC); (c) 10mM (11 CMC). 

(Figures reproduced with permission from reference 147). 

 

1.4 Overview of dissertation 

This dissertation mostly describes the study of carbon nanotubes and corrosion 

inhibitors using atomic force microscopy, as well as the application and development of 

AFM in an electric field and an aqueous solution.   

In Chapter 2 a scanning probe assay, based on electrostatic force microscopy 

(EFM) will be described for the study of the metallicity of nanotube samples. In an 

electric field, nanotubes are polarized and induced dipoles are created on their sidewalls. 

EFM is able to measure significant different dielectric signals from metallic nanotubes 

and semiconducting nanotubes, as they have different polarizabilities. This assay can be 

used to recognize the electronic type of a nanotube, differentiate metallic and 
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semiconducting nanotubes, and evaluate the effectiveness of nanotube separation 

methods.    

After furthering the basic knowledge to distinguish metallic from semiconducting 

nanotubes, a study of microwave irradiation on nanotubes, towards the selectively 

etching of metallic nanotubes, is described in Chapter 3. Due to the high thermal and 

electric conductivities of metallic nanotubes, microwave irradiation may induce strong 

currents and produce excessive heat on metallic nanotubes, and selectively decreasing the 

metallic content in nanotube samples. However, AFM images and optical spectra indicate 

that metallic nanotubes were not completely destroyed by irradiation in a commercial 

microwave oven, but only preferentially oxidized or defected. In future, this potential 

method can be further developed by increasing the power of microwave device and 

changing the frequency of irradiation.  

In Chapter 4, the study of the adsorption of corrosion inhibitors in aqueous 

solutions is described. The measured surface morphology and film thickness can help to 

determine the internal adsorption structures of flat inhibitor films. The further force 

measurements in vertical and lateral directions on inhibitor films provide the first 

quantitative studies of the mechanical properties of corrosion inhibitors. The measured 

penetration force and lateral force values can be converted to 1~10 MPa stresses based on 

the diameter of the AFM tip. These MPa order stresses indicate that inhibitor molecules 

cannot be removed by fluid flow alone.     
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        Chapter 2.  An Electric Force Microscopy Assay for Single-Walled Carbon 

Nanotube Metallicity 

(Part of the work in this chapter has been published in Nano Letters (2009), 9 (4), 1668-

1672, and J. Phys. Chem. C (2009), 113 (24),10337–10340) 

 

2.1 Introduction 

    Their unique one-dimensional structures make single-walled carbon nanotubes 

(nanotubes) potential candidates for future applications in many fields, such as energy 

storage55-56, drug delivery52-54 and electronic devices50-51. Depending on their chiralities 

and diameters, nanotubes can be either metallic or semiconducting, and each electronic-

type nanotube exhibits unique properties for various applications. Metallic nanotubes are 

excellent conductors in nano-circuits and nano-connectors147-148, while semiconducting 

nanotubes can be applied in logic, memory and sensor nano-devices149-151. 

However, metallic and semiconducting nanotubes are produced together in as-

synthesized samples. Due to the strong intermolecular interactions between nanotubes 

and their insolubility in aqueous solution, the dispersion and separation of nanotubes has 

become important research topics in the last two decade79,84,152-154.  Special methods and 

techniques have been applied to separate nanotubes based on their electronic properties 

and diameters. Ralph Krupke, et al., reported an AC dielectrophoresis method to separate 

metallic nanotubes from semiconducting nanotubes in a microelectrode device83.  Zheng 

and co-workers designed a DNA-assisted nanotubes dispersion method to separate 

nanotubes through ion-exchange chromatography (IEX)78,84. Recently, The Hersam group 
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has developed a density gradient ultracentrifugation (DGU) method to separate nanotubes 

by utilizing their density variations in different species87. Besides physical separation 

methods, a chemical separation method by selective etching metallic nanotube has been 

reported by Strano and co-workers82. Other preferential synthesis processes, including 

plasma-enhanced chemical vapor deposition155 and cobalt-molybdemum catalyst-based 

processes65 have been invented to control the distribution of nanotube species in the 

synthesis system. 

As multiple separation methods and techniques have been developed to achieve 

the separation of nanotubes based on their electronic structures, it is also very important 

to establish a method to characterize their metallic percentage, hence metallic-to-

semiconducting ratio, in nanotube samples. This method cannot only determine the 

quality of nanotube samples, but also verify the effectiveness of the nanotube separation 

methods. The current method to detect the electronic type of individual nanotubes is to 

measure their electronic transport in field effect transistors (FETs). By making 100 field 

effect transistors with individual nanotubes, the electronic type of each tube, as well as 

the metallic-to-semiconducting ratio can be determined156. This method is impractical as 

fabricating 100 FETs is time consuming and expensive. Optical techniques such as 

Raman and absorption spectroscopy are valuable tools for characterization of nanotube 

samples. However, Raman spectroscopy is limited by the resonance condition and 

absorption spectra usually show very broad and overlapping peaks.  Therefore, a key goal 

in this research is to establish a reliable and fast-response assay to differentiate metallic 
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and semiconducting nanotubes based on their different dielectric responses in an electric 

field. 

The Chen group has studied the dielectric response of nanotubes using 

electrostatic force microscopy (EFM) and reported the first experimental measurement of 

transverse dielectric constants of individual nanotubes36,157. This has demonstrated that 

the non-uniform electric field around the conductive tip results in a weak but discernible 

influence from the longitudinal polarization of nanotubes, which could be used to 

distinguish metallic nanotubes from semiconducting ones.  

EFM36,158-161, working in the non-contact double-pass mode and probing the 

electrostatic force, is an advanced mode of AFM. In an EFM experiment (Figure 2.1), the 

first pass corresponds to a standard tapping mode scan on a normal topographic line. On 

the second pass, the conductive tip is lifted a set amount of height and scans the same line 

with an applied bias. The electric field, created by the bias, induces the polarization on 

the surface of nanotubes. The induced dipoles on the tubes in turn interact with the 

charged tip, leading to an attractive electrostatic force. Dielectric images are generated 

based on the measured electrostatic forces.  

Based on the continuum model157 for nanotubes, the high dielectric constant of 

metallic nanotubes effectively screens the external field and forms equal potential 

surfaces parallel to their central axes (Figure 2.2a). On the semiconducting nanotubes, the 

screening of external field is less effective and localized bound charges accumulate 

mostly below the tip (Figure 2.2b). Therefore, the potential difference between the tip and 

the nanotube is larger in metallic nanotubes, which results in stronger signals in dielectric 
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images. Previous work reported in the Chen group, using numerical modeling, has 

predicted that the difference in the dielectric signals between metallic nanotubes and 

semiconducting nanotubes are large enough to show two distinct zones in the plot157.   

 

 

 

 

Figure 2.1  Schematics of the double pass mode of EFM scanning. (a) On the first-pass, 

the cantilever vibrates over the sample and produce (c) a topographic image. (b) On the 

second-pass, a bias voltage is applied to the tip. The induced dipole on nanotube surface 

in turn interacts with the charged tip, leading to (d) a dielectric image.                              

 

Figure 2.3 shows the dielectric response versus D2 (square of the nanotube 

diameter) plot from numerical modeling. In this modeled plot, metallic nanotubes show 

larger dielectric signals in the upper zone while semiconducting nanotubes show lower 

signals in the bottom zone.  This work has led to an EFM assay to differentiate metallic 

and semiconducting nanotubes in dielectric images. Another goal of this project is to 

C d 
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experimentally determine the metallic and semiconducting contents in commercial 

nanotube samples. 

 

 

Figure 2.2  Influence of the longitudinal polarizability on the interaction forces between 

tip and nanotubes. The different Potential distributions around (a) a metallic nanotube 

and (b) a semiconducting nanotube result in stronger interaction forces of metallic 

nanotubes than semiconducting nanotubes. (Figure reproduced with permission from 

reference 157). 

 

2.2 Experimental 

2.2.1 Materials 

DNA-assisted nanotube suspensions, metallic enriched DNA-nanotube suspensions, 

and semiconducting enriched DNA-nanotube suspensions were provided by Dr. Ming 

Zheng at DuPont Central Research and Development, Wilmington, Delaware. 

Preparation routines for DNA-assisted nanotubes have been published in the 

literature78,84-85.  

Other individual nanotubes were prepared from commercial laser ablation, HiPco 

and CoMoCAT nanotube samples, respectively. Raw nanotubes bundles were sonicated 

in 1,2-dichloroethane for 15 minutes, and the resultant suspension was spin-coated onto a 
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Si wafer. No surfactant or polymer additives were added to assist the dispersion. The 

sample was then assembled into a closed environmental cell and purged with dry nitrogen 

for 1 hour to eliminate the moisture and oxygen.  Low nitrogen flow was maintained 

during the scanning.  

 

   

Figure 2.3  Dielectric response versus D2 plot from numerical modeling. The dielectric 

signal of metallic nanotubes (M) and semiconducting nanotubes (S) locate in different 

zones in the plot as they have significantly different dielectric responses. (Figure 

reproduced with permission from reference 157). 

 

2.2.2 Methods 

The nanotube samples were studied using an Asylum research MFP3D AFM in a 

double-pass mode. The first pass is a standard tapping mode scan on a normal 

topographic line and provides topographic information. On the second pass, the 

conductive tip is lifted a set height and scans the same line with an applied bias of 5 V, 
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and generate dielectric signals. Pt and Ti coated tips, purchased from Mikromasch Co., 

were used in the double-pass scanning. The averaged diameters and averaged dielectric 

signals of imaged nanotubes were measured along the longitudinal axis of the tubes from 

topographic images and dielectric images, respectively.    

UV-vis adsorption spectra were collected from surfactant-assisted nanotube 

dispersions using an Agilent 8453 spectrophotometer. Raw nanotube bundles were 

dispersed in aqueous solution containing 1 wt. % of surfactant sodium dodecyl sulfate 

(SDS) via ultrasonication treatment, and centrifuged at 25000 G for 2 hours to remove 

the catalyst particles. Raman spectra were collected from individual nanotubes on a Si 

wafer with 81 markers, using a WiTec Raman/near-field scanning optical microscope 

(532 nm excitation laser). The avalanche photodiode (APD) mode in this Raman 

microscope enabled the location of the target nanotubes which had been analyzed in EFM. 

G band and RBM band features of the target nanotubes were further collected via the 

charge coupled detector(CCD) mode.  

 

2.3 Results and Discussion 

2.3.1 Dielectric response and metallic content of DNA coated nanotubes 

Figure 2.4 shows the topographic images and corresponding dielectric images of 

DNA coated HiPco nanotubes. The lengths of nanotubes shown in the AFM images were 

mostly less than 1000 nm, and the diameters of the nanotubes were less than 2 nm. Four 

nanotubes with similar lengths and diameters were selected for comparison. For 

nanotubes circled by dotted lines, they exhibit very weak dielectric signal in the images 
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indicating their surface were hardly polarized and they are probably semiconducting 

types. The other two nanotubes circled by solid lines show much stronger signal along 

the tube axis, indicating they have high polarizabilies and thus they are metallic ones.     

                         

 

 

 

 

 

 

 

 

 

 

 

                                                              

    

Figure 2.4  Topographic images (A,B) and corresponding dielectric images (C,D) for 

DNA coated HiPco nanotubes in different zones. By comparing these images, nanotubes 

with similar lengths and diameters were found to exhibit different dielectric signal.  

 

As the dielectric response is related to the square of the nanotube diameter (D2) but 

independent of tube chirality162-163, the measured dielectric signals and diameters were 
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plotted together. Figure 2.5 shows a dielectric signal versus D2 plot for the above DNA 

coated HiPco nanotubes. Each data represents a nanotube measured in the EFM 

experiments. Two separated zones, which correspond to metallic and semiconducting 

nanotubes are clearly identified in this plot. Because metallic nanotubes have higher 

polarizabilities and exhibit stronger dielectric signals, the upper zone represents the 

metallic nanotubes while the lower zone corresponds to those with semiconducting 

properties. By counting the number of data points in each zone the metallic-to-

semiconducting ratio, hence the percentage of metallic nanotubes present in the sample, 

can be determined. Based on our measurements, the percentage of metallic nanotubes in 

this sample is 37%, very close to the theoretical 33% value147. 
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Figure 2.5 Dielectric signal versus D2 plot for DNA coated HiPco nanotubes. Two zones 

are shown in the plot, upper zone for metallic nanotubes and bottom zone for 

semiconducting types.  

 

Since the previous nanotube sample was synthesized via the HiPco (High pressure 

CO conversion) method, this assay was then applied to study whether other nanotube 

samples, i.e., CoMoCAT nanotubes, have the same response in EFM.  Figure 2.6 shows 

the topographic and dielectric images of DNA-coated nanotubes synthesized by the 

CoMoCAT method. CoMoCAT nanotube samples usually have different metallic-to-

semiconducting ratios compared with HiPco nanotubes. From the selected nanotubes, 

circled by solid and dotted lines, the same phenomenon was observed: nanotubes with 

similar lengths and diameters show quite different dielectric signals. Since the signal 

variation is unrelated to the lengths and diameters of nanotubes, it must be related to their 

electric properties.  

After plotting the measured diameter and signal values, the metallic-to-

semiconducting ratio of the nanotube sample is determined.  Figure 2.7 shows the 

dielectric signal versus D2 plot for CoMoCAT DNA-nanotubes. Two separated zones for 

metallic and semiconducting nanotubes are again shown in this plot. By counting the 

number of data points in the upper metallic zone and bottom semiconducting zone, 

respectively, the percentage of metallic nanotubes in this sample was determined to be 

55%. 
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Figure 2.6  Topographic images (A,B) and corresponding dielectric images (C,D) for 

DNA coated CoMoCAT nanotubes in different zones. By comparing these images, 

nanotubes with similar lengths and diameters were found to exhibit different dielectric 

signals. Nanotubes circled by the blue solid line exhibit much weaker signal than 

nanotubes circled by the green dotted line, even though they have similar physical 

properties.   
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Figure 2.7  Dielectric signal versus D2 plot for DNA coated CoMoCAT nanotubes. Two 

zones are shown in the plot, an upper zone for metallic nanotubes and a bottom zone for 

semiconducting types. The percentage of metallic nanotubes in this sample is 55%. 

 

To verify our assay, a metallic enriched DNA coated nanotube sample and a 

semiconducting enriched DNA coated nanotube sample were similarly characterized 

using this assay.  Both samples were prepared by the ion exchange chromatography 

(IEX) method described in Chapter 1 and provided by our collaborator Ming Zheng.  

Absorption spectra confirm the enrichment of metallic nanotubes in the first sample, and 

then enrichment of semiconducting nanotubes in the second sample. Figure 2.8 shows the 

absorption spectrum, topographic image, dielectric image, and signal versus D2 plot for 

the metallic nanotube enriched sample. As the absorption spectrum (Figure 2.8A) 

indicates that most of the nanotubes are metallic, the signal versus D2 plot also shows that 
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90% of the measured data from EFM are located in the upper metallic zone. Therefore, 

the results from absorption spectra and EFM assay are consistent, and EFM assay can 

further provide an accurate value for metallic nanotube content. 

 

 

 

 

 

 

Figure 2.8  (A) absorption spectrum, (B) Topography image, (C) dielectric image, and (d) 

dielectric signal versus D2 plot of the metallic enriched DNA nanotube sample. As the 

absorption spectrum indicates most nanotubes in this sample are metallic, the signal 

versus D2 plot quantitatively shows a 90% metallic content in this sample. 
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The other semiconducting enriched sample was analyzed using the EFM assay. 

Figure 2.9 shows the absorption spectrum, topographic image, dielectric image and 

dielectric signal versus D2 plot of the semiconducting enriched nanotube sample. From 

the absorption spectrum, most of the nanotubes in this sample were semiconducting, as 

the major absorption peaks are in the S11 and S22 regions. The signal versus D2 graph 

also shows that 85% of the data are located in the bottom of the graph, the 

semiconducting zone, while only 15% data are in the upper metallic zone.   

Figure 2.10 corresponds to plotted combined data from the metallic enriched 

sample and the semiconducting enriched sample together in the signal versus D2 graph. 

All data from these two samples remain in two discrete zones after their combination. As 

discussed above, nanotubes in the top zone correspond to metallic types and those in the 

bottom zone correspond to semiconducting types. Therefore, metallic nanotubes and 

semiconducting nanotubes have been differentiated and the metallic-to-semiconducting 

ratio can be determined from the plot. 
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Figure 2.9  (A) absorption spectrum, (B) Topography image, (C) dielectric image, and 

(D) dielectric signal versus D2 plot of the semiconducting enriched DNA nanotube 

sample. As the absorption spectrum indicates most nanotubes in this sample are 

semiconducting, the signal versus D2 plot quantitatively shows an 85% semiconducting 

content in this sample. 
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Figure 2.10  Dielectric signal versus D2 plot for both metallic enriched sample and 

semiconducting enriched sample. (Triangle dots from metallic enriched sample and 

diamond dots from semiconducting enriched sample) 

 

The EFM assay was further studied by mixing semiconducting enriched nanotube 

samples with metallic enriched samples in five different volume ratios 

(VolB/VolA+VolB). Figure 2.11 shows topographic images, dielectric images and 

dielectric signal versus D2 plots for mixture solutions at 0%, 33%, 50%, 67% and 100% 

volume of the metallic enriched sample, respectively. Those volume ratios (0%, 33%, 

50%, 67% and 100%) do not represent the real metallic contents in nanotube mixtures 

because not 100% tubes in the metallic enriched sample were metallic ones and not 100% 

tubes in the semiconducting enriched sample were semiconducting types. From the signal 

versus D2 plots, the determined metallic contents from EFM for five mixed solutions are 

gradually increased as the volume ratio of metallic enriched sample increased in the 
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mixed solutions. These two increasing trends are also consistent quantitatively, indicating 

our EFM assay is sensitive to the change of sample composition. 

 

 

Figure 2.11  Dielectric signal versus D2 plot for five mixed nanotube solutions from 

metallic enriched samples and semiconducting enriched samples. The determined 

metallic contents from EFM consistently increased as the volume ratio of metallic 

enriched sample increased in the mixed solutions. (Figure reproduced with permission 

from reference 27) 

 
2.3.2 Length effect on dielectric response 

The data discussed above are all derived from DNA coated nanotubes. DNA can 

help to disperse nanotube bundles to individual ones, without changing their properties84. 

However, it is impractical to treat all nanotube samples with DNA. Therefore, the EFM 

assay was further developed on pristine individual nanotubes without any additives. At 

the same time, it was determined that nanotubes shorter than 200 nm only exhibited low 
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dielectric signal (<20mV), indicating all short nanotubes were semiconducting types. 

However, the electric properties of nanotubes should not be length sensitive, both long 

and short nanotubes should have similar relative metallicity to semiconductivity ratios 

(M/S). The possible reason for this length effect is due to the defects concentrated at the 

ends of nanotubes164. According to the Drude model, the dielectric response of metals can 

be expressed in the equations 2.1165, where  is  the dielectric constants, σ is the 

conductivity, and ω is the angular frequency: 

                                                         Equation 2.1    

and the conductivity σ is related to electron density N, electronic charge e, the average 

time between collisions τ, and the electron mass m, expressed in equation 2.2. The 

average time τ can be determined by the electron free mean path l and the electron Fermi 

velocity vf, shown in equation 2.3.                         

                                                                                       Equation 2.2 

                                                                                             Equation 2.3     

A one-dimensional structure nanotube usually has an electron free mean path 

from several hundred nanometers to several micrometers. But for a metallic nanotube 

short than this length, the defects on the tube ends can significantly reduce the 

conductivity166. Therefore, low dielectric signal was measured on short nanotubes.                            

Figure 2.12 shows the plot of dielectric signal versus length of nanotubes164. For 

nanotubes which are longer than 200nm, metallic nanotubes and semiconducting 

nanotubes can be distinguished because two zones are present. Nanotubes short than 200 
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nm are undistinguishable, as no obvious two zones are shown.  More details have been 

published in reference 166.  

 

 

Figure 2.12  Dielectric signals versus diameter square in different length ranges. Metallic 

nanotubes and semiconducting nanotubes are distinguishable when their lengths are 

larger than 200 nm. (Figure reproduced with permission from 166). 

 

2.3.3 Dielectric response and metallic content of commercial nanotube samples  

Further development of this assay was focused on the long (>500nm), low-defect 

individual nanotubes. All following nanotube samples were prepared by sonicating raw 

nanotube bundles in 1,2 dichloroethane solvent for 15 minutes167. The low power of the 

bath sonicator and short sonication time can help to decrease the induction of defects. 

Figure 2.13 shows topographic and dielectric images of laser ablation nanotubes.  Most 
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of the nanotubes dispersed on the substrate are longer than 300 nm, and nanotubes shorter 

than 200 nm and tube bundles are not included in the statistical results. 

 

 

Figure 2.13  Topographic images (A, B) and dielectric images (C, D) for laser ablation 

nanotubes dispersed with 1,2-dichloroethane in a bath sonicator. 

 

Figure 2.14 shows the dielectric signal versus D2 plot for laser ablation nanotubes. 

The metallic zone and semiconducting zones are shown in the plot and 49% of nanotubes 

are metallic. 
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Figure 2.14   Dielectric signal versus D2 plot for laser ablation nanotubes. The percentage 

of metallic nanotubes in this sample is 49%. 

 

The same dispersion method was applied on commercial HiPco and CoMoCAT 

nanotube samples. Figure 2.15 shows the topographic images (A,B) and corresponding 

dielectric images (C,D) for HIPco nanotubes. The results from 170 nanotubes in the 

dielectric signal versus D2 plot (Figure 2.16) indicates that 28% of the nanotubes in this 

sample are metallic. A metallic content of 28%± 6% for this HIPco sample was 

determined after three repeated EFM measurements.  
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Figure 2.15  Topograhpic images (A, B) and dielectric images (C, D) for HiPco 

nanotubes dispersed though 1,2-dichloroethane in a  bath sonicator. 
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Figure 2.16   Dielectric signal versus D2 plot for HIPco nanotubes. The percentage of 

metallic nanotubes in this sample is 28%. 

 

Figure 2.17 shows the topographic images and dielectric images of CoMoCAT65 

nanotubes. This commercial sample has been claimed to contain mostly semiconducting 

nanotubes, ideally (6, 5) species, by the manufacturer. The results shown in the dielectric 

signal versus D2 plot (Figure 2.18) from more than 100 nanotubes show that the metallic 

content of this sample is 14%. A metallic content of 14%±5% for this sample was 

determined after three repeated EFM measurements. However, the wide diameter 

distribution in this sample indicates the selective synthesis of (6, 5) species in the sample 

is not as good as been claimed by the manufacturer. Therefore, EFM assay can be applied 

to verify the quality of commercial samples. 
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Figure 2.17  Topographic images (A, B) for and dielectric images (C, D) CoMoCAT65 

nanotubes dispersed though 1,2-dichloroethane in a bath sonicator. 
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Figure 2.18   Dielectric signal versus D2 plot for CoMoCAT65 nanotubes. The 

percentage of metallic nanotubes in this sample is 14%. 

 

Although the theoretical metallic contents for as-synthesized nanotube samples are 

~33%147, different metallicities have been determined using EFM measurements on DNA 

coated HiPco, DNA-coated CoMoCAT, commercial laser ablation, commercial HiPco, 

and commercial CoMoCAT65 nanotube samples. For DNA-coated HiPco nanotubes and 

commercial HiPco nanotubes, each exhibits different metallic contents even though they 

were synthesized using the high pressure CO conversion method. This indicates the 

metallic content in a sample actually depends on the specific synthesis condition and 

subsequent treatments relating to dispersion and separation. 
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2.3.4 Verification of EFM assay via absorption and Raman spectra 

   In order to further verify our EFM assay, optical techniques were applied to 

independently determine the electronic properties of nanotubes. Figure 2.19 shows the 

statistical results (dielectric signal versus D2 plot) and absorption spectra for commercial 

HiPco (A, B) and CoMoCAT65 (C, D) nanotubes samples. As discussed above, it was 

determined that HiPco nanotubes contain ~30% metallic types and CoMoCAT65 

contains ~10% metallic nanotubes from the EFM assay. Absorption spectra (Figure 19 

B,D) also show similar trends, that the CoMoCAT65 sample contains a higher 

semiconducting content than the HiPco sample, as two strong peaks exist in S11 

(900~1100 nm) and S22 (550~900 nm) regions of its absorption spectrum. However, the 

absorption spectrum only qualitatively shows the metallic percentage in those two 

samples, but does not provide quantitative values.  

   In the next step, Raman spectroscopy was applied to examine the EFM assay,  

because Raman spectroscopy is a well-established technique for determining the 

electronic type of individual nanotubes168. Therefore, the strategy was to select a specific 

nanotube and measure its electronic property using both EFM and Raman spectroscopy, 

and then compare results from both techniques. A Si substrate with photolithography 

markers was used to help locate the same nanotube in both instruments. Figure 2.20 

shows the topographic image of the marker substrate. In a 50 µm by 50 µm area, 81 

markers with different shapes were made on the Si substrate through photolithography. 

Therefore, by observing the unique shapes of each marker, the same nanotubes can be 

found in both AFM and Raman spectrometer. For example, Figure 2.21 shows several 
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nanotubes inside a square area with four different markers in each corner. After locating 

every four markers in both EFM and Raman instruments, the dielectric signal and Raman 

activities can be repeatedly measured on the same tubes. 

 

 

Figure 2.19   Dielectric signal versus D2 plot for (A) HiPco and (C) CoMoCAT65 

nanotube samples, and absorption spectra for (B) HiPco and (D) CoMoCAT65 nanotube 

samples. Both statistical plots and absorption spectra confirm that the HiPco sample has 

higher metallic content than the CoMoCAT65 sample. 
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Figure 2.20   AFM images of marker substrate (A, B). By observing the unique shapes of 

four markers in a square area, nanotubes in this area can be found in both the AFM and 

Raman instruments. 

 

Figure 2.21 shows the schematic of a WiTec Raman/near-field scanning optical 

microscope. A 532 nm laser beam was focused on the sample surface and a confocal 

Raman image was obtained through avalanche photodiode (APD) mode. After 

confirming the same nanotubes, which were measured in EFM, from the confocal image, 

the laser beam was moved onto these nanotubes and their Raman spectra were collected 

through charge coupled detector(CCD) mode. 
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Figure 2.21  Schematic depiction of NOSM instrument which enables Raman 

spectroscopy in CCD mode and confocal Raman images in APD mode. The sample was 

first scanned in APF mode and selected nanotubes were located from the confocal 

images. The laser was focussed on these nanotubes and Raman spectra collected via the 

CCD mode. (Figure reproduced with permission from reference 27). 

 

Figure 2.22 shows the (A) topographic images, (B) confocal Raman images, and 

(C) dielectric images on the same areas. Nanotubes are clearly shown in both topographic 

images and dielectric images. However, not every nanotube exhibits uniform signal in 

confocal Raman images. This is because the confocal Raman images and Raman spectra 

requires the excitation laser to be in resonance with a van Hove transition energy (Eii) of 

the nanotube99,169. Furthermore, the defects on the tube sidewall can also decrease the 
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Raman activities of nanotubes. The Kataura plot, shown in Figure 2.23, shows that only 

limited nanotubes species which are inside the blue and red circles may have Raman 

activities at the excitation of 532 nm laser. The blue circle corresponds to semiconducting 

nanotubes with diameter 0.7 nm – 0.9 nm and the red circle corresponds to metallic 

nanotubes with diameter 1.1 nm – 1.4 nm.     

 

 

Figure 2.22  (A) AFM images, (B) confocal Raman images and (C) EFM images 

captured on the same areas.  
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Figure 2.23  Kataura plot shows that the excitation energy for nanotubes at different 

diameters. The green solid line represents the energy of the 532 nm laser used in Raman 

spectroscopy. The blue and red circles correspond to the diameter of nanotubes which has 

Raman activities under the 532 nm laser.  (Figures reproduced with permission from 

reference 27) 

   

Eleven nanotubes, circled in Figure 2.24C, were selected for the collection of 

Raman spectra, because they exhibited identifiable signals in confocal images. These 

eleven nanotubes include both metallic types and semiconducting types, as their dielectric 

signals distribute in the upper metallic zone and the bottom semiconducting zone. 

However, only two of these eleven nanotubes provided strong and clear Raman features 

for determining their electronic types. We set these two tubes as target nanotubes for 

verifying EFM assay using Raman spectra. Figure 2.24 shows the topographic image, 
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dielectric image, dielectric versus D2 plot for the first target nanotube and the theoretical 

numerical modeling. This nanotube was firstly determined to be a metallic one from EFM 

measurements, as its dielectric signal can be found in the upper metallic zone in the 

dielectric signal versus D2 plot (Figure 2.24 C). The measured diameter of 1.2±0.2 nm for 

this target nanotube confirmed it can have Raman activities at the excitation of 532 nm 

laser. 

 

Figure 2.24 (A) topographic image; (B) dielectric image; (D) dielectric versu. D2 plot 

from experimental data; (D) dielectric versus D2 plot from numerical modeling; From 

EFM measurements, the target nanotube pointed by the white arrow is a metallic 

nanotube because its dielectric signal is located in the upper metallic zone of the 

dielectric signal versus D2 plot. 
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After the target nanotube was found again in the confocal Raman image (Figure 2.25 

A) using the procedure discussed above, the instrument was switched to CCD mode to 

collect its Raman spectra. Figure 2.25B shows the G band and RMB band features from 

the target nanotube. Its G band shows a broad Breit-Wigner-Fano line, indicating it is a 

metallic nanotube. The RBM peak for this target nanotube, at 222 cm-1, can be assigned 

to (11, 5) species which is also a metallic species. Therefore, both the G band and RBM 

band Raman spectra have confirmed that the target nanotube, which was assigned as 

metallic by EFM assay, is of metallic type. The capability of our EFM assay has also 

been verified by Raman technique.  

 

     

Figure 2.25 (A) confocal Raman image; (B) G band and RBM band features. Both the G 

band and RBM band Raman spectra have confirmed that the target nanotube is of 

metallic type. 

 

Such verification of EFM using Raman technique was repeated on the other target 

nanotube.  Figure 2.26 shows the topographic image, dielectric image, dielectric versus 

D2 plot for the second target nanotube and the theoretical numerical modeling. This 

nanotube was also a metallic one determined by EFM assay, as it’s dielectric signal can 
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be found in the upper metallic zone (Figure 2.26C), pointed by a black arrow. The 

measured diameter of 1.3±0.2 nm for this target nanotube confirmed it can have Raman 

activities at the excitation of 532 nm laser. 

 

 

 

 

 

Figure 2.26 (A) topographic image; (B) dielectric image; (D) dielectric versus D2 plot 

from experimental data; (D) dielectric versus D2 plot from numerical modeling; From 

EFM measurements, the target nanotube pointed by the white arrow is a metallic 

nanotube because its dielectric signal is located in the upper metallic zone of the 

dielectric signal versus D2 plot. 

 

This target nanotube was found again in the confocal Raman image (Figure 2.27 

A), although the signal is not as strong as the previous (11, 5) nanotube (Figure 2.25 A). 
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The relative lower signal of this nanotube could be due to the higher defect density on the 

tube sidewall. The Raman spectra of this nanotube were collected in CCD mode. Figure 

2.27B shows the G band and RMB band from the target nanotube. Its G band shows a 

broad Breit-Wigner-Fano line, indicating it is a metallic nanotube. The RBM peak for 

this target nanotube, at 181 cm-1, can be assigned to a metallic species of (13, 7).  

 

          

Figure 2.27 (A) confocal Raman image; (B) G band and RBM band features. Both the G 

band and RBM band Raman spectra have confirmed that the target nanotube is of 

metallic type. 

 

Therefore, the Raman spectra have again confirmed the metallic assignment from 

EFM measurements for the second target nanotube. Table 2.1 lists the information of two 

target nanotubes from Raman spectra and EFM measurements.  Although Raman spectra 

provide very detailed information for nanotubes, the quantitative metallic content of a 

nanotube sample is still unknown from Raman spectra. Comparing with Raman, EFM 

assay not only determines the electronic property of nanotubes, but also provides 

quantitative measurements for the metallicity of nanotube samples. 
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Table 2.1 Information of two target nanotubes from Raman and EFM measurements. 
 

Nanotube: 

Nanotube 1 

(Figure 2.25, 2.26) 

Nanotube 2 

(Figure 2.27, 2.28) 

RBM (cm-1) 222 181 

dt= α/ω RBM (nm) 

(α= 248 nm cm-1) 1.12 1.37 

dAFM (nm) 1.2±0.2 1.3±0.2 

n2+m2+nm=(π dt/a)2 

(a=2.46Å ) 204 306 

Possible (n, m) (11,5) (13,7) 

n2+m2+nm 201 309 

ω(G-) (cm-1) 1577 1545 

FWHM (G-) (cm-1) 60 100 

ω(G+) (cm-1) 1596 1593 

FWHM (G+) (cm-1) 11 25 

Metallic or semiconducting from 

Raman spectra Metallic Metallic 

Metallic or semiconducting from 

EFM measurements Metallic Metallic 

 



  110 
   
2.4 Conclusions 

             In this chapter, a probe assay for nanotube metallicity has been developed. After 

applying a bias on a conductive tip, nanotubes are polarized and induced dipoles are 

created on the tube sidewalls. Metallic nanotubes which have higher dielectric constants 

than semiconducting ones exhibit significant higher dielectric signal than semiconducting 

nanotubes. Therefore, the dielectric responses of nanotubes in the electric field are 

collected to differentiate nanotubes by electronic types. In a dielectric signal versus 

diameter square plot, data points usually distribute to two separated zones. The upper 

zone is for metallic nanotube with higher signal while the bottom zone is for 

semiconducting types. By counting the number of data points in each zone, the metallic-

to-semiconducting ratio, as well as the metallic percentage, can be determined. This 

method has been applied for DNA-coated nanotube samples and commercial nanotube 

samples synthesized by different methods, and repeatable results were obtained. This 

assay was further verified by optical spectroscopy techniques. The percentage change of 

metallic nanotubes in different samples determined by EFM assay is consistent with the 

absorption spectra. The further Raman spectra of selected nanotubes also confirmed that 

the capability of EFM to determine the electronic type of nanotubes without any 

limitation on nanotube species.  
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Chapter 3. Microwave Irradiation of Single Walled Carbon Nanotubes 

(Part of the work in this chapter has been published in Appl Phys A (2010), 102(2), 401-

406.)  

 

3.1 Introduction 

Since dielectric properties of nanotubes can be utilized for differentiation of 

metallic and semiconducting nanotubes, in this chapter the microwave irradiation effect 

on nanotubes, towards the selective etching metallic nanotubes based on their high 

conductivity and high dielectric polarizability, is studied. Microwave irradiation has been 

reported to assist the covalent functionalization of nanotubes170-171, and to remove 

catalyst particles in nanotubes by significantly raising the local temperature and oxidize 

the surface of catalyst particles172-173. However, the irradiation effects on pristine 

nanotubes without any additives have not yet been well studied. It has been reported 

previously that microwave energy can be absorbed by nanotubes and induced current is 

generated on their sidewalls174. When the current is high enough, the sidewall of 

nanotubes can be destroyed by the excessive heat. Because the conductivity of metallic 

tubes is about 105 times higher than that of semi-conducting tubes175, the breakdown of 

metallic nanotubes occurs more readily due to relative higher currents whereas 

semiconducting tubes may stay intact when exposed to the same microwave 

irradiation176. This principle leads to a potential selective electrical breakdown scheme 

for nanotube differentiation.  
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In this project, a convenient method for characterization of nanotube films by 

measuring their THz transmissions was provided by research collaborators, the Xin group 

in the University of Arizona. This characterization method was then utilized to study the 

effects of microwave irradiation on nanotube thin films, which were readily fabricated 

from nanotube powder and preserved all the properties of the nanotubes while offering 

ready manipulation for experimentation. Detailed Raman and absorption spectroscopy 

studies were undertaken to further evaluate irradiation effects.  

 

3.2 Experimental 

3.2.1 Materials 

The raw nanotube powder samples were purchased from Carbon 

Nanotechnologies, Inc., Houston, TX. Two types of nanotube samples with different 

metallic-to-semiconducting ratios were used for comparison (~30% metallic content in 

HiPco nanotubes and ~10% metallic content in CoMoCAT nanotubes). Nanotubes 

samples were prepared including individual nanotubes dispersed on Si substrates and 

nanotube films on glass substrates. To prepare individual nanotubes, raw nanotubes 

bundles were sonicated in 1,2-dichloroethane for 15 minutes, the resultant suspension 

was spin-coated onto a Si substrate with special markers. No surfactant or polymer 

additives were added to assist the dispersion. Due to the special markers on the Si 

substrate, nanotubes on a specific area can be relocated after irradiation, and thus the 

morphology of selected nanotubes before and after microwave irradiation can be 
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compared. Figure 3.1 shows the dispersed individual nanotubes on a Si substrate. Most of 

the nanotubes in the image were individual nanotubes, with diameters of 1~2 nm. 

 

                           

5

4

3

2

1

0

µ
m

543210

µm

-4

-2

0

2

4

nm

 

Figure 3.1  Individual nanotubes dispersed on Si substrate via sonication in 1,2-

dichloroethane. 

  

            Nanotube thin films were prepared based on the vacuum-filtration method. Raw 

nanotube bundles were dispersed in aqueous solution containing 1 wt. % of sodium 

dodecyl sulfate (SDS) via ultrasonication treatment, and centrifuged at 25000 G for 2 

hours to remove the catalyst particles. The nanotube suspension was then filtered through 

a 200nm Millipore polycarbonate membrane. A layer of nanotube thin film was formed 

on the membrane and SDS was washed away by excess deionized water. After the 

filtration, the membrane with attached nanotube thin film was quickly transferred onto a 

glass or quartz substrate, and then immersed in a chloroform bath for 6 hours, leaving the 

nanotube thin film on the substrate. Finally, thin film samples were dried at 75ºC for 3 
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hours. Figure 3.2 shows the AFM and SEM images of a HiPco nanotube thin film 

deposited on a glass substrate. The thin film consisted of entangled nanotubes without 

any catalyst particles, and the thickness of the film was around 30nm (shown in Figure 

3.3). 

 

    

Figure 3.2 (a) AFM image of a HiPCO nanotube thin film; (b) SEM image of a HiPCO 

nanotube thin film. 

 

3.2.2 Methods 

  Microwave irradiation was carried out by setting the nanotube samples close to the 

power-feeding waveguide in a commercial microwave oven (2.45 GHz, 1100 W), where 

the highest microwave field was located. The samples were fixed in the same position 

and the power level of the oven was preset to 100% each time. During the irradiation 

process, The Si substrate dispersed with individual nanotubes remained intact while the 

thin glass substrates coated with the nanotube thin films often broke from the film center. 

Bare glass substrates without any nanotubes did not break at all at the same irradiation 
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condition. Furthermore, the breaking of glass substrates covered with HiPco nanotube 

thin films (~30% metallic content) happened earlier than the glass substrates covered 

with CoMoCAT nanotube thin films (~10% metallic content) at the same irradiation. 

These observations indicate that nanotubes can absorb microwave energy and convert it 

to excessive heat, causing the breaking of the glass substrate. The increase of metallic 

content in nanotube samples can further accelerate this process.    

    

 

Figure 3.3 AFM images and profiles of the edges of (A) HiPco nanotube film and (B) 

CoMoCAT nanotube film.  

 

To study the microwave effect on nanotubes, the individual nanotubes dispersed 

on Si substrates were examined by AFM before and after irradiation on the same areas. 

For nanotube thin films deposited on glass substrates, their property and composition 
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were studied using THz transmission, Raman (532 nm and 514 nm excitations) and UV-

vis absorption spectroscopy. THz transmission analysis and 514 nm excitation Raman 

analysis were provided by our collaborator Dr. Xin Group, University of Arizona, 

Tucson, Arizona. All spectra were directly collected from nanotube thin films which were 

deposited on glass substrates. 

 

3.3 Results and discussion 

3.3.1 Microwave irradiation on individual nanotubes 

  Individual HiPco nanotubes dispersed on a Si substrate was irradiated in a 

microwave oven for 3 minutes. Based on our previous EFM study, the HiPco nanotube 

sample contains ~30% of metallic content. Figure 3.4 shows the AFM images of 

individual nanotubes before and after irradiation on multiple areas. By comparing the 

length and diameter of each nanotube before and after irradiation, it was determined that 

all nanotubes maintained the same dimensions, indicating nanotubes were undamaged. 

Further gradually increasing the radiation time to 10 minutes still did not cause any 

damage to the nanotubes. Irradiation times of greater than 10 minutes can cause 

overheating and shutdown of the microwave device. The reasons why the microwave 

irradiation had negligible effects on individual nanotubes can be due to the following:  

(1) The heat converted by individual nanotubes from microwave energy is insufficient to 

cause damage on the sidewalls of the nanotubes. 

(2) Either the heat created or the energy absorbed by the nanotubes was dissipated into 

the Si substrate 
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Figure 3.4 AFM images of dispersed individual nanotubes on Si (A, B) before microwave 

irradiation, and (C, D) after microwave irradiation. No nanotubes were destroyed during 

the irradiation. 

 

3.3.2 Microwave irradiation on nanotube thin films 

As an alternative to silicon substrates, glass substrates with nanotube thin films 

were irradiated in the microwave oven for 3 minutes. Figure 3.5 shows the photographs 

of thin film samples before and after irradiation. During the irradiation, the glass 
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substrates usually fractured from the center of the thin films, and the breaking mostly 

happened in the first 30 seconds of irradiation. Since the bare glass substrates do not 

break during the microwave irradiation, the fracturing of the glass substrate was due to 

the nanotube films. This result has confirmed that nanotubes can absorb microwave 

energy and convert it to excessive heat. Therefore, the next step was to analyze changes 

to the property and composition of thin films due to the microwave exposure. 

 

 

Figure 3.5 Photographs of glass substrates with nanotube thin films (a) before and (b) 

after microwave irradiation. The glass substrate fractured from the center of the thin film 

while bare glass substrate did not break under the same irradiation conditions. 

 

3.3.3 Characterization of nanotube thin films before and after irradiation 

To study the composition change in the irradiated samples, a HiPco nanotube thin 

film irradiated in different durations was studied by a photoconductive Terahertz (THz) 

Time Domain Spectroscopy (TDS) system operating from 50 GHz to 1.2 THz. The 

measured THz transmission reflects the composition of the sample. For example, if the 

sample is composed of pure metallic tubes, it behaves like a thin metal sheet, thus most of 

A B 
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the signal is reflected and the low transmission is obtained. On the contrary, if the sample 

contains pure semiconducting tubes, it behaves like a thin dielectric slab and a much 

higher transmission is obtained. Therefore, the measured transmission would indicate the 

change of metallic content in the sample. Figure 3.6 shows the THz transmission spectra 

of a nanotube thin film deposited on a glass substrate. After irradiation, the transmitted 

power increases dramatically by up to 10 dB, indicating a reduction of metallic content in 

the thin film. It is worth noting that the transmission signal rises more significantly 

during the first 30 seconds of irradiation. Afterwards, the change of transmission signal 

seems much slower, which is probably due to the limited metallic content in the film. 

This is consistent with our observation that glass substrates broke within 30 seconds of 

irradiation. Compared to the traditional four-point DC conductivity measurement, this 

characterization method does not require any contact with the samples, therefore it is 

more reliable. For CoMoCAT thin film samples, a similar but smaller THz transmission 

increase was observed after microwave irradiation, which is expected since CoMoCAT 

sample contains less metallic content. 
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Figure 3.6 THz transmission spectra of a HiPco nanotube thin film sample before and 

after various irradiation time periods.  

 

Since the THz transmission measurements imply that metallic content was 

significantly decreased after irradiation, HiPco nanotube thin films were further 

characterized using Raman spectroscopy to specify which nanotube species had 

decomposed after 180 seconds of irradiation. Figure 3.7 shows the RBM band and G 

band features obtained at two excitations wavelength (514 nm and 532 nm). Spectra were 

collected at multiple locations and averaged spectra are shown in the Figure 3.7. After 

180 seconds of microwave irradiation, the metallic content in the irradiated sample was 

decreased, because the G band features (1480 cm-1 ~ 1600 cm-1, Figure 3.7 b, d) obtained 
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at both excitations were narrowed168. The RBM spectra shown in Figure 3.7(a) and 3.7(c) 

are discussed in two different regions, the M11 region (215 cm−1 ~ 290 cm−1) for which 

the excitation laser is in resonance with the first van Hove singularities (vHs) of metallic 

tubes and the S33 region (160 cm−1 ~ 215 cm−1) for which the excitation laser is in 

resonance with the third vHs f semiconducting tubes. A significant decrease of RBM 

features are shown in M11 region while no significant decrease or even a slight increase 

in the RBM features are shown in the S33 region. The slight increase of RBM features in 

semiconducting S33 region is still not fully understood. It is probably because the Laser 

was focusing on different locations of film in each measurement. There is no evidence to 

support that metallic nanotubes were converted to semiconducting ones during the 

microwave irradiation.   

To quantitatively compare the changes of metallic tubes to the changes of 

semiconducting tubes, the M11 to S33 spectral ratios were then calculated by integrating 

the spectra under each region, followed by taking the ratio afterwards. As shown in Table 

3.1, after irradiation, the M/S ratio was reduced by 18% for 514 nm excitation and 29 % 

for 532 nm excitation, respectively. However, it is worth noting that the decrease of 

metallic-to-semiconducting (M/S) spectral ratios calculated here is not representative of 

the decrease of the M/S ratio for the entire population in the sample, because Raman 

spectra only correspond to nanotubes which are in resonance with the excitation 

energies99,169. Nevertheless, a clear trend of selective decreasing the metallic content in 

nanotube thin films has been observed from Raman spectra at both excitation 



  122 
   
wavelengths. This is consistent with the observation from THz transmission 

measurements. 
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Figure 3.7  Raman spectra of a HiPco nanotube thin film, deposited on a glass substrate, 

before (solid curves) and after (dashed curves) microwave irradiations. Each spectrum 

was averaged from several spectra captured at different positions on the thin films. (a) 

RBM band spectra, 514 nm laser excitation; (b) G and D bands spectra, 514 nm laser 

excitation; (c) RBM band spectra, 532 nm laser excitation; (d) G and D bands spectra, 

532 nm laser excitation. 
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Table 3.1 Metallic-to-semiconducting ratios before and after irradiations from Raman 
spectra at both 514 nm and 532 nm excitation wavelengths. 
 

Laser excitation  514 nm 532 nm 

M/S ratio (before)  2.38 1.46 

M/S ratio (After) 1.96 1.04 

M/S ratio decrease 17.6% 28.7% 

 

 

CoMoCAT nanotube thin films were also characterized using Raman 

spectroscopy to specify which nanotube species had decomposed after 180 seconds of 

irradiation. Spectra were collected at two excitation wavelength, 514 nm and 532 nm, 

using the same procedure as on HiPco nanotube films. Figure 3.8 shows the RBM band 

and G band features obtained at 514 nm and 532 nm wavelengths. At 514 nm excitation, 

G band features (1480 cm-1 ~ 1600 cm-1, Figure 3.8b) were narrowed after 180 seconds of 

microwave irradiation, indicating the metallic content of the sample was decreased in the 

irradiation168. The RBM feature (Figure 3.8a) in the M11 region (215 cm−1 ~ 290 cm−1) 

also decreased after irradiation while no significant decrease in the S33 region (160 cm−1 

~ 215 cm−1). At 532 nm excitation, both G band and RBM band features (Figure 3.8c, d) 

only show slightly change after irradiation, probably because the nanotubes which were 

affected in microwave irradiation are not in resonance with the excitation energy99,169. 

Nevertheless, a decreasing of the metallic content in CoMoCAT nanotube samples has 

also been observed from Raman spectra at both excitation wavelengths. This is consistent 

with the results of HiPco nanotube thin films. 
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Figure 3.8  Raman spectra of a CoMoCAT nanotube thin film, deposited on a glass 

substrate, before (solid curves) and after (dashed curves) microwave irradiations. Each 

spectrum was averaged from several spectra captured at different positions on the thin 

films. (a) RBM band spectra, 514 nm laser excitation; (b) G and D bands spectra, 514 nm 

laser excitation; (c) RBM band spectra, 532 nm laser excitation; (d) G and D bands 

spectra, 532 nm laser excitation.  

 

The observed metallic content decrease can be caused by two different 

mechanisms. In the first mechanism, microwave irradiation induces high localized 

temperature on metallic nanotubes, and causes the breakdown of the carbon shells. 

Therefore, the metallic content in the thin film is reduced. However, it is also possible 
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that the decrease of the metallic content is due to oxidation on the sidewall, instead of the 

destruction of the whole tubes. In the second mechanism, the heat produced by the 

metallic nanotubes was only enough to assist the partial oxidation on the sidewalls to 

create defects. Metallic nanotubes lost their conductivities or Raman activities due to the 

oxidation or created defects, but the main structures of those tubes still exist. In either 

mechanism, the electrical properties of metallic nanotubes were significantly altered so 

that they no longer respond to the THz or Raman analyses in the same way as before. 

From Raman spectra, the intensities of D band features (1300cm-1 ~ 1360cm-1) from 

irradiated thin films were increased. This indicates more defects were induced on the 

sidewalls of nanotubes during the irradiation. Therefore, further analyses to confirm 

which mechanism is dominant were carried out using UV-vis absorption spectroscopy.  

Figure 3.9 shows the absorption spectra of a HiPco nanotube thin film before and 

after multiple microwave irradiations. One benefit of UV-vis absorption spectroscopy is 

that it can show the features from all nanotube species in the sample, including both 

metallic content and semiconducting types94. Differing from the significant changes in 

the previously discussed THz transmission and Raman spectra, the absorption spectra 

show same features of the thin film before and after microwave irradiations. This 

indicates the basic electronic structures of nanotubes remained the same after microwave 

exposure. The slight downshift of the absorption spectra for the irradiated thin film is 

probably due to the different orientations and positions of the glass substrate in the 

spectrometer. This shift also happens through the whole range of the spectra, and the 

spectral ratio between metallic content (M11 region, 400 ~ 550 nm) and semiconducting 
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content (S22 region, 600 ~ 900 nm) remained the same before and after irradiations. 

Further increasing of the irradiation time to more than 180 seconds, the same absorption 

features were shown in the whole range from 400 nm to 1100 nm. This evidence has 

confirmed that no complete breakdown of metallic nanotubes occurred during microwave 

irradiation. The main electronic structures of the nanotubes remained fundamentally the 

same, but a certain amount of nanotubes, especially metallic nanotubes, were oxidized or 

had induced defects due to the excessive heat generated from microwave energy. 

Same Absorption analyses were carried out on a CoMoCAT thin film before and 

after multiple irradiations. Figure 3.10 shows the adsorption features after irradiation are 

the same as the features before irradiation in the whole wavelength range. Therefore, the 

same conclusions can be drawn that the electronic structure of nanotubes was not 

completely destroyed during the microwave irradiation. Comparison between the 

absorption spectra for both HiPco and CoMoCAT thin films reveals how the spectra 

reflect the different compositions of nanotube samples. As the HiPco thin film (~30% 

metallic content) has a higher percentage of metallic nanotubes than the CoMoCAT thin 

film (~10% metallic content), the spectra (Figure3.9) for the HiPco sample shows more 

absorption features in the M11 region (400~550nm) than the spectra for the CoMoCAT 

sample (Figure 3.10). Two dominant peaks in the S22 region (600 nm ~ 900 nm, Figure 

3.10) for the CoMoCAT thin film indicate this sample is enriched with semiconducting 

nanotubes, while the HiPco sample does not have these two dominant peaks in the S22 

region (Figure 3.9) because of the relative lower semiconducting content. However, none 

of the absorption spectra collected after microwave irradiations shows the change in 
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absorption features. Comparing with the conclusions published in our paper177, this 

further absorption spectra provide strong evidence that metallic nanotubes were not 

completely decomposed in the microwave irradiation. 

It is not surprising that results from THz transmission spectra, Raman spectra and 

absorption spectra have led to two different conclusions, because these three techniques 

measure different properties of nanotubes. For nanotubes, THz transmission spectra are 

associated with their conductivity, while Raman spectra are associated with the vibrations 

of C atoms and absorption spectra are associated with the transition energies from 

valance bands to conduction bands. 

 

                   

Figure 3.9  Absorption spectra for a HiPco nanotube thin film on a glass substrate before 

and after multiple irradiations. The absorption features for metallic and semiconducting 

nanotubes remain the same after irradiation. 
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Figure 3.10  Absorption spectra for a CoMoCAT nanotube thin film on a glass substrate 

before and after multiple irradiations. The absorption features for metallic and 

semiconducting nanotubes remain the same after irradiation. 

 

By converting the frequency in THz transmission spectra, the wavenumber in 

Raman spectra, and the wavelength in absorption spectra to electronic energy, we have 

found that the energy related to three techniques are significantly different. THz 

transmission spectra measured the signal from 4 × 10-4 eV to 3 × 10-3 eV; the Raman 

RBM spectra measured the shift from 1 × 10-2 eV to 5 × 10-2 eV; and the absorption 

spectra measured the transition from 1.2 eV to 3.1 eV. The energy required to change 

THz transmission spectra is the lowest while the energy required to change absorption 

spectra is the highest. The different energy distributions have confirmed that the spectra 

from these three techniques are actually related to different properties of nanotubes. 



  129 
   
Defects created on the sidewall of a metallic tube, shown in Figure 3.11, can significantly 

decrease the conductivity of this tube, and correspondingly change the THz transmission 

spectra which only require the lowest energy. These defects can also change the 

vibrations of C atoms and thus change the Raman features of the tube. However, these 

defects, induced by the microwave, may not completely destroy the electronic structure 

of the nanotube, which requires the highest energy. The transition energies from valance 

bands to conduction bands remained the same after the irradiation and consequently no 

change was found in absorption spectra.   

Therefore, it is believed that the second mechanism, which is the oxidation and 

defect induction of the nanotubes, dominate the whole microwave process. The measured 

decrease of the metallic content from THz transmission and Raman spectra is probably 

because of the preferential oxidation and defect induction metallic nanotubes, as metallic 

nanotubes having higher conductivities and producing more heat175.  

 

 

 

 

Figure 3.11. Schematic drawing of induced defects on a metallic nanotube in the 

microwave irradiation.   
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3.4 Conclusions 

In summary, the effects of microwave irradiation on nanotube thin films without 

catalyst particles were studied. A convenient characterization method by measuring the 

THz transmission of the thin films was introduced to monitor the metallic content in the 

films. A significant transmission increase was observed after the microwave irradiation, 

which indicates possible reduction in metallicity of nanotube samples. The Raman 

spectra also confirm the M/S ratio decrease in the nanotube thin films after the 

irradiation. However, the absorption spectra provided strong evidence that metallic 

nanotubes were not destroyed by microwave irradiation, but only preferentially oxidized 

or otherwise had undergone defect induction. This microwave effect is believed to 

selectively change the properties of metallic nanotubes, because their high conductivities 

can help to generate more heat from microwave energy than semiconducting type. 

Further work to study whether microwaves with higher energies or different frequencies 

can completely destroy nanotubes is still under investigation.   
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Chapter 4. AFM Investigation of Corrosion Inhibitors 

 

4.1 Introduction  

     Surfactant corrosion inhibitors can retard acid corrosion when added to an 

environment in small concentrations. Nitrogen-based organic molecules, such as 

imidazolines178, imidazoline amido amines179 and their salts180-183, have been widely used 

as corrosion inhibitors for protecting mild steel from CO2 corrosion. Surfactant organic 

molecules consist of a polar hydrophilic head and a hydrophobic hydrocarbon tail116. One 

of the most important properties of surfactant-type corrosion inhibitors is their ability to 

significantly retard the corrosion on a metal surface, by forming adsorption 

layers113,126,130.  Understanding the adsorption mechanism of surfactants is a significant 

step in selecting an appropriate inhibitor for a realistic scenario, to evaluate inhibitor 

performance and to develop a predictive model for corrosion in the presence of inhibitors.  

     Over the last few decades, the adsorption characteristics of a wide variety of 

surfactants have been investigated, traditionally using adsorption isotherms120,126,184-185, 

and more recently by fluorescence decay 186-187, neutron reflection188-189 and surface force 

measurement instruments119,138. One important property of a surfactant is its critical 

micelle concentration (CMC), which is the concentration that the surfactant molecules 

spontaneously agglomerate together to form micelles116. Micelles significantly affect the 

adsorption structure of surfactants and their performance190. A previous study of 

surfactant adsorption118-121 reported that the formation of a first adsorbed layer was due to 

electrostatic interactions of positive ions on negative surfaces. The second layer, or “bi-
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layer”, is formed with a further increase in surfactant concentration close to the CMC 

with hydrocarbon tails interacting with each other and the hydrophilic group pointing 

toward the solution. Other adsorption structures above the CMC, such as micelles, 

hemimicelles and admicelles, have also been reported for various surfactants130,135-138. It 

has been found that the adsorption and aggregation structures of corrosion inhibitors may 

vary due to changes in the type of molecules, bulk concentration, bulk pH and surface 

property of the substrate137,191-194.    

Since the invention of atomic force microscopy (AFM) in 1986 by Binnig, Gerber 

and Quate9, this advanced technique enables images to be produced in situ with a 

magnification up to 107 times enabling, for the first time, resolution at the molecular 

level. The basic principle of AFM involves measurement of the interaction between a 

scanning probe and sample surface, as discussed in Chapter 1. A detailed description of 

the application of AFM in corrosion science has been published previously195.    

As the degree of protectiveness conferred by corrosion inhibitors strongly 

depends on the structure and properties of the adsorbed inhibitor film196, this work 

focused on applying AFM to study the adsorption structure, film thickness and 

mechanical resistance of several cationic corrosion inhibitors. A main driver for the 

present work is the widespread reporting from industry that the inhibitor film can be 

removed from the metal surface at some critical fluid velocity197-199. This velocity 

apparently depends on the concentration and type of corrosion inhibitor and is manifested 

by a rapid increase in the corrosion rate when the molecules are removed from the 

surface. In fact, to evaluate the performance of corrosion inhibitors, most corrosion 
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engineers specify some shear stress test to evaluate inhibitor performance under high 

flow conditions200.  This brings in another important property of AFM – the ability to 

measure the adhesive force of molecules on surfaces and the force to penetrate adsorbed 

organic films138.  

 

4.2 Experimental 

4.2.1 Materials 

Table 4.1 lists information for five corrosion inhibitor formulations studied in this 

chapter, labeled as K1, K2, K3, K4 and K5. Inhibitor K1 and K2 are generic inhibitors. 

The major component in K1 is TOFA/DETA imidazolium and the major component in 

K2 is C12~C16 coco quaternary ammonium salts (quats). The molecular structures of K1 

and K2 are shown in Figure 4.1. They are organic surfactants, with positively charged 

hydrophilic head groups and non-polar hydrophobic tails. Their molecular lengths are ~ 2 

nm. Inhibitor K2 actually contains three types of inhibitor molecules: C12 coco quaternary 

ammonium salt, C14 coco quaternary ammonium salt and C16 coco quaternary ammonium 

salt. Their only difference is the number of C atoms in their hydrophobic tails. Inhibitor 

K3 is sodium thiosulfate (Na2S2O3), an inhibitor additive that is often used to improve the 

efficiency of other surfactant-type inhibitors. By mixing 4% K3 with 20% K1 or K2 

solution, inhibitor blends K4 or K5 are prepared. The critical micelle concentration 

(CMC) of each corrosion inhibitor was measured using the weight drop method201. Figure 

4.2 shows the measured CMC for inhibitor K1 TOFA imidazolium by measuring the 

surface tensions at different concentrations. After the CMC of each inhibitor was 
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determined, five corrosion inhibitors were prepared at 0.5 CMC and 2 CMC, 

respectively. 

 

Table 4.1.  Corrosion inhibitors and CMC values. 
 

Product Description Components CMC  

(DI water) 

CMC 

(1wt.%NaCl)

K1 Generic 

Inhibitor 

TOFA/DETA imidazolium 718 ppm 36 ppm 

K2 Generic 

Inhibitor 

C12~C16 coco quaternary 

ammonium 

471 ppm 110 ppm 

K3 Generic 

Inhibitor 

Sodium thiosulfate Non-surfactant 

K4 Inhibitor 

Blend 

TOFA/DETA imidazolium 

and sodium thiosulfate (K1 + 

K3) 

753 ppm 215 ppm 

K5 Inhibitor 

Blend 

Coco quaternary ammonium 

and sodium thiosulfate 

(K2+K3) 

543 ppm 290 ppm 
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Figure 4.1  Molecular structures of (A) TOFA/DETA imidazolium and (B) C16 coco 

quaternary ammonium salts. 

 

 

Figure 4.2  Critical micelle concentration (CMC) of corrosion inhibitor K1 TOFA 

imidazolium, 8 mM, determined by drop weight surface tension measurements. 
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        Freshly cleaved mica, vapor deposited Au, vapor deposited Fe and polished X65 

steel were used as the supporting substrates for inhibitor adsorption. For mica, Au and Fe 

substrates, no extra surface treatment was required because they can provide relative flat 

surfaces. For X65 steel surface, a fine polishing procedure was used for polishing the 

steel surface down to a surface roughness of less than 20 nm. An X65 specimen was 

polished on 400 grit, 600 grit, 1500 grit sand papers respectively, and then continued to 

be polished on silk cloth with 9 µm diamond suspension, and on napped cloth with 3 µm 

diamond suspension. Absolute ethanol (99.9%) was used in washing and rinsing the 

specimen during the polishing, to remove excessive heat and prevent the corrosion from 

moisture. A mirror finish was obtained after the polishing and the specimen was stored in 

absolute ethanol. 

 

4.2.2 Methods 

Two types of AFM were used to study the adsorption of corrosion inhibitors. 

AFM images shown in grey color were generated using a MFP-3D SA AFM (Asylum 

research), and AFM images shown in golden color were collected with a Picoscan 2000 

AFM. Two types of AFM probes were used. SNL-10 probes (kn~0.4 N/m, Veecoprobe. 

Inc) were used in MFP-3D SA AFM, while DP-19 probes (kn~0.6 N/m, MikroMasch) 

were applied in Picoscan 2000. The diameter of the “head” of a tip is ~30 nm (Figure 

4.3a) for both two types, as measured by high resolution SEM. 

A droplet of inhibitor solution was deposited onto a mica or metal substrate, and 

inhibitor film was allowed to evolve over a period of 3 hours prior to AFM analysis. 
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AFM scanning and force measurements were carried out inside the inhibitor solution. For 

mica, Au substrates, AFM analyses were carried out in ambient conditions as they are 

chemically stable. All analyses for inhibitor K1 on mica and Au surface were repeated in 

Laboratoire Interfaces et Systemes Electrochimiques, Université Pierre et Marie CURIE, 

France and same results were obtained. For Fe and steel substrates, anaerobic 

environments were provided by assembling the AFM instrument inside a closed box. 

Figure 4.4 shows the set-up of the closed box anaerobic environment. By pre-purging N2 

or CO2 into this box, O2 is eliminated and the corrosion on Fe or steel can be controlled. 

 

 
a  

 
Figure 4.3  (a) The diameter of the “head” of the tip was determined to be ~30 nm. (b) 

Schematic drawing of AFM analysis with the tip fully immersed inside inhibitor solution. 

      

     To study adsorbed molecular structures, the scan was conducted over the top of the 

adsorbed layer. A low normal force (< 2 nN) was applied to the AFM cantilever to 

provide a necessary load for imaging and avoid damaging the film structure by scraping 

away inhibitor molecules. On a surface covered by inhibitor molecules, the method to 

measure film thickness was to remove a small section of the inhibitor film to the original 

a b 
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mica surface and then accurately measure the height difference. To remove the inhibitor 

molecules, the normal force applied to the cantilever was gradually increased until lateral 

movement of the cantilever was able to remove the adsorbed inhibitor molecules from the 

surface. Having determined the minimal normal force (~60 nN) to scratch inhibitor 

molecules from the surface, an xy lateral scan was performed on an area of 1 × 1 µm 

while still maintaining this high normal force.   

 

 

 

 

Figure 4.4  Set-up of AFM system in an anaerobic environment. By pre-purging N2 or 

CO2 into this box, O2 is eliminated. 

      

Besides surface morphology, AFM is able to quantitatively measure interactions 

between the AFM tip and inhibitor molecules202-204. The penetration forces shown in this 

study were obtained from force-distance curves which recorded the interaction during the 

Gas in Gas out 
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tip approaching process (Figure 4.5). On the other hand, the “lateral removal” force 

measurements were made using the friction loop technique which involved a forward and 

reverse scan parallel to the surface, under the identical and constant normal load of 60 nN 

used for the film thickness determinations (Figure 4.5). Using the same normal force in 

each friction loop allows direct comparison between measurements. 

 

 

Figure 4.5 Schematic diagrams of (a) penetration force measurements and (b) lateral 

removal force measurements.   

 

4.3 Results and Discussion 

4.3.1 Surface morphology of corrosion inhibitors on mica 

The adsorption of corrosion inhibitors was first studied on mica substrate. Mica is 

a silicate mineral with a sheet structure that has a high dielectric constant and excellent 

chemical stability. It has been reported that cationic surfactants have strong adsorption on 

mica which is negatively charged in aqueous solution119,205. Figure 4.6 shows an 

atomically flat surface of a freshly cleaved mica substrate in deionized water. The surface 

roughness is only 0.1 nm, while the molecular length of inhibitors is ~2 nm. The surface 
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morphology and subsequent force measurements on a mica surface are used as blank 

values for analyzing the adsorption of inhibitor molecules. 
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Figure 4.6  AFM image of blank mica substrate in deionized water. Mica provides an 

atomically flat surface with a roughness of 0.1 nm. 

 

Figure 4.7 shows the surface morphologies and profiles of inhibitor K1 TOFA 

imidazolium on a mica surface at 0.5 CMC and 2 CMC. The uniform featureless surface 

indicates the inhibitor molecules adsorbed at the interface as a continuous flat film.  This 

is regardless of the internal structure of the film which could vary due to the different 

concentration of inhibitor molecules relative to the CMC.  No artifacts are shown in the 

images indicating that the adsorbed structure was not disrupted by the scanning process. 

Multiple images on different locations of the surface confirmed that the surfaces were 

fully covered with flat inhibitor films at concentrations of both 0.5 CMC and 2 CMC.  
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a       

Figure 4.7 AFM images and corresponding profiles of inhibitor K1 at (a) 0.5 CMC and 

(b) 2 CMC on mica. In both condition, inhibitor molecules formed continuous flat films 

on surface, regardless of the internal film structure. All grey color images were collected 

from MFP-3D AFM using SNL-10 probes (kn~0.4 N/m) 

 

The quality of images, however, is often affected by the scanning parameters and 

tip conditions. Artifacts and fake features can be created due to facts such as vibration 

noise, scanning at high velocity, excessive force on the cantilever, and tip contaminations. 

Figure 4.8 shows an AFM image of 2 CMC inhibitor K1 on mica surface. Comparing 

with previous flat surface morphology obtained from the same sample (Figure 4.7), this 

image shows additional periodic curves and horizontal lines. In order to verify whether 

these additional features are artifacts, several procedures can be applied. First, this image 
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can be repeated by scanning the same area multiple times. The positions of real surface 

features usually do not change in repeated images. Second, the scanning parameters can 

be further adjusted. In Figure 4.8, the horizontal lines disappeared after decreasing the 

applied force on the cantilever. Therefore, these horizontal lines were probably induced 

by the lateral interactions between inhibitor molecules and the scanning tip which was 

inside the inhibitor film. Decreasing the force applied on the cantilever can help to move 

the tip from inside the film to the top of the film. In our penetration force analysis (shown 

in section 4.3.3), we have determined the force to penetrate an inhibitor film is 1~2 nN. 

Therefore, the applied force for scanning surface morphology should not exceed this 

penetration force. For those periodic curves, they may still exist after repeated imaging or 

decreasing the applied force, because they were probably induced by vibration noise. One 

way to examine these curves is to change the scan rate. If they are artifacts, their 

periodicity, which is the distance between two parallel curves, will change after changing 

the scan rate. Otherwise, the scan rate can not affect the periodicity of real surface 

features. The other way to determine whether these periodic curves are artifacts is to 

change the scanning size. For example, the distance between two parallel curves should 

be consistent in a 5 × 5 μm and a 1 × 1μm image, if they are real features. Otherwise they 

are artifacts. Based on these examination methods, we have found the periodic curves and 

horizontal lines shown in Figure 4.8 were artifacts.  
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Figure 4.8. AFM image of 2 CMC inhibitor K1 on mica. Two types of artifacts, Periodic 

curves and horizontal lines, are shown in this image.  

 

Figure 4.9 shows AFM images of inhibitor K1 on mica surface with other 

artifacts, including periodic curves, horizontal lines and random structures. By adjusting 

the scanning parameters or changing a new tip, these artifacts all disappeared. Therefore, 

one of the key issues in AFM analysis is to exclude the interference from artifacts. All 

images in this part of research have been repeated and verified using the discussed 

procedure. 

 

Periodic curves 

Horizontal lines 
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Figure 4.9. AFM images of inhibitor K1 on mica. Massive artifacts, including periodic 

curves, horizontal lines and random structures, were shown in images. By adjusting the 

scanning parameters or changing a new tip, these artifacts disappeared. 

  

             Besides the above procedures to diagnose artifacts, we further verified our results 

using different AFM systems and scanning probes. Figure 4.10 shows the AFM images 

of 0.5 CMC and 2 CMC inhibitor K1 on mica substrates. These gold color images were 

obtained from a Picoscan 2000 AFM using DP-19 probes (kn~0.6 N/m), while the 

previous grey images were obtained from a MFP-3D AFM using SNL-10 probes (kn~0.4 

N/m). Same flat surface morphologies of inhibitor K1 on mica, shown in Figure 4.7 and 

Figure 4.10, were obtained from different instruments. This has confirmed the excellent 

repeatability of our AFM analysis on inhibitor films in aqueous solutions.   
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Figure 4.10. AFM images of inhibitor K1 at (a) 0.5 CMC and (b) 2 CMC on mica. All 

gold color images were collected from a Picoscan 2000 AFM using DP-19 probes 

(kn~0.6 N/m). 

 

Figure 4.11 shows the surface morphologies and profiles of inhibitor K2 coco 

quaternary alkylammonium salts (quats) at 0.5 CMC and 2 CMC on mica. Different from 

the surface of inhibitor K1 TOFA imidozalium, the surface is not uniformly flat at either 

0.5 CMC or 2 CMC condition. At 0.5 CMC, the roughness of the surface shown from the 

profile curve is ~ 0.5 nm. Those curvy features can be due to the partial coverage of 

inhibitor film on the surface or the length difference among the C12, C14 and C16 

hydrocarbon chains of the adsorbed molecules. Considering the ~0.5 nm variation from 

the surface profile across the image, the surface features are more likely because of the 

length difference from the different hydrophobic chains. If the surface was partial 

covered by inhibitor molecules, the height variation should be the same as the molecular 
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length which is ~ 2nm. Interestingly, at the 2 CMC condition, the surface morphology of 

quats on mica is completely different from the morphology at 0.5 CMC. Cylindrical 

“worm-like”206 structures are shown in the AFM image (Figure 4.11b), indicating 

cylindrical micelles were formed on mica surface. These periodic cylindrical structures 

are real surface features, determined by using previous discussed procedures for artifacts. 

 

 

Figure 4.11 AFM images and corresponding profiles of inhibitor K2 coco quaternary 

alkyl ammonium salt (quat) at (a) 0.5 CMC and (b) 2 CMC on mica. At 0.5 CMC, the 

surface of adsorbed quats on mica is not uniformly flat. The surface features at 0.5 CMC 

is probably due to the different lengths of the alkyl chains of each of the three 

components in the inhibitor product. At 2 CMC, inhibitor molecules formed cylindrical 

micelles on the surface.       
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Inhibitor K3, sodium thiosulfate, has been widely used as an “inhibitor helper” to 

enhance the protection efficiency of surfactant type inhibitors. However, sodium 

thiosulfate is not a surfactant, and it does not have a hydrophobic chain and hydrophilic 

head. The mechanism of how sodium thiosulfate “helps” other surfactant inhibitors is still 

poorly understood. Figure 4.12 shows the surface morphology on mica in the presence of 

24% sodium thiosulfate solution. The featureless surface shown in the image is actually 

the same as the surface in inhibitor K1 solution, indicating either sodium thiosulfate does 

not have any adsorption or it forms a uniform flat layer. It is hard to determine which one 

is the case only based on surface morphology. Further studies of the penetration force and 

film thickness measurements have confirmed that no surface film was formed on mica by 

sodium thiosulfate. 
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Figure 4.12 AFM images on mica surface in the presence of 24% sodium thiosulfate 

solution. 
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Whether or not sodium thiosulfate adsorbs on the surface, a goal was to determine 

if this compound can significantly change the adsorption structure of inhibitor molecules. 

Figure 4.13 shows the AFM images on mica in the presence of inhibitor K4, which is 

mixture of 20% TOFA imidazolium (K1) and 4% sodium thiosulfate. Compared with the 

surface morphologies of K1 shown in Figure 4.7, the surface morphologies of inhibitor 

K4 are the same as those of K1 at both 0.5 CMC and 2 CMC. This indicates that the 

addition of sodium thiosulfate does not change the adsorption of surfactant type 

inhibitors. The same analyses on inhibitor K5, which is a mixture of 20% coco quaternary 

alkylammonium salt and 4% sodium thiosulfate, has led to the same conclusion that 

sodium thiosulfate does not change the structure of adsorbed inhibitor molecules, because 

no obvious change was found between the surface morphologies (Figure 4.14) of K5 and 

the surface morphologies (Figure 4.11) of K2 at both 0.5 and 2 CMC. 
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Figure 4.13 AFM images and corresponding profiles of inhibitor K4, a mixture of 20% 

TOFA imidazolium and 4% sodium thiosulfate at 0.5 CMC (a) and 2 CMC (b) on mica.  
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Figure 4.14 AFM images and corresponding profiles of inhibitor K5, a mixture of 20% 

coco quaternary amine salts (Quats) and 4% sodium thiosulfate at 0.5 CMC (a) and 2 

CMC (b) on mica.  

 

4.3.2 Film thickness measurement 

To investigate the internal structure of inhibitor films and to accurately measure 

their thicknesses, the inhibitor molecules were removed by scratching from the surface 

over an area of 1 × 1 µm.  Figure 4.15 shows the AFM images with the center area (1 × 1 

µm) where the inhibitor molecules were removed by the AFM tip at different applied 

normal forces. The same tip was used in these three experiments to maintain consistent 

conditions. When the applied normal force was 2 nN, i.e., less than the critical force for 

the tip to penetrate the inhibitor film, the scan revealed the surface morphology of the 
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adsorbed inhibitor. When the normal force was 40 nN, the tip penetrated the inhibitor 

film and created artifacts in the image. However, because the force was insufficient to 

remove molecules from the surface, the inhibitor film stayed essentially intact after the 

lateral scratching procedure. At an applied normal force of 60 nN the inhibitor molecules 

were removed in the scratched area, shown in the center of the image. Increasing the 

normal force beyond 60 nN did not change the depth in the scratched area and the 

underneath hard mica surface was not scratched by the tip. Figure 4.16 shows the AFM 

images of scratched and unscratched areas and the corresponding depth measurements at 

0.5 CMC and 2 CMC. These profiles show depths of approximately 2 and 4 nm in the 

scratched areas at 0.5 CMC and 2 CMC.  This corresponds to film thicknesses of one and 

two molecular lengths (Figure 4.17), i.e., a monolayer is formed at 0.5 CMC and a 

bimolecular layer at 2 CMC.  This is consistent with the models proposed in previous 

publications126,207. The film thickness measurements of 2 and 4 nm for the respective 

concentrations were repeatable at different areas on the mica surface, indicating that a 

continuous uniform adsorbed film had formed over the surface. To confirm the film 

thickness was due to adsorbed surfactant molecules, similar experiments were repeated in 

pure water without inhibitor molecules present. The experiments revealed a uniform 

surface with none of the mica removed in the area scratched by the AFM tip using a 

normal load of 60 nN.   
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Figure 4.15  Inhibitor films formed at 2 × CMC and scratched using different normal 

forces applied to the cantilever. When the normal force was <2 nN the tip did not 

penetrate the inhibitor film and the scan was able to show the topography of the inhibitor 

film. When the normal force was larger than 2 nN but less than 60 nN, the tip could 

penetrate the film and created artifacts in the image. However, the force was insufficient 

to remove inhibitor molecules from the surface and the film stayed intact. When the 

applied normal force was larger than the threshold value of 60 nN, inhibitor molecules 

were removed from the scanned or scratched area. 

 

 

 

 

 

 

 



  153 
   

 

 

Figure 4.16  Film thickness measurement of TOFA imidazolium inhibitor K1 after 

scratching away an area (~1 × 1 µm) of the inhibitor film with a normal load of 60 nN 

applied to the cantilever, (a) film formed at 0.5 CMC and (b) at 2 CMC. The film 

thickness was determined by measuring the height difference between scratched and 

unscratched areas in contact mode. Results show the measured film thicknesses are ~ 2 

nm at 0.5 CMC and ~4 nm at 2 CMC. Results obtained from MFP-3D AFM. 

 

 

 

Figure 4.17  Schematic drawings of the monolayer and the bi-layer structures for 

inhibitor K1 TOFA imidazolium at 0.5 CMC (a) and 2 CMC (b). 

 

3.0

2.5

2.0

1.5

1.0

0.5

0.0

3.02.52.01.51.00.50.0

µm

a b 

-2

0

n
m

3.02.52.01.51.00.50.0

µm

-4

-2

0

n
m

3.02.52.01.51.00.50.0

µm



  154 
   

The film thickness measurements of inhibitor K1 on mica were verified using a 

different AFM system and different scanning probes. Figure 4.18 shows the AFM images 

with scratched areas and corresponding surface profiles for inhibitor K1 at 0.5 CMC and 

2 CMC conditions, obtained from Picoscan AFM using  DP-19 probes (kn~0.6 N/m). 

Comparing with Figure 4.16 obtained from MFP-3D AFM using SNL-10 probes (kn~0.4 

N/m), same surface morphologies and thicknesses were measured at both 0.5 CMC and 2 

CMC conditions again. The only difference shown in gold color images are those “white 

areas” next to the scratched areas. These areas were automatically produced by 

converting the raw data to flattened images in the software of Picoscan 2000 AFM, and 

they do not affect the measurement of film thickness.  

 

              

Figure 4.18  Film thickness measurement of TOFA imidazolium inhibitor K1  at (a) 0.5 

CMC and (b) 2 CMC, using  Picoscan AFM and DP-19 probes. 
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The same film thickness measurements were done on inhibitor K2 C12 ~ C16 coco 

quaternary alkylammonium salts on mica at 0.5 CMC and 2 CMC conditions. Figure 4.19 

shows AFM images of scratched and unscratched areas and the corresponding depth 

measurements at 0.5 and 2 CMC inhibitor concentrations, respectively. At 0.5 CMC, the 

film thickness is about 2 nm which is the same as the molecular length, indicating 

inhibitor K2 forms a monolayer. Because of the length difference among C12, C14 and C16 

hydrophobic chains, the monolayer formed by inhibitor K2 at 0.5 CMC is not as flat as 

the uniform monolayer formed by inhibitor K1 at 0.5 CMC. Figure 4.20a shows the 

schematic drawing of the monolayer for inhibitor K2 at 0.5 CMC. Even though their 

molecular lengths are different, C12 ~ C16 coco quaternary alkylammonium molecules 

were all in the “standing-up” orientation and formed a monolayer film. At 2 CMC, 

different from the 4 nm bi-layer film for inhibitor K1, the measured film thickness for 

inhibitor K2 was only ~2 nm, indicating the formation of hemi-micelles (Figure 4.20b) 

on the mica surface.   
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Figure 4.19  Film thickness measurement of C12 ~ C16 coco quaternary alkylammonium 

(inhibitor K2) after scratching away an area (~1 x 1 µm) of the inhibitor film with a 

normal load of 60 nN applied to the cantilever tip, (a) film formed at 0.5 x CMC and (b) 

at 2 x CMC. The film thickness was determined by measuring the height difference 

between scratched and unscratched areas in soft contact mode. 

 

 

 

Figure 4.20  Schematic drawings of the monolayer and the hemi-micelle structures for 

inhibitor K2 ~ C16 coco quaternary alkylammonium at (a) 0.5 CMC and (b) 2 CMC. 
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the presence of a 24% sodium thiosulfate solution. After the scratching, the surface 

morphology on the scratched area is exactly the same as the surface before scratching. 

Therefore, the film thickness measurements for inhibitor K3 have confirmed that no 

surface layer was formed on mica surface in the presence of sodium thiosulfate. We 

further analyzed the film thicknesses of inhibitor blends K4 and K5, which are mixtures 

of sodium thiosulfate and inhibitor K1 and K2, respectively. Figure 4.21 shows AFM 

images of scratched and unscratched areas and the corresponding depth measurements for 

inhibitor K4 and K5 at 2 CMC. Their film thicknesses are the same as the thicknesses of 

K1 and K2 at 2 CMC respectively, indicating the additive sodium thiosulfate does not 

increase the film thickness and change the adsorption structure of inhibitor molecules. 

This is again a strong evidence that sodium thiosulfate does not adsorb on mica surface or 

form adsorption layer.  Given that the silicate sheets of the mica structure are themselves 

anionic and thiosulfate is anionic, no electrostatic interactions between them would be 

expected to occur. Figure 4.22 shows a summary of film thickness of different inhibitor 

formulations at 0.5 CMC and 2 CMC conditions. These inhibitor film thicknesses are 

very important for understanding the internal structures of different inhibitor molecules at 

various conditions. 
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Figure 4.21  Film thickness measurement of corrosion inhibitor K4 and K5 after 

scratching away an area (~1 x 1 µm) of the inhibitor film with a normal load of 60 nN 

applied to the cantilever, (a) film formed by inhibitor K4 and (b) film formed by inhibitor 

K5. The film thickness was determined by measuring the height difference between 

scratched and unscratched areas in soft contact mode. 
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Figure 4.22  Summary of the film thickness for different inhibitors at 0.5 CMC and 2 

CMC conditions. 

 

4.3.3 Penetration force/force distance curves  

Although it is not fully understood how the protective barrier, formed by inhibitor 

molecules, decreases corrosion on metal surfaces, the efficiency of an inhibitor film to 

reduce corrosion is related to the length of the hydrophobic chain178,208-209, functional 

group178,210, packing density of the inhibitor molecules126, and the thickness of the 

inhibitor film211. It can be assumed that the protectiveness and integrity of these films 

could be related to their mechanical resistance. In this work, the mechanical resistance of 

the inhibitor film was determined using AFM force measurements.  

Figure 4.23 shows the force-distance curve on blank mica in deionized water. On 

the mica surface, which is free of adsorbed surfactant molecules, the force between the 

tip and surface is zero when the distance is larger than 5 nm, indicating that there is no 
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interaction of the AFM tip and the surface. When the distance of the tip is approximately 

5 nm, the tip is attracted to the surface due to short-range attractive forces, which shows 

as a negative force. At this point, the tip is in contact with the surface, and the interaction 

between the tip and surface becomes repulsive. Further downward movement of the AFM 

tip forces it against the mica surface and the force increases dramatically, because the tip 

is not able to penetrate the hard surface. This force curve is used as a blank force for 

further study on inhibitors. 

   

 

Figure 4.23  Force curve on blank mica on deionized water, used as the blank curve. 

 

Figure 4.24 shows the force curves of inhibitor K1 adsorbed on mica surface at 0.5 

CMC and 2 CMC. The presence of adsorbed inhibitor film produces repulsive 
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intermolecular force against the AFM tip. These repulsive forces start to be seen at a 

distance of about a 10 nm tip-surface separation. The repulsive force increases linearly as 

the tip is moved closer to the surface. In the case of the film formed at 0.5 CMC, the 

repulsive force reaches a maximum at about 1 nN before the tip “suddenly” penetrates the 

inhibitor film as shown by an abrupt decrease in repulsive force. Further movement of the 

AFM tip towards the surface causes the force to increase as the tip is pressed against the 

mica surface. The maximum force before the tip suddenly penetrates the film is the 

threshold value for penetrating the inhibitor layer, and in this research it is called the 

“penetration force”. In the case of the surfactant film formed at 2 CMC, the profile of the 

force/distance curve is very similar. However, the force required to penetrate the film is 

appreciably higher, about 2 nN. This is not unexpected, because a thicker film consisting 

of two molecular layers is formed at the higher inhibitor concentration as opposed to a 

monolayer film below the CMC (0.5 CMC).  

           It is worth to emphasize that the force-distance curve is not an accurate way to 

measure the film thickness, because of the following reasons: first, the tip-to-inhibitor 

interaction happens before the tip is in contact with the inhibitor film; second, inhibitor 

molecules can also adsorb on the tip surface and increase the tip-to-sample distance; 

third, the measured distance in a force-distance curve includes the bending of AFM 

cantilever when the repulsive tip-to-inhibitor interaction occurs. All these facts make the 

force-distance curve showing an overestimation of the film thickness. Therefore, the 

scratching technique described above, which physically removed inhibitor molecules, 

provides a more accurate and precise measurement of film thickness.   
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Figure 4.24  Force distance curves for inhibitor films on mica and a bare mica surface. 

The curves were recorded in aqueous solutions of TOFA imidazolium at 0.5, 2 times the 

CMC and in pure water. Results obtained from MFP-3D AFM using SNL-10 probes. 

 

The penetration force measurements of inhibitor K1 on mica were verified using a 

different AFM system and different scanning probes. Figure 4.25 shows the force curves 

for inhibitor K1 at 0.5 CMC and 2 CMC conditions, obtained from Picoscan AFM using  

DP-19 probes (kn~0.6 N/m). Comparing with Figure 4.24 obtained from MFP-3D AFM 

using SNL-10 probes (kn~0.4 N/m), same penetration force values were measured at both 

0.5 CMC and 2 CMC conditions, respectively. The only difference between Figure 4.24 

and Figure 4.25 in the force curves is the slopes in the contact region. This is because the 
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X axis in Figure 4.24 is the tip-sample distance while the X axis in Figure 4.25 is the 

distance of Z scanner movement. This difference is caused by the different software used 

in two types of instruments, and it does not affect the measurement of penetration forces. 

Therefore, consistent results, again, were obtained confirming a good repeatability in our 

AFM analysis. 
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Figure 4.25  Force distance curves for 0.5 CMC and 2 CMC inhibitor films on mica and a 

bare mica surface. Results obtained from Picoscan 2000 AFM using DP-19 probes. 

 

Figure 4.26 shows the force curves of inhibitor K2 adsorbed on mica surface at 0.5 

CMC and 2 CMC. In the case of the film formed at 0.5 CMC, the repulsive force reaches 

a maximum at about 1 nN before the tip “suddenly” penetrates the inhibitor film, which is 

similar to the force measured on K1 at 0.5 CMC. This is not a surprise because both K1 
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and K2 molecules have similar structures and each forms a uniform monolayer at 0.5 

CMC. In the case of the hemi-micelles formed at 2 CMC by K2 molecules, the force 

required to penetrate the hemi-micelle is also about 1 nN, similar to the force value 

measured at 0.5 CMC for a monolayer. This is probably because the film thickness of 

hemi-micelle structure is the same as the film thickness of monolayer, even though the 

hemi-micelle structure exhibits extra surface features. 
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Figure 4.26  Force distance curves for inhibitor films on mica and a bare mica surface. 

The curves were recorded in aqueous solutions of inhibitor K2 quat at 0.5 and 2 times the 

CMC as well as in pure water. 
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As discussed, sodium thiosulfate does not adsorb on a mica surface. Force distance 

curves can also show whether there is a layer of sodium thiosulfate on a mica surface. 

Figure 4.27 shows the force curve on a mica surface in the presence of 24% sodium 

thiosulfate. The force curve measured in the solution of inhibitor K3 is the same as the 

curve on blank mica in deionized water (Figure 4.23). This result again has confirmed 

that sodium thiosulfate has insignificant adsorption on the mica surface.   
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Figure 4.27  Force distance curves on mica in the presence of 24% K3 solution. The 

curve is the same as the curve on bare mica in water.  

 

Since the sodium thiosulfate does not absorb on mica and does not change the 

adsorption structure of inhibitor molecules, we expect the measured force curves for 
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inhibitor K4 and K5 to be the same as the curves for inhibitor K1 and K2, respectively. 

Figure 4.28 shows the force curves on mica in the presence of inhibitor K1, 2 CMC and 

K4, 2 CMC. Both curves almost overlap, indicating the sodium thiosulfate does not 

change the adsorption of inhibitor molecules. The same observation was found from the 

force curves for inhibitor K5 at 2 CMC, shown in Figure 4.29, which is the same as the 

curve for inhibitor K2 at 2 CMC. Therefore, this penetration force measurement not only 

exhibits a force value for the AFM tip to break through the inhibitor film, but can be 

subjectively used to tell if the internal structure of the film is changed by additives.     
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Figure 4.28  Force distance curves on mica in the presence of K1, 2 CMC (dotted line) 

and K4, 2 CMC (solid line), respectively. The same penetration force was obtained in the 

inhibitor solution with sodium thiosulfate.  
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Figure 4.29  Force distance curves on mica in the presence of K2, 2 CMC (dotted line) 

and K5, 2 CMC (solid line), respectively. The same penetration force was obtained in the 

inhibitor solution with sodium thiosulfate.  

 

The penetration force measurements described above may provide valuable 

information about the force required to penetrate an inhibitor film and this was the 

subject of further research. For a better appreciation of the mechanical resistance offered 

by the inhibitor film in the normal direction, the penetration force was converted into a 

stress by using an area based on the diameter of the head of the AFM tip, which was 

measured to be 30 nm by using the high-resolution SEM image of the tip. In this order of 

magnitude analysis, it can be assumed that the head of the tip is spherical, and the cross-

sectional area was calculated as ~ 700 nm2 (within this order of magnitude)  
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Using the area of 700 nm2, the force to penetrate the inhibitor films of ~ 1 nN and 

~2 nN were converted to a pressure (force/area) or shear stress.  Shear stresses of ~1 MPa 

and ~3 MPa were determined for the 2 and 4 nm films formed at 0.5 CMC and 2 CMC, 

respectively. Although these numbers are approximate (only accurate to within an order 

of magnitude), they are meaningful in the context of engineering applications of 

inhibitors.  

One mechanism for inhibitor failure has been repeatedly attributed to fluid flow 

removing inhibitor films by shear198,212. A typical wall-shear stress due to the flow in an 

oil and gas line would not normally exceed 1 kPa, even in the case of violent multiphase 

slug flow. More typical values are in the range of 1 -10 Pa. Using the most extreme flow 

condition, the maximum hydrodynamic shear stress which has been blamed for inhibitor 

removal (order of 1 kPa), is still 2-3 orders of magnitude below the stress measured here 

which is required to penetrate the inhibitor film (order of 0.1 – 1  MPa).  Due to this large 

discrepancy, it seems unlikely that the shear forces of fluid flow alone can be blamed for 

removal and failure of an inhibitor film. Another point need to be emphasized here is the 

claim of removing inhibitor films by fluid flow was often based on corrosion rate 

measurements213. However, the corrosion process is actually a complicated process and 

often related to a lot of facts, such as pH, ionic strength, temperature, and flow conditions. 

When the flow rate is increased in a inhibitor solution, the increase of corrosion rate may 

not simply related to the removal of inhibitor film, because the flow rate may also change 

the mass transfer and surface pH, and can even change a single phase flow to a multi-
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phase flow. Therefore, the increase of corrosion rate may not directly related to the 

desorption of corrosion inhibitors.    

 

4.3.4 Lateral removal force 

As discussed in previous sections, inhibitor molecules can be removed using a 

high-loaded scanning tip and the film thickness can be measured. In this section, we 

quantitatively study how much force is required to remove inhibitor molecules, which is 

related to the adhesion of inhibitor molecules. The force is created between the scanning 

tip and the molecules in a lateral direction, and thus the force is defined herein as the 

lateral force. 

The lateral force was measured by applying a high load of 60 nN to the cantilever, 

as described above for the film thickness measurements. At this force, it was found that 

the inhibitor molecules could be removed from the surface by the scanning tip. To 

perform a lateral force measurement a “cyclic line scan”, also called a “friction loop”, 

was used. The AFM tip pushed against the substrate surface was firstly moved in one 

direction and then traversed back to the starting point by scanning in the reverse 

direction. Slightly different flexing of the cantilever in the forward and reverse scan 

ensures that the forward and reverse traces do not fully overlap. The instrument records 

the cantilever torque induced by the lateral interaction between the AFM tip and the 

sample surface. The lateral spring constant and AFM photodiode sensitivity were used to 

convert the raw data to quantitative force values. Therefore, the lateral force is calculated 
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with the following equation, where Ftrace is the averaged force value in trace direction and 

Fretrace is the averaged force value in retrace direction.   

 

                        Equation 4.1  

 

As the lateral forces measured in trace and retrace directions are in opposite 

directions, the Flateral is actually the average value from trace force and retrace force. 

Figures 4.30 and 4.31 show lateral force measurements for a monomolecular layer 

and a bimolecular layer film formed at 0.5 and 2 CMC, respectively. In each of these 

figures, there are two sets of lateral force curves recorded on two different surfaces, one 

for a mica surface in water (blank) and the other is for a filmed mica surface in an 

aqueous solution of the inhibitor. The curves were recorded using the same tip and with 

the same applied normal force of 60 nN to the cantilever. Positive and negative force 

curves shown in the graphs correspond to the force recorded during the forward and 

reverse scan, respectively. The measured lateral force is an average of a large number of 

force magnitude measurements (Ftrace and Fretrace), recorded during the forward and 

reverse scans.  In Figure 4.31, the average lateral force on inhibitor free mica was 163 nN 

while the average lateral force in the presence of the inhibitor film was 207 nN. The 

significant increase in the lateral force of 44 nN is attributed to a change in surface 

properties and the force to remove adsorbed inhibitor molecules from the mica surface.   

In Figure 4.30, the magnitude of the lateral force measurements recorded on a 

monomolecular layer inhibitor film in a solution at 0.5 times the CMC are very similar to 
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the bimolecular layer film in Figure 4.31. For the monolayer film, the difference in 

average force between the two curves in the presence and absence of inhibitor was 40 nN. 

That is, there was no significant difference measured between the force to remove a 

bilayer or a monolayer film. These results provide further evidence that these lateral force 

measurements are determining the adhesive force acting between the hydrophilic moiety 

of the molecule and the mica surface.   

 

Figure 4.30  Lateral force curves performed under a normal load of 60 nN. The solid lines 

represent the force for TOFA imidazolium film at 0.5 CMC and the dotted lines show the 

force measured blank mica in pure water. The force to remove the inhibitor molecules 

was determined by subtracting the average force measured in pure water from the 

average force measured in the presence of inhibitor. The average force was determined 

from the forces measured in both the forward and reverse scans, ignoring the negative 

sign in the reverse scan. 
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Figure 4.31  Lateral force curves performed under a normal load of 60 nN, solid lines, 

TOFA imidazolium at 2 CMC and dotted lines in pure water.  

 

Figure 4.32 shows the measured lateral forces of four types of inhibitors on mica. 

Interestingly, considering the 10% variation in each measurement, the forces to remove 

different inhibitors on mica were all at a similar level. As the adhesive force acting 

between the hydrophilic moiety of the molecule and the surface is independent of film 

thickness, there is no significant difference between the force to remove a bilayer at 2 

CMC or a monolayer film at 0.5 CMC. Inhibitor K2 shows similar removal force as K1 

because structurally K1 molecules and K2 molecules are very similar and they are all 

adsorbed on the mica surface through electrostatic interactions between the positively 

charged hydrophilic groups and negatively charged mica surface. For inhibitor blends K4 

and K5, they also exhibit similar removal forces as K1 and K2 as the additive sodium 

thiosulfate does not interact with mica surface.  This result again indicates the lateral 
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removal force measurements can be used to determine the adhesion force between 

inhibitor molecules and the surface. 
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Figure 4.32  Measured lateral removal forces for different corrosion inhibitors.  

 

4.3.5   Environmental effects  

As corrosion happens in various conditions, the application of corrosion inhibitors can be 

affected by pH, temperature, ionic strength and other environmental 

conditions118,130,142,214. Here, we study the adsorption of corrosion inhibitor K1, TOFA 

imidazolium, on a mica surface at various conditions. 

 

4.3.5.1 Effect of [NaCl] on inhibitor adsorption 

Figure 4.33 shows the surface morphologies on mica in the presence of inhibitor K1 (2 

CMC) at different NaCl concentrations of 3 wt.%, 5 wt.% and 10 wt.%, respectively. As 

the NaCl concentration increased from 3 wt.% to 10 wt.%, the apparent surface 
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roughness also significantly increased, indicating that dissolved NaCl can also adsorb on 

the surface. However, even though the surface roughness was different at these three 

NaCl concentrations, the thicknesses of inhibitor layers were similar (Figure 4.33 d, e and 

f), indicating the addition of NaCl did not change the bilayer structure of the adsorbed 

inhibitor molecules.  

 

 

Figure 4.33  AFM images on mica surface in the presence of inhibitor K1 (2 CMC) 

solution with (a) 3 wt.%, (b) 5 wt.%, (c) 10 wt.% NaCl, respectively, and corresponding 

film thickness measurements at (d) 3 wt.%, (e) 5 wt.%, (f) 10 wt.% NaCl conditions, 

respectively. 

   

The penetration force increased as the concentration of NaCl increased (Figure 

4.34a) and since the film thickness stayed the same, the rise in penetration force is 
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probably attributed to the closer packing of the inhibitor molecules. It has been reported 

that the NaCl can lower the ionic repulsion between adsorbed surfactants and make 

surfactant molecules pack more closely215. Therefore, the AFM tip met a higher 

resistance from a more compact inhibitor film in higher NaCl concentration, and the 

measured penetration force is higher. The presence of NaCl can help inhibitor molecules 

form denser structures and may provide higher mechanical resistance. Here, the force 

curves show negative distance values after the tip was in contact with the surface, 

because the Pico scan 2000 AFM recorded the moving distance of the z-piezo as the x 

axis. The z-piezo can keep moving even when the tip is in contact with the mica surface, 

in which case the tip cannot go deeper into the mica. Therefore, a negative distance is 

further shown as we set the “0 nm” as the contact point.  

Figure 4.34b shows the lateral force measurements on mica in the presence of 

inhibitor K1 with different NaCl concentrations. Only a very small increase in lateral 

force is due to the increase of NaCl concentration. This is probably because NaCl does 

not change the adhesion of inhibitor molecules on the sample surface, and the slight 

increase may be due to the weak adsorption of NaCl molecules on the surface.   
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Figure 4.34  (a) Penetration force measurements for inhibitor K1 (2 CMC) at different 

NaCl concentrations; (b) Lateral force measurements for inhibitor K1 (2 CMC) at 

different NaCl concentrations.  

 

4.3.5.2 Effect of pH on inhibitor adsorption 

           In reality, the pH of corrosive environments can be quite different and requires 

further study in terms of how pH affects the adsorption of inhibitor molecules. In order to 

observe this, the pH values of inhibitor K1 solution at 2 CMC were adjusted to 2 and 8, 

respectively, in comparison to the original test at pH 5. The same surface morphologies 

were found for these three conditions, indicating the adsorption of inhibitor on mica 

stayed the same over a wide pH range. However, further film thicknesses measurements 

show that the internal packing structure of inhibitor films were different at different pH 

values (Figure 4.35). Under acidic condition, no matter whether the pH was 2 or 5, the 

inhibitor film thickness remained at about 4 nm which was consistent with the bilayer 

structure. At pH 8, the measured film thickness was only 2 nm, corresponding to the 

monolayer structure of inhibitor film. The reason for the change from a bilayer to a 

monolayer structure is unclear and more research is required. One possible contribution 
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could be a change in CMC at pH 8, but this was not measured. By further considering the 

penetration force and lateral removal force, inhibitor molecules were easier to be 

penetrated and removed in a more basic solution than in a more acidic solution (Figure 

4.36).  Therefore, AFM measurements have confirmed that inhibitor K1 provides better 

protection and stability in acidic conditions than under basic conditions in agreement with 

the manufacturer’s suggested use that this type of inhibitor is for acidic conditions. 

 

 

 

Figure 4.35  (a.) Film thickness measurement for inhibitor K1 at pH 2; (b.) Film thickness 

measurement for inhibitor K1 at pH 5; (c.) Film thickness measurement for inhibitor K1 

at pH 8.  
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Figure 4.36  (a) Penetration forces for inhibitor K1 at different pH values;  (b) Lateral 

forces for inhibitor K1 at different pH values.   

 

4.3.5.3 Effect of ethanol on inhibitor adsorption 

In the field and in transmission pipelines, inhibitors are often used in oil and water 

mixtures, and thus the fundamental study of the effect of organic molecules on inhibitor 

adsorption is very important. In this section, we applied AFM analysis on inhibitor K1 (2 

CMC) solutions which were pre-mixed with organic solvents such as hexane, heptane 

and ethanol. However, hexane and heptane have very low solubility in aqueous inhibitor 

solution and can create two phases in inhibitor-organic mixtures. Having two immiscible 

phases strongly interfered with subsequent AFM scanning and no convincing results were 

obtained. Therefore, AFM analysis was only carried out in a homogeneous water-ethanol 

mixture. A water-ethanol inhibitor solution (1:1 water-ethanol ratio) was prepared and 

added into the fluid cell with freshly cleaved mica. Figure 4.37a shows the surface 

morphology of inhibitor K1 in a water-ethanol mixture. In the mixture solution, inhibitor 

molecules no longer formed a uniform layer on the surface. Inhibitor molecules 

aggregated together and randomly covered the surface. Further measurement of film 
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thickness (Figure 4.37b) also confirmed that inhibitor molecules did not form a flat layer 

in this water-ethanol condition. The measured film thickness was only 0.5 nm indicating 

the molecules was not standing-up and forming a compact protective layer. Force curve 

measurement shows no penetration force peak in the inhibitor-ethanol mixture and the 

curve is the same as the curve on bare mica. Again, in this force curve, the negative 

distance value is from the relative distance of z-piezo movement, as described above. All 

these results confirmed that inhibitor molecules did not form a protective layer in the 

water-ethanol mixture, and ethanol can strongly hinder the adsorption of inhibitor 

molecules.  

 

 

Figure 4.37  (a) Surface morphology of inhibitor K1 in water-ethanol mixture; (b) film 

thickness measurement for inhibitor K1 in water-ethanol mixture; (c) penetration force 

for inhibitor K1 in water-ethanol mixture. 

 

4.3.6 Desorption of inhibitor molecules 

It was unclear whether the inhibitor molecules were removed away in the vertical 

penetration process. Therefore, multiple penetration force measurements were carried out 

on the same position and the force curves stayed almost the same each time, as shown in 
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Figure 4.38a. This result indicates that the penetration of inhibitor film by the AFM tip 

did not destroy the inhibitor structure, and inhibitor molecules returned to their original 

positions after the AFM tip left the surface. Therefore, the only possible way to remove 

inhibitor away by the AFM tip is to laterally scratch the molecules away. Further film 

thickness measurements show that this inhibitor-removal process was unaffected by the 

scan rate of the tip. Figure 4.38b shows the AFM images of the surface where inhibitor 

molecules were removed away in three areas with three different scan rates of 1Hz, 2Hz 

and 3Hz, respectively. The surface profiles across these three areas show the same film 

thicknesses measured at different scan rates. This has confirmed that the removal of 

inhibitor molecules is not related to the scan rate of the AFM tip.     

 

 

Figure 4.38  (a) Multiple force curves on the same position showing the penetration 

process did not destroy the inhibitor film; (b) inhibitor molecules were removed away 

under different scan rates of the tip. 

 



  181 
   
4.3.7 Re-adsorption of inhibitor molecules 

After inhibitor molecules were removed, the film thickness can be measured 

because inhibitor molecules did not immediately re-adsorb back on the surface. Further 

study was carried out on the kinetics of inhibitor re-adsorption by monitoring the change 

of the depth in the scratched area. Firstly, inhibitor molecules were removed with a high-

load scanning tip using the previous procedure, and then the surface was rescanned every 

hour to observe the change of the scratched area. Figure 4.39 shows the film thickness 

measurements and surface profiles 6 hours after inhibitor molecules were removed. The 

immediate rescan of the scratched area, at 0 hour, shows the film thickness in the area 

was 0 nm. After 1 hour, the thickness was only 0.5 nm indicating only a few inhibitor 

molecules re-adsorbed and those molecules had random orientations instead of a compact 

film structure. After 3 hours the thickness recovered to 2.3 nm, which is equal to the 

molecular length of K1, indicating one layer of inhibitor molecules re-adsorbed. After 6 

hours the scratched area had reestablished complete surface coverage by inhibitor 

molecules, the film structure having recovered.    

These results indicate that it may take several hours for the re-adsorption of 

inhibitor molecules. The kinetics of initial adsorption is probably different from that of 

re-adsorption, and thus it is not fully understood how long it takes for the full adsorption 

of inhibitor molecules on a bare surface. However, the study of re-adsorption process 

gives us a clue that inhibitor molecules do not immediately form the protective film on 

the surface.     
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Figure 4.39   The re-adsorption of inhibitor molecules versus time. At 0 hour, the film 

thickness was 0 nm in the scratched area. At 1 hour, the thickness started to recover, and 

the first layer of inhibitor re-adsorbed back onto the surface after 3 hours. At 6 hours, the 

inhibitor molecules fully re-adsorbed back to the scratched area. 
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4.3.8 Adsorption of corrosion inhibitors on metal surfaces 

The purpose of studying inhibitor adsorption is to provide a better understanding 

of the protection mechanisms of inhibitors. In a realistic scenario, corrosion inhibitors are 

applied to decrease the corrosion rate on metal materials216. In previous reports, we 

studied the adsorption of inhibitor on mica because mica is chemically stable and 

provides an atomic-level flat surface. Here, we continue to study the adsorption of 

inhibitors on metal surfaces, including Au, Fe and X65 steel.  

One problem while studying inhibitor adsorption on Fe or steel is the corrosion 

happening on the metal surface. For the previously studied mica surface, oxygen was 

present because mica is chemically stable and does not corrode. However, if the same 

oxygen environment is applied to study Fe or steel, all AFM analysis of inhibitor 

adsorption would be compromised by the morphology change due to the corrosion 

reactions. Therefore, the analysis of corrosion inhibitors on a metal surface in aqueous 

solution requires the elimination of oxygen. Another problem for scanning on metal is the 

surface roughness. Mica provides an atomically flat surface, while metals, especially 

commercial metal materials, usually have much higher roughness. For example, the 

roughness of a 600-grit polished steel surface is ~1000 nm. Since the film thickness of 

corrosion inhibitors is expected to be less than 10 nm, the change of surface morphology 

due to the adsorption of inhibitors will be overwhelmed by the original metal surface 

roughness. Therefore, the vapor deposited Au and Fe substrates were selected for 

inhibitor adsorption because the vapor deposition methods usually provide a relatively 

smooth surface (roughness < 50nm). Also Au is chemically stable and thus the analysis 
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of inhibitor molecules on Au can give a first hint of how these molecules adsorb on metal 

surface. 

Figure 4.40 shows the AFM images of blank Au in deionized water, and Au in the 

presence of 2 CMC inhibitor K1 solution. Both AFM images, in the absence and presence 

of inhibitors, exhibit similar surface morphologies. The similar surface morphologies in 

both conditions indicate that inhibitor molecules adsorbed on the surface mimicking the 

original surface morphology of Au.  

 

 

Figure 4.40  (a) Surface morphology of blank Au in DI water and (b) Au in the presence 

of 2 CMC inhibitor K1 solution. 

 

Figure 4.41 shows the penetration force measurements on Au substrates in the 

presence of 2 CMC inhibitor K1. The force peak shown at ~5nm in the plot indicates that 
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inhibitor molecules formed a protective film on the Au surface, similar to what was 

observed for the mica surface (see Figure 4.24). 
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Figure 4.41  Penetration force measurement on blank Au in deionized water (blank) and 

on Au in the presence of 2 CMC inhibitor K1. A 2 nN penetration force was measured on 

the inhibitor film. 

 

  By applying a high load on the AFM tip, inhibitor molecules were removed from 

the Au surface and the film thickness was measured. Figure 4.42 shows the AFM image 

with the center area (1 × 1 µm) where the inhibitor molecules were removed and the 

surface profile across the image. Different from on the mica surface, it is difficult to 

accurately measure the film thickness on Au because of the original surface morphology 
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and roughness. However, from the profile across the image, we can still estimate that the 

film thickness is ~ 4 nm, which is similar to the thickness of a bilayer structure. 

  At the same high load for film thickness measurements, the lateral force to remove 

inhibitor molecules was measured through friction loops. Figure 4.43 shows the lateral 

removal force of a blank Au surface in deionized water and Au in the presence of 2 CMC 

inhibitor K1 solution. The average lateral force for blank Au surface in DI water is ~20 

nN and the average lateral force to remove inhibitor K1 molecules on Au is ~55 nN. The 

significant increase of 35 nN in lateral force is attributed to the adsorption of the inhibitor 

film. However, the force measurements at different locations exhibit huge variations 

because of the grain boundaries among Au crystals. The lateral force induced by these 

boundaries is at least one order of magnitude higher than the force created by the 

adsorbed inhibitor molecules. Therefore, the lateral force measurements were carried out 

inside one single Au crystal, avoiding across any grain boundaries. This ~35 nN lateral 

force can be further calculated to a stress value of ~50 MPa, based on the ~700 nm2 area 

of tip.  
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Figure 4.42  AFM image of Au surface with the center area where inhibitor molecules 

were removed and the surface profile across the image. The depth in the scratched area is 

estimated to be ~ 4 nm. 

 

            

Figure 4.43  Lateral force curves measured on blank Au in DI water (black curve) and on 

Au in the presence of 2 CMC inhibitor K1 (red curve). The significant increase in force 

values of red curves was contributed by the adhesion of inhibitor molecules on the Au 

surface. 

 

3.0

2.5

2.0

1.5

1.0

0.5

0.0

µ
m

3.02.52.01.51.00.50.0

µm

-10nm
-5
0
5

H
ei

g
h

t

3.02.52.01.51.00.50.0

µm

a b 



  188 
   

In general, the adsorption of TOFA imidazolium (inhibitor K1) on Au, including 

the film thickness and force measurements, is similar to its adsorption on mica. This has 

confirmed that our analysis of inhibitor adsorption can be done on rougher metal 

surfaces. 

We continue to study the inhibitor adsorption on vapor deposited Fe surface. As 

in ambient condition, Fe can be oxidized if oxygen is present in an aqueous solution. 

Therefore the analysis of corrosion inhibitors was performed under the protection gas. 

The study of inhibitor adsorption on Fe substrates was first carried out inside a N2 

saturated environment. Both the inhibitor solution and closed box were pre-purged with 

N2 for 3 hrs, and a continuous N2 flow was kept on during the analysis. In a N2 saturated 

system, the corrosion rate of Fe is negligible. Figure 4.44 shows the AFM images of 

blank Fe in deionized water and the Fe surface in the presence of inhibitor K1 (2 CMC). 

After the adsorption of inhibitor molecules, the surface morphology is almost the same as 

blank Fe, indicating inhibitor molecules formed a uniform layer following the original Fe 

morphology. 
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Figure 4.44  (a) The surface morphology and surface profile of blank Fe in DI water and 

(b) Fe in the presence of 2 CMC inhibitor K1, both in N2 saturated environment. After 

adding inhibitor K1, no obvious surface morphology change was observed. 

 

Figure 4.45 shows the penetration force measurement on blank Fe in deionized 

water and Fe in the presence of 2 CMC inhibitor K1. The blank force is a typical force 

curve on clean hard surface, and a 0.2 nN penetration force was measured from the force 

curve on inhibitor film. The same penetration force values were obtained in different 

locations of this sample. This is an evidence that inhibitor molecules formed a uniform 

protective layer on a Fe surface. This 0.2 nN penetration force can be calculated to a 

stress of ~0.3 MPa, based on the 700 nm2 area of the tip. 
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Figure 4.45  Force curve of blank Fe in deionized water and Fe in the presence of 

inhibitor K1, 2 CMC. A 0.2 nN penetration force was measured from the inhibitor film. 

 

The film thickness of inhibitor K1 at 2 CMC concentration was measured on Fe 

surface by removing part of the inhibitor film in a 1 × 1μm area. Figure 4.46 shows the 

AFM image with center area where inhibitor molecules were removed and the surface 

profile across the image. The measured depth in the scratched area, which is the thickness 

of the inhibitor film, is approximately 4 nm. This, again, corresponds to a bi-layer 

structure of inhibitor film on Fe, similar to what was observed on Au and mica. 
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Figure 4.46  AFM images with the center area where inhibitor molecules were removed 

and the surface profile across the image. The depth in the scratched area is estimated to 

be ~ 4 nm. 

 

Lateral force measurements were carried out on Fe surface by applying the same 

high-load on the cantilever to remove inhibitor molecules for measuring film thickness. 

Figure 4.47 shows the lateral force on blank Fe in DI water and Fe in the presence of 

inhibitor film. Since the original surface morphology and roughness of Fe surface causes 

large variations in the measured force curves, it is not obvious to directly measure the 

influence from the adsorbed inhibitor film on lateral force. The average lateral force on 
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blank Fe is 55 nN and the average lateral force on Fe in the presence of inhibitor K1 film 

is 85 nN. An increase of 30 nN is due to the adsorption of inhibitor film. However, this 

30 nN value is very subjective because the measurements are highly dependent on the 

surface roughness, and thus it is hard to conclude if this 30 nN increase is due to inhibitor 

adsorption or surface roughness. The 30 nN can be calculated to a stress value of ~40 

MPa, based on the 700 nm2 area of the tip. Therefore, the force measurements on Fe 

surface also indicate a stress value of the order of MPa to remove inhibitor films. 

 

 

Figure 4.47  Lateral force curves measured on blank Fe in deionized water (black curve) 

and on Fe in the presence of 2 CMC inhibitor K1 (red curve).  

 

Previously, it was discussed that sodium thiosulfate does not change the 

adsorption of inhibitors on mica. Here we applied AFM analysis on inhibitor K4, which 

is a mixture of TOFA imidazolium (K1) and 4% sodium thiosulfate (K3), to study 

whether sodium thiosulfate can change the adsorption of inhibitor molecules on the Fe 

surface. Figure 4.48 shows the surface morphology, the film thickness measurement, 
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penetration force measurement and lateral removal force measurement on an Fe surface 

in the presence of inhibitor K4 (2 CMC) solution. Compared with the above results for 

K1 at 2 CMC (Figure 4.44-47), no obvious change in surface morphology, film thickness 

and force measurements were found on the inhibitor film of K4, indicating the additive 

sodium thiosulfate does not change the adsorption structure of inhibitor molecules or 

increase the film thickness. Since no adsorption change of inhibitor molecules was 

induced by sodium thiosulfate, the effect of sodium thiosulfate to improve inhibitor 

efficiency may be due to the changes of surface properties. This needs to be studied by 

other surface analysis methods in future work. 

The adsorption of inhibitor on X65 was further studied as X65 steel is one of the 

most widely used materials in oil pipeline. However, for a normal X65 steel specimen, 

the surface roughness is usually larger than 1000 nm after 600 grit polishing. It is 

impossible to study the adsorption of 2 nm long inhibitor molecules on a surface in which 

the roughness is two orders of magnitude larger than the molecular length of inhibitors. 

Therefore, a fine polishing procedure was used for polishing the X65 steel surface down 

to a surface roughness of less than 20 nm. An X65 specimen was polished on 400 grit, 

600 grit, 1500 grit sand papers respectively, and then continued to be polished on silk 

cloth with 9 µm diamond suspension, and on napped cloth with 3 µm diamond 

suspension. A mirror finish was obtained after this polishing procedure. Figure 4.49 

shows the AFM images on  the polished X65 steel surface. Even with small polishing 

scratches shown in the image, the surface roughness is less than 15 nm in a 3 × 3µm area 
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and less than 5 nm in a 1 × 1 µm area. The polished X65 steel surface is therefore 

considered to be smooth enough for AFM scanning.  

 

 
 
 
 
Figure 4.48  (a) surface morphology, (b) film thickness, (c) penetration force, and (d) 

lateral removal force on Fe in the presence of 2 CMC inhibitor K4 solution. Comparing 

with results for K1, no obvious change was found due to the addition of sodium 

thiosulfate. 
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Figure 4.49 AFM images of polished X65 steel surface, (a) 3 × 3 µm area and (b) 1 × 1 

µm area, in deionized water, in N2 saturated environment. The surface roughness after 

polishing was less than 15 nm. 

 

The adsorption of inhibitor K1 was studied on the X65 steel surface at 0.5 CMC and 

2 CMC in N2 saturated condition. Figure 4.50 shows the surface morphology of the X65 

surface in the presence of the inhibitor solution. Comparison with the blank X65 surface 

shown in Figure 4.49, no surface morphology change was found for either 0.5 CMC or 2 

CMC conditions, indicating uniform flat films were formed on the X65 surface, which 

could be similar to the mica surface.  
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Figure 4.50 AFM images of X65 steel in the presence of 0.5 CMC (a) and 2 CMC (b) 

inhibitor K1 solutions in N2 saturated condition. 

 

Figure 4.51 shows AFM images of scratched and unscratched areas and the 

corresponding depth measurements on the X65 surface at 0.5 and 2 CMC conditions. The 

profiles across the images show depths of approximately 2 and 4 nm in the scratched 

areas at 0.5 and 2 times the CMC, respectively. This corresponds to film thicknesses of 

one and two molecular lengths, i.e., a monolayer is formed at 0.5 CMC and a bimolecular 

layer at 2 CMC. These monolayer and bilayer adsorption structures on Fe are consistent 

with the previous studies on mica surface (see Figure 4.14). 
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Figure 4.51 AFM images of X65 steel surface with the center area where inhibitor K1 

molecules were removed and the surface profile across the image. The depth in the 

scratched area is ~2 nm for 0.5 CMC condition (a) and ~4nm for 2 CMC (b).  

 

Penetration and lateral removal forces were also measured on X65 steel in the 

presence of inhibitor K1 at 0.5 CMC and 2 CMC. The penetration forces shown in Figure 

4.52 indicate a 2 nN force for bilayer inhibitor film at 2 CMC and 1 nN force for 

monolayer inhibitor film at 0.5 CMC. These nN level penetration force can be converted 

to MPa level stress to penetration inhibitor films, based on the 700 nm2 area of the tip. 

This is again the same as for the previous study of inhibitors on a mica surface where 

penetration force is related to the film thickness. 
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Figure 4.52  Force distance curves for inhibitor films on X65 surface in the presence and 

absence of inhibitor films. The curves were recorded in aqueous solutions of TOFA 

imidazolium at 0.5, 2 times the CMC and in pure water. 

 

Figure 4.53 shows the lateral removal force measurements on X65 in the presence of 

0.5 CMC and 2 CMC inhibitor K1 solutions, respectively. Due to the polishing, the 

measured force curves on blank X65 in deionized water show significant variations in the 

measurements. The lateral force curves measured on X65 in the presence of 0.5 CMC and 

2 CMC all show significant increase in force values, indicating the adsorbed inhibitor 

film provided extra resistance to the scanning tip on the surface. A quantitative 75 nN and 

70 nN lateral removal force were determined by subtracting the average force measured 

in pure water for the average force measured in the presence of inhibitor K1 at 0.5 CMC 
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and 2 CMC, respectively. These 70~75 nN level lateral forces can be converted to stress 

values of the order of 100 MPa for removing inhibitor molecules from X65 steel surface.  

 

 

Figure 4.53  Lateral removal force measured on X65 steel in the presence of 0.5 CMC (a) 

and 2 CMC (b) inhibitor K1 solutions. The force to remove the inhibitor molecules was 

determined by subtracting the average force measured in pure water from the average 

force measured in the presence of inhibitor. The average force was determined from the 

forces measured in both the forward and reverse scans, ignoring the negative sign in the 

reverse scan. 

 

            The AFM analysis of TOFA imidazolium (K1) on the steel surface in this section 

has shown consistent results as on mica. Inhibitor molecules formed monolayer and bi-

layer structures at below and above CMC conditions. Stresses to penetrate and remove 

inhibitor films are of the order of MPa value. The consistent results on steel and mica are 

not unexpected, because both steel and mica surfaces are negatively charged at the 

experimental conditions and the adsorption of cationic inhibitors on negatively charged 

surfaces should be similar. This is the first time adsorption of inhibitor molecules on X65 

steel surface in aqueous solution has been directly studied with an AFM. Further 
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investigation of other types of inhibitor molecules can be done on different surfaces in 

various conditions using this AFM technique.    

 

4.4 Conclusions 

AFM is a powerful technique for imaging and studying of the properties of 

surfactant inhibitor films adsorbed on solid surfaces. The surface morphologies, film 

thicknesses, penetration forces and lateral forces of five corrosion inhibitors were studied 

on mica, Au, Fe and X65 steel surfaces.  

         The adsorption structure of corrosion inhibitors depends on their molecular 

structures, surface properties and environmental conditions. For example, inhibitor K1, 

TOFA imidazolium, formed a continuous and uniform film on the surface as it did not 

change the original surface morphology after adsorption. The thickness measurements 

indicated that a monolayer formed below the critical micelle concentration (CMC) at 0.5 

times CMC, while a bi-layer formed above the CMC (2 times CMC). Tests with a quat-

type inhibitor K2, have shown it can form a monolayer at 0.5 CMC but hemi-micelles at 

2 CMC.  

The mechanical resistance of corrosion inhibitors was studied by measuring the 

penetration force in the normal direction and the removal force in the lateral direction. 

Normal force measurements were used to penetrate the inhibitor films appeared to be 

related to film structure. A significantly greater force was required to penetrate bilayer 

films than monolayer films. Lateral removal force measurements appeared to be directly 

related to the strength of adhesion between the molecules hydrophilic groups and the 
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surface. The removal force measurements were independent of film thickness. These 

penetration and removal forces can be divided by the contact area to calculate the stresses 

in normal and lateral directions. The shear stresses required to remove inhibitor 

molecules from the surface were found to be of the order of MPa. This is at least three 

orders of magnitude above the maximum shear stress obtained by fluid flow in pipelines. 

Therefore, it appears unlikely that inhibitor films can be removed from steel pipe walls 

due to fluid flow shear forces alone. 

Environmental conditions, such as pH, ionic strength and organic solvent have 

significant impacts on inhibitor adsorption. For example, inhibitor K1, TOFA 

imidazolium, has larger film thickness, larger penetration force and larger removal force 

in acidic condition than in basic condition, indicating this type of inhibitor performs 

better in acidic conditions. By adding organic solvents, such as ethanol or methanol, the 

adsorption of TOFA imidazolium significantly decreased, which is consistent with the 

reported inhibition failure by additive methanol components in industry.  
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Chapter 5.  Future work 

 

This dissertation describes studies undertaken in two main topics: the electronic 

properties of carbon nanotubes and the adsorption of corrosion inhibitors on various 

substrates. Most of the initial objectives have been achieved, but other areas for further 

investigation have become apparent, including the following: 

1. Irradiation can preferentially affect metallic nanotubes and their breakdown. This 

implies that, mechanistic processes at work can lead to the selective etching of 

metallic content. Future work can focus on enhancement of irradiation efficiency, by 

changing the irradiation strength, frequency and duration, to achieve tuned or 

complete breakdown of metallic nanotubes.  

2. Although the adsorption of corrosion inhibitors has been investigated in this 

research, the relationship between molecular adsorption and realistic corrosion 

inhibition remains poorly understood. Future work can focus on the combination of 

AFM technique with other techniques, such as corrosion rate measurements by 

linear polarization resistance, and adsorbed mass measurements by electrochemical 

quartz crystal microbalance, to reveal how the inhibition is associated with the 

adsorption. 

3. It has been reported in industry that corrosion inhibitors sometimes can accelerate 

the corrosion rate. This phenomenon is commonly believed to be caused by the 

galvanic effect between inhibited and uninhibited areas. To study whether the 

electric properties of a whole inhibitor film is uniform, electrostatic force 
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microscopy or scanning Kelvin probe microscopy, which are based on AFM, can be 

applied to map the surface potential. Conductive AFM may also be applied to detect 

whether the conductivity of a surface covered by an inhibitor film is uniform.  

4. Application of AFM is still very limited in corrosion science. Most of AFM work 

published in corrosion studies focus on corrosion inhibitors. In comparison to 

scanning electron microscopy (SEM), which is widely used in studying corrosion 

mechanism, AFM provides higher resolution images but requires a relative flat 

surface. Future usage of AFM can be applied to study the initial stage of protective 

film formation, such as for FeCO3 and FeS. 
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