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Abstract 

CAMERON L. SMITH: Studies of Carbonaceous Materials using Raman 

Spectroscopy 

(Under the guidance of Dr. Nathan Hammer) 

 Various carbonaceous materials including graphene, treated biochar, and C60 were 

studied using Raman spectroscopy with particular attention given to the treatment process 

and the Raman enhancement methods. Such studies that focus on the treatment process 

are useful in determining the extent to which the species was affected via shifts in the 

Raman peaks. Previous collaborations have proven successful when multiple samples 

were studied and analyzed. The attempt to create a novel Raman enhancement technique 

via combination of two previously recorded techniques was ultimately unsuccessful but 

further work is necessary. 
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Chapter 1 Introduction 

 

 Spectroscopy is the study of light and matter interactions. For researchers, the 

interesting part of this interaction is that light usually undergoes a change in wavelength 

and hence energy once a photon comes in contact with matter. This change in energy of 

the photons which struck the matter marks a change in energy of the surrounding as 

shown in Figure 1. Most often this change in energy is noted by a change in energy of the 

matter which the photon contacted. Given that energy levels in matter consist of 

translational, rotational, vibrational, and electronic energy states, the matter may undergo 

many discrete interactions depending on the wavelength and intensity of the incident 

light.  

 

 

 

 

 

 

 

Figure 1 Excitation: The above image represents the vibrational excitation of a molecule 

when struck by a photon of a particular wavelengths. The particular vibration is a 

stretching motion. 
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The energy states of matter on a macroscopic level appear to be continuous given 

the number of molecules present but quantum mechanics has shown that energy states are 

in fact discrete and quantized; meaning that each energy level transition is experimentally 

measurable. Spectroscopy uses this fundamental characteristic to study how light and 

matter interact. 

 

1.1 Raman Spectroscopy 

 

 Although many have questioned why the sky and ocean are blue, it was not until 

the 1920’s with the advent of the Raman Effect1 that the scientific reasoning behind such 

phenomenon became apparent. Although Sir C.V. Raman would not live to see his theory 

come to full experimental fruition with the surge in advanced laser technology,2 he had in 

effect laid the mental groundwork for a future field of research that would be both 

extensive and encompassing. 

Electromagnetic radiation exists on a spectrum that ranges from long radio waves 

with the longest wavelength to gamma rays with the shortest wavelength. Although 

commonly divided into categories, the differences between categories are purely arbitrary 

with respect to any properties save wavelength, energy, and frequency which are all 

directly related and are in fact equivalent measurements of light. For Raman spectroscopy 

to be useful, a change in the polarizability of the molecule under study must occur.3 In 

order for this to occur, incident light must possess enough energy to excite this transition 

but not so powerful as to destroy the sample’s chemical structure as demonstrated in 



3 

 

Figure 2. Generally, light in the visible and near-infrared regions of the light spectrum are 

used in the form of monochromatic radiation such as lasers.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 Laser Power: Given that the carbonaceous molecules under study possess such 

a low flash point temperature,4 it is possible to leave burn residue on the sample. This 

will certainly destroy the chemical structure of the sample and be unrepresentative of the 

whole. 
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 Raman spectroscopy is based on the scattering of incident light as shown in 

Figure 3.28 This scattering can either be an inelastic (of varying energy from the incident 

light) or elastic (of the same energy as the incident light) collision. Elastic scattering, 

commonly referred to as Rayleigh scattering, is the most common form of scattering; it is 

approximately six orders of magnitude more likely to occur than Stokes scattering. 

Inelastic scattering can be divided into two opposite categories: Stokes and Anti-Stokes. 

At ambient temperatures or below, most of the studied samples held vibrational energy 

levels in the ground state. As such, Stokes was the more common of the two inelastic 

scattering categories because the samples were excited from the ground state vibrational 

level to a virtual state and relaxed to a slightly higher vibrational state than the ground 

state but below the virtual state. At higher temperatures, the vibrational energy of the 

sample increase. As such, the intensity of Anti-Stokes peaks will increase because the 

samples are excited from an above ground state vibrational level to a virtual state and 

relaxed to the ground vibrational state. In essence, a scattered radiation can either be 

higher, lower, or the same energy as the incident radiation.   

 

 

 

 

 

 

Figure 3 Raman Scattering: Once light interacts with a molecule, the scattered light is 

restricted to three possible categories: higher, lower, or same energy. Anti-Stokes is the 

highest energy, Rayleigh is no change in energy, and Stokes is the lowest energy. 
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When noting the specific peaks in a Raman spectrum, it is paramount that a 

spectroscopist be able to note the structural and chemical identity of the peak. Generally, 

the x-axis of a graph is labeled in Raman shift with units of cm-1, which signify the 

energy of the scattered Raman light; the y-axis is in units of light intensity which is 

arbitrary save when comparing normalized peaks in a single measurement of a sample. 

While understanding the structural and chemical information of the Raman active modes 

is necessary, estimating the amount of a species active for that mode is also necessary. 

The estimation signifies the amount of a species that has a certain phase or bonding 

structure. Two methods can be used as relative estimates between related species: 

absolute maxima peak intensity and integrated area under a peak. While the integrated 

area under the peak is a more correct and accurate form of estimation, absolute maxima 

of peaks can be compared. The intensities will often be denoted as a IX/IY ratio for peaks 

denoted X and Y respectively. It should also be noted that the absolute peak intensity is a 

quantitative measure of the molecules vibrating at the median value for that frequency if 

a Gaussian curve is approximated. 

 

1.1.1 Principle of Raman Spectroscopy 

  As previously mentioned, Raman spectroscopy is characterized by the scattering 

of a photon by a molecule. This is commonly referred to as the Raman effect5 after its 

discoverer C. V. Raman.6 Scattering as illustrated in Figure 3 illustrates the fundamental 

physical effects that occurs when light scatters. Classically, the Raman effect can be 

described by the polarizability of a molecule. Given that equation (1) represents the 

induced dipole moment of a molecule: 
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𝜇𝑖𝑛𝑑 =  𝛼𝐸   (1) 

It is clear that the polarizability factor of the molecule, α, when in the presence of an 

applied electric field, E, will induce a dipole moment, µind. Since light is composed of 

two perpendicular oscillating fields of electric and magnetic potential, the electric field 

when in close proximity will have an effect on the molecular electron cloud. It is this 

distortion of the electron cloud of the molecule and its atoms that is of interest to Raman 

spectroscopists. Therefore, it can be said that a change in the polarizability of a molecule 

is necessary for the molecule to have Raman active vibrational modes such as in Table 1. 

 

1.1.2 Application of Raman Spectroscopy  

  

 What began as a relatively simplistic study of natural phenomenon7 by modern 

scientific standards has blossomed into a wide-reaching field. From clinical application 

with hand-held spectrometers8 to temperature-controlled biochemical studies,9  Raman 

spectroscopists have entered nearly every field of science in which quick, non-invasive, 

non-hazardous, and time effective measurements of chemical structure and composition 

are needed. From method enhancements such as Surface Enhanced Raman 

Spectroscopy10 to Tip Enahnced Raman Spectrocopy,11 modern advances in technique 

have made the characterization of previously unstudied species possible. As will be 

discussed in following pages, a combination of two previously studies techniques, Raman 

Under Nitrogen Spectroscopy12 and SERS, was attempted. RUNS involves submersing 

the sample of interest under a layer of liquid nitrogen to avoid sample degradation and 

oxidation, which is represented in Figure 4.13 SERS is defined by the excitation of 
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localized surface plasmon resonances on nanostructured surfaces or nanoparticles via a 

thin coating of various metals films in physical contact with a vapor deposited sample 

layer.14 Both enhancements methods are theorized to provide enhancements to resolution 

many orders of magnitude in size. Such a novel arrangement has not been attempted and 

published in literature. As such, the application of such method is largely unknown. 

 

 

 

 

 

 

 

 

Figure 4 Raman Under Nitrogen: The sample is submerged under a layer of liquid 

nitrogen in the hollow of a porcelain bowl. Porcelain was chosen to avoid cracking the 

equipment from the low temperatures. 

 

1.1.3 Instrumentation of Raman Spectroscopy 

 

 For all experimental data collected, a Horiba LabRAM HR Evolution Raman 

Spectrometer was used with primarily a green YAG 532 nm laser as depicted in Figures 1 

through 5, although certain samples required a red-orange He-Ne 633 nm laser of lower 

energy to reduce fluorescence. The detector was a CCD camera. The most commonly 

used grating was 600 gr/mm with 1800 gr/mm used on rare occasions. The objective lens 

used was primarily a 100x zoom or on occasion 10x zoom. The power of the laser was 
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varied from approximately 6.2 mW at full power to 0.3 mW at 5% power for the 532 nm 

YAG laser. 
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Chapter 2 Samples 

 

2.1 Graphene 

 

 Unintentionally created for centuries by the use of graphite pencils, graphene has 

been the focus of much scientific research since its isolation in 2004 by Andre Geim and 

Konstantin Novoselov at the University of Manchester15
 using the scotch tape method of 

mechanical exfoliation. Structurally, pristine graphene is composed of sp2 bonded carbon 

atoms in a two-dimensional lattice; it is similar in bonding structure to that of chicken 

wire given its hexagonal pattern. Although it was studied decades before on metal 

surfaces using electron microscopes,16 only after its physical isolation from a substrate 

was it brought into the scientific spotlight. Given its incredible properties of strength,17 

conductivity,18 and optical activity,19 graphene has become a candidate for many real-life 

applications that extend into nearly every field of engineering. 

 

2.2 Biochar and Doped Graphene 

 

 Initially, studying amine functionalized biochar and doped graphene began as a 

collaboration project. Two separate collaborations were eventually established with Dr. 

Wei-Yin Chen and Dr. Sasan Nouranian of the Chemical Engineering department at the 
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University of Mississippi. The emphasis of the collaborations was to study the effects of 

treatment and doping using various experimental parameters and methods on biochar and 

graphene. The experimental design and sample preparation were sourced in the labs of 

Dr. Nouranian and Dr. Chen for their respective projects. 

 Doping samples has been proven many times to change the physical properties of 

carbonaceous materials.20 The particular interests of doping the biochar and graphene 

were to capture CO2, Ni(II), and organic molecules via ligand bonding to the graphene 

substrate, various ultrasound, urea, and phosphoric acid level treatments to the biochar, 

and graphene sheets on photocatalytic species such as TiO2. 

 

2.3 C60 

 

 Having been studied and isolated before graphene,21 C60 has been extensively 

studied and researched for decades. Under the advice from Dr. Bob Compton previously 

of the University of Tennessee at Knoxville, a new independent project began. The 

emphasis of this project was to combine two previously studied Raman enhancement 

methods, SERS and RUNS, into a novel technique tentatively named SERSUN. Given 

the lack of published work for the novel method, this would prove to be the most difficult 

work to date. 
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Chapter 3 Methods  

 

3.1 Preparation  

 

 One of the advantages of using Raman spectroscopy is the lack of sample 

preparation; this greatly reduces the potential of user contamination and unintended 

reaction byproducts. With the study of graphene and C60, stock samples were acquired 

from ACS Materials and SES Research Inc. respectively. No sample preparation was 

applied to the previously mentioned samples save C60. It was subjected to use on the 

Edwards AUTO 306 vapor deposition chamber for deposition onto silver coated 

microscopic slides that were cleaned using a Piranha solution to remove any residual 

organic matter. Both the silver coating and C60 deposition were approximately 70 Å in 

thickness each.  

 The doped graphene samples for CO2 capture provided by Dr. Chen for study 

were subject to various solutions and treatments as seen in Figure 10.22 First, the graphite 

starting material was oxidized to graphite oxide. The graphite oxide was then exfoliated 

by ultrasound to graphene oxide. The final step was the functionalization of the graphene 

oxide by amine substitution with tetraethylenepentamine. It should also be noted that 

other hyper branched amines could potentially perform the same function as TEPA. 
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 The doped biochar samples for heavy metal adsorption provided by Dr. Chen and 

Dr. Baharak Sajjadi were first treated with ultrasound to adjust the surface area and 

overall porosity of the sample then functionalized with urea using phosphoric acid.  

 The doped TiO2 graphene samples provided by Dr. Nouranian varied in the 

amount of oxidation and titanium doping present per sample. They were studied based 

upon their oxidation state and the amount of GO present relative to TiO2. 

 The samples for the SERSUN study were prepared by placing clean microscopic 

slides inside of a VDC where silver nanoparticles were deposited at approximately 70 Å 

thickness. Once the silver substrate had been deposited, a layer of C60 was deposited 

using the VDC again at a thickness of 70 Å. The coated slides were then treated to 

various physical treatments as seen in Figures 17 through 20. 

 

3.2 Calibration 

 

 For the sake of consistent and precise measurements, the spectrometer was 

calibrated before every session to ensure proper spectral alignment using a silicon wafer 

chip placed on a microscopic slide. The two points of calibrations were at 0 and 520.6 

cm-1, indicating proper spectral alignment via a certified reference material unique to the 

individual spectrometer. It is also important to note that the laser wavelength and grating 

position were adjusted for calibration, not the camera or stage. In order to focus the 

sample in reference to the camera, it was necessary to adjust the stage vertically as the 

camera was placed above the stage and was stationary. 

 



13 

 

3.3 Measurements 

 

 For the majority of the samples studied, the YAG laser was used at a lower power 

setting. For solid samples, pre-cleaned microscopic glass slides were used. The sample 

was transferred to a slide via a double-ended micro-tapered stainless steel spatula from a 

clear or amber tinted cylindrical glass vial that had been stored out of direct sunlight in a 

wooden laboratory sample box. The samples were then gently spread by the broad side of 

the spatula to ensure that the macroscopic shape of the sample on the slide was flat in 

order to minimize shifts in optical focus of the camera while scanning the sample’s local 

terrain. As has previously been shown in earlier research,23 the focal length of the 100x 

objective lens was very sensitive to any vertical change. When studying samples of very 

sporadic physical form, locating a representative portion of the sample often proved 

challenging. 

 In theory, all of the samples under study were homogenous, however it was 

apparent that the resultant spectra was very much dependent on the location of laser 

placement for the sample under study. While changes in the fundamental vibrational 

frequencies Raman peaks were an exceptionally rare occurrence when studying different 

portions of the same sample, it was common to see an increase in noise or fluorescence 

from one portion of the sample under study to the next. It is quite plausible that the 

microscopic terrain of the sample had a large influence on the resultant Raman spectra. 

To better illustrate this point please see Figure 5 below. 
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Figure 5 Microscopic Terrain: Depending on the elevation of the sample above the local 

microscopic terrain, it is found that the flatter sample mounds produce the best spectrum. 

As shown with the arrows, the angle of scattering is influenced by the angle of the 

surface with respect to the laser path. 

 

 

 

 

 Although difficult to illustrate or explain on paper, it is easiest to imagine the 

microscopic terrain as a mountainous landscape and the camera is a satellite directly 

above the mountain range. When scanning the sample with the camera, one will often see 

mounds or clumps of dark, dull carbon in the solid form. Given that the laser has a 

physical diameter of approximately 17 micrometers when using the 100x objective lens, 

it is quite plausible that the peak will not have as large of a cross sectional area as the 

laser. When such conditions are met, the sides of the peak are struck with the laser; this is 

usually the first indication of a poor resultant spectrum. It is theorized that the slope of 

Carbon Sample 

Laser Laser 

Carbon Sample 

Raman Scattering 

Raman Scattering 
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the sample surface directly affected the direction in which the light was scattered; with 

the majority of the scattered light not reaching the objective lens and hence the detector, a 

decrease in the signal to noise ratio ensued. This spectral event is not often mentioned in 

textbooks or research papers if ever, but it was continually a concern for my research 

efforts.  

 Another concern is the optical focus of the objective lens on the sample. In order 

to adjust the optical focus, the stage on which the microscopic slide rests is adjusted 

vertically and horizontally while the camera and objective lens remain stationary; the 

stage was able to move along three axes. For spectral measurements that take less than 

one half hour, there is little worry that the sample will become out of focus. However, if 

the spectrometer is used for longer than one hour on a single portion of the sample, there 

is a noticeable loss of optical focus due to the gradual mechanical falling of the stage due 

to non-locking gears. This is not a concern for the majority of researchers using the 

spectrometer, yet should be noted.  
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Chapter 4 Results 

 

4.1 Graphene 

 

 As mentioned in earlier chapters of this text, understanding the theory behind the 

spectral peaks and relative intensities will allow for more accurate interpretation of the 

results. Given that graphene is a two-dimensional material, it can be easily described as a 

carbon film. Within pristine graphene films, the vast majority of carbons are sp2 bonded. 

As such, the visible excitation of the laser will resonate with the π states of the six 

membered carbon rings of the lattice. When considering the entire molecular lattice, 

assigning the peaks should be straightforward.24 The D peak at approximately 1350 cm-1 

corresponds to the out of plane A1g vibrational mode and can be structurally explained by 

the amount of defects in the graphene sheet and at the edge of the graphene film. The G 

peak at approximately 1580 cm-1 corresponds to the primary in-plane E2g vibrational 

mode and is structurally explained by the stretching of the C-C bond in the graphene 

rings; it is common to all sp2 carbon systems. The 2D peak at approximately 2850 cm-1 

corresponds to the a second-order overtone of a different in-plane vibration of the D peak 

and is described structurally as the splitting of electron bands.25 Of particular importance 

when comparing of various graphene-like materials as seen in Figures 6 through 9, it is 

useful to compare the relative peak intensities of the D and G peaks as the ID/IG ratio. 
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This ratio is largely indicative of the relative amount of structural defects in the graphene 

sheets. 

 

Figure 6 Graphene Powder Raman: The above spectrum was the first data I had 

collected from the Raman spectrometer. The D, G, and 2D peaks are seen from lower to 

high wavenumbers respectively. The powder was obtained from ACS Materials. 

 

The Raman spectrum of Micro 450, Micro 850, and Micro 4827 are useful in 

illustrating the spectral effects that varying physical properties have. Micro 450 is a 

synthetic carbon flake with a particle size ranging from 3 to 7 µm with an average of 

approximately 5 µm. Micro 850 is a natural carbon flake with a particle size ranging from 

3 to 5 µm with an average size of approximately 5 µm. Micro 4827 is a surface enhanced 

synthetic carbon flake with a nominal size of 2 µm. While Micro 450 and Micro 850 have 

a similar surface area of 17 and 14 m2/gram, Micro 4827 has a surface area of 113 

m2/gram. 

2D 
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Figure 7 Graphite Raman: The above spectrum of graphite flakes is useful in illustrating 

the ID/IG ratio found in graphene-like samples. When examining the spectrum of graphite 

in comparison to graphene, it is useful to note the “hump” that occurs in the 2D peak is 

sectioned into 2D1 and 2D2 which occur at lower and higher wavenumbers 

respectiveley.26 

 

 While numerous variable exist that might explain the differences in the ID/IG ratio, 

one of the most obvious is the surface area of the samples.27 Given that the ID/IG ratio 

increased from Micro 850 to Micro 450 then to Micro 4827, one can summarize that as 

the surface area of the flakes increased the measure of structural disorder increases. 

Given that the project was ultimately attempting to use a graphene-like substrate to attach 

functional groups onto for CO2 capture, the logical choose was to reduce Micro 850 

based on its low ID/IG ratio to graphene oxide. Once reduced to graphene oxide, the 

sample was subjected to TEPA in solution by two potential routes to transfer amine 

groups to the graphene oxide.28 The first method involves N-hydroxysuccinimide in the 

Raman Shift (cm-1) 
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Figure 8 Micro 450, Micro 850, and Micro 4827 Raman: The above graph combines the 

Raman spectra of Micro 450 (red, top), Micro 850 (blue, bottom), and Micro 4827 

(green, middle). The ID/IG ratio of the samples are as follows: 0.204, 0.156, and 0.481 

respectively. The I2D/IG ratios of the samples are as follows: 0.403, 0.338, and 0.396 

respectively. Note that these measurements were done using the peak intensity and not 

the integrated area under the peak. 

  

 

presence of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide. The second method 

involves a reflux of KOH and water at 80 ℃. 
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Figure 9 GO Raman: The above spectrum represents the Raman spectrum of GO 

provided by Dr. Chen using a 532 nm laser. 
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4.2 Doped Biochar and Graphene 

 

  

 

Figure 10 GO-TEPA and GO: The black line represents GO. The red line represents the 

attempt of adding TEPA29 functional groups via microwaves to the GO. At the D and G 

peaks of GO-TEPA, red shift of 3 cm-1 and 15 cm-1 are seen respectively. Also, the ID/IG  

ratio calculated using the integrated area under the peak changed from 1.42 to 1.38 for 

GO to GO-TEPA. 

 

 When comparing this experimental results to previous works,30 it is clear that a 

shift does occur in the ID/IG  ratio when TEPA functional groups replace the epoxy, 

carboxyl, and hydroxyl groups of GO. When comparing directly between GO and GO-

TEPA, previous works show an increase in the ID/IG  ratio; this was not the case in our 

experimental results as the ratio slightly decreased. The anticipated increase is theorized 

to occur due an increase of defects in the graphene sheets, functional group substitution, 
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and increase in the number of sp3 bonded carbons. Also, shifts in the D and G band were 

noted. When comparing GO and GO-TEPA, a blue shift of 15 cm-1 was noted for the D 

peak and 3 cm-1
 for the G peak. The shifts likely indicate the presence of electron 

withdrawing groups, especially in the G peak. The overall intensity of the 2D peak is 

decreased in the GO-TEPA as seen in previous work. With the conflicting nature of the 

results presented in comparison to previous work, a clear conclusion regarding the 

presence of nitrogen containing functional groups on GO cannot be made with 

confidence from the results presented. 

 Despite the ambiguity in the conclusions drawn from the spectral results of the 

graphene functionalized with the amine groups of TEPA, the experiment was revised to 

use biochar and functionalize it by using ultrasound, phosphoric acid, and urea as 

demonstrated in Figures 11 through 13.31 
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Figure 11 Biochar and Different Ultrasound Durations: The spectra of US0-P50%-

UR6M, US20-P50%-UR6M, US40-P50%-UR6M, and raw biochar are labeled as red, 

black, blue, and green lines respectively. The ID/IG ratio were calculated as 0.749, 0.96, 

0.78, and 0.766 respectively. 
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Figure 12 Biochar and Different Phosphoric Acid Concentrations: The spectra of US20-

P0%-UR6M, US20-P25%-UR6M, US20-P50%-UR6M, US20-P85%-UR6M, and raw 

biochar are labeled as red, orange, green, blue, and black lines respectively. The ID/IG 

ratio were calculated as 0.813, 0.825, 0.963, 0.856, and 0.766 respectively. 
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Figure 13 Biochar and Different Urea Concentrations: The spectra of US20-P50%-

UR1M, US20-P50%-UR3M, US20-P50%-UR6M, US20-P50%-UR10M, and raw 

biochar are labeled as red, orange, green, blue, and black lines respectively. The ID/IG 

ratio were calculated as 0.821, 0.793, 0.963, 0.816 and 0.766 respectively. 
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When collaborating with Dr. Nouranian, the objective now became to investigate 

the effects of substrate chemistry and TiO2/GO ratios as seen in Figures 14 through 16 on 

the grafting and distribution of graphene layers on TiO2. While the photocatalytic activity 

of the composite will eventually be measured, the data is not yet complete and as such the 

following graphs are preliminary results of the spectroscopic portion of the study. As of 

yet, published literature have compared the ID/IG ratio amongst samples32 but have not 

compared the relative intensities of the D and G peak to the titanium peak at 

approximately 150 cm-1. 

 

 

 

Figure 14 GO-TiO2 Low Oxidation: The graph above is represented by GO-TiO2 at low 

oxidation levels. The red, green, and blue line represent the GO-TiO2 low oxidation 

levels at 5%, 10%, and 20% GO to TiO2. The ID/IG ratio was calculated to be 1.01, 0.94, 

and 1.04 respectively by relative peak height. 
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Figure 15 GO-TiO2 Mid Oxidation: The graph above is represented by GO-TiO2 at mid 

oxidation levels. The red, green, and blue line represent the GO-TiO2 mid oxidation 

levels at 5%, 10%, and 20% GO to TiO2. The ID/IG ratio was calculated to be 1.04, 1.00, 

and 0.97 respectively by relative peak height. 
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Figure 16 GO-TiO2 High Oxidation: The graph above is represented by GO-TiO2 at high 

oxidation levels. The red, green, and blue line represent the GO-TiO2 high oxidation 

levels at 5%, 10%, and 20% GO to TiO2. The ID/IG ratio was calculated to be 1.03, 1.01, 

and 0.97 respectively by relative peak height. 
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4.3 SERSUN 

 

 As previously mentioned in the preceeding text, a novel Raman enhancement 

technique was attempted involving SERS and RUNS in combination as SERSUN. The 

following Table 1 lists the fundamental Raman frequencies and symmetries of C60. 

Figures 17 through 20 display the Raman spectra of various stages of the experiment as it 

progressed. 

  

Table 1: Raman Frequencies and Symmetries of C60: The above table represents the ten 

fundamental vibration frequencies and Raman active modes of C60.
33 

 

 

 

 

 

 

 

 

 

 

 

 

273 cm-1 437 cm-1 496 cm-1 710 cm-1 774 cm-1 

Hg (1) Hg (2) Ag (1) Hg (3) Hg (4) 

1099 cm-1 1250 cm-1 1428 cm-1 1470 cm-1 1575 cm-1 

Hg (5) Hg (6) Hg (7) Ag (2) Hg (8) 
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Figure 17 C60 Powder Raman: The above spectrum was gathered using a 532 nm laser. 

The experiment was conducted under atmospheric conditions and ambient laboratory 

temperatures. A microscopic slide with no coating was placed under the sample. 
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Figure 18 SERS of C60: Based on the overall shape of the spectrum, it is obvious that the 

silver coated slides not did improve the signal to noise ratio of the C60 experiment when 

compared to non-treated slides. This experiment occurred at atmospheric conditions and 

ambient laboratory temperatures. 
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Figure 19 SERS of C60 at Reduced Temperatures: When compared to the SERS spectra at 

ambient temperatures, some of the spectral features are seen to diminish; specifically the 

fluorescence that occurs past 1000 wavenumbers. This is most likely explained by the 

reduced temperatures (123 K) of the study. 
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Figure 20 RUNS of C60: When loose powder samples were submerged under liquid 

nitrogen in a porcelain bowl, the signal to noise ratio was greatly increased. Note that the 

sample was placed at the bottom of the bowl with no treated slide placed underneath the 

sample. 
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Chapter 5 Conclusions 

 

5.1 Graphene 

 

 Although simple and straightforward in theory, the opportunity to study graphene 

and derivatives was very rewarding for a number of reasons. First, I was able to become 

accustomed to the working of the spectrometer and how it operates. Second, interpreting 

the data collected proved valuable in future work as the spectra became more complex 

and less indicative. Third, I became more confident in my ability to overcome difficulties 

as they arose during experiments. It should also be noted that many locations on the 

sample were measured before a representative spectra was saved as data.  

 

5.2 Doped Biochar and Graphene 

 

 When studying the effects of sample preparation, it is imperative that all 

experimental parameters remain constant in order to eliminate the potential for skewed 

results. As such, great care was taken to ensure that the samples were measured in the 

same manner. Therefore, the resultant spectra can be used at face value with no data 

corrections necessary. 
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 With respect to the doped graphene provided by Dr. Chen, the resultant Raman 

spectrum of GO-TEPA was not definitive enough to give a conclusive answer on whether 

the GO was indeed functionalized with nitrogen containing functional groups. 

 With respect to the doped biochar provided by Dr. Chen and Dr. Sajjadi, the 

Raman results clearly show that the biochar was indeed functionalized. Although not 

clear from the spectra, it was later shown that the modified biochar was able to remove 

significantly more heavy metals than raw biochar.31 

 With respect to the GO-TiO2, further study is needed to reach a definitive 

conclusion. However, when comparing the results amongst their oxidation tiers, 

interesting trends seem to appear but more data is need to make a definitive statement 

regarding the preliminary trends.  

 

5.3 SERSUN 

 

 Attempting to perform a novel method of Raman enhancement proved to be a 

more difficult task than anticipated. In theory, one would expect that the SERS portion of 

the experiment would be nicely complimented when submerged under liquid nitrogen to 

mitigate the effects of sample degradation when more laser power is desired to increase 

the signal to noise ratio.  

 In order for SERS to be an effective method of Raman enhancement, the localized 

surface plasmons excited at the silver-C60 interface must amplify the electromagnetic 

fields. Given that the experiment should have produced very impressive results in theory, 

it is likely that a mistake was made in the experimental procedure. In retrospect, the most 
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likely step for error was the VDC; no validation of the silver or graphene deposition was 

made save the balance arm inside the chamber. 
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Chapter 6 Future Work 

 

 Although ultimately unsuccessful, the intentions behind the SERSUN method of 

Raman enhancement should not be discredited. The potential uses of further research 

using these methods are largely unknown. Given that both methods have found favor 

with researchers in the Hammer Research Group and abroad, a combination of the 

methods makes theoretical and logistical sense. The only portion lacking is the exact 

experimental setup that would allow for the coated slide to be submerged in liquid 

nitrogen at a shallow enough depth to minimize interference from the gas bubbling as the 

slide temperature equates to the temperature of liquid nitrogen (77 K). In theory, one 

would simply pre-cool the slide before submersion into the bowl of liquid nitrogen or 

continuously add liquid nitrogen as it boils off, yet both in principle are hard to achieve. 

First, if one were able to chill the slide to the point of 77 K, it is unlikely that the transfer 

from refrigerator to bowl would occur without a marked increase in temperature of the 

slide from the ambient room atmosphere due to the high surface area of the slide and high 

thermal conductivity. Second, adding liquid nitrogen usually causes intensification in the 

boiling of the liquid nitrogen.  

 Given that the problem exists in the RUNS portion of the experiment and not the 

SERS portion, the logical solution would be to eliminate the need for submersion into 

liquid nitrogen and instead use a temperature controlled study. In our laboratory, a 

Linkam Scientific THMS600 Temperature Controlled Stage is available for use and has 

been used with successful results in previous studies in which local heating of the sample 

was degrading the sample. Although my individual results were only slightly better than 



38 

 

SERSUN, it is again suggested that the method not be immediately dismissed for similar 

reasons as stated above. 
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