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Figure. 4.13: Typical XRD patterns of GO irradiated by sunlight and artificial 

light for different durations. 
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4.7.4.4 ATR-FTIR spectroscopy investigations 
 

 

Figure 4.14 depicts ATR-FTIR patterns of GO irradiated by sunlight or 

artificial light sources with different filters for different durations. From  the  

ATR-FTIR  spectra, we  see  that  the  intensity  of  the  carbonyl  stretching 

band (1610cm-1) decreases substantially after 2 hours irradiation (Figure 

4. 14).  

 

Similarly, the intensities  of  other bands  due  to  other  oxygen  containing  

functional  groups  also  decrease  after  the  prolonged  sunlight/artificial 

light sources with different filters irradiation. At 1620 cm-1 (skeletal 

vibrations from un-oxidized graphitic domains), at 1220 cm-1 (C-OH 

stretching vibrations), at 1060 cm-1 (C-O stretching vibrations), and 

stretching vibrations from C=O at 1720 cm-1 due to the remaining of 

carboxyl groups and  the vibration modes of epoxide (C-O-C) at (1230-1320 

cm-1, asymmetric stretching at 850 cm-1, bending motion). 
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Figure. 4.14: Typical ATR-FTIR patterns of GO irradiated by sunlight and 

artificial light for different durations. 
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4.7.4.5 UV-Vis Absorbance spectroscopy investigations 

 
 

The color change of the graphene oxide from brownish yellow to black is a 

clear evidence of the occurrence of reduction via sunlight or artificial light 

irradiation. The dynamic of photo-reduction by all radiations can be 

monitored easily with UV-UVIS absorbance spectroscopy. Indeed, the GO 

absorbance spectrum is known by the presence of three principal peaks, the 

main absorbance peak attributed to the →* transitions of C-C occurs at 

around 225 nm, the broad absorption spectra extended up to 450 nm 

indicating a well-defined band-edge in the UV-VIS energy range and a 

shoulder around 320nm may be attributed to the →*  transitions of C-O. 

The Transformation of GO in our samples, reduced by sunlight as well as by 

artificial filtered light, is confirmed by the slow disappearance of C-C band 

centered at around 225 nm and its shifting to 260nm upon exposition time 

most likely due to the decrease in the concentration of carboxyl groups 

shown in Figure 4.15 indicating that the electronic conjugation within the 

reduced graphene sheets was revived upon reduction of graphene oxide. 
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Figure. 4.15: Typical UV-Vis absorbance spectra of GO irradiated by 

sunlight for different durations. 
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Figures 4.16-19. depict the UV-Vis absorbance spectra of the various photo-

reduced GO nano-solutions under both white light and filtered artificial light 

sources for various exposure time. It can be observed that the red filtered 

irradiated solution for various exposure time have roughly similar trend as 

the as prepared solution even after 16h of irradiation. In opposite, one could 

distinguish the significant effects of the yellow and blue filtered artificial 

radiations in addition to the well established white irradiation photo-

reduction phenomena. Indeed, as it is illustrated in Figure 4.16-19, the 

absorbance profiles of these radiations have similar trends. In all 

corresponding spectra, the specific absorbance in the UV-VIS range quasi-

disappear and are smoothened on a wide spectral range. This behavior 

seems to start at about the threshold exposure time of about 4. After 8h of 

irradiation, it seems that there is a stabilization of the photo-reduction 

process.  

 

The process which is at the origin of this photo-induced chemical reduction 

sustain the explanation of Rao et al through a 3 phases mechanism. 

 

GO   + hv        GO (hole + e) 

4 holes + 2H2O       O2 + 4 H+ 

4 e + GO + 4H+       Reduced GO  + 2H2O 
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Figure. 4.16: The various UV-Vis absorbance spectra of GO irradiated by 

different filtered artificial light for 2h. 
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Figure. 4.17: The various UV-VIS absorbance spectra of GO irradiated by 

different filtered artificial lights for 4h. 
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Figure. 4.18: The various UV-Vis absorbance spectra of GO irradiated by 

different filtered artificial lights for 8h. 
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Figure. 4.19: The various UV-Vis absorbance spectra of GO irradiated by  

different filtered artificial lights for 16h. 
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4.9  CONCLUSION 
 

 

The first objective of this thesis was to synthesize, characterize and 

investigate various properties of graphene or reduced graphene oxide. More 

specifically graphene oxide and reduced graphene oxide solutions prepared 

by Hummers method have been deposited on silicon substrates separately. 

Several techniques have been employed to characterize GO and RGO 

deposited on silicon substrates with the aim of investigating different 

properties of GO and rGO.  

 

Hummers method is a cost efficient production method due to the price of 

raw materials but chemical processing completely introduces defects in the 

course of oxidation or reduction and functionalization in reduced graphene 

oxide sheets resulting to the decrease in conductivity [1] Thus the main 

challenge for accumulation of this process is to acquire routes for complete 

reformation of the sp2 carbon network of reduced graphene oxide. 

 

ATR-FTIR revealed the presence of OFG before reduction, after reduction the 

very same technique confirms fewer OFG in the reduced graphene oxide, 

this was further confirmed by the UV-Vis result when 225 nm absorption 

peak appeared after oxidation of graphite to graphene, the same peak 

shifted to 280 nm after reduction of graphene oxide to reduced graphene 

oxide. The 280 nm peak confirmed that most excess of oxygen functional 

groups have been removed. According to reference [2], the displaced peaks 

are due to the →* transition for the C=C bonding. 

 

The characterized films of GO and rGO exhibited the presence of OFG in 

AFM, results showed that GO has a lot of oxygen functional groups, this was 
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proved by the measured roughness of both GO and rGO. GO has a higher 

roughness than rGO which means there are more oxygen functional groups 

in GO which are stacked together than in rGO.  

 

SEM showed some rippling and folding of stacked GO sheets before 

reduction, after reduction it showed wrinkled structure with less oxygen 

functional groups.  TEM showed flake-like tightly packed GO sheets before 

reduction, after the reduction process the rGO sheets were stacked on top of 

one another to form a film. Raman spectrum showed D and G bands for both 

GO and rGO sheets but for rGO there is G* and 2D bands which are 

associated with the reduction process of GO to rGO. 

 

All and all, the used techniques are in agreement, all displaced the expected 

information about graphene oxide and reduced graphene oxide. 

 

The second objective of this project was to reduce GO using the sun and 

artificial light, more specifically GO solutions were exposed to sunlight for 2h 

, 4h, 8h, 16h and 32h. After 2h of irradiation the color changed from 

brownish yellow to black. The other durations also confirmed the color 

change. After irradiating GO for the above durations, three characterization 

techniques (XRD, ATR-FTIR and UV-VIS-NIR) were used to further confirm 

the reduction of GO. The obtained results were complementary to the 

previous results of Rao et al [3]. 

 

In the case of reducing GO using filtered artificial light, five lamps i.e green, 

blue, yellow, red and white were used to irradiate GO. GO solutions were 

exposed to each filtered artificial light as shown in figure 4.12 . Each solution 

was exposed for 2h, 4h, 8h and 16h. The XRD, ATR-FTIR and UV-VIS 
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confirmed the reduction of GO. One can conclude that indeed using the sun 

and artificial light, we can produce graphene. 
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4.11 APPENDICES 

 

4.11.1 APPENDIX A 

 

Lattice structure Hexagonal 

 

Lattice constant (Å) 2.462 

 

Atomic density (C atomic/ cm3) 1.14 × 1023  

Specific gravity (g / cm3) 2.26 

 

Specific heat (cal/ g. K) 0.17 

 

Thermal conductivity (W/ cm.K) 30 

 

Binding energy (eV/ C atom) 7.4 

 

Debye temperature (K) 2500  950 

 

Bulk modulus (GPa) 1060  36.5 

 

Bang gap (eV) -0.04 

 

Carrier density ( 1018/cm2 at 4K 5 

 

Electron mobility (cm2/ V sec) 20,000    100 

 

Hole mobility (cm2/V sec) 15,000    90 
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Resistivity ( Ωcm) 50 Х 10-6 

 

Melting point (K)   4450 

 

 

Appendix A: Properties of Graphite [13]       

 

 

4.11.2 APPENDIX  B 

Lattice structure 

 

               Cubic 

Lattice constant  (Å) 

 

               3.567 

Atomic density ( C atoms/cm3) 

 

               1.77Х1023 

Specific gravity (C atoms/cm3) 

 

               3.515 

Specific heat (cal/g.K) 

 

               0.12 

Thermal conductivity (W/cm. K) 

 

             ~25 

Binding energy (eV/ C atom) 

 

               7.2 

Debye temperature (K) 

 

               1860 

Bulk modulus (GPa) 

 

               42.2 
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Appendix B: Shows the summary of various properties of diamond [13] 

  

4.11.3 APPENDIX C 

 

Hummers method uses chemicals and acids, below is the brief  discussion of 

the chemicals and acids used for preparation. 

 

POTASSIUM PERMANGANATE (KMnO4) 

 

Potassium permanganate is an inorganic chemical compound with the 

formula KMnO4. It is a salt of K+ and MnO-
4 ions. Formerly known as 

permanganate potash, it is a strong oxidation agent. Potassium 

permanganate decomposes when exposed to light: 

2 KMnO4 (s)  →   K2MnO4 (s)   + MnO2(s)  + O2 (g)………………. .equation 9  

Potassium permanganate is able to oxide primary alcohols to carboxylic 

acids 

Band gap (eV) 

 

               10 

Carrier density (1018/cm3 at 4K) 

 

               0 

Electron mobility (cm2/V sec) 

 

               1800 

Hole mobility (cm2/ Vsec ) 

 

               1500 

Melting point (K) 

 

               4500 
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Under acidic conditions the oxidation half-reactions are: 

MnO-
4  + 4H+ + 3e-  → MnO2  + 2H2O…………………………… equation 10   

MnO-
4  + 8H+ + 5e-   → Mn2+ + 4H2O…………………………….equation 11  

Under alkaline conditions, the half-reaction is  

MnO-
4 + 2H2O  + 3e-  → MnO2  + 4OH-...............................equation 12 

Reaction rates for the oxidation of constituents found in natural waters are 

relatively fast and depend on temperature, pH and dosage 

 

SULPHURIC ACID (H2SO4) 

Sulfuric acid is a clear, colorless, viscous liquid that is very corrosive. 

Sulfuric acid is often prepared as a byproduct from mining operations. Many 

metals ores are sulfides and smelting operations eliminate sulfur in the form 

of sulphuric dioxide gas. The sulphuric dioxide gas is cleaned and converted 

into sulphuric acid. 

SO3 + (O) → SO3…………………………………………………………equation 13   

SO3   + H2O → H2SO4…………………………………………………..equation 14  

Sulphuric acid is used as a drying agent to chemically remove water from 

my substances.  

        

       HYDROGEN PEROXIDE (H202) 

 

A mixture of H2SO4 and H202 is used to clean organic residues off substrates. 

Because the mixture is a strong oxide, it will remove most organic matter, 

and it will also hydroxylate most surfaces (add -OH groups), making them 

extremely hydrophilic (water compatible). 

H2SO4 + H2O2 → H3O+ HSO-
4 + O…………………………………equation 15  
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HYDROCHLORIC ACID (HCl) 

 

Hydrogen Chloride (HCL) is a monoprotic acid, which means it can dissociate 

(ionize) only once to give up one H+ ion (a single proton). In aqueous 

Hydrochloric acid, the H+ joins water molecule to form a hydronium ion H30
+

. 

HCl + H20  →   H30
+ + Cl-……………………………………………equation 16  

Since Hydrochloric acid is a strong acid, it is completely dissociated in water. 

 

HYDRAZINE HYDRATE (N2H4) 

 

Hydrazine is an inorganic compound with the formula N2H4. It is a colorless 

flammable liquid with an ammonia-like odor. Hydrazine is highly toxic and 

dangerously unstable unless handled in solution. 

Hydrazine has basic (alkali) chemical properties comparable to ammonia: 

N2H4 + H2O → N2H5+ + OH-……………………………………….equation 17   

Hydrazine is a convenient reductant because the by-products are typically 

nitrogen gas and water thus; it is used as an antioxidant, an oxygen 

scavenger, and a corrosion inhibitor in water boilers and heating systems. It 

is also used to reduce salts and oxides to the pure metals in electrolysis 

nickel plating and plutonium extraction from nuclear reactor waste. 

 

OXIDATION. 

 

The purpose of adding H2SO4 in a solution is to increase the acidity of the 

solution and reacting acid with permanganate is to create Mn0+
3 that reacts 

with Mn0-
4 to produce Mn207 as shown by the chemical reactions below. 

 

KMnO4 + 3H2SO4 → K+ + MnO+
3   + H3O

+ + 3HSO-
4…………equation 18  
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MnO+
3    + MnO-

4   → Mn2O7………………………………………equation 19  

 

The formation of diamanganese heptoxide (Mn2O7) from KMnO4 in the 

presence of strong acid is desirable since Mn207 is a strong oxidizing agent 

which is needed to oxidize graphite to graphite oxide.  

 

By slowly adding potassium permanganate, the Mn0+
3 ion reacts with the 

Mn0-
4 resulting in dimanganese heptoxide Mn207 which is a strong oxidizing 

agent, hence the reduction of graphite to graphite oxide. 

 

Mn207  + H2S04  →  MnS04 + 4H20 + 502………………………equation 20  

Again, Sulphuric acid also assists in the conversion of hydrogen peroxide into 

hydronium ion and O radical which are aggressive oxidant   

 

REDUCTION. 

 

The hydrazine hydrate dissociates in water to create a hydroxyl ion that 

reacts with oxygen in the graphitic structure after exfoliation process that 

resulted from oxidation to reduce graphene oxide to reduce graphene oxide . 

And the metal ions that are Mn2+ and K+ will react with chlorine ion and the 

H+ will react with the -0H from  hydrazine as follows. 

HCl → H+   +  Cl-…………………………………………………………equation 21 

Mn2+ + 2Cl-  → MnCl2……………………………………………………equation 22 

K+  + Cl-   →  KCl…………………………………………………………equation 23 
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