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ABSTRACT 

Optical Studies on Functionalized Graphene Systems 

by 

Charudatta Galande 

Graphene, the ‘wonder material’, has received a lot of attention for its 

excellent electronic properties. However, the lack of a band gap severely limits its 

use, especially in optoelectronic applications. Therefore, opening a band gap in 

graphene and controllably modifying its band structure has long been the holy 

grail in the physics of graphene. Of these methods, chemical functionalization 

offers the most degrees of freedom in controllably modifying the band structure of 

graphene. graphene oxide (GO), the most widely studied chemical derivative of 

graphene exhibits a host of optical phenomena such as broadband tunable 

fluorescence, multiphoton-induced absorption and emission etc. and presents an 

excellent platform for studying the effects of chemical functionalization on the 

optical properties of graphene.  

In the present work, we first deal with the issue of origin of fluorescence in 

GO. It is argued that the broadband emission arises due to localized states 

created on the graphene surface due to presence of functional groups, and not due 

to quantum confinement. Next, we attempt to find which of the many functional 

groups in GO contribute the most to the emission intensity. We find that the 

carbonyl and epoxide functional groups contribute the most to fluorescence.  

Further, we find that irradiation with a laser causes an enhancement in 

the PL of multilayered GO sheets by increasing the density of carbonyl functional 

groups on the basal plane. This interesting phenomenon is proposed to occur due 



 
 

to a reaction between the oxygen-functionalized basal plane and water molecules 

trapped between the GO multilayers.  

We have also developed a method for synthesizing large-area graphene by 

chemical vapor deposition (CVD) using liquid precursors. This opens up a host of  

new possibilities for substitutional doping of graphene by using liquid precursors 

containing the dopant atoms.  
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O voyagers, O seamen, 
You who came to port, and you whose bodies 
Will suffer the trial and judgement of the sea, 
Or whatever event, this is your real destination. 
So Krishna, as when he admonished Arjuna 
On the field of battle. 
                                            Not fare well, 
But fare forward, voyagers. 
. 
. 
.. 
We shall not cease from exploration 
And the end of all our exploring 
Will be to arrive where we started 
And know the place for the first time. 
Through the unknown, unremembered gate 
When the last of earth left to discover 
Is that which was the beginning; 
 

- From ‘Four Quartets’ 
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1.1. Introduction to Graphene  

 

Figure 1-1: ‘Mother of all carbons’: Graphene is the basic building 
block of all carbon-based materials. It can be rolled and folded to form 
fullerenes (0D), carbon nanotubes (1D) or stacked to form graphite 
(3D). Reproduced from Ref.4. 

Graphene had been known ‘in theory’ since 1947, when the band structure 

of a single atomic layer of carbon atoms in a honeycomb lattice was first 

calculated. Since then, it has been widely used as a toy model to describe the 

electronic properties and calculate the electronic band structure of carbon-based 

materials, such as graphite, fullerenes and carbon nanotubes. In this sense, 



g

th

d

g

b

It

w

F
im
d
a
a
c
a

 

raphene is t

hought to b

Strict

imensional 

raphene, it 

e considere

t is relative

when it is de

Figure 1-2:
maged wit
discernible
and below 
at various 
ontrast. (b

and 3 grap

the ‘mother

be made of 

tly speaking

crystal. As

gradually t

d to be a th

ly easy to i

eposited on

: Graphen
th white l
e clearly w
(a) and (c
visible wa
b) shows 

phene laye

r of all carb

graphene b

g, only a sin

s graphene l

transitions 

hree-dimen

isolate and 

n to an oxid

ne layers d
ight are c

when depo
c) were ob
avelenghts
step-wise 

ers. Repro

3

bons’, since

building blo

ngle atomic

layers are s

to bulk gra

sional cryst

identify ato

dized silicon

deposited 
learly visi
sited on (
btained us
s, clearly s
increase i
duced from

3 

e all forms o

cks (Figure

c layer of gr

stacked to f

aphite. The 

tal has been

omically th

n (Si/SiO2) 

on to Si/S
ible on (a)
c) 200 nm
sing band 
show diffe
in contras
m Ref. 6.

of graphitic

e 1-1). 

raphene is a

form multil

limit abov

n found to 

hin layers of

substrate.  

SiO2 wafer
) 300 nm 

m SiO2. Im
pass filte

erent amo
st correspo

c carbons ca

a two-

ayered 

ve which it c

be ∼10 laye

f graphene 

rs, when 
SiO2 but n

mages abov
rs centere
unts of 
onding to 

an be 

can 

ers.5 

 

not 
ve 
ed 

1, 2 



in

in

m

o

(F

F
a
R

S

si

im

co

R

in

 

It has

n visible wa

ncredibly ea

microscope. 

f the silicon

Figure 1-2 a

Figure 1-3:
as a functio
Reproduce

In fac

i/285 nm S

ingle-layer, 

mage of gra

orrespond t

Raman imag

ntensity. Fi

s been foun

avelengths w

asy to ident

This contra

n dioxide on

and Figure 

: Color plo
on of the 
ed from Re

ct, it has be

SiO2 wafer c

bi-layer an

aphene depo

to thicker g

ge, which sh

igure 1-4C a

nd that grap

when depos

tify atomica

ast has been

n the silicon

1-3).  

ot showin
illuminati
ef. 6. 

een shown t

can be used

nd multilaye

osited on Si

graphene lay

hows a corr

and Figure 

4

phene layers

sited on Si/

ally thin lay

n found to 

n wafer and

g calculat
ion wavele

that contra

d to unamb

er graphene

i/SiO2. The

yers, as infe

responding 

1-4D show 

4 

s show a re

/SiO2 wafers

yers with a

vary signifi

d the wavel

ted optical
ength and

ast spectra o

biguously an

e.7  Figure 

e darker reg

erred the co

stepwise in

w image plot

emarkable o

s, which ma

n inexpensi

ficantly with

length of in

l contrast 
d the thick

of graphene

nd reliably 

1-4A shows

gions (highe

orrespondin

ncrease in th

ts of contra

optical cont

akes it 

ive optical 

h the thickn

cident light

of graphe
kness of Si

e deposited 

distinguish 

s an optical

er contrast)

ng G-band 

he G-band 

ast measure

trast 

ness 

t.6 

 

ene 
iO2. 

on 

l 

) 

d on 



 5 

the same graphene sheet. It is evident that the contrast increases in a stepwise 

fashion, corresponding to an increasing number of Graphene layers. 

 

Figure 1-4: A. Optical image of graphene deposited on Si/285 nm SiO2 
in white light; B. Raman image plot of the G band measured on the 
same graphene sheet, showing the stepwise increase in G-band 
indensity for increasing number of layers;  C, D. Image plots of 
measured peak contrast, showing that the contrast increases in a step-
wise manner, similar to the stepwise increase in the G-band intensity. 
Adapted from Ref. 7. 
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1.1.1. Electronic structure of graphene 

The electronic band structure of graphene has been extensively reviewed 

elsewhere.8 In this section, we will get a brief overview of the important aspects 

of the graphene band structure and its effect on the optical properties of 

graphene.  

Graphene can be thought of as an infinite lattice of benzene rings joined 

together in a honeycomb lattice. The electronic band structure of this lattice was 

calculated in 19479 by P.R. Wallace. In the electronic structure of this lattice, the 

π states form the valence band and the π* states form the conduction band. 

These two bands touch each other at six points in the Brillouin zone, referred to 

as the ‘Dirac point’, which by symmetry can be reduced to a pair of two points, 

referred to as the K and K’ points. Near these points, charge carriers have a 

linear dispersion, unlike parabolic dispersion of other 2D electron gas systems. 

This gives conical valence and conduction bands touching each other at the Dirac 

points. (Figure 1-5) Thus, graphene can be thought of as a zero-gap 

semiconductor with a linear dispersion governed by the Dirac equation, which is 

often used to describe the dispersion of light and massless relativistic particles. 

±( ) =  ±ℏ | | 
Where νF=√3γ0a/(2ℏ)≈106 m/s is the electronic group velocity and  

            κ = k-K, where k is a vector in the first Brillouin zone. 

These ‘Dirac fermions’ give rise to a host of outstanding and exotic 

electronic properties such as room temperature ballistic transport (νF≈106 m/s), 

room temperature quantum Hall effect, high carrier mobilities (∼106 cm2/Vs) etc. 

A more complete discussion of these excellent properties can be found 

elsewhere.8,10  



F
h
st
b
d
v
p

 

 

Figure 1-5:
honeycomb
tructure o

bands touc
dispersion 
valence an
points. Rep

: Electron
b lattice c
of this latt
ching each
near thes
d conduct
produced 

nic band st
onsisting 
tice consis
h other at 
e points is
tion bands
from Ref.

 

7

tructure o
of two sub
sts of p an
six points
s linear an
s touching
. 11. 

7 

of Graphen
b-lattices.
nd p* (val
s (K, K’). 
nd gap-les
g each oth

ne. (a) sho
. The elect
ence and 
(c), (d) t

ss, giving c
her near th

ows the 
tronic ban
conductio

the electro
conical 
he K, K’ 

 

nd 
on) 
onic 



 8 

1.1.2. Optical absorption of graphene and band gap 

The optical absorption of each graphene layer in the visible region can be 

approximated as: 

A≈ 1-T ≈ πα ≈ 2.3% 

Where α=e2/(4πε0) ≈ 1/137 is the fine-structure constant.12 

 

Figure 1-6: A) Optical image of single- and bi-layer graphene; B) 
transittance of graphene with one to five atomic layers. Transmittance 
scales linearly with the number of layers, showing that each layer 
absorbs 2.3% of light. Reproduced from Ref. 12. 

Since graphene has a linear, zero-gap dispersion, any optical excitation will 

have a corresponding resonant electron-hole pair. The optical absorption of 

graphene is constant over a wide wavelength range from 0.3-2.5 μm with no 

distinct absorption edge. However, the absorption increases below 0.3 μm, 

peaking in the UV region at ∼0.27 μm due to the van-Hove singularity in the 

density of states. In few-layer graphene, each graphene layer can be thought to be 
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a separate 2D electron gas, and the optical absorption of few-layer graphene is 

proportional to the number of atomic layers.12  

Conventional semiconductors have a band gap near the Fermi energy, 

which allow gate-switching in transistors with large ON/OFF conductance ratios 

(104-107). This property is crucial for operation of digital switches which are at 

the heart of modern electronics. Graphene however, has no band gap and 

therefore, transistors made out of graphene have low ON/OFF ratios (∼10). This 

limits the potential of graphene as a replacement for silicon in digital electronics. 

The lack of an optical band gap also results in a flat absorption (∼2.3%) across a 

broad wavelength range, severely limiting its use in optoelectronic devices as an 

active material. Thus, most optoelectronic applications of graphene have been 

limited to its integration as a passive element (e.g. transparent conductive 

electrodes in solar cells and light emitting diodes)13. Therefore, opening a band 

gap in graphene and controllably modifying its band structure has long been the 

holy grail in the physics of graphene.  
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1.2. Band gap engineering of Graphene 

The zero band gap of graphene is a result of the identical nature of both 

atoms in a graphene unit cell. Strictly speaking, in order to open a band gap in 

graphene, it would be necessary to modify the atomic structure of graphene in a 

periodic fashion. However, this is an exceedingly difficult task and known 

experimental techniques, such as lithography do not have the resolution and 

precision for controllably modifying the graphene lattice. However, several other 

methods for controllably modifying the band structure of graphene have been 

suggested.14  

Various approaches to opening a band gap in graphene have been 

proposed, such as substrate-induced band gap opening, substitutional doping (e.g. 

with boron or nitrogen or both), quantum confinement (e.g. nanoribbons15,16,17 
and quantum dots18,19), patterning/etching and chemical functionalization (e.g. 

hydrogenation, fluorination and oxidation). Of these methods, chemical 

functionalization offers the most degrees of freedom for controllably modulating 

the graphene band structure.  

1.2.1. Quantum confinement 

This approach is based on quantum confinement of graphene in 0D or 1D 

by cutting graphene into nanoribbons or quantum dots. In the sub-10 nm size 

regime, graphene nanoribbons (GNRs) have been shown to have sizeable band 

gap, which is inversely proportional to the width of the nanoribbons 

(Eg∼0.8/Width). GNR FETs have been shown to have large large On/Off ratios 

up to 106.16,17,20–24 However, the energy gap and their semiconducting/metallic 

nature depends critically on the edge structure (armchair/zigzag) and that has 

proved very hard to control.25,26 
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Figure 1-7: A) AFM image of Graphene nanoribbons (GNRs) 
produced by unzipping of carbon nanotubes. Scale bars are 100 nm. 
Adapted from Ref. 17. B)TEM images of graphene quantum dots 
(GQDs) produced by exfoliation of graphite nanoparticles. Adapted 
from Ref. 27. 

Most methods for synthesizing GNRs such as lithographic patterning, 

thermal/sonic exfoliation and unzipping of carbon nanotubes offer little control 

over chirality of the GNR edges.17,28,24 One notable bottom-up approach29 

produced precisely controlled GNRs, where the control over width and edge 

chirality was achieved by simply choosing the correct precursor molecule. 

However, their large-scale production is a challenge and their performance in 

devices has not been significantly explored. Graphene quantum dots have been 

synthesized primarily by oxidation of Graphitic materials such as graphite or 

carbon fibers. However, their chemical make-up is not clear. There is evidence 

that the quantum dots synthesized by chemical methods have significant amount 

of oxygen-bearing functionalities, which make it difficult to separate quantum 

size effects from effects of functionalization.19,30–33 
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Figure 1-10:  A) A schematic of nitrogen-doped graphene, showing the 
positions of dopant atoms in the graphene lattice. The nitrogen atoms 
are bnded in the ‘pyrridinic’ or the ‘pyrrolic’ configurations. I-V 
curves of B) pristine graphene FET and C) nitrogen-doped graphene 
FET show that the pristine graphene is weakly p-doped and the 
nitrogen-doped graphene is n-doped. Adapted from Ref. 38. 
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tuning the band gap of graphane. In a similar experiment, complete fluorination 

of graphene by exposure to xenon dilfluoride (XeF2) yielded insulating 

‘fluorographene’, which has an optical band gap of 3 eV.47 In a different report, 

controlled fluorination of graphene on one or both sides produced ‘fluorinated 

graphene’ and ‘perfluororgraphene’ respectively.48 Fluorination on one side of 

graphene was observed to saturate at 20 at.% (C4F, calculated band gap of 2.93 

eV) Fluorination on both sides was observed to saturate at 50 at.% (CF, 

calculated band gap of 3.03 eV). The fluorination could be reversed by reduction 

with hydrazine. Although a band gap was achieved by both hydrogen and 

fluorination, the band gap was too large (UV region) to be of interest for 

optoelectronic applications. 

 

Figure 1-12:  A & B: Schematic of pristine graphene and graphane. 
Adapted from Ref. 46. C) Schematic of fluorinated graphene with 25% 
surface coverage (C4F). Adapted from Ref. 48. 
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1.2.4.2. Oxidation 

Graphene is chemically extremely inert and resistant to attack by most 

oxidizing agents. Therefore, harsh chemical methods are necessary in order to 

covalently functionalize the graphene basal plane. A commonly used oxidation 

protocol, the Hummer’s method, involves treatment of graphite by a mixture of 

potassium permanganate (KMnO4) and sulfuric acid (H2SO4). This yields 

Graphite oxide, which consists of several stacked graphene layers decorated with 

oxygen-bearing functional groups, such as hydroxyl, epoxy, carbonyls, carboxylic 

acids and lactols.49 Complete exfoliation of Graphite oxide yields graphene oxide 

(GO), which consists of single graphene sheets functionalized with oxygen-

containing functional groups. A detailed discussion of various synthesis protocols 

for GO and elucidation of its structure and chemical makeup has been extensively 

reviewed in literature.50–52 It is worth noting that graphene oxide (GO) has 

broadband visible fluorescence which can be tuned from the ultraviolet to near-

infrared region. This makes GO an excellent system for studying the band 

engineering of graphene by functionalization. Although GO is a complex and 

heterogeneous material, it provides a useful platform for understanding the effect 

of different types of functionalization on graphene band structure. 

In the following section, we present a brief overview of the synthesis, 

structure and properties of graphene oxide. 
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1.3. Graphene Oxide 

Graphene Oxide was studied extensively as a precursor for obtaining 

reduced graphene oxide (RGO), a graphene-like material that can be produced in 

bulk quantities by chemical reduction of GO. However, due to the harsh chemical 

treatment necessary for producing GO, the basal plane has a high degree of 

structural disorder. When GO is reduced to produce RGO, this disorder cannot 

be completely eliminated, significantly reducing carrier mobilities.  

GO, however, has several interesting properties of its own, which may be 

useful for optoelectronic, energy storage and sensing applications. The oxygen-

functionalized basal plane of GO allows it to form stable suspensions in water. 

The functional groups on GO may be used as an anchor point for grafting other 

organic compounds such as biomolecules, making it a very useful platform for 

bio-imaging and drug delivery applications.  

1.3.1. Synthesis of Graphene Oxide 

Graphite oxide was first synthesized by Benjamin Brodie in 1859.53 A 

detailed review on progress in synthesis and structural characterization of GO has 

been published previously.50 Currently, two major synthesis protocols are used for 

the synthesis of GO: the modified Hummers’ method and the Tour method.  

1.3.1.1. Modified Hummers’ method 

In the modified Hummers’ method, graphite first undergoes a pre-

exfoliation step to increase the interlayer spacing and improve the effectiveness of 

subsequent oxidation. For pre-exfoliation, graphite is treated with a mixture of 

concentrated sulfuric acid, potassium persulfate and phosphorus pentoxide at 

80oC for several hours. The treated graphite is then washed, dried and oxidized 
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using a mixture of concentrated sulfuric acid, sodium nitrate and potassium 

permanganate at 45oC for 2h. The GO produced using this method contains up 

to ∼26% oxygen by weight.54  

A disadvantage of the modified Hummers’ method is the lengthy and 

tedious purification process needed for getting GO of high purity and high 

quality. Another significant disadvantage is that the GO synthesized by this 

method has small sheet sizes, in the range of a few microns.  

 

Figure 1-13: Schematic flow chart of the modified Hummers’ method 
for syntehsis of GO. The image shows a suspension of the purified GO 
in water. Reproduced from Ref. 55. 

1.3.1.2. Tour method 

This is a more recent method, developed in 2010 by Tour and coworkers56 

to improve the degree of oxidation of GO, minimize the evolution of toxic gases 

during oxidation and to get large-area GO sheets.  
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In this synthesis protocol, sodium nitrate is replaced by a larger quantity 

of potassium permanganate (6x the weight of graphite). Additionally, the 

reaction mixture consists of a 9:1 mixture of sulfuric acid and phosphoric acid. 

The GO produced using this synthesis method had high oxygen content and 

yields larger GO sheets. 

1.3.2. Structure of Graphene Oxide 

GO is a largely amorphous, non-stoichiometric material. Due to its 

complexity, its structure and chemical makeup has been a matter of debate for 

several decades and current understanding is still incomplete. However, solid-

state nuclear magnetic resonance spectroscopy (SSNMR) has been successfully 

used for elucidating the major aspects of the structure and chemical composition 

of GO.  

The most widely accepted model is the Lerf-Klinowski model54, which is 

based on SSNMR measurements (Figure 1-14). Salient features of this model are: 

• Tertiary alcohols and 1,2 ethers are the dominant functional groups, bonded 

to the basal plane of GO 

• Water molecules are strongly bound by hydrogen bonding to oxygen atoms 

from the epoxide functionalities of GO 

• Significant hydrogen bonding interaction between the stacked GO sheets due 

to alcohols and epoxides on the basal plane as well as water trapped between 

GO sheets 

• Carboxylic acid and other carbonyl-related functional groups on the edges of 

the graphene sheets 

• 5- and 6-membered lactols and esters of tertiary alcohols are present in small 

numbers 
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It is important to note that the degree of oxidation of GO may strongly 

influence the spatial distribution of functional groups and chemical composition 

of GO.57 Thus, there are variations between samples synthesized by different 

chemical methods as well as by different purification methods.  

 

Figure 1-14: The most widely accepted model structure for GO is the 
Lerf-Klinowski model. Adapted from Ref. 54. 

1.3.3. Electronic and optical properties of graphene oxide 

When GO is synthesized by chemical oxidation of graphene, a network of 

graphitic (sp2) islands and chemically functionalized (sp3) regions is formed. The 

presence of functional groups on GO49 acts as a source of structural and 

electronic disorder50,58–60 on the graphene basal plane. Theoretical studies on 

model systems predict an optical band gap and fluorescence due to localization in 

the π-system61,62,63. Therefore, GO presents a cheap and interesting, albeit very 

complex platform, for studying the effect functionalization on the electronic 

structure of graphene.  

The optical properties of graphene oxide have been studied extensively 

over the last few years and a wide range of optical phenomena such as broadband 

fluorescence; fluorescence quenching, optical limiting etc. have been observed. As 

reported by several groups, GO shows significant optical absorption and 
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broadband fluorescence in the visible and near-infrared (NIR) spectral 

regions64,65,66. As a result, GO has received attention for its potential use in low 

cost, large area optoelectronic applications, biomedical imaging and cancer 

therapy. Many of these early studies on optical properties of GO and their 

potential in related applications have been reviewed previously67.  

In most previous studies, the broadband fluorescence observed in GO has 

been attributed to π-electrons confined in localized sp2 domains. Chhowalla and 

co-workers66 reported that moderately reduced GO films excited in the ultraviolet 

emit broad blue emission attributed to such localized domains. That would imply 

that the broadband fluorescence is a result of heterogeneous broadening arising 

from a large number of tiny, confined graphitic domains with varying sizes and 

therefore, varying band gaps. These previous reports consider functionalization 

only as a source of electronic disorder in graphene. However, Gokus et al.68 

observed visible emission from oxygen plasma-treated graphene, which was 

spatially uniform and showed evidence of homogenous broadening of emission 

from distinct species. This emission was attributed to localized electronic states 

due to carbonyl (C=O) groups on the graphene surface.  

It is clear that these two mechanisms are fundamentally different and 

would have very different implications for applications of functionalized graphene. 

It is therefore necessary to probe the role of functional groups in functionalized 

graphene products and understand the different roles played by functionalization 

in increasing crystal disorder and perturbation of local electronic structure.69 

Establishing an unambiguous correlation between functionalization and optical 

properties would be crucial for realization of graphene in optoelectronic 

applications. 
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The vigorous oxidation protocols used to synthesize GO offer only limited 

control over the degree and nature of functionalization and there is unavoidably 

some variability in the GO samples synthesized by various research groups, due 

to use of different synthesis and purification protocols. The C:O elemental ratios 

measured using XPS have often been used as simple parameters for 

characterizing the degree of oxidation of both pristine GO and at various stages 

of reduction70,71. However, the C:O ratio alone does not adequately reflect the 

chemical make-up of GO samples, such as the relative abundance of functional 

groups and their spatial distribution. Therefore, correlating experimental 

observations from various groups into a complete picture has proven difficult.  

In the present work, we have attempt develop and understanding of the 

optical properties of GO by reducing its complexity. We have employed a variety 

of spectroscopy and imaging techniques to study GO as a function of pH, oxygen 

content and irradiation with visible light. First, we have attempted to establish 

the origin of fluorescence in GO. We find that the fluorescence originates due to 

presence of functional groups on GO. Then, we have attempted to establish the 

contribution of different functional groups to GO fluorescence by using controlled 

reduction. Subsequently, study the effect of visible light irradiation of GO in an 

attempt to engineer its fluorescence. In the final chapter, we present a novel CVD 

technique for graphene synthesis, which opens up new possibilities for band 

engineering of graphene by substitutional doping. 
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2.1. Experimental Methods 

The precursor material for graphene oxide synthesis was commercially 

available graphite powder (SP-1 graphite, from Bay Carbon Corporation). GO 

was synthesized by oxidation of the graphite powder by the modified Hummers 

method49,72,56. A separate batch of GO was synthesized from expandable graphite 

(Intumescent Flake Graphite from Asbury Carbons).  The graphite powder was 

first thermally exfoliated (700oC for 1 min) further oxidized by the modified 

Hummer's method. After appropriate washing and purification, the GO was 

suspended in deionized water (0.1 mg/mL) by bath ultrasonication (30 min) 

followed by horn sonication (10 min at 5 W), yielding clear yellow suspension. 

The suspensions had no visible particulates and remained stable for up to two 

months, indicating that the GO particles were small and well dispersed. The 

suspension was then divided into 10 mL aliquots and their pH values were 

adjusted between 1.7 and 12.7 by addition of dilute H2SO4 or dilute KOH. The 

GO suspensions visibly darken as the pH is adjusted to basic pH (Figure 2-1).  

 

Figure 2-1: Optical image of GO samples. Image of four GO 
suspensions at different pH values across the measured pH range. The 
suspensions progressively become darker as the pH increases and 
lighter as pH decreases. Reproduced from Ref 73. 
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Before each measurement, the sample was horn sonicated at 5 W for 5 

min. Fluorescence spectra were obtained on a J-Y Spex Fluorolog 3-211 

spectrofluorometer The acquisition conditions were: 7 nm spectral slit widths for 

excitation and emission, 3 nm step size, 6 s integration. Emission spectra were 

obtained with 440 nm excitation. The measured spectra were corrected for 

detector response and excitation power. A spectrum obtained with DI water was 

used as a reference to subtract the contributions due to solvent Raman 

scattering.  Absorbance spectra were measured in quartz cuvettes on a Cary 400 

spectrophotometer. To prepare samples for FTIR spectroscopy, the pH 1.7 

suspension was further acidified until the GO started to aggregate (at pH ∼0.5). 

The suspensions were then centrifuged (13,000 x g for 20 min) and a solid 

precipitate of acidic GO was obtained. A precipitate of basic GO (from pH 13.5) 

was similarly obtained. FTIR spectra of the precipitated GO were measured on a 

Nicolet FTIR Microscope in the ATR mode with an MCT/A detector. TEM 

images and selected area electron diffraction patterns (Figure 2-2) were obtained 

with a JEOL 2100 Field Emission Gun TEM.  
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Figure 2-2: TEM analysis of GO flakes. (a) & (b): Representative TEM 
Images of GO flakes cast from horn sonicated suspensions. The GO 
flakes were single-layered. Flake sizes observed in TEM images ranged 
between ∼50-300 nm. (c) Typical selected area diffraction pattern 
taken on a single GO flake shows familiar hexagonal diffraction 
pattern of graphene. The hexagonal pattern indicates the imaged GO 
piece is possibly single-layered74 and implies good crystallinity in the 
sheets. Reproduced from Ref 73. 
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2.2. Results 

The as-prepared graphene oxide suspension was slightly acidic (pH 5.2), 

likely due to traces of acid remaining from the synthesis. Emission spectra 

measured with 440 nm excitation at pH 5.2 showed a single broad peak (FWHM 

> 200nm) centered at 668 nm (Figure 2-3a), similar to emission spectra reported 

previously.64,65,66,68. As the pH of suspensions was increased from highly acidic 

(pH 1.7) toward neutral (pH 7), a monotonic decrease in the intensity of this 

broad emission peak was observed, with no significant change in the shape of the 

peak (Figure 2-3b). Above pH 7, the 668 nm peak disappeared and two relatively 

sharp peaks emerged at 482 nm (∼16 nm FWHM) and 506 nm (∼26 nm FWHM) 

(Figure 2-3b). Corrected peak wavelengths for all components obtained by 

simulating the emission spectra as a sum of five Gaussian components were: 479, 

506, 531, 577, and 683 nm. There were significant uncertainties in the peak 

positions of the broad 577 and 683 nm features. (Figure 2-4) A plot of peak 

amplitudes of the three major components (479, 506, and 683 nm) as a function 

of pH shows that the amplitude of the acidic (683 nm) peak decreases in 

intensity, almost monotonically from pH 1.7 to 12.7, while the two basic peaks 

(479 and 506 nm) emerge abruptly in the narrow pH window between 7.6 to 8.0, 

similar to a fluorimetric titration (Figure 2-3c). The observed variations in the 

fluorescence spectra were completely reversible within the measured pH range, 

indicating that the chemical structure of GO was intact, with no loss of oxygen.75 

In a separate experiment (Figure 3-3), GO suspension was cast on to a quartz 

cover slip and fluorescence images of individual GO sheets were obtained while 

being exposed to different pH environments (pH 1, 7, 11). The fluorescence 

intensity of individual GO sheets showed that PL intensity was the highest at pH 

1 and lowest at pH 11, consistent with bulk measurements (Figure 2-5). 
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Figure 2-3 : pH dependent fluorescence, absorbance and excitation 
spectra of GO (a) Fluorescence spectra (440 nm excitation) from pH 
1.7 to 12.7; (b). Spectra measured in basic media (pH 7.6 to 12.7) 
plotted on an expanded scale for clarity; (c) Intensities of emission 
components at 479, 506, and 683 nm (deduced from spectral fitting) as 
a function of sample pH; (d).Absorbance spectra (1 cm path length) of 
GO at pH values between 2.9 and 11; (e).Excitation spectra for 
emission at 511 nm, for sample pH values between 2.9 and 11; 
(f).Excitation spectra measured for emission at 665 nm, for sample pH 
values between 2.9 and 11. Reproduced from Ref 73. 
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Figure 2-4: Gaussian fitting of fluorescence spectra. Fluorescence 
spectra (a) pH 8.0 and (b) pH 11.0 could be accurately simulated as a 
superposition of 5 Gaussians with coefficient of determination, 
R2>0.999 for all fits in basic regime. The basic peak positions deduced 
from these fits were 479 nm, 506 nm & 531 nm, with very small 
uncertainties (<0.25nm), while the broad weak acidic peaks had very 
large uncertainties. For (c) pH 7.85 and (d) pH 6.5, the spectral 
weight of the 479 nm peak was negligible and the spectra could be 
accurately simulated by 4 Gaussians with R2>0.998. The corrected 
peak wavelengths for the broad acidic peaks were determined to be 
577±13nm and 683±2 nm. Reproduced from Ref 73. 
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Figure 2-5 : PL images of individual GO flakes exposed to pH 1, 7 and 
11 evironments. The overall PL intensity is highest at pH 1 and lowest 
at pH 11. 
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Absorption spectra between 200 and 550 nm for GO suspensions (pH 2.9 

to pH 11) showed no clear features except for a peak near 230 nm (Figure 2-3d). 

This peak was assigned to π−plasmon absorption in the sp2 regions in the GO 

sheets, although energy (5.4 eV) is somewhat higher than observed for SWCNTs 

or estimated for graphene.76 The absorption tail at longer wavelengths was 

significantly more intense at higher pH values. No aggregation or instability was 

observed in the GO suspensions during these measurements.  

The variations in the GO absorption spectra at different pH values were 

minor in comparison to those found in the emission spectra. This suggests that 

the fluorophores are not the dominant absorbing species in the GO samples. This 

was confirmed by the fluorescence excitation spectra (Figure 2-3 e,f), which are 

very different from the absorption spectra. In the basic pH regime, the emission 

feature at 506 nm was induced by distinct excitation bands near 491, 465, 436, 

and 417 nm. Similar behavior was found for 479 nm emission (Figure 2-6).As the 

sample pH was increased above 8, there was a rapid reduction in the efficiency 

with which the 491 nm excitation induced the 506 nm emission. Fluorescence 

excitation spectra of the broad (acidic) emission peak at 683 nm showed distinct 

peaks matching the positions of those found in excitation spectra of the basic 

emission peak at 506 nm (Figure 2-3 e,f). The fact that different GO emission 

features seen under acidic and basic pH media conditions are produced by 

matching transitions indicates that both types of emission arise due to excitation 

of the same ground state species. In a separate experiment, the photocurrent 

action spectrum of GO was measured using an innovative capacitive 

technique77,78. The photocurrent spectra showed peaks (Figure 2-7) qualitatively 

matching the fluorescence excitation peaks. (Figure 2-3e and Figure 2-3f.) 

Further, the photocurrent peaks also increased in intensity with increasing gate 

voltage, indicating a possible excitonic origin.  
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Figure 2-6: Excitation profiles measured at 482 nm and 511 nm on pH 
11 sample are qualitatively similar. It is not possible to separate the 
effect of excitation wavelength on the two mirror image spectra. 
Consequently, only excitation spectra of the 511 nm peak are reported 
and used for further analysis. Reproduced from Ref 73. 

 

Figure 2-7 : (a) Capacitive Photocurrent spectroscopy (CPS) setup. 
The device is a capacitor in which the GO film acts as one of the 
electrodes; the technique measures absorpiton only due to formation of 
charge carriers and is not influenced by non-mobile excitations or 
absorption due to lattice vibrations; (b) CPS spectra of GO show 
photocurrent features in the 350-550 nm range and the spectra show a 
marked increase in intensity with gate voltage.  
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2.3. Discussion 

Further analysis of the data in Figure 2-3 revealed molecular-like patterns 

in the structured fluorescence and excitation spectra. However, these patterns 

were more complex than those of pure organic molecules. For GO suspension at 

pH 8, we observed that the emission at 511 nm was efficiently induced by 491 nm 

excitation. However, when the sample pH was adjusted to 11 and excited at 

shorter wavelengths, it emitted at 479 nm. The presence of an emission feature at 

a shorter wavelength than an excitation peak indicated that the GO sample 

contained more than one fluorophore. Plots of normalized excitation and emission 

spectra at the two pH values revealed two pairs of near-mirror-image spectra, 

labeled A and B in Figure 2-8a. Each of these excitation/emission peak pairs 

resembles the mirror image spectra observed for molecular fluorophores. In this 

interpretation, the electronic origin frequencies of species A and B would be 

20,050 and 21190 cm-1, respectively, with fluorescence Stokes shifts (spacing 

between the principal emission and excitation peaks) of approximately 650 cm-1. 

Although the chemical composition of GO is inconsistent from batch to batch, we 

found that all samples show similar fluorescence-excitation mirror-image patterns 

in basic media. The mirror-image spectra also contain secondary spectral features 

separated by ∼1000 to 1600 cm-1, which suggest short vibrational progressions in 

the molecular electronic spectra. 

The view that the fluorescence spectra in Figure 2-3a, b originate due to 

more than one fluorophore is supported by similar measurements on a different 

GO sample prepared from expandable graphite, a slightly different starting 

material (Figure 2-8b, Figure 2-9). Emission and excitation spectra obtained from 

this sample show features that match the main features of species A in Figure 

2-8a but no peaks corresponding to species B.  
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Figure 2-8: Combined excitation and emission spectra of graphene 
oxide a. Normalized fluorescence and excitation spectra for GO 
samples at pH 8 (labeled A) and pH 11 (labeled B). Fluorescence 
spectra were recorded with 440 nm excitation for both A and B; 
excitation spectra were measured with 511 nm detection for A and 482 
nm detection for B. b. Fluorescence spectrum (440 nm excitation) and 
excitation spectrum (540 nm detection) recorded on a suspension of 
GO at pH 10.7 prepared from expandable graphite. Reproduced from 
Ref 73 
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Figure 2-9:  Fluorescence of GO prepared from expandable graphite. 
Fluorescence of GO synthesized from expandable graphite (see 
Methods) shows only one sharp peak (511 nm) at basic pH values, 
while showing broad, structure-less spectra in acidic medium. 
Reproduced from Ref 73 

We therefore deduce that the mirror images A and B represent distinct 

emissive species, with different relative abundances in the two GO samples. 

Further, the absence of pronounced side bands in Figure 2-8b suggests that the 

side bands in Figure 2-8a may arise due to additional, distinct fluorophores rather 

than vibronic transitions of species A. Detailed analysis of these additional 

fluorophores is not possible as the corresponding emission peaks at 531 nm and 

577 nm (Figure 2-4) are not distinct and are apparent only on spectral fitting. 

Vibrational absorption spectra were measured using ATR-FTIR 

spectroscopy of solid GO samples obtained by centrifugation of highly acidic (pH 

<1) and highly basic (pH >13) suspensions (Figure 2-10). A number of 
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absorption bands are evident in the FTIR spectra. These are assigned to 

vibrational modes of functional groups including COOH, COO-, C-OH, C-H, and 

C=O (see Figure 2-10 caption).79 Among these functional groups, we would 

particularly expect COOH and COO- groups to exhibit strong pH-dependent 

behavior over the studied pH conditions. 

 

Figure 2-10  : Vibrational absorption spectra of GO. ATR-FTIR 
spectra of solid GO samples isolated from a. acidic and b. basic 
aqueous suspensions. Major bands and proposed assignments in a.: 
1040cm-1 (C-O stretch), 1164 cm-1 (C-OH stretch), 1623 cm-1 
(adsorbed water & skeletal vibrations of unoxidized graphitic 
domains), 1722 cm-1 (C=O stretch); in b.: 829 cm-1 (C-H out-of-plane 
wag), 980 cm-1 (possibly epoxide stretch), 1007cm-1 (C-H in-plane 
bend), 1309 cm-1 (C-O stretch), 1367 cm-1 (COO- symmetric stretch), 
1590 cm-1 (COO- antisymmetric stretch). Reproduced from Ref 73 
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GO is a complex non-stoichiometric material containing multiple oxygen-

bearing functional groups. Therefore, it may be useful to interpret the pH-

dependent behavior of its fluorescence spectra by analogy to compounds 

consisting of benzene rings attached to oxygen-bearing functional groups, such as 

polycyclic aromatic carboxylic acids. Model compounds would then include 

pyrene-3-carboxylic acid (3-PCA), pyrene-1-carboxylic acid (1-PCA), or anthracic 

acids (9-AC, 1-AC, 2-AC).  

Our observation that similar excitation transitions cause very different 

emission spectra in basic and acidic pH conditions indicates the presence of 

excited state proton transfer. The tendencies of deprotonation in the ground state 

and excited state are described by pK and pKa* values respectively. For the 

model compounds listed above, it is known that pKa* is higher than pKa by 

approximately 1.5 to 5 units (3.8 vs. 5.2 for 3-PCA80, 4.0 vs. 8.7 for 1-PCA81,82 , 

3.0 vs. 6.5 for 9-AC83,84). Therefore, at pH values between pKa and pKa* the 

carboxylic acid groups in these compounds will be largely deprotonated (-COO-) 

in the ground state but will be reprotonated in the electronically excited state (-

COOH*). 

We suggest that the structured emission seen above pH 8 in our GO 

samples originates from electronically excited (G-COO-)* moieties formed by 

excitation of ground state carboxylic acid moieties (G-COO-). The abrupt loss of 

short-wavelength emission peaks when sample pH drops below pH 8 (Figure 2-3c) 

is then associated with excited state protonation of the (G-COO-)* species to (G-

COOH)*, which emits the broad, red-shifted emission observed in acidic pH 

conditions. We note that the observed pH-dependence and spectral structure of 

fluorescence and excitation spectra are qualitatively very similar to those 

reported for aromatic carboxylic acids (3-PCA80, 1-PCA81,82,9-AC, 1-AC, and 2-

AC83–85 ) in polar solvents, where structured mirror-image excitation/emission 
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spectra were observed at basic pH but only broad red-shifted fluorescence is 

observed in acidic pH conditions. The broad, strongly red-shifted emission of 

carboxylic acids in the acidic medium has been attributed80,81,84,85 to a 

combination of strong interactions between the protonated acid species and the 

polar solvent and large geometric changes in the protonated species during 

excitation and emission. The reversibility spectral changes with pH observed in 

our GO samples rules out aggregation as a cause of the red-shifted emission. The 

whole process of excitation and emission in acidic and basic pH conditions has 

been illustrated in Figure 2-11. 

 

Figure 2-11: Illustration of the excited state protonation. In basic pH 
conditions (pH>8), both ground and excited state species (G-COO- 
and G-COO-*) tend to remain unprotonted, giving sharp, structured 
emission. When pH drops below 8 (pKa<pH<pKa*), the ground state 
remains unprotonated, but the excited species (G-COO-*) is 
protonated to (G-COOH*), giving broad, red-shifted emission spectra 

  



 40 

GO is a chemically heterogeneous material. Apart from the presence of 

addends other than carboxylic acid groups, there must also be a distribution of 

distances between positions of moieties and a variation in the sites (e.g. face or 

edge, zigzag or armchair) at which the moieties are located. In view of this 

complexity, it is remarkable that the fluorescence spectroscopy of GO has a 

simple molecular interpretation. We suggest that GO fluorescence is dominated 

by a small number of quasi-molecular fluorophores consisting of isolated COOH 

groups attached to sp2 regions of graphene that they significantly perturb. To 

investigate this possibility, we have performed semi-empirical (PM3) quantum 

calculations on a model graphene fragment containing 240 carbon atoms and one 

COOH or COO- group bonded to an edge atom. Our results for COO- show a 

delocalized but relatively distinct region of negative electrostatic potential (Figure 

2-12a), which we interpret as the region of strong electronic coupling between the 

graphene sheet and COO- group. Although the range of coupling is not sharply 

defined, it seems largely confined to a region containing approximately 34 carbon 

atoms (13 hexagonal rings). The computed electronic absorption spectra of the 

COOH and COO- addends on graphene contain several intense singlet-singlet 

electronic transitions in the 450-550 nm region and a few transitions in the 650-

750 nm region (Figure 2-12b). These wavelengths ranges are similar to the peaks 

in the excitation spectra measured in acidic and basic pH conditions (Figure 2-3). 

If the fluorophores in GO are considered analogous to polycyclic aromatic 

hydrocarbons, the observed sharp transitions would correspond to a molecule 

containing approximately 50 π-electrons, which is reasonably consistent with the 

size of the graphene region estimated from our computational modelling (34 

carbon atoms). More extensive calculations, especially involving different 

functional groups such as hydroxyls, epoxides and cabronyls, will be valuable for 
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clarifying the nature of optical transitions arising from coupling of graphene 

regions and oxygen-containing functional groups. 

 

Figure 2-12: a. Computed electrostatic potential isosurface for a 
graphene sheet fragment derivatized at its edge with COO-. The 
semiempirical quantum chemical calculation was performed using the 
PM3 method with a graphene fragment containing 240 atoms. The 
plotted purple isosurface, enclosing the COO- group, shows the 
boundary of the region in which there is a negative potential value 
exceeding 0.06 e/a0; b. Computed oscillator strengths for G-COOH 
and G-COO- optical transitions. for the fragmet shown in Figure 2-12a. 
Reproduced from Ref 73 
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2.4. Conclusions 

In summary, we have found strongly pH-dependent visible fluorescence 

from aqueous suspensions of graphene oxide. In basic conditions, relatively sharp 

and structured emission and excitation peaks appear near 500 nm. In acidic 

conditions, the sharp, structured fluorescence near 500 nm disappears and a 

single broad, strongly red-shifted emission peak is observed near 680 nm, while 

the excitation spectra remain relatively similar in shape. This behavior points to 

excited state protonation of the fluorophores in acidic media. Assuming that the 

oxygen bearing functional groups are sufficiently isolated and that there are no 

major energy transfer effects, we propose, based on experimental data and semi-

empirical model computations, that the observed emission spectra arise from 

quasi-molecular fluorophores similar to polycyclic aromatic compounds. These 

fluorophores are proposed to form due to carboxylic acid groups electronically 

coupled with nearby sp2 carbon regions. The model computations and the 

observed spectra suggest that the effective fluorophore size is relatively well 

defined. It may be beneficial to further enhance the homogeneity of such local 

electronic modifications of graphene through refined chemical processing methods. 
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these measurements would be helpful for understanding spatial inhomogenities in 

optical properties, as well as for tuning reduction protocols for devices based on 

Chemically Converted graphene (CCG). 

This information, combined with other analytical techniques such as X-ray 

Photoelectron Spectroscopy (XPS) and Fourier-transformed Infrared 

Spectroscopy (FT-IR) will be helpful for quantifying the contributions of different 

functional groups to GO fluorescence.   

3.1. Introduction 

The fluorescence of graphene oxide (GO) has been found to be useful for a 

number of applications such as cell imaging, cancer therapy and drug delivery. 

However, GO is a non-stoichiometric material and significant variation in its 

chemical composition is observed, depending on the precursor material, 

oxidization and purification protocols as well as variations from batch-to-batch. 

The extent of exfoliation of GO also determines its usefulness for applications. 

Significant progress has been made in the understanding of the chemical make-up 

of GO and Solid-State NMR studies have been instrumental in understanding the 

average relative abundances of functional groups.52 However, little is known 

about the spatial distribution of those functional groups. Also unknown is how 

the relative abundance of functional groups affects the optical properties of GO, 

especially its fluorescence. This chemical inhomogeneity and associated variations 

in its optical properties are a major source of the variations in reported results. 

Therefore, reducing this complex system to a simpler and chemically more 

homogenous material would greatly benefit the study of its optical properties and 

tailoring it for applications.  
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One approach to this is the use of controlled reduction to enhance the 

relative abundance of particular chemical species. Several approaches have been 

used for achieving controlled reduction of GO: thermal annealing58,60,86–88, 

hydrogen plasma59,74, electrochemical reduction89–91, reduction by hydrazine 

solution 59,87,88,92 or hydrazine vapors66,70. Most of these studies on controlled 

reduction of GO have focused on understanding the chemical and structural 

changes that occur during the reduction of GO, with a view of achieving the best 

transport properties of the chemically converted graphene (CCG). Very few 

reports have focused on the optical properties of progressively reduced GO. 

Chhowalla and coworkers66 have reported enhancement of fluorescence of GO 

films in the blue region66, assigned to band gaps due to confinement in sp2 islands 

formed in the sp3 matrix during the reduction process, while Kikkawa and 

coworkers65 reported a broadening and red-shift of fluorescence upon reduction.  

In a separate study73 we found that the origin of fluorescence in GO may 

be due to the presence of localized electronic states created due to the presence of 

functional groups connected to sp2 islands. In this view, different functional 

groups, their spatial distribution on the basal plane and their particular 

configurations when connected to the sp2 regions assume special importance. This 

would mean that each functional group (e.g. carbonyl, hydroxyl, epoxides) 

present on the GO basal plane would produce different kinds of fluorophores, but 

bulk fluorescence measurements would only yield broad, mostly featureless 

fluorescence spectra. Tuning the relative abundance of functional groups is likely 

to yield important information about the relative contributions of various 

functional groups to the GO fluorescence. However, although thermal annealing 

and exposure to hydrazine solutions offer some degree of control over the total 

oxygen content, they offer little control over the relative abundance of functional 
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groups. Therefore, estimating the relative contributions of different functional 

groups to GO fluorescence has remained a challenge. 

In a separate study70, freestanding GO films were exposed to hydrazine 

vapors  and FT-IR measurements were conducted on the progressively reduced 

films. It was found that due to the mild nature of the reduction treatment, 

different functional groups were reduced at different rates. The FT-IR spectra 

measured at different stages of reduction indicate that the carbonyl (C=O) 

species are the most reactive and get reduced the fastest (∼8h), followed by 

epoxides (C-O-C, ∼21h) and then hydroxyl (R-OH) groups on the basal planes 

are reduced only after prolonged exposure (∼108h) to hydrazine vapors. This 

study indicated that mild reduction protocols may be employed to controllably 

change the relative abundances of functional groups. (Figure 3-1, Figure 3-2) 

 

In the present study, we have focused on studying the fluorescence of 

individual GO sheets reduced under mild conditions in order to estimate the 

relative contributions of different functional groups to GO fluorescence. We have 

imaged individual GO sheets by using Laser Scanning Confocal Microscopy, while 

being reduced by dilute hydrazine solution.  The spatial information obtained 

from this experiment may be key to building optoelectronic devices built from 

controllably reduced GO. 
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Figure 3-1(a) Reduction of carbonyl, phenol, and tertiary alcohol 
moieties at different times of hydrazine exposure. IR spectra reveal 
sequential reduction of (i) carbonyl (1720 cm−1), (ii) phenol (1278 
cm−1), and (iii) tertiary alcohol (1375 cm−1) functional groups. The 
carbonyl group is completely reduced after 8 h, after which the phenol 
moiety is removed at 16 h, and finally the tertiary alcohol at 108 h of 
hydrazine vapor exposure. (b) Reduction of the epoxide group and a 
shift in the alkoxy peak. Evidence of sequential reduction of the 
epoxide group is noted due to a decrease in the intensity of (i) 
molecular stretching (1220 cm−1) and (ii) bond bending (850 cm−1), 
leading to the conclusion that complete reduction occurs after 21.5 h. 
The alkoxy peak (iii) is seen to progressively shift from 1060 cm−1 to 
1020 cm−1, serving as a possible indicator for nitrogen-substitution at 
alkoxy sites. Reproduced from Ref. 70. 
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Figure 3-2 : Increasing C/O ratio of free-standing pRGO films upon 
exposure to hydrazine vapors. Progression is observed from a ratio of ∼1.7 in pristine GO to spikes in the C/O ratio at precisely the same 
points of removal of each organic moiety. The final C/O ratio of ∼4.5 
is considerably less than that of conventional RGO, which is why the 
optical band gap does not decrease below 1 eV when reduced by 
hydrazine vapors. Reproduced from Ref. 70. 
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3.2. Experimental Methods 

  

Figure 3-3 : Schematic of single-molecule imaging and spectroscopy 
setup used to image individual GO sheets. The scanning mirror rasters 
the confocal spot over the surface of the cover slip and the APD 
measures the integrated PL intensity (450-700 nm) at every point.  

The single-molecule imaging and spectroscopy setup consists of an inverted 

confocal microscope with a 100x, NA1.49 objective. A 405nm, 70ps pulsed laser is 

used to excite the sample with an approximate spot diameter of ≈300nm. The 

excitation beam is reflected by a scanning mirror before entering the objective. 

The scanning mirror can be used to steer the focused beam in the XY focal plane 

of the objective, in an approximate maximum area of 90x90μm. The collected 

fluorescence is separated from the excitation by using a dichroic mirror having a 

450-700nm transmission range and detected using an avalanche photodiode 

(APD). By rasterizing the beam over the sample and collecting the PL intensity 

at each point, a fluorescence image of the sample is built.  
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In the present experiment, although part of the GO fluorescence from 

∼700-900 nm is not detected, the changes in fluorescence intensity measured are 

representative of the changes in the entire PL spectrum. In addition, a cuvette 

with a hole cut into its bottom was stuck onto the cover slip. Different aqueous 

solutions could then be added to the cuvette and the samples on the cover slip 

could be imaged in the presence of different environments (e.g. different pH, or 

reducing/oxidizing agents). A very dilute dispersion of GO in methanol is 

carefully cast onto a quartz cover slip. A very slight amount was sufficient to get 

the necessary density of GO sheets for imaging. An upright optical microscope 

was used to identify GO sheets for imaging. The GO sheets were first imaged in 

air and then after immersion in water by filling the cuvette with DI water. 
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3.3. Results and Discussion 

3.3.1. Imaging in Air and Water 

PL image of the GO sheet in air shows detailed spatial PL information 

over a large area, such as variations in the number of layers and wrinkles on the 

cast sheet (Figure 3-4 a). A section profile through regions A and B (Figure 3-5) 

shows that the average background-subtracted PL intensity in region A is 

approximately 3x of that in region B, indicating that A and B may be 3 and 1-

layer GO respectively. The wrinkles appear as bright lines running across the GO 

sheet. The GO sheet showed no measurable drop in PL intensity due to exposure 

to the pulsed laser, even upon imaging repeatedly. DI water was subsequently 

added to the cuvette and the observed PL intensity rapidly dropped over the 

entire sheet by a factor of ∼3.  

Since GO is intrinsically ‘acidic’ due to the presence of carboxyl and 

hydroxyl groups, this observation is consistent with pH-dependent PL spectra of 

GO suspensions in water (Figure 2-3)73,  where the PL intensity decreases as pH 

is tuned from acidic to neutral. PL spectra measured using a LN2-cooled CCD, 

by parking the excitation spot over specific areas on the GO sheet were erratic 

and unusually weak. It was later observed that the prolonged exposure to the 

confocal laser spot (∼103W/cm2 for ∼30-60s) caused photobleaching due to local 

reduction of GO. This was not an issue during imaging, since residence time of 

the laser was ∼3-8 ms/pixel during scanning. 
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Figure 3-4: Scanning confocal images of GO sheet in a. air and b. 
water environment. The laser spot (405nm, 70ps, spot size ≈300nm) 
was scanned over a 80x80 μm2 area and a 400px x 400px image was 
generated in a total scanning time of 20 min. The average residence 
time of the laser on every pixel (≈0.04 μm2) was 7.5 ms.  

  

Figure 3-5 : Section profile through PL image of GO. Average 
background-subtracted PL intensity in region A is approximately 2x of 
that in region B, indicating that A and B may be 3 and 1-layer GO 
respectively.  

Photobleaching Wrinkles 
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3.3.2. Imaging of in-situ reduced GO sheets 

3.3.2.1. 0.6% hydrazine reduction 

The water in the cuvette above was pipetted out and 0.6% hydrazine 

solution was added and the imaging was started immediately. The GO sheet was 

continuously imaged as it was reduced by the hydrazine solution, over the course 

of the next ∼7h. Selected PL images of the GO sheet are shown in Figure 3-6. 

The PL intensity over the GO flake decreases rapidly in the first ∼30 min of 

reduction and slows down thereafter. The wrinkles in the GO sheets remain 

relatively bright even as the surrounding areas have reduced intensity, indicating 

that the wrinkles are not reduced efficiently. 

 

Figure 3-6 : Selected PL images of in-situ progressively reduced GO 
sheet.over the course of ∼7h of exposure to 0.6% hydrazine solution. 
The PL intensity decays rapidly in the first 30 mins and the decay 
slows down thereafter. Scale bars are 20 μm 
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Figure 3-7 : PL intensity vs Reduction time curves at selected points 
P1-P4 on the progressively reduced GO sheet. Point P1 is a bright 
spot in the lower left region; P2 is in a unfiorm region, P3 is possibly a 
single-layer region, P4 corresponds to a wrinkle. 
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PL intensities at selected points in every image were extracted by 

averaging the intensity in a 5x5 pixel (∼1.5x1.5 μm2) neighborhood. This 

approach was helpful in eliminating drifts occurring during the course of the 

experiment ∼7h. Figure 3-7 shows a plot of PL Intensity vs reduction time 

measured at four selected points across the GO sheet. The PL intensity is found 

to decay bi-exponentially: an initial fast reduction component with τ1∼5-8 min 

and a subsequent slow component with τ2∼65-75 min. The amplitudes (A1 and 

A2) of the two decay components correspond to the PL intensity at time t=0. 

The ratio of these initial PL intensities, A1/A2 ≈ 2.2. Since the images were not 

spectrally resolved, it was unclear whether the two decay components were in 

similar or different spectral regions. 

This behavior is reminiscent of the multi-step reduction of GO films with 

hydrazine vapors (Figure 3-1, Figure 3-2), in which the more reactive functional 

groups (C=O and C-O-C) are reduced more rapidly than the less reactive species 

(R3C-OH). We propose that the 2-step decay in fluorescence is due to a similar 2-

step reduction of the GO sheets. We assign the large, rapid drop in PL intensity 

observed in the first ∼30 min of reduction to the removal of carbonyl (C=O) and 

epoxide (C-O-C) functional groups by reaction with hydrazine, while the 

subsequent, slow reduction in PL intensity is due to removal of the hydroxyl (-

OH) groups from the basal plane. Further, the ratio of the amplitudes A1/A2 

indicates that the total contribution of the carbonyl and epoxide species to the 

fluorescence is approximately twice that of the fluorescence contributed by the 

hydroxyl species. It must be noted that a direct correlation of the PL data to the 

functional groups is beyond the scope of the present experiment. 
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3.3.2.2. 3% hydrazine reduction 

In a modified experiment, the signal was split into 2 beams using a 50-50 

beam splitter and detected using two identical APDs. APD1 detected the full 

signal, while the APD2 detected the signal after a 590 nm LP filter. This allowed 

us to image the beam in two spectral bands: the ‘red band’ from 590-700nm, 

detected by APD2; and the ‘green’ band from 500-590 nm, obtained by 

subtracting the two images. The experiment is schematically described in Figure 

3-8a.  

GO solution was cast onto quartz cover slips laser patterned with reference 

markers. GO sheets could then be identified with reference to these markers. This 

allowed us to perform the reduction ex-situ, in steps: After every imaging step, 

the coverslip was dipped in the hydrazine solution for a fixed time, and then the 

reduction was stopped by washing the cover slip repeatedly in DI water and 

isopropyl alcohol and blow drying with dry air. Using this strategy, accurate 

‘snapshots’ at various stages of reduction could be obtained. This allowed for 

repeated imaging of the GO sheets at every step of reduction. Since oil-immersion 

objectives would have been incompatible with this approach, a 100x 0.85NA air 

objective was used instead. 

Figure 3-8b shows an optical image of the GO sheets selected for imaging. 

Figure 3-8 c-d show the images obtained from APD1 and APD2, corresponding to 

the ‘full image’ and the ‘red band’ respectively. Several reduction and imaging 

steps were performed and the intensities at selected points were extracted similar 

to the process described in Section 3.3.2.1. 
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Figure 3-8 : a. Schematic showing the microscope with scanning mirror 
for rastering the beam on sample surface and detection scheme with 2 
identical APDs; b. Optical Image of selected GO sheets; c. PL image 
in the full band (450-700nm) detected on APD1; d. Image in the ‘Red 
band’ (590-700nm) detected on APD2; e. Image in the ‘Green band’ 
(500-590nm), obtained by subtraction (APD1-APD2). Scale bars are 
10 μm. 

A 
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Figure 3-9 : Intensity vs Reduction time plots of the Full band 
(APD1), Red band (APD2) and Green band (APD1-APD2) at point 
P3 on the GO sheet.  

It is found that the PL Intensity vs Reduction plots in the ‘Full band’ 

could be accurately fit using only a single exponential decay function, with a 

decay time constant τ∼2 min. The decay curves in the Red and Green bands 

could also be fit using a single exponential decay fit with a similar time constant 

τ∼2 min, indicating that PL intensity decreases uniformly over the entire spectral 
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range. The 2-step decay observed during reduction of GO sheets by 0.6% 

hydrazine (Section 3.3.2.1) is not observed for reduction with 3% hydrazine, 

indicating that the mild nature of the reduction protocol is essential for 

differentiating between the reactivites of various functional groups.  

3.4. Conclusions 

In summary, PL measurements on controllably reduced individual GO 

sheets suggest that a majority of the emission originates from the presence of 

carbonyl and epoxide functional groups. It is found that the contribution of these 

functional groups to the emission with 405 nm excitation may be approximately 

twice that contributed by hydroxyl and other functional groups. More detailed 

measurements, including in-situ FT-IR measurements and imaging in different 

spectral bands would help establish a direct correlation between the identity of 

functional groups and their contributions to the emission intensity. This 

information would be helpful for developing chemistries for optimizing the PL of 

GO, by enhancing the relative abundance of highly emissive species. 
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4.1. Introduction 

The fluorescence of graphene oxide has previously been found to arise due 

to the presence of functional groups. Further, three types of functional groups - 

carbonyl, carboxyl and epoxide – have been proposed to give rise to a majority of 

the emission. However, the relative contributions of these functional groups to 

the PL are not known. This knowledge would enable us to tune GO to optimize 

its optical properties. Chemistries to control the identity and abundance of 

functional groups could then be developed to precisely tailor the PL of GO for 

various applications. 

Previously, through scanning confocal PL imaging of progressively reduced 

GO sheets (Section 3.3.2), we found that if reduction conditions are sufficiently 

mild, the difference between reduction rates of various functional groups on GO 

can be used to tune their relative abundance after treatment. The findings of the 

present work were discovered by accident while attempting to study similar 

effects on a wide-field PL imaging microscope.  

4.2. Experimental Details 

The experimental setup is shown in Figure 4-1. Briefly, a 488nm 3.5ps 

pulsed laser focused on the back aperture of an inverted 40x 0.6NA objective 

excites the sample surface (≈50μm dia.). An electron-multiplied CCD (EMCCD) 

camera captures the PL image, integrated over the entire PL spectrum (500-900 

nm). Each pixel on the EMCCD camera corresponded to ≈0.2x0.2 μm2 of the 

sample surface. A dilute GO suspension in water was cast on a quartz cover slip 

patterned with evaporated gold markers. The GO sheets to be imaged were 

identified with reference to the gold markers, using an upright microscope.  
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Figure 4-1 : a. Schematic showing the wide-field imaging microscope. 
A  488nm, 3.5ps pulsed laser excites the sample surface through a 40x, 
0.6NA objective,  illuminating an area ≈50 μm in diameter and the PL 
image is obtained on an EMCCD camera; b. a 9x9 pixel array in the 
neighborhood of the selected point is averaged to obtain the PL 
intensity of that point in that frame.  

The selected GO sheets were irradiated at varying incident power densities 

(3.5 – 70 W/cm2) over times ranging from 60min to 10h and time-lapse movies of 

the GO sheets were obtained. The acquisition times (0.5-2s) were kept much 

shorter than the interval between frames (30-120s). The PL intensity at selected 

(X,Y) points was extracted by averaging the intensity in a 9x9 pixel 

neighborhood (≈2x2 μm2) around the point. Intensities at the (X,Y) position, 

compiled over all the frames in the time-lapse movie yielded the PL variation 

curves of the GO flake at that (X,Y) point.  

In a similar experiment, correlated FT-IR and PL measurements were 

obtained by stopping the laser irradiation at regular intervals and measuring the 

FT-IR spectra of the individual sheets after every irradiation step.  
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4.3. Results and Discussion 

4.3.1. Photobrightening of GO multilayers 

PL images of GO sheets reveal what appear to be single-layered (SL) and 

multilayered (ML) GO regions, as revealed by their sharp contrast. PL intensity 

vs irradiation time plots show very different behavior in SL and ML regions. 

Figure 4-2 shows the effect of laser irradiation on 2 different samples: 

Pristine GO (Figure 4-2 A&B) and partially reduced GO, pre-treated with 2% 

hydrazine for 10 min (Figure 4-2 C&D). It is observed that in both samples, the 

PL intensity in SL regions monotonically and irreversibly decays until the PL 

completely vanishes upon prolonged irradiation. In stark contrast, PL from ML 

regions shows radically different behavior and can be broken down into 3 

different steps, identified as I, II and III in Figure 4-2 B&D.  

• Step 1: the intensity of the ML region decreases and reaches a minimum value 

• Step 2: PL intensity is enhanced until it reaches a peak value 

• Step 3: PL intensity decreases again and vanishes after prolonged irradiation 

Intense photo-excitation has been known to irreversibly reduce insulating 

and fluorescent GO to conducting and non-fluorescent RGO. Therefore, the PL 

enhancement observed in step 2 is unexpected. Since PL of GO is related to the 

presence of functional groups, an enhancement in PL must arise due to an 

increase in the density of functional groups in the ML regions. Such an increase 

in the density of functional groups has been reported in GO multilayers under 

mild thermal annealing.93 It was found that the water molecules intercalated 

between the GO multilayers react with the oxygen-functionalized carbon atoms 

in the basal plane, producing carbonyl and carboxyl functional groups, along with 
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evolution of CO2. Further, this behavior was observed to change significantly 

when the intercalated water was replaced with alcohol.  

 

Figure 4-2:  PL images of A. Pristine and C. Partially reduced (2% 
hydrazine, 10 min) GO sheets before laser irradiation (0 min) and at 
various times during laser irradiation. Incident powers were 7W/cm2 
for A and 22W/cm2 for C.(scale bars are 10 μm); Panels B & D show 
PL intensity vs Irradiation time plots at selected points identified in 
the 0 min images (panels A & C)  
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the irradiation was stopped and FT-IR spectra of the GO sheet were measured 

separately on the FT-IR microscope. The PL Intensity vs irradiation time curve 

obtained from the ML region of the selected GO sheet is shown in Figure 4-3b.  

FT-IR spectra of the individual GO sheets (Figure 4-3a) were feeble  due 

to the low density of functional groups on the partially reduced GO sheet 

(Abs∼10-2). Moreover, the GE-124 type quartz cover slip (SPI supplies) used for 

this experiment had very low transmission above 4 μm (below 2500 cm-1). Due to 

these factors, IR bands of GO below ∼1300 cm-1 could not be unambiguously 

resolved in most spectra. The major bands observed  in the FT-IR spectra are at: 

925 cm-1 (possibly C-O, overtone at 1866 cm-1), 1357 cm-1(-COO- asymmetric 

stretch), 1604 cm-1(-COO- symmetric stretch) The variation of the peak 

absorbance of these bands with the irradiation time bears strong resemblance to 

the PL intensity decay curve obtained for the GO sheet (Steps I and II in Figure 

4-3b). This indicates that the PL enhancement in Step II must occur due to a 

large increase in the density of carboxyl (COOH) and carbonyl (C=O) moieties 

in the ML regions. We propose that a photolytic reaction occurs during the 

transition from Step I to Step II, similar to the reaction observed due to water 

intercalated in GO multilayers.93 

4.3.3. Modeling the 2-step reaction 

Based on the similar behavior of SL and ML regions in Step I, we propose 

that the initial decay (Step I) is an independent process from the subsequent PL 

enhancement and decay (Steps II and III). Therefore, for the purpose of this 

physical model, we will assume the beginning of the PL enhancement as time t=0 

as, i.e. Steps II and III only. 
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We observe that the fluorescence increases first, reaches a plateau and 

then decreases. Based on correlated FT-IR measurements (Section 4.3.2), we 

propose that this behavior is due to a photolytic reaction occurring within the 

GO multilayer regions. For the sake of simplicity, we can assume that the 

irreversible reactions occurring in Step II and III Species A are of the form A→ 

B → C. The non-fluorescent species A undergoes a photolytic reaction to form 

the fluorescent species B, which undergoes further decay to non-fluorescent 

species C. Let kE be the rate constant for the A → B reaction and kD is the rate 

constant for the B → C decay reaction. Since this process occurs in two 

irreversible steps, the rate equations describing the reactions must be analogous 

to a 2-step nuclear decay reaction, where radionuclide A decays to radionuclide B 

at a rate kE and B subsequently decays at rate kD into stable nuclide C. 

In this model, A, the parent non-fluorescent species is the ‘available site’ 

for the species B to form. Although the physical nature of A is unclear, we can 

attach a numerical abundance to it. Let that abundance of A at t=0 be N0. B is 

the fluorescent species formed in Step II. The PL intensity of B is the only 

measurable quantity and is assumed to represent its numerical abundance. We 

assume that both reactions are simple first order reactions, where at any instant, 

the rate of reaction is proportional to the number of available parent species. 

Therefore, we can write the following equations: 

    = − ( ) = ( ) 
    =  ( )dt =  ( )  
 ( )dt =   ( ) −  ( ) 
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Further, since A → B and B → C are independent reactions, we can write: 

 ( ) =  

The solution to these equations is: ( ) =  ( −  ) 
However, B has a non-zero initial abundance , since the ML regions are 

still fluorescent when PL enhancement starts. The EMCCD camera has finite 

background intensity. Accounting for these factors, we have: ( ) =  − ( −  ) + +  

Where: N0 = Initial abundance of A;  kE, kD = rates of conversion of A→B and 
B→C respectively; = Abundance of B at time t=0; B = Constant factor, 
accounting for background counts of the EMCCD camera 

Fitting this equation to experimental data yielded excellent fits to 

normalized PL intensity curves. Two exemplary fits have been shown in Figure 

4-4 B, along with the important parameters extracted from the fits: N0 (initial 

abundance of A), kE and kD (conversion rates for the two-step reaction). The 

maximum value of NB(t) ( ), would correspond to the maximum 

photobrightening observed. It follows from the expression for ( ) that ~ , where N0 is the initial abundance of A, i.e. the number of sites 

available for the species B to form.  

4.3.4. Dependence of PL enhancement on initial state of GO  

In order to test the validity of this model, measurements were performed 

on 4 sets of GO samples with varying initial densities of functional groups. The 

degree of reduction of GO samples was tuned by dipping the quartz cover slips in 

2% hydrazine solution for varying durations: 0 min (Pristine GO), 2min, 10min 

and 20 min. In each case, the reduction was stopped by washing the cover slip 
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repeatedly in DI water and isopropyl alcohol and blow drying with dry air. 

Figure 4-4A shows exemplary curves of Normalized PL intensity vs Irradiation 

time from each of the four samples. 

 

Figure 4-4: A. Multilayer PL Intensity vs Irradiation time curves from 
4 samples of GO pre-treated with 2% hydrazine solution for 0 min, 2 
min, 10 min and 20 min. Incident Power was 22W/cm2; B. Examples 
of two PL curves, with the curve fits as described in Section Error! 
Reference source not found., showing excellent agreement between the 
physical model an experimental data; C. N0 values extracted from 
curve fitting show a strong positive correlation with the Peak 
photobrightening observed in the four GO samples with different 
initial degrees of reduction. 
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It was observed that with increasing degree of reduction, the peak 

photobrightening in the ML regions decreased consistently, i.e. the Pristine GO 

sample showed the maximum photobrightening (∼2x) while the highest degree of 

reduction (∼10-20min) showed the least photobrightening (∼0.85x) (Figure 4-4A). 

Figure 4-4C shows a plot of the extracted N0 values for PL Intensity 

curves from the 4 sets of samples, plotted against peak photobrightening. The 

strong positive correlation between N0 and peak photobrightening ( ) 

suggests that the density of functional groups, i.e. the degree of functionalization 

of the graphene basal plane is a key factor in the enhancement behavior of the 

ML regions. This is consistent with the observations in Ref.93, where upon mild 

thermal treatment, trapped water molecules were found to react with the oxygen-

functionalized basal plane to produce an excess of carbonyl and related functional 

groups. It also indicates that the proposed kinetic model adequately describes our 

experimental observations.  

4.3.5. Dependence of PL enhancement on reaction rates 

Measurements on several GO sheets from the same Pristine GO sample 

revealed significant variations in the enhancement behavior of ML regions. Figure 

4-5A shows PL Intensity vs Irradiation time curves for 3 GO sheets, along with 

PL images before irradiation. The net enhancement observed was found to vary 

between 0.8 to 1.5 times the initial PL intensity (i.e. before irradiation). However, 

the time taken to reach maximum enhancement remained fairly constant. N0 

values obtained from simulated curves (Figure 4-5B) showed a positive 

correlation with the peak photobrightening similar to Figure 4-4C, but there were 

several outlier points that did not seem to follow the ~  correlation 

(marked with blue ellipse in Figure 4-5B). 
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Figure 4-5 : A. PL images and PL intensity vs Irradiation time curves 
(Incident Power 35W/cm2) for three GO sheets from the same sample 
showing different degrees of PL enhancement. Scale bars are 10μm; B. 
The ratio N0/kR shows a strong positive correlation to the peak 
photobrightening, where kR=kD/kE 
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Here, we observe that the interplay between the enhancement and decay 

rates, kE and kD also plays an important role in the enhancement of PL intensity. 

From the expression for ( ), we can deduce that enhancement will be the 

highest for kE>>kD. Therefore, we can modify the expression for ( ) by 

introducing another parameter =   
… ( ) = 1− 1 ( − ) +  +  

The time at which PL reaches maximum intensity ( =  ) is  
= 1− 1 ln −  0 ( − 1)

 

For the sake of simplicity, we can assume that the residual intensity at the 

beginning of Step II to be very small ( ≪ ). The expression then becomes  = ln− 1 

It follows that  ~ 1
 

Combining with ~ , we get:  ~ 0 ; 
Indeed, we find that the ratio N0/kR does show a strong correlation to the 

peak photobrightening (Figure 4-5C), further confirming the validity of the 

kinetic model used to describe the PL enhancement data. 

Factors controlling the reaction rates kE and kD are complex and interrelated. 

Detailed analysis of all the factors that govern the PL enhancement of all factors 
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is beyond the scope of this work. However, based on the behaviors observed, we 

hypothesize that some these factors may be: 

• Density of functional groups on GO basal plane: Resolving the dependence of 

kR on the density of functional groups on the basal plane may be achieved by 

performing detailed correlations with FT-IR, XPS and AFM data to 

accurately account for the effect of other factors such as number of layers and 

the amount of water trapped between the multilayers.  

• Number of graphene layers in the GO sheet: Dependence of the magnitude of 

enhancement and reaction rates on the number of graphene layers is also 

beyond the scope of this work. However, from the three GO sheets shown in 

Figure 4-5, it appears that the brightest GO sheets also have the highest 

degree of enhancement. Therefore, magnitude of PL enhancement (and 

N0/kR) may be higher for a GO sheet with higher number of layers. 

• Incident photoexcitation power: Figure 4-6 shows plots of PL intensity vs 

irradiation time obtained from four pristine GO sheets irradiated with varying 

incident powers ranging from 3.5 to 70W/cm2. We find that on average, 

higher incident powers leads to larger PL enhancements. This may be due to 

a larger increase in the formation rate of the fluorescent species (kE) than the 

increase in the photolytic decay rate of the fluorescent species (kD). 

• Amount and identity of solvent trapped between the multilayers: Detailed 

FT-IR studies in controlled conditions of humidity and temperature would be 

necessary to account for the effect of the amount of solvent present between 

the GO multilayers. Further, measurements may be performed by replacing 

the intercalated water with other solvents. This may help reveal the 

mechanisms governing the reaction between the GO basal plane and the 

intercalated solvents. 
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Figure 4-6 : PL intensity vs Irradiation time curves from 4 Pristine 
GO sheets irradiated with varying laser powers from 3.5-70 W/cm2. It 
is seen that the amount of enhancement is highest at 70W/cm2. 
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4.4. Conclusions 

In summary, we have found that multilayered regions of GO sheets 

undergo a complex transformation when irradiated with light, leading to an 

enhancement in PL intensity. This behavior is proposed to arise due to formation 

of carbonyl and allied functional groups in reactions between the oxygen-

functionalized basal plane and water trapped between the GO multilayers. 

Detailed measurements, accounting for factors such as the amount of water 

trapped, number of layers and the density of functionalization of basal plane 

would be helpful for understanding this phenomenon and using it to tune the PL 

of multilayered GO sheets. 
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5.1. Introduction 

Although graphene holds tremendous promise for a variety of applications, 

the highest quality graphene samples are invariably obtained by mechanical 

exfoliation of graphite. Samples produced using this method are generally very 

small (10-20 μm) in size and cannot be obtained in large quantities. Moreover, 

due to its small size, they cannot be easily manipulated for precise placement or 

transferred to other substrates.3 In order to realize the full potential of graphene, 

a consistent, reliable, simple and inexpensive method of growing high quality, 

uniform and continuous, single and few layer graphene films is a pre-requisite.  

Wafer-scale graphene can be grown by epitaxial growth on silicon carbide 

single crystal substrates, but this process requires high temperatures (1650°C)94. 

Synthesis of graphene flakes using supported metal catalysts has been achieved 

using RF-cCVD95. However, efficient synthesis of high quality and single-layer 

graphene is still a challenge. Recently, large area single layer graphene was grown 

on copper foils by a chemical vapor deposition technique using methane as a 

carbon precursor96. This method can be used to produce large area graphene with 

high single layer graphene coverage. A synthesis protocol for graphene using 

liquid hydrocarbon precursors could be a milestone in graphene synthesis, since 

organic solvents are inexpensive and easy to use.  

Here, we report a substrate selective growth technique for synthesis of 

centimeter-scale, highly continuous, single and few layer graphene films on 

polycrystalline copper foils using hexane as a liquid precursor. This method has 

distinct advantages over gas phase growth (methane, ethylene), since a large 

variety of organic liquids are readily and cheaply available. Handling and 

transportation for gas based organic precursors is comparatively more difficult.  
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Another important issue is opening of a band gap in graphene by 

substitutional doping of the graphene lattice. Gaseous precursors containing 

nitrogen are available and doping can be achieved by mixing a nitrogen-

containing gas (e.g. ammonia) with the carbon precursor gas (Eg. CH4+NH3). 

However this also leads to fluctuations in gas pressures and flow rates and results 

in inhomogenities in doping over large areas. Moreover, precursors containing 

boron (but no nitrogen) are relatively few in number and often toxic and 

dangerous to handle (e.g. borane). Liquid precursor based growth could be 

instrumental in realizing substitutional doping of graphene since nitrogen and 

boron containing organic solvents (Pyridine, Triethylborane) are inexpensive and 

relatively easy to handle.  

5.2. Experimental details 

5.2.1. CVD synthesis process 

Cu foil (Alfa Aesar, 25 μm thickness) was kept in an alumina boat was 

loaded into the quartz tube of a split tube furnace. The quartz tube was then 

pumped down to a base pressure of 10-2 Torr using a rotary pump. This helps 

ensure that there are no significant leaks in the tube end couplings. Then, a flow 

of Ar/15% H2 was started and the tube pressure was maintained at ∼8-9Torr 

(flow rate ∼400 sccm) and the quartz tube was heated to 950 0C in 30 min. The 

Cu foil was then annealed at 950 0C for a period of 5-20 min in a continuous flow 

of Ar/H2. Maintaining a high pressure of ∼8-9 Torr during annealing protects the 

substrate from oxidation due to residual oxygen. After the annealing step, the 

Ar/H2 flow was stopped and hexane (C6H14) vapor was passed through the 

quartz tube for 4 min, while maintaining the tube pressure at 500 mTorr. The 
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flow rate of hexane vapors was equivalent to a hexane liquid consumption of ∼4 

ml/hour. A schematic of the experimental setup is shown in Figure 5-1.  

 

Figure 5-1 : Schematic of Chemical vapor deposition setup: Solvent 
vapors from an airtight hexane flask pass through the hot zone of a 
quartz tube in a split tube furnace. The tube is maintained at a low 
pressure (8-9 mTorr). A flow of Ar/H2 is used to protect the copper 
substrate and the graphene films from oxidation by traces of oxygen at 
high temperatures. Adapted from Ref. 97. 

After the desired growth time, the flow of hexane vapors was stopped and 

Ar/H2 re-introduced into the furnace to protect the Cu foil from oxidation. The 

furnace was cooled to room temperature at a rapid cooling rate of 50°C/min. 

under a continuous flow of Ar/H2. Compared to the  gaseous precursor (methane) 

based CVD synthesis previously reported, the quality growth using liquid 

precursors was achieved at comparatively lower temperatures (9500 C compared 

to 10000 C) and higher pressures of Ar/H2 (8-9 Torr as compared to 40 mTorr 

during annealing). 
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5.2.2. Graphene transfer process 

 

Figure 5-2: Schematic of graphene transfer process: PMMA is spin 
coated on the Cu foil. The foil is then etched by placing it in a 
petridish containing the etchant. The PMMA-supported graphene is 
washed by replacing the etchant with DI water. The film is then 
transferred to the desired substrate and the PMMA is dissolved by 
using acetone, leaving the graphene on the substrate. Adapted from 
Ref. 97. 

The entire transfer process has been illustrated in Figure 5-2. The as-

grown graphene films are atomically thin and attached intimately to the copper 

substrate. In order to transfer the films to other substrates, the copper foils must 

be carefully etched away. Therefore, it is first necessary to create a support layer 

for the graphene films. For this, a thin layer of PMMA [Poly(methyl 

methacrylate)] was first spin coated on to the as-grown graphene films on Cu foils 

(Figure 5-3a). The Cu substrate was then dissolved by using dilute nitric acid. 

Other etchants such as ferric chloride or Marble’s reagent may also be used. 

After the copper foil is completely dissolved, the PMMA supported graphene is 

left floating on the etchant solution. The film is carefully washed by placing it in 

a petri-dish containing deionized water (Figure 5-3b) and then carefully 
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transferred to other substrates such as oxidized silicon (SiO2/Si) or indium tin 

oxide (ITO) coated glass slides. The film is then allowed to dry thoroughly. The 

drying step is critical for good adhesion of the atomically thin graphene to the 

target substrates. An optional baking step (150oC for 5 min) may be used to 

further enhance the drying by removal of microscopic water droplets trapped 

between the graphene and the substrate. After drying, the PMMA is dissolved 

carefully using acetone, leaving graphene films on the substrate (Figure 5-3 c-d).  

 

Figure 5-3 : Photographs of as-received Cu foil (left), and image of 
graphene film grown on Cu substrate (right). The appearance of Cu 
foil after graphene growth is brighter and smoother. (b) A photograph 
of the PMMA-supported graphene film floating on dilute HNO3 
etching solution graphene films transferred onto a (c) SiO2/Si 
substrate and (d) ITO slide. Adapted from Ref. 97. 
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5.3. Results and Discussion 

Raman spectroscopy (Renishaw inVia, 514.5nm excitation) was used to 

characterize the quality of the synthesized graphene. Transmission electron 

microscopy was carried out using a JEOL-2100 field emission HRTEM operated 

at 200 kV. Scanning Electron Microscopy (JEOL-6500F) was carried out at 15kV 

to confirm the uniformity of the films. AFM analysis was carried out on Digital 

Instruments Nanoscope III A. For electrical characterization, a graphene sample 

was transferred onto an n-type silicon wafer with a 300 nm thick SiO2 layer and 

used for fabrication of a back-gated field-effect transistor. Electrodes (Au/Ti = 

30nm/3 nm) were patterned onto the graphene films by using optical lithography 

and e-beam evaporation techniques. A probe station was used to test the 

electrical properties of the synthesized graphene at room temperature in a 10-5 

Torr vacuum chamber. A sample of graphene was also transferred onto an ITO 

coated glass substrate for STM analysis. STM imaging was carried out on a home 

built table top apparatus. 

5.3.1. Raman Spectroscopy 

Raman spectra measured on graphene samples on Si/SiO2 substrates show 

G and 2D peaks at 1,595 and 2,695 cm-1 respectively, which closely resemble  

Raman peak positions of graphene grown by other techniques. The intensity of 

the disorder-induced Raman D-peak at 1350 cm-1 was low in most parts of the 

sample (ID/IG <0.2), indicating that the graphene films grown using vacuum-

assisted chemical vapor deposition (VA-CVD) are of good quality (Figure 5-4). 

The 2D-band consists of a narrow peak (FWHM: 40±4 cm-1) for monolayer 

graphene and broader (FWHM: 43±4 cm-1) for bi-layer graphene as shown in 

Figure 5-498,99. Moreover, the ratio of intensities of the 2D and G peaks, 

IG/I2D≈2.3, indicating single-layer graphene coverage in most parts of the sample.  
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Figure 5-4 : Raman spectrum of single layer (red) and double layer 
(black) graphene. It is clearly visible that intensity of G peak is much 
lower than the D peak confirming the thickness and a minor D peak 
suggesting low defect density. Adapted from Ref. 97. 

5.3.2. Structural characterization 

AFM analysis shows that the graphene films are continuous and uniform 

(Figure 5-5). A large number of wrinkles were observed on these films. Wrinkle 

formation is associated with the large difference in the thermal expansion 

coefficients of graphene and the copper substrate, resulting in thermal stresses 

during cooling100. Some wrinkles may also form during the transfer process. A 

thickness profile of the AFM image shows that the measured graphene film is 

approx. 3 layers thick. The observed thickness using AFM for single layer 

graphene was found to be 0.8 nm, which is consistent with that reported for 

single-layer graphene on SiO2
3. Graphene films were transferred to lacey carbon-

coated TEM grids for SEM and TEM investigations. Low magnification SEM 

images of these graphene samples are shown in Figure 5-5c&d. The SEM 

micrographs suggest that the graphene films are uniform and continuous on a 

scale of tens of microns. High resolution TEM examination confirms that the 

films may have one, two, three and four layers depending on growth conditions 

(Figure 5-6), consistent with our AFM results. 
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Figure 5-5: (a)AFM image of CVD grown graphene transferred onto a 
SiO2 substrate. the films are uniform and highly continuous. The 
wrinkles formed on the films during transfer are also clearly visible. 
(b) Linear thickness analysis shows that the films are about 1.5 nm 
thick. (c), (d) SEM image of graphene transferred on to TEM grid 
shows that the graphene film is uniform and continuous. The lacey 
carbon in the background can also been seen through the film. 
Adapted from Ref. 97. 
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Figure 5-6 : TEM images of CVD grown graphene showing (a) one 
layer (b) two (c) three layers, (d) four layers, (e) more than six layers. 
Adapted from Ref. 97. 

5.3.3. Electrical characterization 

 

Figure 5-7: Electrical properties of the graphene grown by liquid 
precursor hexane (a) Ids-Vds characteristics for three graphene FET 
devices and (b) its transfer characteristics Ids-Vbg curve. Adapted from 
Ref. 97. 
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In order to study the electrical properties of VA-CVD grown graphene, 

optical lithography and e-beam evaporation was used to fabricate micron-sized 

bottom-gated field-effect transistors on a graphene sample transferred to Si/300 

nm-SiO2 substrate. The FETs had channel lengths between 10-15 μm and 

channel width of 5μm. Figure 5-7a shows typical source-drain current vs source-

drain voltage curves for several graphene FETs. The graphene shows a good 

conductivity and a linear I-V behavior. Typical sheet resistance of as-grown 

graphene films is in the range of 100-300 Ω/□. Transfer curves of graphene FETs 

(Figure 5-7b) show that Ids increases with the back voltage sweep from 40 V to -

40 V, indicating p-type behavior. 

5.3.4. STM analysis 

We employed scanning tunneling microscopy (STM) to obtain atomic-scale 

images to characterize the quality of the graphene samples. For this, a graphene 

sample was transferred onto conducting ITO substrates using a PMMA-based 

transfer process as detailed above. The imaging was performed in ambient 

conditions using a home-built STM which has been described previously101. Prior 

to imaging, the samples were annealed under UHV conditions (10-7 Torr) at 

200oC for 10 minutes to remove polymer residue, adsorbed moisture or other 

contaminants from the transfer process. Initial imaging by STM showed clear 

atomic resolution of the graphene surface (Figure 5-8a). Additionally, a few 

defects on the surface were also imaged as seen in Figure 5-8b. However, during 

scanning, we observed a very low defect density for the CVD grown sample. A 

conservative preliminary estimate of the defect density in these samples is around 

0.000004 defects/nm². This is somewhat higher than the defect density observed 

on bare HOPG101 but far lower than the defect density revealed by the STM 

imaging of graphene grown on SiC substrates102,103. The defect shown is a six-fold 



 87 

scattering defect that has been previously observed in graphene101,103. The 

presence of a √3x√3 R30°superlattice structure around the defect is clearly 

visible104,105. This effect is produced by perturbation of the electronic structure by 

steps, point defects and adsorbates, where the wavelength and anisotropy directly 

reflect the Fermi surface106. 

 

Figure 5-8: Typical STM topograph obtained during the scanning of 
the graphene samples. The hexagonal atomic structure as mapped by 
STM is clearly visible. Tunneling setpoint: I = 417pA, V= -19.8mV. 
(b) STM topograph revealing a six-fold defect of the type previously 
observed on graphene formed on silicon carbide20-21. Tunneling 
setpoint : I=417pA, V= -19.8mV. Adapted from Ref. 97. 

5.4. Conclusion 

In summary, large area, continuous and uniform graphene films were 

synthesized using liquid precursor hexane. This novel synthesis route could be 

highly advantageous for substitutional doping of graphene. A large variety of 

organic liquids containing desired dopant atoms (e.g. sulfur, nitrogen, boron, 

phosphorus) are available for use as liquid precursors. This provides tremendous 

flexibility, process maneuverability and greater safety gaseous precursors. 
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air for long periods of time. Upon mild heating, water molecules intercalated 

between the GO sheets react with the GO basal plane, generating CO2. Due to 

these concerns, it is important to process and analyze GO samples carefully 

before using them for other measurements. Methods for preventing or reversing 

the degradation of GO samples must be developed. Correlation of the intrinsic 

properties of GO (hydrophilicity, electrical and ionic conductivities, surface 

energies, optical absorption, fluorescence, non-linear optical properties) with its 

structure and chemical composition if of paramount importance before 

meaningful applications can be developed.  

An important issue is the standardization and metrology of GO. If a set of 

measurement and analysis protocols are defined and accepted by the scientific 

community, the variability in chemical and structural makeup of GO samples 

may be accurately estimated and communicated between different groups, 

speeding up the pace of understanding. 

Several years of studies have proved GO to be too complex to be 

understood by isolated experimental techniques. It would be advantageous to 

improve the chemical homogeneity of GO by using refined chemical processing 

methods. Future experimental studies on GO may be best served by relying on 

direct correlation of multiple experimental techniques, preferably on the 

individual sheet level, as demonstrated in the present work.  

GO analogues such as graphene oxide quantum dots (GQDs) may hold a 

great deal of promise for optical applications. Although achieving control over 

edge chiralities of GQDs is a difficult task, control over the edge chemistry may 

be achieved with relative ease. Extensive single-molecule spectroscopy studies on 

GQDs may reveal a wealth of information about the interactions between 

functional groups and local electronic states on graphene.  
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Notes 

[Footnotes, etc. can be organized here (if not placed in the main text).] 
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