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Formation mechanism of graphene quantum dots
and their edge state conversion probed by
photoluminescence and Raman spectroscopyf

Gone Rajender® and P. K. Giri*®°

We investigate the formation mechanism of graphene quantum dots (GQDs) from a graphene oxide (GO)
precursor and study the inter-conversion of edge states during thermal annealing of GQDs through
various microscopic and spectroscopic tools. Monitoring the early stages of growth of GQDs reveals that
the in-plane epoxy (C-O-C) functional groups attached at the defect sites essentially cut the oxidized
GOs into small pieces of GQDs during the hydrothermal reaction. By conducting a series of controlled
annealing experiments under oxygen and hydrogen gas environments, we monitor and quantify the
inter-conversion of edge states and functional groups in GQDs from Raman and photoluminescence
(PL) studies. The deconvolution of the Raman spectrum allowed us to monitor the evolution of new
Raman bands at ~1260 and ~1438 cm™%, which are assigned to the edge functional groups. Through
the fitting of the PL spectra and a quantitative analysis of integrated intensities of PL, we unambiguously
assign the blue PL emission bands at ~407 and ~440 nm to zigzag and armchair free edge states in
GQDs, respectively, for the first time. On the other hand, the green emission bands at ~490 and ~530 nm
are attributed to COOH/C-OH and C—=0/C-0 edge functional groups, respectively. Our conclusions are
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1. Introduction

After the discovery of graphene,’ graphene-based functional
materials, such as graphene oxide (GO) and reduced graphene
oxide (rGO), have been intensively studied for both funda-
mental understanding and practical applications.> Graphene
is a one-atom thick covalently bonded sp> carbon prototype
2D material, while GO is known to be the functionalized few
layered graphene with functional groups that are attached on
the basal plane, and rGO is commonly known to be the more
conductive form of GO due to the removal of basal plane
functional groups from the sp” conjugated carbon network.
Graphene quantum dots (GQDs) represent an emerging class of
zero-dimensional (0D) materials that show a pronounced quan-
tum confinement effect and plenty of edge states and functional
groups.®™ It is reported that GQDs of size smaller than ~100 nm
possess strong edge effects and quantum confinement."® On the
other hand, GO and rGO are usually large area graphene sheets
and have fewer edge states without exhibiting any edge-state
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corroborated by XPS and FTIR spectroscopic analyses of the as-grown and annealed GQDs.

related photoluminescence (PL).>*® Interestingly, the edges of
GQDs are more reactive than the basal plane because of the high
ratio of edge to basal plane carbon atoms."' Nevertheless,
visualization of such ideal edges is rare due to the requirement
of atomic resolution imaging and preparation of ideal samples
for direct measurements.”>'*'* However, the presence of
abundant edge states and oxygenated functional groups plays
a major role in dictating the optoelectronic properties of GQDs
and ensuing their application in sensors, bioimaging, energy
and environment.">*® In addition, owing to their low toxicity,
excellent solubility, chemical inertia, stable photoluminescence,
and better surface grafting, GQDs are considered to be a promising
material for replacing the conventional semiconductor QDs."”

A lot of efforts have been made to prepare GQDs through the
top down and bottom up approaches. Top down techniques
include the cutting of bulk sp® bonded carbon materials
(such as carbon fibres, graphite, or graphene nanosheets,
carbon black, etc.) through solvothermal routes,"® hydrothermal
treatment,”® chemical exfoliation,* oxidative cutting,** etc.
On the other hand, bottom-up approaches make use of the
self-assembly of organic materials as a precursor, including
intermolecular dehydrolysis of citric acid,>® microwave assisted
heating of glucose®*, thermal plasma jet, etc.>>*® Though the
top-down approach is more commonly adopted for the pre-
paration of high quality GQDs, the formation mechanism of
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GQDs from the cutting of GO is not well understood in the
literature. Recent in situ study on the atomic structure of GO
through aberration corrected TEM revealed nanometer sized
crystalline domains in polycrystalline GO films.> However, their
implication for the formation of GQDs has not been addressed.
In some cases, the formation of GQDs was studied on the basis
of longitudinal unzipping of carbon nanotubes (CNTs), and the
resulting GQDs had irregular shapes.>’” The mechanism of
formation of GQDs with nearly circular cross-section from GO
has not been addressed properly.

Next, the intriguing mechanism of PL from GQD has been
poorly understood. Most of the PL studies on GQDs have been
performed in aqueous solution or on GQDs dispersed in a
solvent medium, which may have contribution to the resulting
PL. Previous studies reveal that the PL emission arises mainly
from the size effect, edge sites and oxygenated functional group
defects. Generally, the PL mechanism from GQDs is explained
on the basis of intrinsic state (blue PL) and defect state emission
(green PL). The intrinsic states arise from the size/edge defects
where the recombination of electron-hole pairs takes place,
while the defect states correspond to the attachment of func-
tional groups.'®'%*>?873% Tg date, very few reports have investi-
gated the exact origin of the broad PL emission from GQDs.%?"*?
Recently Du et al.®® investigated the effect of functional groups
on the PL evolution, and Yoon et al.®* concentrated on the
intrinsic state PL emission from GQDs. However, direct
monitoring of intrinsic states, defect state evolution and the
identification/assignment of edge states in GQD thin films
through a combined PL and Raman study is lacking in the
literature. Since the solvent contribution can be significant to
the PL from GQDs, studies of thin films of GQDs may enable an
unambiguous identification of species responsible for specific
PL bands. Further, controlling the edge states and functional
groups in GQDs is extremely important for their future opto-
electronic and biomedical applications. Broad Raman spectra
in the range 1000-1815 cm™ " have been reported in GQDs by
several groups, though the exact origin of the corresponding
modes is poorly understood.>**°?*?> To the best of our knowl-
edge, Raman deconvolution for intrinsic and functional group
defect states in GQDs and their manipulation through controlled
annealing has not been addressed in the literature. Non-destructive
evaluation of edge states and functional groups in GQDs through
PL and Raman studies constitutes an important milestone for their
successful application in various emerging areas of science and
technology. Thus, the present work focuses on unravelling
the formation mechanism of spherical GQDs, and the evolution
of the edge states and functional groups during annealing
through PL and Raman spectral evolution to gain a better insight
into the defect engineering of GQDs.

In this report, we first discuss the formation mechanism of
GQDs from oxidized GO (OGO) and rGO sheets with the help of
HRTEM, TGA/DTG, and FTIR spectroscopic analyses. Several
experimental tools are adopted to understand and probe the
in-plane epoxy functional groups in OGO and rGO. Our results
reveal that in-plane epoxy functional groups attached at the
defect sites play a leading role in the cutting of OGO into GQDs.
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In comparison to OGO, rGO has less in-plane epoxy functional
groups, which limits the formation of GQDs, indicating that the
OGO is a better precursor for the synthesis of GQDs. We have
provided an improved understanding on the origin of intri-
guing PL from GQDs, which is currently under intense debate.
In particular, we have systematically probed the conversion of
edge states in GQD thin films with controlled annealing using
PL and Raman analyses. Our results enable unambiguous identifi-
cation of the zigzag and armchair edges of GQD through PL
studies for the first time. In addition, PL emissions corresponding
to the COOH/C-OH and C—0/C-O edge oxygenated functional
groups were also identified clearly. We have deconvoluted the first
order Raman spectra of GQDs in the range 1000-1815 cm™ " by
Gaussian/Lorentzian peak fitting, and a quantitative correlation
between the Raman and PL spectra from GQDs is established for
the first time. The Raman spectral band assignments and their
significance from Raman spectra are elaborated in detail. Besides
the characteristic Raman D, G and D’ bands in graphene, new
Raman bands and their evolution with annealing are monitored
in GQDs and peak assignments are made based on PL, FTIR and
XPS analyses. Detailed analysis of the Raman and PL spectra
reveals that the edge states and functional groups in GQDs can
be tailored through controlled annealing under a controlled
environment.

2. Experimental

2.1. Synthesis of GO and rGO

GO was synthesized by a modified Hummers method, as reported
elsewhere.*® Briefly, 3 g of expandable graphite flakes (EGFs,
purity 99%) and 1.5 g of NaNO; were added to 69 ml of concen-
trated H,SO, and stirred for 2 h to obtain a uniform solution. Next,
the mixture was transferred into an ice bath and 9 g of KMnO, was
subsequently added dropwise under stirring to avoid explosion.
The mixture was stirred at 35 °C for 4 h to allow oxidation.
Deionized water (DI) was slowly added to the mixture and stirred
at 98 °C for 15 min. Further, the solution was diluted with DI
water (700 ml) before being quenched with 15 ml of 30% H,0,.
Additional DI water was added to get the aqueous solution.
Subsequently, the final solution was centrifuged at 10000 rpm
for 10 min and the process was repeated for 3 cycles to remove
the impurities. Later it was filtered through a 0.22 uym PTFE
membrane and dried at 100 °C in an oven to obtain the GO
powder. The experimental details of the preparation of rGO are
provided in the ESIT (SI-1).

2.2. Size reduction of GO

In order to reduce the size of the GO sheets, the as-synthesised
GO sheets were further oxidized with concentrated H,SO, and
HNO; mixture (volume ratio 1: 3) with 1 mg of GO. The resulting
product is referred to as oxidized GO (OGO).

2.3. Synthesis of GQDs

GQDs were synthesised by a hydrothermal method using OGO
as the precursor material. Typically, 50 mg of OGO powder was
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mixed with 50 ml of DI water and was sonicated for a few minutes
to achieve a uniform dispersion. Next, the mixture was trans-
ferred into a Teflon lined autoclave (100 ml) and heated at 200 °C
for different reaction durations (12 and 24 h). The reaction
temperature was fixed based on the TGA result of OGO, as shown
in Fig. S1 (ESIt). The TGA profile suggests the decomposition
temperature as ~200 °C for OGO through the loss of in-plane
epoxy functional groups. Thus, the knowledge of the decomposi-
tion temperature is the key to obtain GQDs through hydro-
thermal reaction. For the sake of convenience of discussion, 12 and
24 h reaction grown GQD samples are named as S12 and S24,
respectively. Experimental details of the synthesis of GQDs
using rGO as a precursor are provided in the ESIT (SI-2).

2.4. Functionalization of GQDs

Functionalization of GQDs was carried out in situ with the
addition of ploy(ethylene glycol) (PEG, average molecular weight
1500) during the GQD synthesis using the above protocol. PEG
(3 mg) was added during growth, which was carried out for 12 h
and 24 h duration. GQDs functionalized for 12 and 24 h are
named as S12F and S24F, respectively.

2.5. Fabrication of GQD thin films

As-synthesized GQDs were re-dispersed in DI water and were
sonicated for a few minutes. Prior to the fabrication of GQD
thin films, the Si and quartz substrates were cleaned with
2-propanal, acetone and DI water for a few minutes to remove
dust and organic impurities. Next, the GQD dispersion was spin
coated onto the Si and quartz substrates.

2.6. Hydrogenation and oxygenation of GQD thin films

To understand the mechanism of intriguing PL originating
from the edge states and functional groups of GQDs, we con-
ducted thermal annealing of GQDs under different gas environ-
ments. Recently, He et al. reported a significant finding on the
conversion of graphene zigzag edges to armchair and zigzag
57 type edge defects after annealing above 600 °C.>” To monitor
the effect of such conversion on the PL and Raman spectral
evolution, we performed annealing at 620 °C under H, (purity
99.9%) and O, (purity 99.999%) gas environments for 2 hours in
each case. The samples were kept in an alumina boat and loaded
into a tubular quartz chamber, which was mounted inside a
muffle furnace. GQDs spin coated onto the Si and quartz sub-
strates were annealed under identical conditions. Initially, the
chamber was pumped down to a base pressure of 5.0 x 10~* mbar,
and the temperature was ramped up to 620 °C at a heating rate
of 5 °C min~". The temperature was maintained at 620 °C and
the gas flow rate was maintained at 150 SCCM (standard cubic
centimetres per minute) for a duration of 2 h. We believe that
the edge sites can be more reactive with a certain gas environ-
ment and subsequently attach/detach edge oxygen functional
groups depending upon the gas environment, and this leads
to functionalization with the edge carbon atoms. It has been
reported that the chemical reactivity of edge states in the
presence of O, gas is about 2000 times higher than that of
in-plane carbon atoms in GQDs.*® To the best of our knowledge,
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the optical signature of edge state conversion in GQDs is
addressed here for the first time. Note that the sample codes
used for the hydrogenated and oxygenated samples are repre-
sented by the suffix ‘H’ and ‘O’, respectively. For example, S12H
refers to hydrogenated S12, S120 refers to oxygenated S12, etc.

2.7. Characterization techniques

The morphological features and crystalline quality of the GQDs
were assessed by high-resolution transmission electron microscopy
(HRTEM, JEOL 2100) operated at 200 kv and by selected area
electron diffraction (SAED). The type of edge states and crystalline
nature of GQD thin films were estimated from Raman spectroscopy
using a high resolution spectrometer (Horiba, LabRam HR) with
excitation wavelengths of 632.8 nm (He-Ne laser) and 514.5 nm
(Ar ion laser). The excitation source was focused with a 100x
objective lens and 1 mW laser power was used to avoid laser
heating and damage to the sample. The Raman signal was
collected by a CCD in a backscattering geometry sent through a
multimode fibre grating of 1800 grooves per mm. Edge func-
tional groups and chemical composition of GQDs were analysed
from X-ray photoelectron spectroscopy (XPS) measurements (PHI
X-Tool, ULVAC-PHI Inc.) using an Al Ko X-ray beam (1486.6 eV)
with a beam current of 20 mA. The UV-visible-NIR absorption
spectroscopy measurements were performed using a commercial
spectrophotometer (Shimadzu, UV3101PC). PL measurements
on GQD thin films were carried out at room temperature using
a commercial fluorimeter (AB2, Thermo Spectronic) using an
external laser (355 nm) excitation source and a suitable filter.
Atomic force microscopy (AFM, Agilent, Model 5500) images
were recorded in a non-contact operation mode. TGA data were
obtained using a STA 449 F3 Jupiter DSC analyser (Netzsch,
Germany) equipped with a high temperature tungsten furnace
(1700 °C) at a heating rate of 5 °C min~" by purging high purity
Ar gas. FTIR measurements were carried out using a commercial
spectrometer (Perkin Elmer, Spectrum BX). Some of the powder
samples were measured with KBr as a reference.

3. Results and discussion

3.1. Morphological studies

In the process of preparing GQDs from OGO, the structural
changes in OGO were monitored by HRTEM analysis as a function
of the duration of hydrothermal reaction. The TEM images and
the corresponding digital photographs of pristine GO, OGO and
rGO are shown in Fig. S2 (ESIt). Fig. S2(a) (ESIt) reveals a large
lateral size of the GO sheet. After oxidation with H,SO, and HNOj;,
the GO sheets are fragmented to smaller sizes as evident from the
TEM image of Fig. S2(b) (ESIt). Fig. S2(c and d) (ESIt) shows the
optical photographs of GO dispersion in water and OGO in
H,SO, + HNO; (oxidation) mixture, respectively. Fig. S2(e) (ESIT)
depicts the few layer rGO sheets and the inset shows the SAED
pattern indicating the highly crystalline nature of the hexagonal
sp> carbon sheet. In contrast, the SAED pattern of GO and OGO
shows quite a distorted/strained lattice which might be due to
the presence of oxygenated functional groups, which is clearly
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seen in the case of OGO (see the insets of Fig. S2(a and b), ESIT).
Fig. 1(a) shows the TEM image of the S12 sample showing pore
formation due to the hydrothermal reaction for 12 h, and
Fig. 1(b) shows a magnified view of the image (a). During the
hydrothermal reaction, in order to release the strain in the OGO
lattice, the epoxy functional groups may form a closed/quasi-ring
type structure on the basal plane of 0GO.* It is apparent from
Fig. 1(a and b) that pore formation occurs in OGO during the
hydrothermal reaction under high temperature and high pres-
sure. The average diameter of the pores is ~16 nm (see Fig. 1(b)).
This implies initiation of the cutting of OGO sheets through
which the strain might be released and we believe that the epoxy
pairs attached at the defective sites of GO may have a very
important role in the cutting of the OGO sheets. One may also
argue that the holes in OGO could form by oxidative widening of
existing defects through attack on the internal edges of the OGO
and the epoxy ring like structure may not be essential for the
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Fig.1 (a) A TEM image of the early stage of growth of GQDs with pore
structures in S12, and (b) a magnified view of a portion of the image in (a).
Dotted circles in (b) represent the oxygen functional group ring formation
on the basal plane of the OGO sheet. (c and d) TEM images of GQDs in
S12 and S24 samples, respectively. The inset of (d) shows the SAED pattern
indicating the hexagonal structure and it is significant for the few layered
GQDs. (e) AFM image of GQDs in S24, and (f) AFM height profile of GQDs
measured along the line 1 and 2 shown in (e).
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cutting of the OGO sheets. In order to lend support for the
necessity of the epoxy functional groups, we studied the effect of
hydrothermal reaction on the rGO sheet. Interestingly, it was
found that for hydrothermal reaction with rGO under similar
conditions (12 h reaction), no distinct GQDs were formed (see
Fig. S2(f), ESIt). Despite the strong presence of structural defects
in rGO, oxidative cutting of rGO does not take place during
hydrothermal reaction. This establishes the critical role of epoxy
functional groups on the basal plane of OGO in the cutting of
the OGO sheets to form GQDs. However, high-resolution TEM
including aberration-corrected TEM studies would be helpful to
gain better insight into the actual structure of these pores.*>
It may be noted that atomic scale imaging of GO and rGO has
been reported in the literature,”” while very little information is
available on the actual structure of GQDs.® Fig. 1(c) represents a
TEM image of GQDs at a different location of S12, which shows
small GQD fragments that are separated from the OGO sheet
after the hydrothermal reaction. The reaction for longer duration
(24 h) yields smaller sized GQDs, as shown by the TEM image of
the S24 sample (see Fig. 1(d)). The inset of Fig. 1(d) shows the
SAED pattern of GQDs and it signifies the presence of few layer
graphene in GQDs. The average size of GQDs is ~5 nm for
the S24 sample. These results are in good agreement with the
spectroscopic and TGA/DTG results (discussed later).

Fig. 1(e) represents the AFM image of GQDs in the S24 sample
and the solid lines are drawn to obtain the height profile of the
GQD layers, as shown in Fig. 1(f). The AFM image of GQDs and
the height profile of the GQD layers further confirm that the
GQDs consist of a few (1-5) layers of graphene, consistent with the
SAED pattern. Note that during the formation of GQDs, first
the porous GO is formed, where the pore size can be controlled
by the reaction condition. The porous GO is an interesting
material for gas molecule adsorption, energy storage devices,
nano-electronics, catalysis and supercapacitor applications.***>
Thus, we emphasize that the present synthesis process leads to
the production of size controlled GQDs as well as porous GO
sheets that are suitable for various emerging applications.

3.2. Formation mechanism of GQDs

Note that the as-prepared GO has various functional groups on
the basal plane and at the edges. The intrinsic atomic structure
of defective GO has been recently reported by Dave et al.,” which
revealed that nanocrystalline regions (size ~2-4 nm) of the
sp” lattice in GO are surrounded by regions of disorder, where the
in-plane functional groups are attached. Generally the epoxide
and hydroxyl groups are attached on the basal plane of GO and
the carboxylic (COOH), carbonyl (C—O0), lactone, pyrone, ether
and other functional groups are decorated at the edge sites.**™**
An epoxide is cyclic ether with a three-atom ring. This ring
approximates to an equilateral triangle, which makes it highly
strained. The strained ring makes epoxides more reactive than
other ethers. It is reported that epoxy functional groups are very
reactive sites and can easily modify the GO structure through
ring-opening reactions.*® Li et al®” reported that the strain
generated by the cooperative alighment of epoxy groups can initiate
fault lines and create cracks on GO. Further, the continuation
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of unzipping processes can be identified by binding of a new
epoxy group during the oxidation or hopping of an existing
epoxy group and subsequent locking. With the help of simula-
tion and experimental results, previous studies have established
that in-plane epoxy functional groups are very important and
once an epoxy chain appears, it is energetically favourable for it
to be further oxidized into epoxy pairs that then convert to more
stable carbonyl pairs at room temperature.”’*° Note that the
reported models and experimental results have mostly dis-
cussed about the unzipping of CNTs and cutting of GO that
takes place along the C-C line. However, this type of cutting
results in the growth of a 1-D structure (e.g., graphene nano-
ribbons) or a particular type of oriented structure of carbon
(zigzag or armchair).

Note that a good understanding of the mechanism of
formation of circular shaped GQDs remains elusive. In the
present case, the epoxy functional groups attached at the defect
sites are believed to form a co-operative quasi-ring type closed
structure along the C-C bond to yield nearly circular shaped
GQDs by the cutting of OGO, as confirmed with the HRTEM
analysis. Analyses of the FTIR and UV-Vis absorption data (see
Fig. S3 (a and b), ESIT) of OGO strongly suggest the presence of
in-plane epoxy functional groups on the basal plane of OGO,
while they are absent in rGO. The vibrational mode at 1384 cm ™"
in OGO is due to the epoxy deformation, the broad peak in the
region 3100-3600 cm ' is due to the attachment of hydroxyl
groups and two other modes at 1580 and 1650 cm™ " are attri-
buted to the in-plane stretching vibrations of sp> bonded carbon
atoms and COOH functional groups, respectively (see Fig. S3,
ESI1).>® The UV-Vis absorption spectrum of OGO shows a broad
absorption band extending from the UV to the entire visible
region, indicating that in-plane functional groups cover the basal
plane of OGO, while in rGO the intensity is reduced, presumably
due to the low density of functional groups. In addition, the TGA
profile of OGO (see Fig. S1, ESIT) further supports the assertion
regarding the decomposition of OGO due to the loss of in-plane
epoxy functional groups.”” Similarly, the TGA/DTG result of rGO
showed very low weight loss (%) at 200 °C as compared to that for
OGO, most probably due to the lack of in-plane oxygen function-
alities. In addition, rGO showed additional DTG peaks at 230,
307, 436, and 812 °C, which are believed to be due to the residual
epoxy/C-O (ether), COOH and C=O0 functional groups and sp”
hybridized carbon. TEM imaging results of GQDs synthesised
using two different precursor materials further support the
distinct role of in-plane epoxy functional groups in the formation
of high quality GQDs. Fig. 2 shows a schematic representation of
the proposed formation mechanism of GQDs from the cutting of
OGO sheets with the help of epoxy rings. Note that the degree
of oxidation of GO, solvent, and reaction temperature will have a
strong influence on the structure and morphology of GQDs. In
the first step, the epoxy functional groups in OGO tend to appear
at the C-C bond and form a quasi-ring type structure underlying
the C-C bonds on the basal plane of OGO (see Fig. 2(a)).
Formation of quasi-ring type epoxy functional groups and porous
structure of OGO is evidenced from the TEM imaging results
(see Fig. 1(b)). In the second step, once the epoxy pairs form
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they are energetically favourable to cut the OGO into small
pieces, as shown in Fig. 2(c), and finally small sized GQDs are
formed (Fig. 2(d)). Note that this cutting need not be mediated
by the defects or hydroxyls.*>*®*° Further, the GQD fragments
that are separated from OGO sheets have a size similar to that
of the pore size, indicating that the GQDs are indeed formed
due to the cutting of the OGO sheets (see Fig. 1(c)). A reaction
duration of 24 h results in smaller size fragments and forma-
tion of smaller sized GQDs (~ 5 nm, see Fig. 1(d)). The proposed
mechanism is fully consistent with the formation of nearly
circular shaped GQDs with different edge states, oxygen functio-
nalized and defective GQDs. Interestingly, the measured size of
GQDs is quite consistent with the recent finding of the 2-4 nm
nanocrystalline region in GO, as revealed from aberration-
corrected TEM imaging.” Recently, Alam et al*>' proposed a
model through DFT calculations and showed that the selective
cutting of graphene sheets into edge states led to the formation
of size controlled GQDs. We believe that our experimental results
provide a better understanding of the formation mechanism of
GQDs. The growth mechanism discussed above is believed to
be consistent with other preparation methods. However, more
studies on simulation, iz situ experiments and atomic resolution
imaging would be required to clarify the precise mechanism
behind the formation of circular cross-section GQDs.

3.3. Raman study of the GQD edges and functional groups

Fig. 3 shows a comparison of the Raman spectra of S12F and S24
before and after annealing. The as-grown samples show multiple
Raman bands, some of which are characteristic modes of graphite,
such as D, G and D’ bands. After annealing, the peaks are
broadened and the relative intensity of the D band is enhanced
as compared to that of the G band. The characteristic G band is
due to the in-plane vibrations of sp> carbon (E,, mode), while
the D’ band is attributed to the vacancies and/or pentagonal and
octagonal defects, usually referred to as zigzag 5-7 defects.**>* In
order to gain a better insight into the edge states and functional
group defects in GQDs, the broad Raman spectrum in the range
1000-1815 cm™ " was deconvoluted. The deconvolution of the
Raman spectrum is essential for understanding the disordered
graphitic materials.>® Sadezky et al.>* described a five peak model
for the fitting of the Raman spectra of carbon soot and related
carbonaceous materials, and Claramunt et al.> proposed a five
peak model for the fitting of Raman data of GO. Similarly,
Rebelo et al.>® recently proposed a multi-peak Raman fitting for
multiwalled CNTs and studied the covalent functionalization
by diazonium chemistry and oxidation methodologies. In the
present case, we find that six peaks were necessary to fit the
broad Raman spectra of GQDs. Note that besides the well known
D, G and D’ Raman modes, new Raman modes D1, D2 and D3
are fitted to the experimental data (Fig. 3). D1, D2 and D3 are
well fitted with Gaussian peaks, while the characteristic D, G and
D’ bands are fitted with Lorentzian peaks. Generally, some of the
Raman-inactive modes become active due to the presence of
structural defects that are created during the cutting (growth)
and/or attachment of various functional groups in GQDs. The
edge is a special kind of disorder and the nature of edges can be

This journal is © The Royal Society of Chemistry 2016
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O
Edge functionalized, zig-zag and
armchair GQDs

Fig. 2 A schematic illustration of the proposed formation mechanism of GQDs from OGO sheets. (a) Schematic representation of the in-plane epoxy (C-O-C)
and OH functional groups on the OGO sheet, and (b) the dashed circle with oxygen atoms represents the epoxy quasi-ring formation underlying the C-C bonds
during the hydrothermal reaction. (c) Cutting process of the C-C bonds in the OGO sheet. (d) Formation of circular/quasi-circular GQDs through the cutting.
Separated GQDs possess zigzag and armchair edges and functional groups. Magenta dots and olive colour bonds refer to the zigzag and armchair sites, respectively.

P Exp. data (b) i Exp. data
S12FO — Fitted data $240 P —— Fitted data

1 g T * T L T T T
1080 1350 1620 1080 1350 1620
Raman shift (cm™) Raman shift (cm™)

Fig. 3 Raman spectra of various GQD thin films fitted with Lorentzian and Gaussian peaks. (a) S12F, S12FH and S12FO samples, and (b) S24, S24H and
S240 samples. To enable comparison of intensity, some of the spectra are magnified with appropriate factors, as mentioned in each case. Note that
632.8 nm laser excitation is used for Raman measurements. The experimental data are shown with symbols and the fitted data are shown with a red line.
The new Raman bands D1, D2, and D3 correspond to the sp?~sp® carbon, COOH/C-OH and C—=0/C-0O edge functional groups, respectively.
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probed by the intensity of the Raman D band. The D band arises
from the momentum conservation law due to the formation of
edge states (zigzag and armchair). It has been reported that the
intensity of the Raman D band is very sensitive to the nature of
edge states in GQDs. It is strongly present for the armchair edges
and nearly absent for the zigzag edges.>’®' The additional bands
D1, D2, and D3 may be related to functional group defects. The
parameters of the fitted peaks are presented in Table T1 (ESIT).
The ratio of intensity of the D to G band (Ip/Ig) is 0.83 for the
S12F sample. Interestingly, after annealing, the Iy/I; ratio is
nearly doubled for the S12FH sample and it is increased to
1.08 for the S12FO sample. Since the D band intensity is most
sensitive to the armchair edge states, the increased D band
intensity (ratio) after annealing clearly reveals the conversion of
the edges from zigzag to arm chair type. The low intensity of the
D band in S12F indicates the presence of both types of edges,
zigzag and armchair, while the increased D band intensity in
S12FH and S12FO suggests the dominance of armchair edges due
to the conversion from zigzag to armchair sites after annealing.
A similar trend in change in intensity ratios is observed for S12,
S12H and S120 samples and the results are shown in Fig. S4 and
Table T1 (ESIt). For S24, the Ip/Ig ratio is 1.07, while after
annealing the ratio is increased to 1.75 and 1.62 for S24H and
S240, respectively (see Table T1, ESIT). These results strongly
suggest that the zigzag edges of GQDs are converted to armchair
edges and the annealed samples contain primarily the armchair
edges. This result is consistent with the quantitative analysis of
PL data, discussed later.

Next, we address the evolution of the edge oxygenated
functional groups in GQDs after annealing. It is noted that
the edge carbon atoms are reconstructed during annealing and
the sp>-sp® bonding changes in order to maintain the stability
of edge carbon atoms.">** In $12, the I, /I ratio is increased by
five-fold after H, annealing and by about ten-fold after O,
annealing. A similar increase in the intensity ratio is observed
for S12F and S24 (see Table T1, ESIt). Thus, the D1 band at
~1185 cm™ ' may be attributed to the sp>~sp® bonded carbon
atoms at the edges of GQDs. In the same way, we monitored the
In,/I ratio for different GQD samples before and after anneal-
ing. The ratio In,/Ig is marginally higher after both oxygen and
hydrogen annealing. Since the thermal stability of C-OH func-
tional groups is higher than that of C=0 groups,®” the D2 band
may be attributed to COOH/C-OH functional groups. This is in
accordance with the FTIR and XPS analyses. In the case of H,
annealing, C-H bonds may be present at the GQD edges.®* Thus,
the increase in the In,/I; value after H, annealing is expected due
to the formation of C-H bonds or due to the residual C-OH
functional group. A similar trend is observed in other samples
(see Table T1, ESIt). For the band D3 centred at ~1438 cm™ ", the
intensity ratio I3/l is remarkably increased after annealing in O,
due to the formation of covalent bonds between the oxygen and
the edge carbon atoms, i.e., C—0/C-O bonds at the GQD edges.
The Ips/lg ratio is only 0.16 for the S12F sample, while it is
5.5-fold increased in the S12FO sample after O, annealing. For
S24, the Ips/Ig ratio is increased from 0.39 to 0.95 after O,
annealing (see Table T1, ESIT). These results strongly suggest
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that oxygen functionalization takes place at the GQD edge sites,
which can be easily controlled through post growth annealing.
On the other hand, H, gas annealing causes a relatively small
change in the Ip;/I; ratio. The I3/l ratio changed from 0.16 to
0.27 for S12F and from 0.39 to 0.35 for S24 after H, annealing.
It is reported that C—=O0 functional groups are thermally more
stable than the COOH groups.®” This might be the reason for
the observation of the residual C=O functional group after
annealing. The increased Ip;/I; ratio after oxygen annealing is
attributed to the increased density of sp>~sp® bonds due to the
covalent attachment of oxygen atoms at the sp® carbon sites.
Finally, the D’ band intensity is compared for GQD thin films
before and after annealing. The I/I ratio for the S12F sample
is 0.19, while it is 2-fold increased for the annealed samples
(S12FH and S12FO). The I,/I; ratio for the S24 sample is 0.23,
while it is ~3-fold increased for the S24H sample and 2.3 fold
increased for the S240 sample. The marginally lower I1,/I; ratio
in the oxygen annealed sample may be due to the fact that some
of the oxygen atoms get attached at the defect sites during
oxygen annealing. The high temperature (620 °C) annealing
may have resulted in the formation of vacancy and pentagon/
heptagon (edge reconstruction) defects due to the loss of loosely
bonded functional groups (ether) and the conversion of edge
states. Note that the stability of ether and lactone type functional
groups is relatively low compared to other functional groups.*®
Recent reports suggest that high temperature (600 °C) heating
causes formation of pentagon/heptagon defects and recon-
structed zigzag (5-7) defects in graphene."”*” These results
suggest that higher density of defects may be present in GQD
thin films after annealing. Thus, the increased Iy/Ig ratio in
annealed samples directly implies the formation of additional
defects, such as vacancies, pentagon/heptagon defects and
reconstructed zigzag (5-7) defects, in GQD thin films. A similar
trend is observed in other GQD samples after annealing. Note
that besides the removal of functional groups, hydrogenation
may allow formation of hydrogen bonds and doping.®* Additional
Raman measurements with 514.5 nm laser excitation showed
spectra similar to that obtained with 632.8 nm laser excitation,
except some changes in the position of D and D’ bands (see
Fig. S6, ESIT). This is due to the dispersion of the D band with
different excitation wavelengths.®*

In a previous study, we assigned the additional Raman band
at ~1440 cm™ ' to the COOH or C=O functional groups.’® In
the present case, our controlled annealing studies reveal that
the additional band arises from the covalent attachment of
oxygen (C—O0/C-0) at edge sites. Dippel et al.®® and Sadezky
et al.>® observed a Raman peak at 1190 cm ™" in flame soot and
attributed it to the sp>~sp® bonds or C-C and C=C stretching
vibrations of polyene-like structures. Claramunt et al. attributed the
Raman band at ~1187 cm™ ' to oxygen content in GO.> Thus,
there is controversy regarding the origin of the additional Raman
bands near the D band. GQDs are a few nanometer sized sp>-sp*
bonded carbon atoms with plenty of edge defects. Due to the
cleavage of OGO, the carbon atoms are rearranged and the attach-
ment of oxygen functional groups takes place at the sp’-sp® edge
carbon sites. Indeed, the edge carbon atoms are more favourable
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for the formation of the sp’~sp’> bonds due to the attachment of
oxygen functional groups/defects.”” Thus, the Raman D1 band at
~1185 em ™ is assigned to the sp*-sp® bonded carbon atoms at
the edges of the GQDs. The Raman D2 band at ~1260 cm ™' is
assigned to COOH or ring type C-OH edge functional groups, while
the D3 band at ~1438 cm™ ' is attributed to the C=0/C-O
functional groups. Note that the peak assignments are consistent
with the evolution of XPS, FTIR and PL spectra from GQDs. Since
several theoretical®®®” and microscopic studies®®***° confirm the
presence of edge defects in GQDs, our Raman analysis proves to be
a powerful tool to monitor these defects more conveniently.

3.4. UV-Vis absorption studies

Fig. 4 shows the UV-visible absorption spectra of different GQD
samples. All the samples show the characteristic n-n* transition
peak at ~276 nm, which signifies the transition of sp* carbon
atoms. The other absorption band at ~333 nm is relatively broad
and it changes after PEG functionalization, along with the reduction
of intensity of the ~276 nm peak. The ~ 333 nm peak is referred to
as n—m* transition and it is mainly due to the attachment of oxygen
functional groups (C—O0/COOH) at the GQD edges.”>* Interest-
ingly, the S24 sample shows a distinct absorption peak at ~276 nm,
revealing the ultrafine size of GQDs in the as-grown samples and it
arises from the quantum confinement effect. Note that this feature
is not prominent in other samples perhaps due to the larger size of
the GQDs. This is strongly supported by HRTEM results that show a
size of ~5 nm for the S24 sample. Besides the size, the attachment
of edge oxygenated functional groups is also evident from the
absorption spectra. The absorption band corresponding to the
oxygenated functional groups becomes broad after PEG function-
alization. It is noted that PEG is a polymer that contains branched
COOH functional groups. During the reaction, the COOH functional
groups get attached at the GQD edges resulting in the broad
absorption band for the functionalized GQD samples.

3.5. Photoluminescence studies

Fig. 5 shows the room temperature PL spectra excited with a
355 nm laser for various GQD thin films before and after annealing.
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Fig. 4 Comparison of the UV-Vis absorption spectra of different GQDs
before and after functionalization with PEG. The n—n* band originates from
the band to band (n—n*) transition of sp? carbon and the n—m* absorption
band corresponds to the sub-band states arising from the COOH/C=0
edge functional groups.
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Fig. 5(a) shows the normalized PL spectra and Gaussian peak
fitting for S12F, S12FH and S12FO, while Fig. 5(b) shows the
same for S24, S24H and S240. All the samples clearly show PL
emission in the blue and green regions. It is clear from the
asymmetry and shift in the PL spectra (after annealing) that
multiple peaks contribute to the strong PL emission from the
GQD thin films. A clear understanding of the various PL peaks
is achieved by the Gaussian peak fitting of each spectrum. Note
that each PL spectrum is fitted with four Gaussian peaks (P1, P2,
P3, P4) and different samples show different intensities of these
peaks based on the growth and annealing conditions. Typically,
the blue and green emissions from GQDs have been assigned to
edge defects and functional groups of GQDs.'**> However, the
nature of edge states has not been distinguished properly through
PL analysis and it was found necessary to monitor the evolution
of different PL peaks after functionalization and annealing to
identify the exact origin of each peak. Interestingly, we found
an intriguing correlation between the evolution of the PL peaks
with annealing and the new Raman bands discussed in the
previous section. Note that there is a drastic change in the
relative intensities of peaks P1 (at ~407 nm) and P2 (at ~440 nm)
after annealing in both H, and O, environments. The relative
intensity of peak P1 is reduced significantly after annealing, while
that of peak P2 is strongly increased after annealing, and there is a
one to one correspondence between the intensities of the two
peaks. Recently, He et al. reported that in graphene nanoribbons
the zigzag edges are converted to armchair sites after annealing,’”
and recent simulation results support the edge state stability.®®
Song et al. suggested that at high temperatures the armchair edge
is the most prevalent edge structure among various edge configu-
rations in graphene.® It is noteworthy that based on the report of
He et al. we have chosen the annealing temperature of 620 °C in
order to reduce the zigzag edges and increase the armchair edges
in GQDs through the inter-conversion of edges and monitor the
corresponding PL evolution. Thus, the drastic reduction in the
intensity of peak P1 and the concomitant increase in the intensity
of peak P2 after annealing clearly signify the conversion of
edge states from zigzag to armchair states and it allows us to
unambiguously distinguish the PL peaks related to zigzag and
armchair states.

In order to quantify the relative changes in the density of edge
states and functional groups with annealing, we monitored the
changes in the integrated intensity of the PL peak with annealing.
The parameters extracted from the Gaussian peak fitting of
the PL spectra are presented in Table 1. Note that all the PL
measurements on GQD thin films were conducted under identical
conditions to enable comparison. Importantly, we monitor the
conversion of edge types due to the thermal annealing, while the
edge functional groups are controlled by the annealing environ-
ment (H, and O,). Note that the integrated intensity of peak P1 is
drastically reduced and that of peak P2 is dramatically increased
after H, and O, gas annealing, and most interestingly this trend
is consistently followed in all samples, as shown in Fig. 6(a)
and 6(b). The decrease in the intensity of P1 and the concomitant
increase in the intensity of P2 follow a trend similar to that of the
changes in the Raman D bands of GQDs. Since the annealing
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Table 1 Summary of fitted PL peaks (P1, P2, P3 and P4) and their identity for various GQD thin films before and after annealing. The relative percentage
of each species is calculated from the integrated intensity of respective peaks for each sample

Peak position in nm

Relative percentage of edge states and functional groups

Sample name P1 P2 P3 P4 Zigzag states Armchair states COOH/C-OH C=—0O/C-O
512 407 443 490 529 53 22 12 13
S12H — 440 490 530 0 72 17 11
5120 — 440 490 531 0 69 8 23
S12F 407 443 490 531 55 16 16 13
S12FH 407 438 490 530 19 56 15 10
S12FO 407 442 488 533 4 49 12 35
S24 407 443 488 530 55 20 14 11
S24H — 443 490 528 0 71 19 10
5240 407 440 490 530 16 52 6 26
S24F 407 440 490 530 44 27 19 10
S24FH 407 443 490 530 11 66 16 7
S24FO 407 440 490 530 17 48 12 23

Peak identity Zigzag edge states Armchair edge states COOH/C-OH C—O/C-O
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at 620 °C is expected to convert zigzag edges to armchair edges,
the decrease in the intensity of P1 is due to the decrease in the
density/percentage of zigzag edges. Similarly, the strong increase
in the intensity of P2 after annealing implies the enrichment of
armchair edges in GQDs. Thus, peaks P1 and P2 at ~407 nm and
~440 nm, respectively, are assigned to the zigzag (carbene-like,
with a triplet ground state being most common) and free
armchair sites (carbyne-like, with a singlet ground state being
most common) in GQDs. At the same time, during annealing
the density of oxygen functional groups is altered, based on the
annealing environment. Fig. 6(c) clearly shows that the concen-
tration of C—0O/C-O bonds is increased after O, annealing, as
expected, and it again decreases upon H, annealing at 620 °C.
Based on the literature report and our annealing results, the two
green emission bands P3 and P4 are attributed to the COOH/C-OH
and C—=O functional groups, respectively.”>>* This is consistent
with the FTIR analysis presented later. Note that the overall PL
intensity is reduced in annealed samples which might be due
to the creation of additional defects, e.g., vacancies, pentagon/
heptagon defects, and some of these defects may act as non-
radiative recombination centers. These results are consistent
with the Raman analysis that showed the increased I/Ig ratio
in the annealed samples. We find from the PL analysis that the
as-grown S12 sample contains mostly zigzag edges, as evident
from Table 1, while the annealed samples (S12H and S120)
contain mostly the armchair edges without any significant pre-
sence of zigzag states (see Fig. S5(a), ESIT). The slight increase
in the intensity of P3 may be due to the C-H bond formation.
Fig. 6(d) shows a schematic representation of the band diagram
of GQDs depicting the edge state and functional group related
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transitions giving rise to two blue (P1, P2) and two green (P3, P4)
PL emission bands. Radovic et al. proposed a structural model for
graphene edges and explained that free zigzag sites are carbene-
like with a triplet ground state being most common, while the
free armchair sites are carbyne-like with a singlet ground state.”
Thus, the unambiguous identification and control of graphene
edges have been made possible in this study through a careful
design of the growth strategy and post-growth annealing.

3.6. XPS studies

In order to gain further insight into the identity of functional
groups, XPS analysis was carried out on the GQD samples.
Fig. 7 represents the XPS core level C1s and O1s spectra of the
S24 sample before and after annealing. Fig. 7(a-c) shows the C1
spectrum of S24, S24H and S240 samples, respectively. Each of
the C1s spectra is fitted with five Gaussian peaks to extract the
peak parameters properly and the fitted parameters are listed
in Table T2 (ESIt). The peaks centered at 284.5, 286.14, 287.5,
290.0, and 293.7 eV are the characteristic peaks assigned to sp>
bonded carbon (C—=C), C-O (ether), carbonyl (C=0), carboxylic
(COOH) and shake up satellite peak (n-m*), respectively, and
these are consistent with the literature.'®*>?? It is evident from
Table T2 (ESIt) that the relative percentages of C—C, C-O
(ether), C=0 and COOH in the S24 sample are 39, 22, 13 and
16%, respectively. Interestingly, after annealing the percentage
of edge functional groups in S24H and S240 is drastically
changed with respect to that of S24. It implies that the functional
groups in GQDs can be carefully tuned and monitored by H, and
O, gas annealing, which leads to a significant change in the green
PL emission (P3, P4) mentioned earlier. Further, we observed an
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increased concentration of C—C bonds in S24H, as expected.
Since some of the edge functional groups are destroyed during
the annealing, it results in the relative enhancement of C—=C
bonds. This is in good agreement with the FTIR analysis
(discussed later). Similarly, there is a substantial change in
the percentage of the C-O (ether) group in S24H and S240 as
compared to that of S24. Note that the as-grown GQDs contain
edge defects, ether and edge functional groups (Fig. 2). The
atomic percentage of the C-O (ether) group in S24 is 22%, while
it reduces by more than half to 9% and 7% for S24H and S240,
respectively. It is to be noted that the ether functional group
has lower thermal stability as compared to the other functional
groups.*® In the present case, the high temperature (620 °C)
annealing results in the loss of oxygen atoms from the ether
group and the vacancy defects are formed and/or edges are
reconstructed to form heptagon and pentagon defects, the so
called stone-wall (S-W) defects."”™*” Thus, the formation of
vacancy and/or heptagon and pentagon defects is more favorable
in the annealed samples. This result is in very good agreement
with the Raman analysis that showed an increased intensity ratio
of Iy/I; after annealing (see Fig. 3 and Table T1, ESIt). During
annealing, besides the creation of crystalline defects, the conver-
sion of edge states is very efficient in GQDs, as evident from the
earlier discussion. Note that the percentage of the C—=O func-
tional group in the S24 sample is 10%, while it is doubled in S240
due to O, annealing. However, the atomic percentage of the C—=0
functional group in the S24H sample does not show any sub-
stantial change, which might be due to the higher stability of
C=0 groups.®” Note that H, (purity 99.9%) annealing may also
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cause partial removal of oxygen functional groups. Besides the
C1s spectrum, the O1s XPS spectrum of GQD samples further
augmented the increased concentration of oxygen functional
groups after O, annealing. Fig. 7(d) shows the comparison of
O1s spectra for S24 before and after annealing. The integrated
intensity of the O1s spectrum for the S240 sample is 1.78 times
higher than that of the pristine sample, which reveals the
attachment of oxygen atoms at the edge/in-plane sites of GQDs.
This is consistent with the enhanced intensity of green PL
(530 nm) and the enhanced intensity of the FTIR band related
to the oxygenated functional groups after O, annealing. Note
that the integrated intensity of the O1s spectrum for the S24H
sample is 1.56 times higher than that of pristine samples. This
might be due to the impurity content in the H, gas, adsorbed
moisture and residual (C=0) functional groups that strongly
bind to the GQD edge sites before the measurement. This is
consistent with the considerable green PL (peak P3) emission
after the hydrogenation.

3.7. FTIR studies

Fig. 8 shows the characteristic FTIR spectra of GQD thin films
before and after H, and O, annealing. It is evident from the
spectra that a substantial change in the intensity of various
functional groups occurs after the annealing. All the samples show
the characteristic IR active vibrational bands of sp* carbon and
oxygenated functional groups that are attached at the edge sites of
GQDs. Firstly, the vibrational mode at ~1000-1100 cm ™" is related
to the C-O stretching vibrations.”> The bands at ~1360 cm™ "
and ~1580 cm™ " are attributed to the C-O epoxy deformation

This journal is © The Royal Society of Chemistry 2016



Paper
Vi e
\\ - ——S12FO
AN \ ,.’\A/\——hﬂ-—-’—
/\/‘ ——S12FH
[}
g [T\ /w/\f\,A _—
g \{\ —— S12F
€
5N / ™ T
© ——S240
|_
A\~
\\\‘\AN/—Q/-J\ p——r
N Spr—
¥ =)
IC-O epox v v
[co] 9

1600 2000 2400 2800 3200
Wavenumber (cm™)

800 1200

Fig. 8 FTIR transmittance spectra and associated vibrational modes of
various pristine and annealed GQD samples showing the sp® carbon (C—C)
and oxygenated edge functional groups (COOH, C=0/C-0).

and in-plane stretching vibrations of sp* hybridized carbon atoms
(C=C), respectively.*** Besides these, the edge functionalized
oxygen functional groups can be clearly distinguished from the
FTIR spectra (see Fig. 8). The vibrational modes at ~1650 and
~1700 cm ™! originate from the COOH and C=0 edge functional
groups.”>”® Further, some weak bands at ~2366-2386 and
~2825 cm™ " are observed and are ascribed to the stretching vibra-
tions of 0=C=0 and C-H modes, respectively.*>° Interestingly,
the intensity of the C-O vibrational mode (1000-1100 cm™ ") is
considerably increased for all O, annealed samples, suggesting the
covalent attachment of oxygen atoms at the edge sites in GQDs.
Note that this band nearly disappears after hydrogen annealing
of S24, revealing the removal of some of the oxygen functional
groups. However, other samples show the presence of this band
even after H, annealing. Acik et al. suggested from the DFT simu-
lation that the FITR vibrational bands at 1067, 1104, 1122, 1159,
1237 and 1296 cm ™" may originate from single or double vacancies
of carbon atoms.*® Thus, some of the FITR bands in the above
region may be related to the defects in the hexagonal ring structure
of GQDs. Note that our Raman analysis also suggested some crystal
defects (vacancy and SW) in the GQD samples. On the other hand,
the intensity of in-plane stretching vibrations of the C—C bond
is relatively enhanced after annealing in both the environments
(O, and H,). This may be due to the high temperature (620 °C)
annealing that leads to improvement in the C—C bond. Note that
the oxygenated GQD thin films show considerable C-O epoxy bonds
at the basal plane, although GQDs possess a high ratio of edge to
basal plane carbon atoms (see Fig. 8). All these results are consistent
with the PL analysis and peak assignments.

4. Conclusions

In conclusion, the formation mechanism of quasi-circular shaped
GQDs was investigated from the TEM imaging of the GQDs

This journal is © The Royal Society of Chemistry 2016

Journal of Materials Chemistry C

formed at different stages of hydrothermal reaction. Our results
suggest that in-plane epoxy (C-O-C) functional groups attached
at the defect sites of oxidized graphene oxide (OGO) act as an
active channel for the cutting of OGO into GQDs, as corroborated
by UV-Vis absorption, TGA and FTIR analyses. This was corro-
borated by the absence of GQD formation when rGO was used as
the precursor for the hydrothermal reaction. Further, using
Raman and PL analyses, we probed the edge state conversion
in GQD thin films before and after annealing at 620 °C under a
controlled gas environment, for the first time. The blue PL
emissions at ~407 and ~440 nm are unambiguously assigned
to the zigzag and armchair free edge states in GQDs, while the
two green PL emissions peaked at ~490 and ~530 nm are
attributed to the COOH/C-OH and C—0/C-O edge oxygenated
functional groups attached to GQD edges, respectively. The
Raman spectra of GQDs were carefully analysed by deconvolut-
ing the spectra using Gaussian and Lorentzian peak fitting. In
addition to the characteristic Raman modes of graphene, such as
D, G and D’ bands, we observed two new Raman bands at ~ 1260
and ~1440 cm ' and these are assigned to COOH/C-OH and
C=0O0 edge oxygenated functional groups in GQDs, respectively.
The Raman results were corroborated by the PL peak assign-
ments. The structural, optical and compositional characteristics
of GQD thin films were extensively studied by UV-Vis absorption,
XPS and FTIR spectroscopy to corroborate the PL and Raman
assignments. Our results provide significant new insights into
the controlled growth of GQDs with tunable size and the edge
state engineering of GQDs with tunable luminescence properties
for future biosensors, optoelectronic, energy and environmental
applications. The proposed growth mechanism for GQDs may
stimulate further studies on the simulation and experimental
demonstration of the cutting of GO sheets into different shaped
GQDs through solution chemistry.
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