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Evidence for Edge-State Photoluminescence in Graphene

Quantum Dots

Kiran Lingam, Ramakrishna Podila, Haijun Qian, Steven Serkiz, and Apparao M. Rao*

For a practical realization of graphene-based logic devices, the opening of

a band gap in graphene is crucial and has proven challenging. To this end,
several synthesis techniques, including unzipping of carbon nanotubes,
chemical vapor deposition, and other bottom-up fabrication techniques have
been pursued for the bulk production of graphene nanoribbons (GNRs) and
graphene quantum dots (GQDs). However, only limited progress has been
made towards a fundamental understanding of the origin of strong photolumi-
nescence (PL) in GQDs. Here, it is experimentally shown that the PL is inde-
pendent of the functionalization scheme of the GQDs. Following a series of
annealing experiments designed to passivate the free edges, the PL in GQDs
originates from edge-states, and an edge-passivation subsequent to synthesis
quenches the PL. The results of PL studies of GNRs and carbon nano-onions

are shown to be consistent with PL being generated at the edge sites of GQDs.

chemical vapor deposition!'!! and other
bottom-up fabrication techniques!'? have
been pursued for the bulk production of
graphene nanoribbons (GNRs) and gra-
phene quantum dots (GQDs);3*1 and
only a limited progress has been made
towards a fundamental understanding
of the electronic and optical properties
of GNRs and GQDs. In particular, the
origin of strong photoluminescence (PL)
in GQDs, which has been attributed to the
presence of emissive surface traps!’® and/
or the edge-states in GQD,['3?% remains
inconclusive to date. Previously, Pan
et al. attributed the PL emission in GQDs
to the triplet states from zig-zag edges,!3!
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1. Introduction

Graphene has generated an enormous interest in carbon sci-
ence and technology due to its unique properties,'=3] for
example, its high electron mobility of =10¢ cm? V! s7! is very
attractive for nanoelectronics.*> However, for practical realiza-
tion of graphene-based logic devices, opening of a band gap in
graphene is crucial, a goal which has proved challenging. Pre-
vious reports indicate that the dimensions of graphene must be
below 100 nm to facilitate an opening of a band gap in its other-
wise semi-metallic band structure.*® To this end, several syn-
thesis techniques including unzipping of carbon nanotubes,*%
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but experimental evidence to support this

claim remains uncompelling. We, there-

fore, have completed an in-depth study
in an attempt to elucidate the origin of PL in GQDs. In this
study, we have systematically varied the functionality and edge
structure of the carbon nanostructures (GQDs, GNRs) using a
combination of synthesis and annealing techniques to investi-
gate the influence of structure on the observed PL. We found
the PL of GQDs to be independent of suspension medium and
the structure of its edges. As simple analogues to the carbon
nanostructures, the PL spectra of benzene, anthracene, naph-
thalene, and pyrene were compared to data from GQDs, GNRs
and carbon nano-onions (CNOs), and this comparison serves as
a basis for future theoretical and experimental studies of PL in
carbon nanostructures.

2. Results and Discussion

The transmission electron microscopy (TEM) studies of GQD
samples (S1-DMF and S2-NaOH) prepared in this study exhib-
ited a mean diameter =4 nm (Figure 1, see Experimental Sec-
tion for details). The high-resolution TEM (HR-TEM) images of
isolated GQDs (see, e.g., Figure 1b) confirmed the highly crys-
talline nature of our GQDs.

The presence of a strong m—7m* transition peak (=4.5 eV) in
the UV-Visible spectrum further confirmed the sp? covalent
bonding in our samples (Figure SI1, Supporting Information).
Interestingly, the PL spectra for S1-DMF and S1-NaOH are
very similar despite their synthesis in two different solvents
(Figure 2). Consistent with previous studies,'*!’l both sam-
ples exhibited green luminescence at =510 nm with a broad
full-width-at-half-maximum height (FWHM) of =90 nm upon
excitation at 400 nm. In fact, S1-DMF and S2-NaOH showed
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Figure 1. a) TEM and b) HR-TEM image of graphene quantum dots prepared using the solvothermal treatment in DMF (S1-DMF). The zigzag edges are
marked as a guide to the eye and the inset in (b) shows the fast Fourier transform of the image. ¢) TEM image of GQD prepared via the hydrothermal
treatment in NaOH (S2-NaOH). The insets in (a) and (c) show the diameter distributions of the corresponding samples.

similar shifts (upshift between 400-460 nm and negligible shift
between 460-540 nm) in their peak emission wavelengths with
increasing excitation wavelengths.

Although similar shifts in emission were previously observed
in studies involving GQDs and other nanocarbons, a consensus
regarding its origin is still lacking.l1>152% As shown in Figure S12
(Supporting Information), a deconvolution of the PL spectrum
of GQDs excited at 400, 440 or 480 nm, revealed the presence
of at least three distinct Lorentzians, each with a FWHM of
40 + 10 nm. Clearly, the peak positions of the deconvoluted
traces for S1-DMF (Figure SI2a—c, Supporting Information)
and S2-NaOH (Figure SI2d—f, Supporting Information) are
similar to each other. Hence, the lack of a significant spectral
difference for S1-DMF and S2-NaOH samples suggests that the
presence of surface passivating functional groups (such as -OH
groups in S2-NaOH or non-covalently coated DMF in S1-DMF),
or other surface emissive traps bonded to GQDs are not the
source for the observed PL in GQDs.

We further note that previous studies!!”! on the PL of GQDs
reported an upshift in emission wavelength by =90 nm for
increasing excitation wavelengths. The dependence of the three
deconvoluted peak positions (labeled 1, 2 and 3 in Figure 3a) on
the excitation wavelength is significant for peak 1, as compared
to peaks 2 and 3. In addition, a relative change in the intensities

of these three peaks is evident with the second and third peaks
becoming more prominent than the first peak with increasing
excitation wavelength (Figure 3b). These findings underscore
the need for a detailed analysis (Figure SI2, Supporting Infor-
mation, and Figure 3) to determine the cause for the apparent
~90 nm shift in the emission wavelength reported in previous
studies.[13:1420]

We next addressed the possibility that the edge-states in
GQDs lead to the observed PL in GQDs via systematic annealing
and passivating experiments. Previously, Xu et al. used micro-
Raman spectroscopy to show that the graphene edges recon-
struct upon annealing in vacuum.?!l Accordingly, to confirm
the role of zig-zag edges in the PL of GQDs states as proposed
by Pan et al.,'}l we vacuum annealed the S1-DMF sample and
tracked the corresponding changes in its PL behavior when
excited at 400 nm (Figure 4a). Prior to the vacuum annealing
step, the GQDs were separated from the solution by evaporating
the DMF. The as-obtained powder was annealed for 15 min
at different temperatures under vacuum (=1 mbar) and the
final products were re-dispersed in DMF for PL measure-
ments. The TEM and HR-TEM images (Figure 4) confirmed
the presence of GQDs in the annealed sample. The PL spec-
trum of the annealed S1-DMF sample (vacuum annealed at
250 °C for 15 min) exhibited a significant drop in the inten-
sity of its PL signal (Figure 4a). Interest-
ingly, the other spectral features such as
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the excitation-dependent emission of the
GQDs and the relative changes in the
emission intensity as a function of excita-
tion wavelength remained identical to that
of the as-prepared sample (Figure SI3,
Supporting Information). The PL inten-
sity was observed to decrease further
with increasing annealing temperature
(Figure 4a,b). For comparison, we also
recorded the emission for the annealed

1 1
600 400
A/mm

1
400 800 400 600 800

A/nm

Figure 2. Photoluminescence spectra of graphene quantum dots as a function of excitation
wavelength from 400 nm to 540 nm (with 20 nm increments) synthesized using solvothermal
method in a) DMF and b) NaOH and c) for graphene nanoribbons suspended in DMF. The

inset in (c) shows the TEM image of the GNRs sample.
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S1-DMF sample using the 460 nm excita-
tion and found a decrease in the PL inten-
sity with increasing annealing temperatures
(Figure SI4, Supporting Information). We
attribute this reduction in PL intensity to the
possible rearrangement/passivation of edge
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Figure 3. Plots of a) emission peak positions of S1-DMF sample as a function of excitation
wavelength and b) the ratio of peak intensities with respect to peak 1.

carbon atoms in the GQDs. The HR-TEM images of isolated
GQDs indicated the presence of disordered edges both before
(Figure 1b) and after annealing (Figure 4e). Thus, the edge type
appears randomized and implies that a preferred edge structure
(armchair or zigzag) in the GQD is absent. This data appears
to be inconsistent to the idea that the origin of PL is due to a
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Figure 4. Panel (a) shows the change in the intensity of PL emission with 400 nm excitation
as a function of annealing temperature; panel (b) shows the magnified view of the PL spectra
of annealed samples, the sharp features correspond to the overtones of the excited light,
and panel (c) shows the change in the intensity of PL emission with 400 nm excitation upon
annealing in hydrogen atmosphere. The TEM and HRTEM images of GQDs post annealed at
450 °C are shown in (d) and (e), respectively. e) The graphitic nature of the annealed GQDs is
evident, and the inset shows the presence of disordered edges in GQDs.
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particular edge type. In fact, Radovic et al.?2
showed that both the armchair and zigzag
edges behave like carbene and carbyne sites
respectively, both of which could lead to PL
in GQDs.

In order to further investigate the passiva-
tion-induced reduction in the PL of GQDs:
(i) we annealed the S1-DMF samples in H,
atmosphere (rather than vacuum) at a rela-
tively low temperature (250 °C). Interestingly,
its emission was quenched upon excitation
at 400 nm implying a correlation between
the passivation of the edge-states and PL
intensity (Figure 4c). Similar quenched emis-
sion behavior was observed in the hydrogen
annealed sample when excited at 460 nm
(Figure SIS, Supporting Information). (ii) We
performed PL studies on GNRs possessing
only a few layers with a uniform width of
=25 nm and length =200 nm (inset in

Figure 2c). The PL spectrum of these GNRs was strikingly
similar to that of the GQDs with a nearly identical excitation-
dependent emission profile (Figure 2c). The similarity in the PL
spectra of GQDs and GNRs, despite the differences in their mor-
phology and size, strongly suggested that the PL originates from
the disordered edge-states. (iii) We extended our PL studies to

CNOs which are cage-like structures made of
a combination of hexagonal and pentagonal
rings of carbon atoms. It is noteworthy that
free edges are absent in CNOs due to their
closed cage-like structure. As expected, we
did not observe any PL signal for CNOs in
agreement with the edge-state hypothesis
(Figure SI6, Supporting Information). Collec-
tively, the PL data for as-prepared, annealed
GQDs, and as-prepared GNRs provide evi-
dence that the disordered edges are respon-
sible for the observed luminescence in these
nanocarbons.

Lastly, we propose that GQDs may be
viewed as a highly conjugated system of ben-
zene rings with its emission peaks arising
from HOMO-LUMO levels similar to that of
poly-aromatic molecules. Previously, the PL
in polyaromatic molecules has been attrib-
uted to the electronic transitions between
the discrete HOMO-LUMO levels, 1224 and it
is well known that the PL profile of polyaro-
matic molecules red-shift in wavelength with
increasing conjugation length (Figure SI7,
Supporting Information). Further theoretical
studies are needed to gain better under-
standing of PL behavior in GQDs.

3. Conclusions

In summary, we have investigated the origin
of PL in GQDs. GQDs were prepared in

Adv. Funct. Mater. 2013, 23, 5062-5065
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two different solvents using similar techniques. The strikingly
similar PL spectra of these samples suggest that the func-
tional groups are not contributing to PL. Following a series of
annealing experiments that resulted in GQDs with randomized
edges, we observed that PL appears to originate from the edge-
states of GQD, and edge passivation resulting from annealing
leads to quenching of the PL signal. Furthermore, we studied
the luminescent behavior in other nanocarbon systems such as
GNRs with similar edge-states as GQDs and CNOs with a cage
structure and no free edges to understand the results obtained
for GQDs. GQDs and GNRs gave similar PL spectra while no
PL spectra was detected in case of CNOs. Lastly, we propose
that GQDs can be considered as highly conjugated benzene
rings and the PL peaks (peaks 1, peak 2 and peak 3) observed
can be attributed to electronic transition between HOMO-
LUMO levels.

4. Experimental Section

GQDs used in the present study were synthesized using a modified
version of a previously reported solvothermal method." GQD
samples were prepared by mixing =200 mg of as-purchased graphene
nanoplatelets (GNPs; XG Science, grade-M, 8 um wide and 5-8 nm
thick) with 40 mL dimethylformamide (DMF) (Alfa Aesar) and tip
sonicating (power =40 W) for 30 min before transferring the dispersion
into a Teflon®- lined autoclave. The GQDs, hereafter referred as
S1-DMF, were obtained following a heating step for 5 h at 200 °C
and subsequently collected by filtration through a 0.22 pm Teflon
membrane. Another batch of GQDs (S2-NaOH) was prepared using an
identical procedure in NaOH diluted in DI water to a pH = 9. Since,
DMF and NaOH are two completely different solvents, during the
synthesis process, they form different functional groups with GQDs.
PL measurements on such samples help in understanding the role of
functional groups.

The GQDs were characterized using a high resolution Hitachi TM
9500 transmission electron microscope (HR-TEM) operated at 300 kV.
GQD solution was drop casted onto TEM grids for analysis.

A double grating Horiba Jobin Yvon spectrometer equipped with liquid
nitrogen cooled CCD was used for recording the room temperature PL
data, equal volume of samples were used for all the measurements in a
quartz cuvette.

Graphene nanoribbons (GNRs) used in this study were produced
by filtering the dispersion of the as-purchased GNPs in DMF through
a 0.2 um Teflon membrane. Carbon nano-onions were produced from
the arc-discharge method.?’l GNRs and CNOs were characterized using
TEM and PL as described above for the GQDs.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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