Anomalous Behaviors of Visible
Luminescence from Graphene Quantum
Dots: Interplay between Size and Shape
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ecently, the quantum confinement
Reffect (QCE) at a nanometer scale as
in graphene quantum dots (GQDs)

and graphene nanoribbons (GNRs) has at-
tracted strong attention as one of the cen-
tral issues in graphene-based electronics' ~*
because they provide the opportunity to
explore novel structural, optical, and elec-
trical phenomena not obtainable in other
materials. Having a controllable nanometer-
sized graphene system that can produce
tunable light in the visible range is highly
desirable for optoelectronic device applica-
tions of graphene. Therefore, it is essential
to be able to engineer the bandgap of GQDs
or GNRs by varying their size or width, res-
pectively. Graphene is a single atomic layer of
graphite with an infinite exciton Bohr radius
due to its linear energy dispersion relation
of the charge carriers,>* resulting in QCE for
graphene of any finite size."* The energy
gap of GQDs falls off as approximately 1/L,*¢
where L is the average size of GQDs. The
bandgap has been observed up to ~0.4 eV
in GNRs,*” while it can be controlled up to
~3 eV in GQDs by reducing their size,5%°
more promising for photonic nanodevices.
Near-ultraviolet-to-blue  photolumines-
cence (PL) observed from GQDs fabricated
through various processes®'®'" has been
attributed to the recombination of electro-
n—hole pairs in quantum-confined GQDs.
However, the optical transitions for PL are
allowed to be up to ~3 eV in GQDs larger
than ~3 nm in size®"""'? and their size
dependence is unclear,’® not consistent
with theoretically predicted bandgap ener-
gies of GQDs that well follow QCE but are
not beyond 1 eV in these sizes.> Here, we
report novel behaviors of absorption and
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ABSTRACT

For the application of graphene quantum dots (GQDs) to optoelectronic nanodevices, it is of

critical importance to understand the mechanisms which result in novel phenomena of their

light absorption/emission. Here, we present size-dependent shape/edge-state variations of

GQDs and visible photoluminescence (PL) showing anomalous size dependences. With varying

the average size (d,) of GQDs from 5 to 35 nm, the peak energy of the absorption spectra

monotonically decreases, while that of the visible PL spectra unusually shows nonmonotonic

behaviors having a minimum at d, = ~17 nm. The PL behaviors can be attributed to the novel

feature of GQDs, that is, the circular-to-polygonal-shape and corresponding edge-state

variations of GQDs at d, = ~17 nm as the GQD size increases, as demonstrated by high-

resolution transmission electron microscopy.
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nonmonotonic visible PL of GQDs in the size
range from 5 to 35 nm, and show that the
anomalous PL phenomena can be explained
by the size-dependent shape and corre-
sponding edge-state variations of GQDs,
as confirmed by high-resolution transmis-
sion electron microscopy (HRTEM).

RESULTS AND DISCUSSION

We prepared GQDs by hydrothermal
(chemical) cutting® of graphene sheets that
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were obtained by thermal deoxidization of graphene
oxide sheets made from natural graphite powder by a
modified Hummers method.'*'®> GQDs at a particular
size (d) were obtained by filtering and dialysis processes.
HRTEM images were obtained for six kinds of samples
with d from 5 to 35 nm. Figure 1a shows a typical distri-
bution of GQDs at d = 10 nm (average size = 12 nm).
Average size (d,) is defined as half of (width + length)

Figure 1. (a) A typical distribution of GQDs with an average
size of 12 nm. (b) Definition of the average size: half of
(width + length) of a GQD. (c) A magnified HRTEM image
showing arrangements of carbon atoms in a typical circular
GQD, which shows an average C—C bond length is 1.44 A.
(d) A magnified HRTEM image showing the edge of a typical
circular GQD is of zigzag type.

of a GQD, as shown in Figure 1b. It is possible to see
the hexagonal unit cell of GQDs in higher-resolved
HRTEM images, as shown for a typical circular GQD in
Figure 1c, demonstrating that the GQDs consist of
graphene. The average C—C bond length is estimated
to be about 1.44 A, very close to that in graphite.'®
Figure 1d shows that the edge of a typical circular GQD
is of zigzag type.

The HRTEM images were analyzed for individual
GQD:s to classify their major shapes at each d. Figure 2
shows the most common shapes for a given size of
GQDs in percentage (p) (see also Supporting Informa-
tion Figure S1). Average sizes of GQDs estimated from
the HRTEM images at each d are indicated in parenthe-
ses at the bottom of Figure 2. Circular and elliptical
GQDs of ~5 and ~12 nm average sizes are produced at
d=5and 10 nm, respectively. In these samples, circular
GQDs occupy more than 50% of the total number of
GQDs at each d. At d = 15 nm, circular GQDs
disappear and only elliptical GQDs are seen with
~1/5 of them deformed. At d = 20 nm, most GQDs
are hexagon-shaped, but ~'/, of them are deformed
with curved sides. At d = 25 nm, the major portion of
GQDs are still hexagon-shaped with minor irregular-
shaped GQDs. At d =35 nm, most QDs are shaped as
parallelogram-type rectangles with rounded ver-
tices. Recently, it has been known that the equilibri-
um shape of the GQDs synthesized by transforma-
tion of Cgo can be tailored by optimizing the anneal-
ing temperature and the density of the carbon
clusters.'”

S5nm 10 nm
(5nm) (12 nm)

Figure 2. HRTEM images of GQDs for their major shapes and corresponding populations (p) with increasing average size of
GQDs. Here, the dotted line indicates the region of a GQD and p is defined as the ratio of number of GQDs with a major shape
at each average size. Average sizes (d,) of GQDs estimated from the HRTEM images at each d are indicated in the parentheses
at the bottom of Figure 2. The connected arrows indicate the range of the average size in which GQDs with particular major

shapes are found.
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Figure 3. A HRTEM image showing mixed edges of zigzag and armchair at four different edge positions (1—4) of a typical GQD
(a) with partially curved and linear regions at the edge. Red and blue lines show zigzag and armchair edges, respectively, in
the magnified HRTEM images (a1—a4) corresponding to the four edge positions. Zigzag and armchair edges are mixed in
curved regions, but the armchair edge is dominant in linear regions. The scale bars in a1—a4 are all 1 nm.

The detailed analysis of HRTEM images for GQDs
shows that the periphery of GQDs consists of mixed
zigzag and armchair edges. Figure 3 shows the edge
states at four different edge positions (1—4) of a typical
GQD (a) with partially curved and linear regions at the
edge. Red and blue lines show zigzag and armchair
edges, respectively, in the magnified HRTEM images
(a1—a4) corresponding to the four edge positions. We
find that both edges are mixed in curved periphery
while the armchair edge appears more frequently in
straight periphery. As a consequence, it appears that
circular/elliptical GQDs consist of both edges, but
polygonal GQDs consist mostly of armchair edge.

Atomic force microscopy (AFM) images/height pro-
files of GQDs show that the average thickness of GQDs
increases with increasing their size (see Supporting
Information Figure S2). For d, < 17 nm, the GQDs
consist mostly of 1—3 graphene layers, but for d, >
22 nm, the GQDs comprising more than 5 graphene
layers are also found. These results are consistent with
the electron energy loss spectroscopy (EELS) results
(see Supporting Information, Figure S3).

There have been several reports on the absorption
spectra of graphene-related materials. For graphene
oxide sheets, a typical absorption peak has been
observed at 5.4 eV.2 corresponding to the = — 7*
transition at M point of the Brillouin zone. It has been
theoretically expected that with/without exciton ef-
fects, the interband transitions of a graphene sheet
form a prominent absorption peak at 4.55 and 5.15 eV,
respectively.'® Blue-luminescent GQDs in water have
been shown to exhibit absorption spectrum peaked at
3.9 eV2 For the GQDs in this work, however, the
absorption peaks are observed at even larger energies.
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Figure 4. Absorption spectra for three typical GQDs of 12,
17, and 22 nm average sizes dispersed in DI water and a
graphene sheet. Filled circular dots indicate the peak posi-
tions of the absorption spectra for GQDs. Inset: absorption
peak energy as a function of average GQD size.

Figure 4 shows absorption spectra of different-size
GQDs dispersed in deionized (DI) water and a gra-
phene sheet (see also Supporting Information Figure
S4). The absorption peak of GQDs is blue-shifted with
respect to that of a graphene sheet (270 nm, 4.6 eV),
and is sequentially shifted to higher energies by redu-
cing their size, consistent with the QCE. The inset
shows the peak energy as a function of d,. As d,
increases from 5 to 35 nm, the peak energy almost
monotonically decreases from ~6.2 to ~4.6 eV, very
close to that of a graphene sheet.

Figure 5a shows size-dependent PL spectra excited
at 325 nm for GQDs in DI water. The peak energy and
the shape of the PL spectra are strongly dependent on
the size of GQDs. A sharp PL peak at 365 nm originates
from DI water'® (see Supporting Information Figure
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Figure 5. (a) Size-dependent PL spectra excited at 325 nm for GQDs of 5—35 nm average sizes in DI water. Inset: dif-
ferent colors of luminescence from GQDs depending on their average size for three typical GQDs of 12, 17, and 22 nm
average sizes. (b) Dependence of PL peak shifts on the excitation wavelength from 300 to 470 nm for GQDs of 5—35 nm

average sizes.

S5). The inset of Figure 5a shows different colors of
luminescence depending on the size of GQDs. Espe-
cially for d, = 17 and 22 nm, the PL spectra are resolved
in two PL bands, irrespective of the excitation wave-
length, possibly resulting from combination of differ-
ent-size/shape GQDs, as shown in Figure 2. As the
excitation wavelength is changed from 300 to 470 nm,
the PL peak sequentially shifts to longer wavelengths
(see also Supporting Information Figure S5). This trend
is similar for all GQD sizes. Figure 5b summarizes
excitation-wavelength-dependent PL peak shifts for
various-size GQDs. All PL spectra show similar size-
dependent peak shifts, almost irrespective of excita-
tion wavelength except 470 nm. The PL peak energy
decreases as d, increases up to ~17 nm, consistent
with the QCE. However, for d, > ~17 nm the PL peak
energy increases with increasing d,; in other words, the
QCE no longer holds. This unusual size dependence of
luminescence is similar to what was found in recon-
structed Si nanoparticles.?%?'

It has been reported that after the hydrothermal
treatment in the fabrication processes of GQDs, several
oxygen-functional groups (OFGs) could remain at the
edges of GQDs, thereby possibly affecting the PL
behaviors of GQDs.2'® We studied the effect of the
OFGs such as C—0, C=0, and COOH on the structure of
GQDs by X-ray photoelectron spectroscopy (XPS) for
various-size GQDs. The XPS peaks resolved based on
the previous report'® did not give any evidence that
the population of the OFGs relative to that of the C=C
bond depends on the size of GQDs (see Supporting
Information Figure S6). This suggests that despite the
presence of the OFGs in GQDs, they do not give any
size-dependent effect on the structures of GQDs, re-
sulting in a negligible effect on the size-dependent PL
behaviors of GQDs.

As shown in Figures 2 and 3, for d, < ~17 nm the
majority of GQDs is of circular/elliptical shape with
mixed edges of zigzag and armchair, but for d, >
~17 nm they are of polygonal shape mostly with
armchair edge. The PL peak energy decreases as d,
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increases as long as GQDs keep their shape circular/
elliptical for d, < ~17 nm, but when the shape of GQDs
varies into polygons for d, > ~17 nm, the PL peak
energy increases with increasing d,. These results
suggest that the anomalous size dependence of the
PL peak above d, = ~17 nm can be attributed to
the novel feature of GQDs, that is, the circular-to-
polygonal-shape and corresponding edge-state
variations of GQDs at d, = ~17 nm as the GQD size
increases. Our calculations also showed that the
averaged PL energy could increase with increasing
d, (contradictory to QCE) due to the change of the
shape or the edge type at larger d,. (see Supporting
Information Figure S7)

Several theoretical studies have shown that the
bandgap energies of GQDs in the size range of
5-35 nm are not beyond ~1.0 eV,*° which cannot
explain why the experimental PL peak energies of
GQDs reach ~3 eV, as shown in Figure 5 and as seen
in previous reports®'"'2 The visible PL found in a
graphene sheet has been explained by minimization
of thermalization due to electron—phonon scattering
by using ultrafast high-power light source?* >* or by
formation of excited-state relaxation channel resulting
in inelastic light scattering by electric doping.> Our
study shows that such light-emission phenomena can
also be explored in GQDs because electronic transi-
tions can be modified in nanometer-sized systems to
produce strong visible PL emissions in a controlled
fashion, that is, by size and size-dependent shape/
edge-state variations of GQDs. The high-energy PL of
GQD:s is especially efficient due to the unique proper-
ties of graphene: fast carrier—carrier scattering dom-
inating over electron—phonon scattering, predicted
by theory,®®*” and confirmed by ultrafast dynamics
experiments.?®?° This facilitates direct recombination
of excited e—h pairs producing such high-energy PL
before thermalization of the carriers with the lattice.
The high Coulomb scattering rate of graphene,*° 32
which is attributed to the strongly reduced dielectric
screening in the two-dimensional structure, is also
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essential for producing high-density nonequilibrium
carriers responsible for the strong e—h recombination.

CONCLUSION

We successfully fabricated various-size GQDs and
examined their structures with HRTEM, AFM, and EELS.
We found that GQDs appeared as the circular shape
with mixed edges of zigzag and armchair for d, < ~17,
but as the polygonal shape mostly with armchair
edges for d, = ~17 nm. We also measured the size-
dependent absorption and PL spectra of GQDs. As the
size of GQDs increased, the absorption peak energy of

EXPERIMENTAL SECTION

GQDs were fabricated by the following processes. Graphene
oxide (GO) sheets were obtained from natural graphite powder
by a modified Hummers method.'*'> The GO sheets were
subsequently deoxidized in a tube furnace at 250 °C for 2 h
under Ar ambient to prepare reduced graphene oxide powder,
0.05 g of which were then oxidized in concentrated 10-mL
H,S0,4 and 30-mL HNOs for 20 h under mild ultrasonication. The
mixture was then diluted with 250-mL DI water and filtered
through a 200-nm nanoporous membrane to remove the acids.
The size-reduced/purified 0.2-g GO powder was redispersed in
40-mL DI water and the pH was tuned to 8 with NaOH. The
suspension was transferred to a nitrogen-ambient furnace and
heated at 250 °C for 10 h. After cooling to room temperature,
the resulting powder was redispersed in 40-mL DI water for 2 h
under ultrasonication. Then, by filtering the resulting suspen-
sion through a 200-nm nanoporous membrane, a brown filter
solution was separated. Since the colloidal solution still con-
tained some large graphene nanoparticles (<200 nm) emitting
weak blue fluorescence, it was further filtered dialyzed in a
dialysis bag of 3500 Da molecular weight overnight, thereby
producing strongly fluorescent GQDs. The GQDs were sepa-
rated as different sizes (d) by using several dialysis bags of
1000—50000 Da and a 20-nm nanoporous membrane.

The morphologies of GQDs were analyzed using a transmis-
sion electron microscope (200 kV, JEM-2100F, Jeol Ltd., Japan)
with EELS mapping capabilities. To make the HRTEM/EELS and AFM
specimens the GQDs were dispersed in DI water, a drop of which
was then put on a C- or SiO-coated Cu grid (Tedpella, Inc.) and mica
substrate, respectively. The topographic image and height profile of
GQDs were obtained in a noncontact mode of AFM (Park System,
model XE-100). Absorption spectra were measured using an Agilent
8453 UV-—vis spectrophotometer. The excitation sources were
~40mW/cm? tungsten/deuterium lamps from which monochro-
matic light was selected using a grating monochromator and
associated filters. PL spectra were measured at room temperature
in a PTI's QuantaMaster 30 System with a 450mW xenon arc lamp by
varying the excitation wavelength. Emitted light was analyzed using
a grating monochromator and a GaAs photomultiplier tube. All
spectra were corrected for the spectral response of the instrument.
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GQDs decreased, which could be explained by the
QCE, but their PL peak energies unusually showed
nonmonotonic behaviors having a minimum at d, =
~17 nm. On the basis of the HRTEM results, the anom-
alous PL behaviors were attributed to the size-
dependent shape and corresponding edge varia-
tions of GQDs. In addition, the visible PL observed
far beyond the band gap of GQDs was especially
efficient due to the peculiar scattering mechanism
of graphene, that is, fast carrier—carrier scattering
dominating over electron—phonon scattering in
graphene.
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