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R
ecently, zero-dimensional graphene
quantum dots (GQDs) have received
considerable attention as a new type

of quantum dot because of their unique

electronic and opto-electronic properties.
Unlike two-dimensional graphene, GQDs

have a band gap because of quantum
confinement1�3 and exhibit strong photo-
luminescence (PL).4�7 Some studies have

demonstrated the possibility of tailoring
the band gap or PL emission of GQDs. In

principle, the band gap of GQDs is highly
influenced by their size due to the quantum

confinement effect that highlights when
their diameter is less than 10 nm. Ritter

et al.8 and Lu et al.9 demonstrated the size
dependence of the GQDs' band gap using

scanning tunneling spectroscopy experi-
ments. These authors clearly demonstrated

that the band gap of the GQDs increases as
the size of the GQDs decreases. Peng et al.10

also reported that the PL emission of the

GQDs is blueshifted when their size is de-

creased because of the increased band

gap of the GQDs. Another route to tune

the band gap of GQDs is through chemical

functionalization. Gupta et al.11 demon-

strated that the PL emission from the GQDs

was shifted by functionalizing the GQDs,

but the underlying mechanism of the shift

was unclear. Zhu et al.12 also reported that

the PL shift resulting from the chemical

functionalization can be explained by sup-

pression of the defect state emission, there-

by allowing the intrinsic state emission from

the band gap of the GQDs to play a leading

role in the PL emission.
Overall, the mechanism for the band gap

tuning or PL shifting of the GQDs through
chemical functionalization requires further
study in contrast to the size-dependent
band gap tuning in GQDs, which has been
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ABSTRACT The band gap properties of graphene quantum dots

(GQDs) arise from quantum confinement effects and differ from

those in semimetallic graphene sheets. Tailoring the size of the band

gap and understanding the band gap tuning mechanism are

essential for the applications of GQDs in opto-electronics. In this

study, we observe that the photoluminescence (PL) of the GQDs

shifts due to charge transfers between functional groups and GQDs.

GQDs that are functionalized with amine groups and are 1�3 layers

thick and less than 5 nm in diameter were successfully fabricated using a two-step cutting process from graphene oxides (GOs). The functionalized GQDs

exhibit a redshift of PL emission (ca. 30 nm) compared to the unfunctionalized GQDs. Furthermore, the PL emissions of the GQDs and the amine-

functionalized GQDs were also shifted by changes in the pH due to the protonation or deprotonation of the functional groups. The PL shifts resulted from

charge transfers between the functional groups and GQDs, which can tune the band gap of the GQDs. Calculations from density functional theory (DFT) are

in good agreement with our proposed mechanism for band gap tuning in the GQDs through the use of functionalization.
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more thoroughly examined. Here, we report on the PL
shift of GQDs through chemical functionalization and
identify the mechanism for this shift. GQDs with and
without amine functional groups were fabricated from
the sequential oxidation and reduction of graphene
oxides (GOs). The PL emission of the GQDs functiona-
lized with amine groups exhibits a redshift compared
to that of the unfunctionalized GQDs. Furthermore,
the PL emissions of the GQDs and the amine group-
functionalized GQDs are shifted when the pH is
changed because of the protonation or deprotonation
of the functional groups. The mechanism for the
change in the PL emission of the GQDs by functiona-
lization is supported by calculations based on density
functional theory (DFT). From both experimental and
computational analyses, the electron-withdrawing
or electron-donating behaviors of the functional
groups can tune the band gap of the GQDs and explain
the corresponding peak shifts of the PL emission.
To the best of our knowledge, this study is the first
that tunes and identifies the change of the band gap
in GQDs by functionalization, through the charge

distribution between the GQDs and the functional
groups.

RESULTS AND DISCUSSION

In this study, the GQDs and the amine group-func-
tionalized GQDs were fabricated by cutting GOs in
a two-step process, as shown in Figure 1a. First, the
GOswere cut by oxidation in amixture of H2SO4/HNO3.
In general, epoxy groups on the plane of the GOs
are generated through the growth of epoxy chains,
and they are transformed into carbonyl groups during
the oxidation process, which results in the cutting
of graphene.13 Second, the sizes of the oxidized GOs
were further reduced by a reduction process. During
the reduction by N2H4, a further cutting of graphene
occurred because the bridging O atoms in the remain-
ing epoxy chains on the oxidized GOs are removed.14

This two-step cutting process facilitated the fabrication of
the GQDs. To fabricate the amine group-functionalized
GQDs, oxidized GOs were reacted with diamine termi-
nated polyethylene glycol (PEG-diamine) between the
oxidation and reduction steps. Alkyl amine groups

Figure 1. (a) Schematics of GQDs and GQDs-NHR from GOs, (b) FT-IR spectra, (c) Raman spectra of oxidized GOs, GQDs, and
GQDs-NHR.
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were attached to the oxidized GOs by the ring-opening
reaction of the epoxy groups on the GOs under alkali
conditions,15 which eventually formed the alkyl amine-
functionalized GQDs (GQDs-NHR). A more detailed de-
scription of the fabrication of the GQDs and the GQDs-
NHR is provided in the experimental methods section.
During each step of the preparation of the GQDs and

the GQDs-NHR, the functional groups were identified
using Fourier transform infrared (FTIR) spectroscopy, as
shown in Figure 1b. The FTIR spectrum of the oxidized
GOs exhibits a C�O stretching peak in ester at ca.
1100 cm�1, a CdO stretching peak in carboxylic acid at
ca. 1725 cm�1, and broad O�H stretching peaks at ca.
3400 cm�1. After reduction without functionalization,
the GQDs exhibit a decrease in the intensity of the
C�OandO�H stretching peaks due to deoxygenation.
However, the CdO stretching peak in carboxylic acid
remains, which originates from the carboxyl acid
groups at the edge of the GQDs after reduction with
N2H4.

16,17 In contrast to the oxidized GOs and GQDs,
the GQDs-NHR exhibit new peaks at ca. 1536 and
doublet peaks at ca. 2860 and 2930 cm�1 that corre-
spond to N�H bending in the amine group and C�H
stretching in the alkyl chains,18,19 respectively. This
result clearly shows that alkyl amine groups were
attached to the GQDs. Figure 1c presents the Raman
spectra of the oxidized GOs, GQDs, and the GQDs-NHR.
These spectra have two typical peaks at ca. 1350 and
1600 cm�1, which correspond to the D band and the
G band of graphene, respectively. The ID/IG ratio of the
oxidized GOs is ca. 0.99, which decreased to ca. 0.88
in the GQDs due to the reduction of the oxidized GOs.
The GQDs-NHR also have an ID/IG ratio (ca. 0.89) that is
similar to the GQDs, which means that the functiona-
lization of the GQDs did not significantly affect their
quality. Furthermore, the ID/IG ratios of our GQDs and
GQDs-NHR are similar to that of GQDs produced from
the oxidation of carbon fibers,10 which may be due
to the oxidative nature of the fabrication process for
GQDs.
Figure 2a presents a transmission electron micro-

scopy (TEM) image of the GQDs-NHR produced in this
work. This figure reveals that ca. 1�5 nm sized GQDs-
NHR are uniformly distributed without agglomeration.
The size distribution of the GQDs-NHR is shown
in Figure 2b. The average size of the GQDs-NHR is
ca. 2.45 ( 0.63 nm, which is similar to that of the
as-prepared GQDs (ca. 2.51 ( 0.66 nm, Supporting
Information, Figure S1). The lattice spacingof theGQDs-
NHR in the high resolution (HRTEM) image (Figure 2b) is
ca. 2.143 Å, which is similar to the hexagonal pattern of
graphene with d1100.

20�22 Although the edges of GQDs
and GQDs-NHR are irregular and unclear due to defects
and functional groups, they show the random or
mixed edges consisting of zigzag and armchair edges
(Figure 2c andSupporting Information, Figure S1). Since
the most GQDs and GQDs-NHR are close to circular

shapes rather than polygonal shapes, both of them
show the random or mixed edges.6 It shows that edge
structures of GQDs are not significantly affected by
functionalization. Figure 2 panels d, e, and f present
an atomic force microscopy (AFM) image of the GQDs-
NHR on a mica substrate, the height line profile, and
their height distribution, respectively. The average
height of the GQDs-NHR is 1.07 ( 0.59 nm, and more
than 80%of theGQDs-NHR are less than 2 nm in height.
This result demonstrates that our GQDs-NHR primarily
consist of 1�3 layers.23,24 The average height of the
as-prepared GQDs is 1.31( 0.56 nm, and theGQDs also
consist of 1�3graphene layers (Supporting Information,
Figure S1). These results demonstrate that the functio-
nalization of the GQDs does not significantly alter their
microstructures, such as their size, height, and edge
structures.
Figure 3a presents the PL emission spectra of

the aqueous solutions of GQDs and GQDs-NHR with
excitation from a 325 nm laser. The PL intensity of
the GQDs-NHR is considerably greater than that of
the GQDs. It has been previously reported that the
surface passivation of carbon dots25 and GQDs11,26

with organic or polymeric species can enhance the
PL emission, although surface passivation agents are
nonemissive at visible wavelengths. The maximum PL
position of the GQDs is ca. 500 nm, which is red-shifted
to ca. 528 nm after functionalization with the alkyl
amine, GQDs-NHR, as shown in normalized PL emission
spectra of GQDs and GQDs-NHR (Figure 3b). The inset
of Figure 3b is a photograph of aqueous solutions of
the GQDs and GQDs-NHR collected under excitation
with a 355 nm laser. The GQDs exhibit a bluish-green
color, whereas the GQDs-NHR exhibit a more yellowish
color (more detailed information is provided in
Supporting Information, Figure S2). Because the sizes
and heights of the GQDs and GQDs-NHR are similar,
this redshift behavior primarily originates from func-
tionalization. We hypothesize that the unpaired elec-
trons of the amine functional groups can contribute
to the electron donation from the amine groups to
the GQDs based on the electron-withdrawing and
electron-accepting behaviors of functional groups to
benzene, which are well-known behaviors in organic
chemistry.27 Increasing the electron density can cause
the lowering the band gap28,29 of GQDs that is similar
tendency to increasing the size of the GQDs, which
could result in a redshift. To support this hypothesis, we
observed the PL shifts while changing the pH of the
GQDs andGQDs-NHR solutions. Figure 3 panels c and d
present the pH-dependent PL spectra of the GQDs and
GQDs-NHR, respectively. At a pH of 10, the remaining
carboxylic acid group (�COOH) in the GQDs is depro-
tonated (�COO�). The charged electron of the
carboxyl groups can weaken the electron-withdrawing
properties of the carboxylic acid to GQDs; conse-
quently, the maximum PL position of the GQDs can
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be red-shifted. However, at a pH of 1, the carboxylic
acid in the GQDs is rarely protonated; the maximum PL
position of the GQDs barely shifts. The GQDs-NHR
presented opposite pH-dependent PL spectra to those
of the GQDs. The maximum PL position of the GQDs-
NHR is blueshifted at a pH of 1, and it remains similar
at a pH of 10. The protonated alkyl amine group
(�NH2

þR) at a pH of 1 can dismiss the unpaired
electrons, which act as electron donors in the amine
groups. The protonated alkyl amine group can only
decrease the electron density in the GQDs due to the
strong electronegativity of the N atom. Alkyl amine
groups are rarely deprotonated at a pH of 10; therefore,
the maximum PL position of the GQDs-NHR can barely
shift. These results clearly demonstrate that the PL
emission of GQDs can be tuned by the charge transfer
between the functional groups and GQDs. To confirm

that the PL shift comes from quantum size effects, we
also carefully performed a PL emission experiment on
source GOs and equivalently treated, or functionalized,
samples. More detailed PL spectra of those samples are
presented in Supporting Information, Figures S3�S5
and clearly show different peak locations, shapes, and
intensities from themeasured spectra of GQD samples.
The PL shift behavior of theGQDsby functionalization

was confirmed using DFT calculations (computational
details are available in the computational methods
section). It is known that the PL emission of GQDs
originates from sp2 clusters that are isolated within
the sp3 carbon or defects in GQDs.30�32 We assumed
that our GQDs consist of isolated sp2 clusters within
the sp3 carbon matrix including defects like vacancies.
Furthermore, we simplified the alkyl amine functional
group to an amino group (�NH2) at the sp2 clusters,

Figure 2. (a) TEM image, (b) size distribution, (c) HRTEM imagewithmeasured lattice spacing, (d) edge structures of circles in
panel c (blue and red lines show zigzag and armchair edges, respectively), (e) surface height image (AFM, noncontact mode),
(f) height line profile in panel e, and (g) height distribution of GQDs-NHR.
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which consists of 13 aromatic rings (Figure 4a). The band
gap of 13 aromatic rings is 2.508 eV, which is similar to
the experimental data for the PL peak maximum of
the GQDs (2.480 eV). Figure 4b shows the evolution of
the calculatedbandgapof theGQDs as a function of the
number of attached�NH2 groups. The band gap of the
GQDs decreases to 2.254 eV when a GQD is functiona-
lized by one amino group (GQD-(NH2)1) and gradually
decreases by increasing the number of �NH2 groups.
This behavior is related to the charge redistribution that
results from functionalization. In the GQD-(NH2)1, NH2 is
positively charged due to the electron donation from
the lone pair electrons of NH2 to the antibonding state
in the benzene ring, which results in the decrease of
the band gap of GQD-(NH2)1. Therefore, the optimized
configuration of the�NH2 group in theGQD-(NH2)nwas
flattened, not a pyramidal structure, as shown in the
inset (N=1, 3, 5) of Figure 4b. (Moredetailed information
about the optimized configurations of GQD-(NH2)n is
provided in Supporting Information, Tables S1 and S2.)
Figure 4c is the change in the average Mulliken charge
for the amino groups as a function of the number of
attached �NH2 groups in the GQD-(NH2)n. (More de-
tailed information on the Mulliken charge analysis of
the GQD-(NH2)1 is shown in Supporting Information,
Table S3.) Electron transfer from �NH2 to the ring is
predominant, and the average charge of the attached
�NH2 groups has a positive value until three �NH2

groups are attached. Therefore, the band gap consider-
ably decreases due to the increased electron density
in a GQD-(NH2)n. When more�NH2 groups are attached,
the average charge of the attached �NH2 groups has

negative values and the band gaps of the GQD-(NH2)n are
saturated. In Figure 4d, the highest occupied molecular
orbital (HOMO) for a GQD and the lowest occupied
molecular orbital (LUMO) for NH2 are observed in the
HOMO isosurface for GQD-(NH2)1. The HOMO state for a
GQD and the LUMO state for a NH2 are in similar energy
levels, and the energy level of the HOMO state for a GQD
becomesgradually higher than the LUMOstate forNH2by
attaching the�NH2 groups (Figure 4e). According to the
increased number of attached �NH2 groups, more elec-
trons diffuse from theHOMOstate to the LUMOstate, and
consequently from a GQD to NH2. This electron transfer
from a GQD to �NH2 groups compensates the electron
donation from the �NH2 groups to the GQD. This com-
pensation results in little change of the band gap of the
GQD, with a greater number of attached�NH2 groups.

CONCLUSION

We have experimentally demonstrated a PL shift
in GQDs by functionalization and computationally
identified their band tuning mechanism using DFT
calculations. Both experimental and computational
analyses reveal that the charge transfer between

Figure 3. (a) PL, (b) normalized PL spectra of GQDs and
GQDs-NHR in water (inset: photograph of GQDs (left) and
GQDs-NHR (right) taken under 355 nm laser excitation); pH-
dependent PL spectra of (c) GQDs and (d) GQDs-NHR. Figure 4. (a) Schematics of isolated sp2 clusters with amino

functional groups within the sp3 carbon matrix including
defects, (b) band gap change of GQD-(NH2)n as function of
the number of attached �NH2 groups (inset images are
optimized configuration of GQD-(NH2)n), (gray, C; white, H
andblue, N atom), (c) the evolutionof averageMulliken charge
for amino groups as a function of the number of attached
�NH2 groups, (d) HOMO and LUMO isosurface of NH2, GQD,
GQD-(NH1)1, (e)HOMOandLUMOenergy levelsofGQDs-(NH2)n.
black and blue lines indicate HOMO and LUMO levels of
GQDs-(NH2)n, respectively. The dotted lines denote theHOMO
and LUMO energy level of NH2. Insets describe HOMO and
LUMO isosurface of each system (the isovalue is 0.01 e/Å3).
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functional groups and GQDs can tune the band gap of
the GQDs, and consequently, the PL emission due to
the changing electron density in the GQDs. Our re-
search results suggest a simple route for the PL tuning

of GQDs and a possible mechanism for changing
the electronic band through functionalization. These
results can be useful for future graphene-based opto-
electronic applications.

EXPERIMENTALANDCOMPUTATIONALMETHODS
Preparation of Graphite Oxides. Graphite oxides were fabricated

using the modified Hummers method.21 An amount of 1 g of
highly ordered pyrolytic graphite (SP-1, Bay Carbon Inc.) was
stirred in 40 mL of concentrated H2SO4, which was followed by
the slow addition of 3.5 g of KMnO4 in an ice bath. After the
addition of KMnO4, the temperature was increased to 35 �C and
the mixture was stirred for 2 h. Then, 150�200 mL of water was
added and 5�10 mL of H2O2 was sequentially added dropwise
into themixtureuntil thebubblingwas finished inan icebath. The
mixturewas filteredwith a glass filter andwashedwith a 10%HCl
aqueous solution. Finally, brownpowderswereobtained after the
mixture was dried under vacuum for several days.

Preparation of Oxidized GOs, GQDs, and GQDs-NHR. Fifty milligrams
of the graphite oxideswas sonicated in 100mL of a H2SO4/HNO3

(volume ratio = 3:1) solution for 12 h and then refluxed at 100 �C
for 24 h (1st cutting step). The suspension was centrifuged
at 10000 rpm for 30 min, and dark brown precipitates were
collected after the removal of acid. Then, the precipitates were
sonicated in 50 mL of water and dialyzed in dialysis tubing
(8000 Da, Spectrum Lab. Inc.) to adjust the pH to 7. After dialysis,
an aqueous suspension of oxidized GOs was obtained. An
amount of 25 mg of KOH was added to 25 mL of the oxidized
GO suspension. The suspensionwas stirred at 80 �C for 24 h after
the addition of 250 mg of PEG-diamine (average molecular
weight: 3400, Sigma-Aldrich) (functionalization step). Then,
6 μL of N2H4 was added into the suspension, and it was stirred
at 100 �C for 24 h (2nd cutting and reduction step). Finally,
an aqueous suspension of the GQDs-NHR was obtained
after dialysis for 7�10 days to remove the unattached PEG-
diamine or remaining salts. All of the preparation steps for the
GQDs are the same as for the GQDs-NHR, but it was only stirred
without addition of PEG-diamine during the functionalization
step.

Characterizations. FT-IR spectra were recorded using the KBr
pelletmethod (Jasco FT/IR-4100 type-A spectrometer), andhigh-
resolution dispersive Raman microscope results were obtained
from excitation with a 325 nm laser source (LabRAM HR UV/
vis/NIR). The microstructures of the GQDs and GQDs-NHR
were observed with a TEM (Tecnai G2 F30 S-Twin), Cs-corrected
scanning TEM (JEOL JEM-ARM200F) and AFM (Seiko). The PL
spectra of an aqueous suspension in a quartz cell (path length =
5 mm) were obtained using a 325 nm laser excitation with a
micro PL system (LabRAM HR UV/vis/NIR PL).

Computational Methods. The optimized equilibrium structures
were calculated using density functional theory calculations
with the atomic orbital-basedDmol3 software package.33 The spin-
polarized Kohn�Sham equation was expanded in a local atomic
orbitalwith theDNPbasis set. Theexchange correlationpotential is
described in terms of the PWC local density approximation (LDA).
The convergence tolerances for the geometry optimization were
set to 10�5 Ha for the energy, 0.002 Ha/Å for the force, and 0.005 Å
for the displacement. The electronic SCF tolerance was 10�6 Ha.
We considered all available configurations of GQD-(NH2)n (n, the
number of attached�NH2 groups, n= 0, 1, 2, ..., 6) and determined
theoptimized configurationof each systemby comparing the total
energy. The calculated band gapwas obtained from the difference
between theHOMOand the LUMO. Theatomic chargedistribution
was analyzed using the Mulliken method.34
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