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Size and pH dependent photoluminescence of
graphene quantum dots with low oxygen contenty
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and Bo-Hyun Kim*®

The photoluminescence of graphene quantum dots (GQDs) is rigorously investigated due to their potential
applications. However, GQDs from graphene oxide are inherently embedded with non-negligible defects
and oxygen grafted onto the edge and basal plane, which induce a change of innate electronic structure
in the GQDs. Thus, graphene oxide based GQDs can misrepresent the characteristic properties of
primitive GQDs. Here we report the size and pH dependent photophysical properties of GQDs that
minimize the content of oxygen and defects. From auger electron spectroscopy, the oxygen content of
the GQDs with two different lateral sizes (~2 nm and ~18 nm) was probed and found to be ~5% and
~8%, respectively. Two common photoluminescence (PL) peaks were observed at 436 nm (the intrinsic
bandgap) and 487 nm (the extrinsic bandgap) for both GQDs. The characteristic PL properties in extrinsic
and intrinsic bandgaps examined by optical spectroscopic methods show that the emission peak was
red-shifted and that the peak width was widened as the size increased. Moreover, the PL lifetime and
intensity were not only reversibly changed by pH but also depended on the excitation wavelength. This is
in line with our previous report and is ascribed to the size variation of sp? subdomains and edge

www.rsc.org/advances functionalization.

1. Introduction

Graphene quantum dots (GQDs) have recently attracted a great
deal of interest because of their chemical inertness, low cyto-
toxicity and strong photoluminescence (PL).* They are presently
being rigorously investigated for a range of applications in
electronics, optoelectronics, medicine, bioimaging, and energy
conversion systems.'® In particular, the GQDs’ widely tunable
bandgap enables them to be utilized as a potential alternative to
inorganic quantum dots.” However, their electronic and optical
properties are strongly affected by the quality of the GQDs,
which depends on the fabrication process.”*” Defects and
oxygen content are critical factors which can influence the
electronic energy structure of GQDs. The origin of the GQDs’
photoluminescence has been widely discussed, and it is
believed that isolated subdomains of sp> carbon, mainly
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composed of four to seven carbon hexagons, are the origin of
the intrinsic luminescence of GQDs.>** However, further
studies are still needed to determine the photophysical prop-
erties of GQDs under specific conditions, such as at different
sizes and pH.

The important parameters affecting the photophysical
properties of GQDs are their size dependent quantum
confinement, their edge structure and functionalization, and
their exciton binding energy.”*'*” Ritter et al. and Lu et al.
showed that the band gap of GQDs increased as their size
decreased, and that the edge structure of the GQDs influenced
their electronic structure.’®* Blue-shifted emissions were
observed when their size was decreased.” Jin et al. reported a PL
shift resulting from charge transfer between amine functional
groups and the graphene oxide (GO) based GQDs.” Recently,
Kumar et al. asserted that the interband states induced by
orbital hybridization between C and N atoms led to multicolor
emission with a change in excitation wavelength.”* Up to now,
the most plausible emission mechanism for GQDs has been
exciton decay from bands which have been classified as
intrinsic and extrinsic.>**** It has been suggested that the
intrinsic band, which mainly emits a blue color, originates in
isolated sp® bonded carbon domains. Huang et al. theoretically
discussed the anomalous and wide photoluminescence of
GQDs, and suggested that the edge localized exciton of GQDs
exhibits size- and pH-dependent absorption/emission.”
Recently, Yoon et al. demonstrated that the bright blue

This journal is © The Royal Society of Chemistry 2016
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emission of GQDs was due to the favorable formation of sub-
domains composed of four to seven carbon hexagons.” Mean-
while, the extrinsic band, which corresponds to red colored
emissions, is attributed to oxidative defects and edge-based
functional groups.

For years, various methods and techniques have been
introduced for preparing high quality GQDs.>*'%'>%>* However,
harsh chemicals are used in most GQD fabrication processes,
and in GO based GQDs this inevitably results in defects and
oxygen containing functional groups like hydroxyl, carboxyl and
epoxy groups.”'**>?¢ To address this issue, we have developed
a series of fabrication methods for high quality graphene, gra-
phene flakes and GQDs.*>”'*'>*” Most recently, we introduced
a modified graphite intercalated compounds (GICs) method,
which enabled us to mass produce GQDs under relatively less
harsh conditions and at a lower temperature.®> Based on this
method, we have investigated the origin of the blue emissions
in GQDs, which has been attributed to the formation of
subdomains.’

In this study, we investigated the effect of size and pH on the
photophysical properties of the GQDs prepared by a modified
GICs method. We prepared two sizes of GQDs (2 nm and 18 nm)
and their oxygen content was ~5 at% and ~8 at%, respectively,
as probed by auger electron spectroscopy. The size and pH
dependent PL properties of the GQDs were analyzed based on
a model with intrinsic and extrinsic electronic states. The
emission decay from the intrinsic band (~420 nm) or the
extrinsic band (~490 nm) depended on their size and the exci-
tation wavelength. pH had the opposite effect on GQD-A and -B.
However, the PL properties of the GQDs were reversible and
reproducible by repeated protonation and deprotonation.

2. Experimental
Graphene quantum dots (GQDs)

Fig. S17 schematically shows the fabrication process of GQDs
through the GICs method. For the preparation of GQDs from
GICs, 20 mg of graphite powder and 300 mg of potassium-
sodium tartrate tetrahydrate (KNaC,H,04-4H,0) powder were
mixed using a pestle and then heated to 250 °C for 24 h under
an Ar atmosphere. The heated mixture was then cooled down,
and 20 ml of water was added. Next, the solution was sonicated
for 24 h and dialyzed by a 2 kDa dialysis pack, finally obtaining
a high quality GQD solution. All of the samples were micro-
centrifuged with 10 000 MWCO and 30 000 MWCO microfilters
for size separation. More details were reported in a previous
report.?

Structural characterization

The morphology of the GQDs was analyzed using transmission
electron microscopy (TEM, Tecnai G2 F30) and atomic force
microscopy (AFM, SPA400, SII, Japan) in tapping mode under
ambient conditions. TEM samples were prepared by drying
a droplet of the GQD suspension on a carbon grid. Raman
spectra were obtained between 1200 to 3000 cm ' using
a Raman spectrometer (LabRAM HR UV/Vis/NIR, excitation at

This journal is © The Royal Society of Chemistry 2016

View Article Online

RSC Advances

514 nm). UV/Vis spectra (UV-3101 PC spectrometer) and FT-IR
spectra (FT-IR-4100 type-A FT-IR spectrometer) were obtained.
AES analysis was conducted with a source electron beam energy
of 5 kV (Perkin Elmer). Solution phase photoluminescence (PL)
spectra were obtained using a quartz cuvette under an excita-
tion wavelength of 325 nm from monochromatic light formed
by a 150 W Xenon lamp at room temperature (deionized water
was used as the solvent).

Photoluminescence characterization

All the luminescence data were obtained by a handmade setup
using precision cells made of quartz suprasil. The photo-
luminescence (PL) measurements, such as pH-dependent, size-
dependent, and excitation wavelength-dependent PL behaviors,
were taken using a 325 nm He-Cd continuous-wave (CW) laser,
monochromatic light from a 300 W-xenon lamp, and a UV
spectrometer (Maya2000, Ocean Optics, USA) as a PL detector at
room temperature. The PL excitation was measured by mono-
chromatic light from a 300 W Xenon lamp and a high-sensitivity
photomultiplier tube as a PL detector. A bandgap-locked femto-
second pulsed Ti:sapphire laser (Coherent, Chameleon Ultra II)
system was used as an excitation source, and five wavelengths of
the pulsed Ti:sapphire laser (266 nm, 300 nm, 350 nm, 400 nm,
and 450 nm) were employed.

3. Results and discussion

After the synthesis of the GQDs, two different sizes of GQDs
were selectively prepared using a molecular weight cut-off
membrane (10 000 Da. and 30 000 Da). Fig. 1a and b are TEM
images of the GQDs centrifuged with a 10 000 Da membrane
(GQD-A) and a 30 000 Da membrane (GQD-B), respectively. The
crystalline structure of the GQDs was confirmed in the previous
report.® From the histograms of the statistical analysis, GQD-A
and -B were estimated to have uniform sizes of 2 £ 1 nm and
18 + 2 nm, respectively. Most of the GQDs were estimated to
have about 3 layers or less from the height profile obtained from
the AFM images (Fig. S27). In the FT-IR spectra of GQD-A and -B
(Fig. 1c), the intensity of the -OH vibration peak was relatively
lower than other characteristic peaks, suggesting that the total
oxygen content of GQD-A and -B was generally less than that of
GO based GQDs, or even reduced GO based GQDs.>”?%2°
Comparing GQD-A and -B, the oxygen content of GQD-A was
lower than that of GQD-B. Among the characteristic peaks, the
carboxylic acid related peaks (ca. 1720 cm ™" and ca. 1225 cm ™)
in GQD-A disappeared or were dramatically decreased
compared to those of GQD-B. Although the peak at ca. 1225
cm ! originating from epoxy groups or carboxyl groups was
observed in both GQDs, other characteristic absorption peaks
for epoxy (ca. 854 cm™ " and 970 cm ™ ') were not observed. This
means that most of the oxygen related peaks came from the
edge functionalized carboxyl groups, supporting the theory that
our GQDs have few defects on the basal plane. Raman spectra
(Fig. S31) also suggested that GQD-A had more robust carbon
sp” bonding and fewer defects compared to GQD-B. In the UV-
Vis absorption spectra obtained from GQD-A and -B, the
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absorption peak which relates to the n-rt* transition (ca. 350
nm) was nearly suppressed in GQD-A but was still present in
GQD-B (Fig. S47). This means that orbital hybridization due to
O-C bonding was less formed in GQD-A. For a quantitative
analysis of the chemical elements in the GQDs, we adopted the
auger electron spectroscopy (AES) method. From the AES
spectra of GQD-A and -B (Fig. 1d), the oxygen content was
estimated to be 5 at% and 8.3 at%, respectively, which is in
accordance with our previous results.>®

The PL properties of GQD-A and -B were investigated under
varying excitation wavelengths (A.,). Fig. 2a shows the PL
spectra of GQD-A and -B excited by Ae, = 310 nm. We undertook
spectrum deconvolution into two sub peaks with a PL emission
model on the basis of intrinsic and extrinsic electronic bands.
The shorter emission wavelengths (Aey, ~ 419 nm in GQD-A and
430 nm in GQD-B) were assigned to emission decay from the
intrinsic band, and the longer emission wavelengths (492 nm in
GQD-A and 510 nm in GQD-B) to the extrinsic band, as illus-
trated in the inset of Fig. 2a. Since the extrinsic band originates
from defects and oxygen functional groups, its peak center is
red-shifted from that of the intrinsic emission decay. In GQD-A,
the integrated intensity ratio between the deconvoluted peaks
was 0.63, whereas in GQD-B it was 0.46. This implies that the
intrinsic bands in GQD-A are mainly used for emission decay
pathways, whereas in GQD-B the extrinsic bands are dominantly
used for charge transfer.>'* As the GQD size increased the
emission peaks were red-shifted (Aepm: 419 nm — 430 nm, 492
nm — 510 nm) and broadened up to 120%. This might reflect
the size effect of the aromatic sp> nano-domains and the band-
edge overlap between the intrinsic and extrinsic bands due to
the increase in defects and functional groups.*>** Fig. 2b and ¢
show the A.x dependent PL (PLE) measured at the center of the
peaks of the intrinsic and extrinsic PL. In GQD-A (Fig. 2b), Aex ~

825% GQD-B

-OH
(1225)
C=0 OH
(1720) (3440
GaQbD-B
GQD-A
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Wavenumber (cm”) Kinetic energy (eV)
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Intensity (a.u.)
Intensity (a.u.)

Fig. 1 Characterization of the GQDs; (a and b) HRTEM images and
fringe patterns of GQD-A and GQD-B, respectively, insets show the
size distribution in GQD-A and GQD-B, respectively. (c) FT-IR spectra
of GQD-A and GQD-B. Characteristic peaks shown; the hydroxyl
(—OH) band, the C—H band (1524 cm™Y), the carbonyl (-C=0-) or
carboxyl (~COOH) band (1720 cm™Y), and the —OH band (1379 cm™).
(d) AES spectra of GQD-A and GQD-B on a Si/SiO, substrate at
a source electron beam energy of 5 kV, respectively.
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Fig. 2 Optical characterization of GQD-A and GQD-B (a). PL spectra
of GQD-A and GQD-B under excitation at 310 nm of monochromatic
light from a xenon lamp. The PL spectra of GQD-A and GQD-B show
blue and green emission due to the oxygen content. (b and c) PLE
spectra of GQD-A and GQD-B. The PLE spectra were measured at the
maximum PL peak position of both GQD-A and GQD-B.

320 nm resulted in a higher intensity for the intrinsic PL (Aey, =
419 nm) and a similar intensity for the extrinsic PL (A¢p = 492
nm) compared to the longer excitation wavelength (iex ~ 355
nm). This indicates that charge transfer from the intrinsic band
into the extrinsic band occurred briskly. At the same time, in
GQD-B the A, ~ 360 nm predominantly affected the extrinsic PL
intensity (Fig. 2c). This suggests that as the size increased, the
density of the extrinsic states was increased and direct emission
decay from them became dominant. This is in line with the
above results from Raman spectroscopy and AES, which indi-
cated that the defect and oxygen content increased as the size of
the GQDs increased. Defects and oxygen functional groups
provide extrinsic electronic states which can induce PL and
reduce the lifetimes of GQDs.

Song et al. demonstrated that as the size of GQDs increased
the PL intensity was decreased.®* To address the issue of PL
lifetime, we measured the time resolved PL (TRPL) decay profile
with three different excitation wavelengths; A.x = 266 nm for
intrinsic states, A, = 355 nm for intrinsic and extrinsic states,
and A.x = 400 nm for the extrinsic bandgap. Fig. 3a and b show
the intensity integrated TRPL decay profiles measured for GQD-
A and GQD-B, respectively.

The PL decay lifetimes were estimated from the fitting curve
using a double exponential decay function with minimum
reduced chi-squared value. The estimated ¢, and ¢, values are
listed in Table 1. ¢; is related to the emission decay from the

-
33

Norm. PL intensity (a. u.)

10 20 30 40
PL decay time (ns)

Fig. 3 TRPL of GQD-A and GQD-B under different excitation wave-
lengths. (a) TRPL of GQD-A under excitation with wavelengths of 266
nm, 355 nm and 400 nm. (b) TRPL of GQD-B with the same excitation
wavelengths as those used on GQD-A.
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Table 1 PL lifetimes of GQD-A and -B according to the excitation wavelength
266 nm 355 nm 400 nm
ex
Lifetime t t t t ty ty
GQD-A 1.84 £ 0.04 7.89 £ 0.16 1.25 £ 0.02 5.97 £ 0.10 1.15 £ 0.02 5.06 + 0.08
GQD-B 1.27 £ 0.02 6.11 + 0.09 1.09 £ 0.02 4.30 £ 0.07 0.84 £+ 0.01 4.03 £ 0.05
a b respectively. All the PL spectra are deconvoluted into intrinsic
) /\ = | and extrinsic emission modes similar to the analysis in Fig. 2a.
{, />§ pH 12 L‘: pH12 When GQD-A was repeatedly protonated and deprotonated, the
% [ B integrated PL intensity was not significantly changed, although
= %\ P £ pH 2 it showed a sharpened PL peak under protonation conditions.
< . | .
i - ot However, in GQD-B, although the center of the deconvoluted
E - .
E %\\BH ol 2 M PL peaks appeared at a similar wavelength, the integrated area
- ratio of the intrinsic mode was increased by about 25% when
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Wavelength (nm)

350 400 450 500 550 600 650 700
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Fig. 4 Comparison of the optical properties of GQD-A and GQD-B
with size dependence; (a) pH-dependent PL of GQD-A and (b) pH-
dependent PL of GQD-B. The PL was carried out under reversible pH-
solvent conditions. (c) Emission images of GQD-B dispersed in water
under reversible pH-solvent conditions.
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Fig. 5 pH dependent PL of GQD-A and GQD-B under different
excitation wavelengths. PL spectra showing the dependence on
varying excitation wavelength from 250 nm to 390 nm of GQD-A at
pH 2 (a), pH 7 (b) and pH 12 (c), and those of GQD-B at pH 2 (d), pH 7 (e)
and pH 12 (f).

intrinsic states while ¢, is from the extrinsic states. As the .,
increased from 266 nm to 400 nm, the lifetimes of both sizes of
GQDs were decreased by more than 30%. The longest ¢, at Aex =
266 nm is attributed to charge transfer from the intrinsic state to
the extrinsic state. On the other hand, the shortest value of ¢, at
Aex =400 nm is most likely due to the direct excitation and decay
of charges from the extrinsic states. Although ¢, and ¢, show
a similar trend in both GQD-A and -B, they were relatively shorter
in GQD-B, supporting the conclusion that in the bigger GQD-B
there are more PL quenching sites originating from defects
and oxygen functional groups. This is confirmed by the result
that the smaller GQDs show a higher quantum yield of PL.?
Fig. 4a and b show a comparison of the PL from protonated
(pH 2) and deprotonated (pH 12) GQD-A and GQD-B,

This journal is © The Royal Society of Chemistry 2016

GQD-B was protonated, compared to the ratio under deproto-
nation conditions. This implies that the (de)protonation of
GQD-A didn’t critically affect the PL properties. Meanwhile, the
(de)protonation of GQD-B significantly changed the PL prop-
erties. Fig. 4c photographically illustrates the dramatic change
in the PL of GQD-B with changing pH. We attribute this to the
difference in defect and oxygen content between GQD-A and -B.
This is in accordance with the above discussed results and
previous reports.>>?

The PL of the GQDs was measured in three different pH
solutions with varying excitation wavelengths. Fig. 5a-c show
the PL of GQD-A measured at pH 2, 7 and 12, respectively. For
GQD-A, at all pH values the highest PL intensity was observed
when excited at A, = 315 nm. Farther from the resonance
excitation wavelength and with increasing pH, the PL intensity
is decreased. When protonated, the PL profiles of GQD-A were
sharper than those at other pH values. In addition, the center of
the emission profiles at pH 2 was blue-shifted compared to
those at pH 7 and 12. This might be due to the resonance
excitation of the intrinsic band and a protonation effect on the
edge and defect sites. One thing we noticed is that the PL
intensity was sharply increased at Ao, = 360 nm, which is due to
the resonance excitation of the extrinsic band. The PL intensity
at Aex = 315 nm was gradually decreased as pH increased, while
that at Ax = 360 nm slightly fluctuated. This might depend on
the efficiency of the charge transfer and the density of the
extrinsic states. However, GQD-B showed the opposite trend in
PLE properties according to the pH (Fig. 5d-f). At pH 2 (Fig. 5d),
GQD-B shows the lowest PLE intensity. As the pH was increased
the intensity increased. As expected, at pH 7 (Fig. 5¢) and pH 12
(Fig. 5f) the PL intensity at Ao, = 360 nm showed the maximum
value, which is in contrast to the value at A.x = 330 nm at pH 2.
This can be attributed to the piling up of the extrinsic state
through the deprotonated defects and edges.

4. Conclusions

So far, we have investigated the pH dependent PL properties of
GQDs with two different sizes. The PL properties of GQDs were
analyzed by a model based on the intrinsic and extrinsic

RSC Adv., 2016, 6, 97990-97994 | 97993
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electronic bands. GQDs with a size of ~2 nm show less sensi-
tivity to pH variation than those with a size of ~18 nm. This is
due to the formation of extrinsic bands originating from defects
and oxygen functional groups. Our results suggest that for
effective blue emission materials the smaller sized GQDs could
be considered, with large advantages over the bigger sized
GQDs. However, the bigger sized GQDs could be used for elec-
troluminescent materials, with variable emission wavelengths,
or as pH sensors due to their varying emission wavelengths and
reversible PL properties through protonation and deprotona-
tion. Although recently the origin of PL in GQDs has been
successfully demonstrated by Yoon et al., our results show that
the PL properties of GQDs strongly depend on the size and pH.
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