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I Graphene Oxide

Rupturing C,, Molecules into Graphene-Oxide-like
Quantum Dots: Structure, Photoluminescence, and

Catalytic Application

Guanxiong Chen, Zhiwen Zhuo, Kun Ni, Na Yeon Kim, Yuan Zhao, Zongwei Chen,
Bin Xiang, Lihua Yang, Qun Zhang, Zonghoon Lee, Xiaojun Wu, Rodney S. Ruoff,

and Yanwu Zhu*

The large-scale synthesis of graphene-oxide-like quantum dots (GOLQDs)
reported by oxidizing Cy) molecules using a modified Hummers method with a
yield of =25 wt% readily achieved. The GOLQDs are highly soluble in water and in
addition to hexagons have other carbon rings in the structure. They have an average
height of =1.2 nm and a diameter distribution of 0.6-2.2 nm after drying on substrates.
First-principle calculations indicate that a possible rupturing route may include the
insertion of oxygen atoms to C—C bonds in the Cyy, molecule, followed by rupture
of that C—C bonds. The GOLQD suspension has a strong photoluminescence (PL)
with peak position dependent on excitation wavelength. The PL is related to the size
and emissive traps caused by oxygen-containing groups. The GOLQDs also catalyze
the oxidation of benzyl alcohol with a high selectivity.

1. Introduction

Graphene has unique properties and is attracting consider-
able attention in various research fields.['?l Pure graphene has
a zero band gap,*~! which may limit its potential applications

in electronic or optoelectronic devices. Thus efforts have
been made to opening a band gap, e.g., by utilizing quantum
confinement effectsl® or edge states.”! Both quantum con-
finement and edge effects involve the size, shape, and fraction
of sp?> domains in the graphene.®'%] Two typical examples
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of opening a band gap include the fabrication of graphene
nanoribbons (GNRs) and graphene quantum dots (GQDs).
Because of the band gap, field effect transistor (FET) devices
based on GNRs are able to provide an on-off ratio of up to
107 at room temperature.'!13] The presence of a band gap
in GQDs also makes electron transition possible when elec-
trons are excited by photons. The recombination of excited
electrons and holes in GQDs generate photons, leading to
photoluminescence (PL).'*!5] Thus, GQDs have been con-
sidered as candidates for use in optoelectronic devices, bio-
imaging, and sensors.['017]

The synthesis of GQDs has been based on two strategies:
bottom-up and top-down. In the bottom-up route, GQDs
were fabricated by transforming and/or assembling pre-
cursor molecules, such as assembling 3-iodo-4-bromoaniline
by stepwise solution chemistry,'8'91 converting glucose by
microwave-assisted hydrothermal processing?! or carbon-
izing citric acid by pyrolysis.”!] In the top-down approach
GQDs were fabricated by cleaving various carbon precursors
to quantum dots. In this manner, GQDs have been prepared
from graphene oxide by a hydrothermal method!"! from gra-
phenel?? and carbon nanotubes[®)] by electrochemical oxida-
tion, from graphite flakes by microwave irradiation,[?*! and
from carbon fibers!'Yl and coal®! by acidic oxidation. The
top-down methods generally produce yields of lower than
10 wt%.[2°l GQDs on a metal substrate were also syn-
thesized by catalytically opening Cg, molecules on ruthe-
nium.?”l However, the limited amount of GQDs produced
and the need for their subsequent transfer may restrict the
use of GQDs obtained by this manner. Recently, Cg, mol-
ecules were opened to form GQDs by a chemical method
and a strong PL was observed.”l However, the yield and
detailed structure of the GQDs produced are unknown.

Here we report a one-step chemical oxidation method for
rupturing Cq, molecules into graphene-oxide-like quantum
dots (GOLQDs). With a high yield of =25 wt% from a raw
C60 precursor, the obtained GOLQDs are highly soluble in
water because of the numerous oxygen-containing groups,
as is the case for graphene oxide or GQDs produced from
it. Density functional theory (DFT) calculations are used
to simulate the oxidation process and possible structures of
the GOLQDs. When oxygen-containing groups are partially
removed by hydrothermal reduction the PL quantum yield
is increased, and the excitation lifetime becomes longer. In
addition, a remarkable catalytic activity is observed when
GOLQDs are used to oxidize benzyl alcohol.

2. Results and Discussion
2.1. Synthesis and Characterizations

The production of GOLQDs using a modified Hummers
method is schematically shown in Figure 1a. The Hummers
method was initially proposed to oxidize graphite,*’! and
the preparation of graphite oxide with various modifications
of the method has been important in producing graphene
materials on a large scale.’! In a typical synthesis, 500 mg
of Cq, powder was mixed with 25 mL concentrated sulfuric
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acid (98% concentration) and stirred in an ice water bath for
10 min. Then, 1.75 g KMnO, was slowly added to the mixture
and stirred for 24 h at 25 °C. During processing, the color of
the mixture changes from black to purple in =2 h, and then to
yellow in the next 10 h. After the reaction, the mixture was
dialyzed in pure water to obtain the clear final product. A
Tyndall effect was observed when a laser beam traversed the
dispersion, demonstrating its existence as a colloidal disper-
sion, as shown in the inset of Figure 1b.

Anion impurities measured by ion chromatography
(ICS) and cation impurities measured by inductively coupled
plasma-atomic emission spectrometry (ICP-AES) in the sus-
pension after dialysis for 6 d include SO?~ (12.2 ppm), Mn**
(18.8 ppm), and K* (1.4 ppm). The pH of dialyzed suspension
was still 2.25, which may attribute to the ionization of car-
boxyl groups located at the edges of GOLQDs.’! The zeta
potential of the dialyzed suspension (with a concentration of
0.17 mg mL!) was measured as —19.57 mV at room tempera-
ture, and the suspension remained stable without any precipi-
tates observed after storage for 6 months. Figure 1b shows an
optical image of yellowish powder obtained by freeze-drying
the suspension. During freeze-drying process, GOLQDs will
assemble to macroaggregates. Scanning electron microscopy
(SEM) of the freeze-dried powder (Figure 1c) shows that
the GOLQDs have aggregated and assembled into nano-
structures of sheets, bowls, or fibers. The freeze-dried powder
can be readily re-dispersed in pure water with slight stirring,
and a stable suspension was obtained with concentrations as
high as 35 mg mL~!. Thermogravimetric analysis (TGA) of
the freeze-dried powder was performed in air, and the result
is shown in Figure S1 (Supporting Information). The weight
loss (=20.7%) recorded up to 120 °C could be due to the
evaporation of water in the powder. The losses between 120
and 286 °C (=35.9%) and at higher temperatures (=33.7%)
are attributed to the removal of oxygen-containing groups
and the burning of carbon, respectively.’?! Energy dispersive
X-ray spectroscopy (EDX; Figure S1, Supporting Informa-
tion) performed on the resulting ash (=9.7%) shows that S,
Mn, and K are the main impurities, which are mostly intro-
duced during processing. With eliminating 9.7 wt% of impu-
rities from freeze-dried powder, the production yield of the
GOLQD powder is estimated to be about 25 wt% (details in
the Supporting Information).

Atomic force microscopy (AFM) was conducted to
investigate the surface morphology of GOLQDs cast on
a mica substrate (from a suspension with a concentration
of 0.05 mg mL™) followed by drying in air. A typical image
is shown in Figure 2a. A line profile obtained from the image
indicates that the heights of five GOLQDs are 1.61, 0.97, 1.5,
1.13, and 1.03 nm. A statistical distribution obtained from 498
GOLQDs in the AFM image suggests that the they have an
average thickness of =1.2 nm, which is slightly higher than
the typical values (1.0 and 1.1 nm) documented for graphene
oxide platelets,?334 which could be explained by curvature
caused by other carbon rings like pentagons, as discussed
below. Given that the radius of the AFM tip is comparable
to or bigger than the lateral size of the GOLQDs, transmis-
sion electron microscopy (TEM) was used to investigate the
morphology and structure of GOLQDs cast and dried from
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Figure 1. a) Schematic of the synthesis of GOLQDs from Cq, molecules using a modified
Hummers method. b) Optical image of yellowish GOLQD powder obtained by freeze-drying.
The inset shows the Tyndall effect of the GOLQD suspension. ¢) SEM of freeze-dried GOLQDs.

the suspension. From the TEM image shown in Figure 2b and
more TEM images shown in Figure S2 (Supporting Informa-
tion), one can clearly identify GOLQDs lying on the amor-
phous carbon film on Cu grids. The lateral size measured
from 138 GOLQDs in the TEM image shows that GOLQDs
have a size distribution between 0.6 and 2.2 nm.

The FTIR spectrum of GOLQD powder is shown in
Figure 2d with that of Cg, as a reference. From the spectrum,
one can see that the GOLQDs contain oxygen-containing
groups, such as epoxy (between 1100 and 1400 cm™), car-
bonyl (<1623 cm™), carboxyl (=1719 c¢cm™), and hydroxyl
(=3410 cm™).53% Similar to the case of graphite oxide, these
oxygen-containing groups promote the excellent dispersion
of GOLQDs in water. The GOLQD powder was also char-
acterized by X-ray photoelectron spectroscopy (XPS), and
the C 1s spectrum is shown in Figure 2e. From the spectrum,
four main carbon bonding types, i.e., C—C (=284.88 eV), C—
O (=287.08 eV), C=0 (=288.48 ¢V), and —COOH (=289.06
eV) are determined.' From the carbon 1s spectrum, the
fraction of sp? carbons is estimated as =53.8%, whereas the
remaining fraction of carbons is attributed to the bonds
formed between carbon and oxygen/hydrogen.[*! The C/O
atomic ratio obtained from XPS is 1.12, which is consistent
with the result of combustion elemental analysis and indi-
cates that the atomic ratio of C:O:H is 1.13:1.01:1. Electron
paramagnetic resonance (EPR) measurements were carried
out, with 272.6,6-tetramethylpiperidine 1-oxyl (TEMPO)

GOLQDs
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as a reference, to estimate the amount
of unpaired electrons in the GOLQD
powder. The results are shown in Figure 2f.
Based on the calculation, the concentra-
o tion of spins was determined to be 1.9 x
10" spins g!' for GOLQDs, compared
with a value of 6.2 x 10" spins g~' for
Cg (corresponding to 7.4 x 107° spins per

®-—C Cgo cage on average). Here, the nonzero
»--0 number of spins in Cy, may originate from
¢--H defects in the structures or from impuri-

ties. The result suggests that opening the
cage of Cgy, has increased the number of
unpaired electrons in GOLQDs, which
is probably due to the existence of a
large number of functional groups or
defects.

Raman spectroscopy was used to
investigate structural changes after C,
molecules were processed with the modi-
fied Hummers method. Typical Raman
spectra of as-purchased Cg, and as-pre-
pared GOLQD powders are shown in
Figure 3a,b. As can be seen, the breathing
modes of the Cy, cage located at lower
wave numbers in the spectrum completely
vanished after the Cy, molecules were con-
verted to quantum dots, whereas the vibra-
tion modes of Cg, referring to pentagon
shear (Hg(7),=1428 cm™), pentagon pinch
(Ag(2), =1469 cm™), and hexagon shear
(Hg(8),=1570 cm™) remained.l?38! A new
band at =1360 cm™! appeared in the spectrum of GOLQDs,
corresponding to the D band representing defects.34]
The changes observed from Raman clearly demonstrate that
the cage of Cy, molecules has been broken into fragments by
the modified Hummers processing, and pentagon and hex-
agon rings remain in the fragments.*!! X-ray diffraction of
the GOLQD powder shown in Figure S3 (Supporting Infor-
mation) also suggests that the characteristic peaks of bulk
Cg disappeared.

Aggregated GOLQDs can self-assemble to form quasi-
2D sheets, as demonstrated in the SEM image in Figure lc
and the TEM image in Figure S4a (Supporting Information)
which was produced by dropping GOLQDs on an amor-
phous carbon film with micropores on Cu grids. Partially
crystallized areas in the assembled GOLQDs were observed
in a high resolution TEM (HRTEM) image (Figure S4b, Sup-
porting Information). But the corresponding Fast Fourier
Transformation (FFT) of the HRTEM image (inset of Figure
S4b, Supporting Information) indicates d-spacings of 4.44 and
2.85 A, which are larger than those of graphene. Figure 3c
shows HRTEM images of individual GOLQDs on an amor-
phous carbon film obtained using a JEM-ARM?200F instru-
ment with a STEM C corrector at an acceleration voltage
of 80 kV. One can clearly see the lattice marked by arrows
in Figure 3c. Because of the existence of other carbon rings,
e.g., pentagons induced by Cy, the lattice of GOLQDs differs
from that of GQDs. The (100) lattice spacing of graphene or
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Figure 2. a) AFM topography image of GOLQDs. The heights of GOLQDs denoted by 1, 2, 3, 4, and 5 are shown in the inset with units of nm. b) TEM
of isolated GOLQDs. c) Thickness distribution diagram (upper) and lateral size distribution diagram (lower) for GOLQDs. d) FT-IR and e) XPS C 1s
spectra of GOLQD powder. f) EPR of GOLQD powder and C¢, powder.
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Figure 3. a) Raman spectra of GOLQDs and Cg,. b) Zoomed in the box in (a). ¢) HRTEM of individual GOLQDs on an amorphous carbon film on a Cu
grid. The inset highlights the lattice of an area where hexagons dominate. d) HRTEM of aggregated GOLQDs on a graphene film on a Au grid, with
arrows pointing to the graphene substrate. Inset shows an enlarged area, with the lattice constant of the graphene substrate (upper inset, white
lines), and those of aggregated GOLQDs (middle and lower insets, dark lines).
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GQDs, which is approximately 0.21 nm,[*?] can be detected
only in areas where hexagons dominate (inset of Figure 3c).
To compare GOLQDs with graphene more directly, TEM
specimens were also prepared by casting GOLQDs on
graphene films on Au grids and characterized by aberration
corrected TEM (Titan G2 cube 60-300) under an acceleration
voltage of 80 kV as shown in Figure 3d. The typical lattice
constant of aggregated GOLQDs varied between 2.23 and
2.51 A, which is different from the measured lattice constant
of graphene (2.49 A) because of the existence of carbon rings
other than hexagons.

2.2. Simulations and Structures

Oxidization of graphite with the modified Hummers method
has been considered to be related to the intercalation and
diffusion of the oxidizing agent, followed by subsequent
hydrolysis.[*}] With totally different structures, however, Cq,
molecules (or assembled crystals of Cg,) should have dif-
ferent reaction pathways even in the same chemical environ-
ment. To aid in decoding the possible rupturing mechanism,
we investigated the adsorption behavior of oxygen atoms
on a Cg molecule with first-principles calculations. Calcula-
tions were performed using a DFT method with the Perdew—
Burke-Ernzerhof functional.*! Calculation details can be
found in the Supporting Information. As shown in Figure 4b,
the first O atom prefers to adsorb on the C—C bond between
hexagonal and pentagonal rings. After the first O atom is
attached various adsorption sites were considered for an
additional reaction with O, to find the energy favor site for O

'a\
M‘L{)-,i,»;

www.MaterialsViews.com

adsorption and it was found that a second O atom attaches to
the next neighboring C—C bond in the same hexagonal ring.
As the number of O atom increases, as shown in Figure 4a-r,
a possible path for the adsorption is to form a circle around
the Cq, molecule. The average adsorption energy E,, is
defined as

E.g =(onidizedC60_EC60_m/2X Eoz)/m )

E is the total energy of system denoted by subscript labels,
and m is the number of attached oxygen atoms. Figure Sa
shows the average adsorption energy per O atom on the Cy,
molecule. Evidently, the oxidation of the Cy, molecule is exo-
thermic. The values of average adsorption energy for the first
three oxygen atoms decrease sharply. Then, for the 4th and
further attached O atoms, the average adsorption energy
oscillates with the increasing numbers of oxygen atoms, and
varies between —1.6 and —1.7 eV. The adsorption of oxygen
atoms on the Cq, molecule may induce the rupture of a C—C
bond,[*>4¢] which enables it to be cut into pieces.

The electronic structure of as-prepared GOLQDs was
investigated with UV-vis-NIR absorption spectroscopy car-
ried out on the GOLQD suspension (0.112 mg mL™") and
a GOLQD film made by casting and drying droplets of the
GOLQD suspension on a quartz substrate. The spectrum
from the suspension shown in Figure 5b indicates two peaks,
namely, bond A (=215 nm) and bond B (=260 nm), which
are respectively due to the m—r* transition of aromatic C=
C bonds and n-7* transition of C=0 bonds.*’] The m—r*
transition peak of aromatic C=C bonds was also observed

Figure 4. Simulated adsorption sequence of oxygen atoms on a C¢, molecule.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. a) Average adsorption energy calculated by the formula: £, = (Eqyigized coo — Eceo — M/2 X Eg;)/m, where E is the total energy of system
denoted by subscript labels, and m is the number of attached oxygen atoms. b) UV-vis-NIR absorption spectra. Bond A (=215 nm) and bond B
(=260 nm) represent the 7—z* transition of aromatic C=C bonds and n—z* transition of C=0 bonds, respectively. c) Possible molecular structures

and their energy gaps calculated by DFT-B3LYP.

from the dried GOLQDs film, although the value shifted
to =250 nm (Figure S5, Supporting Information). Such a
bathochromic shift may be caused by the change in electronic
conjugation,l*$*! which is possibly induced by changes in the
morphology of GOLQDs produced during drying. Matrix-
assisted laser desorption/ionization time-of-flight mass spec-
trometry (MALDI-TOF-MS) was used to explore possible
molecular weights of the as-prepared GOLQD in suspension
(Figure S6, Supporting Information). As can be seen from the
spectrum, various molecules with mass lower than 720 amu
(the molecular weight of C4)) were found in the suspension.
Based on the energy gap determined by UV-vis-NIR spec-
troscopy and molecular weights obtained from MALDI-TOF-
MS, we attempted to construct the possible structure of the
GOLQDs. However, given the multiple possibilities regarding
the topological features of oxygen-containing groups
(hydroxyl, carbonyl, epoxy, and carboxyl) on GOLQDs,
matching molecular structures with all the mass peaks from
the MALDI-TOF-MS spectra is impossible. A few possible
structures corresponding to the mass peaks of 210, 254, 292,
and 372 amu are shown in Figure 5c in which, for simplifi-
cation, we have considered only pentagons, hexagons, and
possible oxygen-containing groups in the structures. To eval-
uate the energy gap between the highest occupied molecule
orbital (HOMO) and the lowest unoccupied molecule orbital
(LUMO) of GOLQDs, a hybrid DFT method (B3LYP) was
used.[’%531 Energy convergence was set to 10~ Ha, and force
convergence was set to 10 Ha A~! for geometry optimiza-
tion. For electronic structure calculation, the energy con-
vergence was increased to 107 Ha. The calculated energy

small 2015, 11, No. 39, 5296-5304
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positions of HOMO and LUMO, as well as their energy gaps,
are listed in Figure Sc. The calculated energy gap for each is
=5 eV, which is consistent with the experimental spectra.

2.3. Photoluminescence

Light from a xenon lamp with wavelengths between 320 and
520 nm was used to excite PL from a GOLQD suspension
with a concentration of =0.17 mg mL~! (Figure 6a). As seen
from the spectra, GOLQDs emit luminescence through a
down conversion process. The intensity and position of PL
peaks excited by different wavelengths are shown in the
inset of Figure 6a. The PL peak red-shifts from 450 to 570 nm
as the excitation wavelength increases from 320 to 520 nm.
PL intensity increases when the excitation wavelength is
increased from 320 to 360 nm, then decreases for longer exci-
tation wavelengths. The broad PL peaks are attributed to the
broad size distribution of GOLQDs in the suspension. The
band gaps of GOLQDs are known to depend on size when
the size is lower than their Bohr radius.5*%! As an upper
limit, one benzene ring possesses a band gap of =7 eV, and
the band gap becomes smaller as the number of hexagonal
rings increases.®® Our simulations have also shown that
the addition of pentagons to hexagons lowers the band gap
(Figure S7, Supporting Information), explaining the experi-
mental observation of excitation and luminescence in the vis-
ible range. When being excited with a 325 nm laser, the PL
of GOLQDs also can be observed from a solid polyethylene
glycol-800 (PEGygy) solid film made by dispersing GOLQDs

www.small-journal.com

5301



5302 www.small-journal.com

m full papers

MoK

www.MatenaIsVlews.com

6000

2.4x10° [F

.5x10°
;o e 3.0x10° JJ 1
3{2.0x

={1.6x10°
1.0x10°
1{5.0x10*

© va u
Easof A& ~adoo

o wPeak \mensllyA
J/N\CA pos

2.0x10° .
2.5%10° |

1.6x10° [* .
2.0x10° o

#4950 350 400 450 500 550
‘excited wavelength (nm)

1--320nm
-360nm
-400nm
-440nm 3
-480nm 5.0x10° | 4
-520nm

1.2x10°

mtenslty
intensity
@
X
B
T
[

8.0x10* 1.0x10° |

4.0x10*

i s vl

-320nm
-360nm
--400nm
--440nm 4000
--480nm
-520nm

C [~== lifetime of hydrothermal Oh
—o— lifetime of hydrothermal 12h

Porema

Counts

2000 =

N N 1 = a0 M
%%0 450 00 550 600 650 700 750 800 400 500
wavelength (nm)

600
wavelength (nm)

700 800 0 5 10 15 20 25 30
time (ns)

Figure 6. a) PL spectra of GOLQDs in suspension. Excited wavelength changes from 320 to 500 nm with an interval of 40 nm. The inset figure shows
the dependence of emission peak position and intensity on the excitation wavelength. b) PL spectra of GOLQDs hydrothermally treated at 160 °C for
12 h. ¢) Lifetime measurement before and after hydrothermal treatment. Excitation and emission wavelengths are 420 and 520 nm, respectively.
Function /(t)=Ae™*/t + Aye ™/t + Ase™*/ was used for fitting. The average lifetime was calculated by taverage = (Atf1 + Ast2 + Asts )/( A1+ Az + As).

in PEGygy followed by drying, as shown by Figure S8 (Sup-
porting Information).

To investigate the effects of oxygen-containing groups
on PL, a hydrothermal treatment at 160 °C for 12 h was
performed on the GOLQD suspension to partially remove
oxygen-containing groups. Raman spectra (Figure S9, Sup-
porting Information) show that Iy,/I; changes from 0.87 to
0.80 after this hydrothermal treatment, whereas XPS spectra
(Figure S9, Supporting Information) show C/O atomic ratio
changes from 1.12 to 1.64. In addition, the UV-vis-NIR
absorption spectrum (Figure 5b) shows that the bond rep-
resenting n—n* transition of C=0 bonds disappears. These
results all clearly indicate the decrease in the number of
oxygen-containing groups after hydrothermal treatment. The
PL spectra of the hydrothermally treated samples shown in
Figure 6b indicate that the maximum intensity of PL emis-
sion occurs at an excitation wavelength of 320 nm instead of
360 nm, in contrast to the samples before the treatment. At
the same time, PL intensity significantly increases after hydro-
thermal treatment for 12 h (Figure S10, Supporting Informa-
tion), leading to a ten-fold increase in quantum yield (QY),
from 0.28% to 2.7% (Table S2, Supporting Information).
This result suggests that oxygen-containing groups may act as
quenching sites for the PL of as-prepared GOLQDs. A pre-
vious study showed that carboxylic and epoxide groups could
act as nonradiative electron-hole recombination centers,
and that the removal of these groups improved quantum
yield.>]

Transient fluorescence spectra were obtained to investi-
gate GOLQD PL lifetime. Figure 6¢ compares the PL decay
for samples before and after hydrothermal treatment. Fit-
ting the decay curves to three exponential functions sug-
gests that the average lifetime for each curve contains one
fast and two slow components, which are considered to be
caused by the fast band-gap transition and those related to
oxygen-related transition, respectively.’®°!l One can clearly
see that hydrothermal treatment has increased the average
lifetime from 2.01 to 2.67 ns, which indicates that the recom-
bination pathway of electron-hole pairs was changed after
the oxygen-containing groups were partially removed. More
hydrothermal treatments (Figure S10, Supporting Infor-
mation) and the corresponding lifetime measurements

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

after each treatment (Figure S11 and Table S1, Supporting
Information) suggest that the lifetime and the proportion
of the fast band-gap transition in total PL increase as the
duration of the hydrothermal treatment increases. With the
removal of oxygen-containing groups, the number of nonra-
diative traps decreases. The decrease in the number of nonra-
diative traps leads to an increase of fast band-gap transition
that increases the entire PL lifetime.

2.4. Catalytic Application

Because of its many oxygen functional groups, graphene
oxide has been investigated to catalyze the oxidation of alco-
hols.[203] GOLQDs have more edges and higher ratios of
oxygen groups and thus may be able to demonstrate higher
catalytic activity. To measure the catalytic performance,
GOLQDs were dispersed in benzyl alcohol (the GOLQDs
loading was 0.2 wt%) and the mixture was stirred for 6 d at
100 °C with reflux under an air atmosphere. Comparing the
400 MHz '"H NMR spectra of the dispersion in Figure 7, the
dispersion resulting from a 6 d reaction shows signs of ben-
zaldehyde. To determine whether ambient oxygen was the
oxidant, the reaction was also performed under a nitrogen
atmosphere with other conditions remaining the same,
and '"H NMR spectra of the resulting dispersion shows no
benzaldehyde signal (see Figure S12, Supporting Informa-
tion). The conversion was estimated by integration of the
aldehyde peak (around 10 ppm) of benzaldehyde versus
the hydroxyl peak (around 3.7 ppm) of benzyl alcohol. As
shown in Figure 7, the weight percentage of benzaldehyde in
the resulting dispersion was 4.8% and the turnover number,
calculated as the ratio of benzaldehyde mol to GOLQDs
mass, is 0.226, which is much higher than 0.018 (5 wt% GO
loading), 0.012 (20 wt% GO loading), and 0.013 (50 wt% GO
loading) in a previous report.[?]

3. Conclusions

We achieved the large-scale synthesis of GOLQDs by “chemi-
cally rupturing” Cg, molecules using a modified Hummers

small 2015, 11, No. 39, 5296-5304
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Figure 7. @) *H NMR of benxyl alcohol (CDCl, as buffering). Hydroxyl H peak (E position of benzyl alcohol) is at 3.67 ppm. Inset: 'H NMR of GOLQDs
suspension (D,0 as buffering). b) *H NMR of mixture of GOLQDs and benxyl alcohol reacting at 100 °C for 6 d (CDCl, as buffering). The integrated
peak areas at 9.81 ppm (representing aldehyde H, A position of benzaldehyde) versus at 3.67 ppm (representing hydroxy H, E position of benzyl
alcohol) are 0.05 and 1, respectively. The sum of benzaldehyde and benzyl alcohol is 100%; the weight percentage of benzaldehyde is 4.8%.

method. The production yield of ~ 25 wt% is higher than
previously reported yields of other quantum dots based on sp?
carbon. With pentagons in the structure, the curved GOLQDs
have uniform height and size distributions. Our DFT study
indicates that oxidation may start from the insertion of oxygen
atoms in C—C bonds, and that the band gap of GOLQDs is
lowered by the presence of pentagons in the carbon frame-
work. The PL of as-prepared GOLQDs may be attributed to
effects of size confinement and oxygen-containing groups.
Defect states related to oxygen-containing groups seem to
form emissive traps that induce nonradiative emission, which is
supported by the order of magnitude higher quantum yield and
longer excitation lifetime, when oxygen-containing groups are
partially removed. In addition, we demonstrated that GOLQDs
are a highly efficient oxidization catalyst, which shows an order
of magnitude higher conversion efficiency than graphene oxide
when used to oxidize benzyl alcohol to benzaldehyde.

Supporting Information

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