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Graphene quantum dots (GQDs) show potential applications in
photovoltaic devices, bio-probers, sensors, and catalysts.® As
the properties of GQDs can be affected severely by their lateral
sizes and size distributions,”® to acquire GQDs with controlled
size and narrow distribution is prerequisite. However, GQDs
prepared directly by the methods developed so far usually
assume wide size distribution which limits somehow the prac-
tical applications of GQDs.>*"*

Recently, several protocols have been developed for post
separation of GQDs, such as dialysis,”® ultrafiltration,** gel
electrophoresis,® reverse micelle methods,* column chroma-
tography on silica'® or Sephadex G-25 gel,”” chromatographic
separation,'” and size-selective precipitation,’*® but can't
satisfy the bulk production. For examples, Kim et al. success-
fully obtained GQDs with different sizes using dialysis bags with
different interception molecular weights and a 20 nm nano-
porous membrane, but with an unacceptable yield."”® Fuyuno
et al. obtained the GQDs with different fluorescence by the size-
exclusion high performance liquid chromatography (HPLC).*®
Jiang et al. separated the single atomic layered GQDs from
reaction mixture containing double multilayer allotropes
successfully through a Sephadex G-25 gel.”” In our previous
work, the GQDs generated through the photo-Fenton reaction
of graphene oxide (GO) have been sorted into three categories
with different fluorescence by gel electrophoresis.>®** Never-
theless, it is still challenging to obtain high quality GQDs with
controlled size and size distribution which can satisfy the
practical applications.

Herein, we describe an efficient GQDs separation procedure
via Sephadex G25 gel column. The GQDs prepared through
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Graphene quantum dots (GQDs) prepared through photo-Fenton reaction of graphene oxide are separated
via gel column chromatography. The as-separated GQDs were selectively introduced into the active layer of
organic solar cells and achieved an enhancement of power conversion efficiency (PCE).

photo-Fenton reaction of GO with wide size distribution are
separated into eight groups of GQDs with different size and
fluorescent colours.” The size and morphology of as-obtained
GQDs were characterized by atomic force microscopy (AFM)
and transmission electron microscopes (TEM) measurements.
The optoelectronic properties of the GQDs were studied by
photoluminescence (PL) and UV-vis absorption spectroscopy
techniques. The results showed that this separating technique
is very beneficial for obtaining high quality GQDs with a variety
of specific sizes and properties. Finally, the as-separated GQDs
were introduced into the inverted hybrid solar cells based on
the poly(3-hexylthiophene) (P3HT) and poly(3-hexylthiophene)/
(6,6)-phenyl-C61 butyric acid methylester (PCBM), and it is
found that the solar cell containing the separated GQDs showed
a higher performance than that with the raw GQDs, which
verified the importance of the size separation for GQDs.

The raw GQDs used in the work are first characterized using
atomic force microscopy imaging. As shown in Fig. S1a and b,
their sizes are ranged from 2 to 40 nm with obviously large size
distribution, that is further confirmed by PL spectrum and
image (Fig. S1c,t and the inset). Sephadex G25 gel column, one
of common size exclusion column, is widely used to purify or
separate protein or peptide.”* Here, GQDs are separated
through Sephadex G25 gel column by size and the as-separated
GQDs are named as GQDs 1-8 according to the collection order.
The yield of GQDs is close to 80% with this separating tech-
nique. Actually, unlike other separating methods such as
multiple dialysis™® and ultrafiltration,** there is almost no
significant loss of GQDs in our separation process. Taking the
well dispersibility of as-prepared GQDs in water into consider-
ation, we selected water as developing solvent in this work.
Their morphologies, size and size distributions are revealed by
AFM imaging and the results are shown in Fig. 1. The average
size of GQDs 1-8 (calibrated with the parameters of AFM tip
deconvolution®) are of 27.5, 23.5, 15.5, 12.0, 8.5, 6.3, 5.2 and
3.0 nm, respectively, with narrow size distributions (see the as-
inset histograms in Fig. 1). As shown in Fig. S2,T the sizes of
GQDs 1-8 are also measured by TEM imaging, which are in
agreement with the AFM images.
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Fig. 1 Tapping mode AFM images (height) of the separated GQDs
samples along the collecting order (a) GQDs 1, (b) GQDs 2, (c) GQDs 3,
(d) GQDs 4, (e) GQDs 5, (f) GQDs 6, (g) GQDs 7, (h) GQDs 8. The insets
are the histograms of the size.

The PL and UV-vis spectra of the GQDs can reflect the size
difference, too.”*'>'® The top row of Fig. 2a shows the optical
images of the GQDs 1-8 acquired under a daylight lamp, and
they were all transparent. The bottom row of Fig. 2a shows the
optical images of the corresponding GQDs 1-8 observed under
a UV irradiation (302 nm), illustrating that the GQDs 1-8 have
fluorescence properties, which are red, orange, yellow, green,
cyan, light blue, blue, and purple, respectively. In contrast to the
raw GQDs, the result indicates that the GQDs are successfully
separated by size through Sephadex G-25 gel column. This
should be beneficial for further exploring the relationship
between the size and properties of GQDs. As shown in Fig. 2b,
the PL spectra of GQDs 1-8 match well with the fluorescence
photos. The peak wavelengths of their PL are 587, 565, 554, 483,
462, 452, 385, 384 nm, correspondingly.

As shown in Fig. 2¢, with the size decreasing, the absorption
onset of the GQDs blue-shifted gradually. The absorption
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Fig. 2 (a) The top row is the optical images aqueous suspensions of
GQDs 1-8 obtained under daylight lamp; the bottom row is the optical
images of the aqueous suspensions GQDs 1-8 acquired under UV
irradiation (302 nm). (GQDs-1/red, GQDs-2/orange, GQDs-3/yellow,
GQDs-4/green, GQDs-5/cyan, GQDs-6/light blue, GQDs-7/blue,
GQDs-8/purple). (b) PL spectra of GQDs 1-8 (the excitation wave-
length is 340 nm). (c) UV-vis absorption spectra of GQDs 1-8 (the
spectra were normalized at 200 nm for comparison).
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around 225 nm corresponding to the T — 7* transition of sp®
domains in GQDs, and the absorption in the range of 275-
325 nm from the n — 7* transition of C=0 groups at the edge
of GQDs are also observed clearly, which is similar to the liter-
ature.® More specifically, the absorption peak in the range of
275-325 nm becomes more and more obvious with the GQDs
size decreasing, indicating the density of carboxylic groups at
the edge of GQDs increases from GQDs-1/red to GQDs-8/purple.
The reason is that the number of GQD carboxylic groups is
directly proportional to its lateral size and the area of GQDs is
proportional to the square of its size, as a result the small sized
GQDs have higher density of carboxylic groups than the large
sized GQDs and present the obvious peak around 275-325 nm.*

The PL spectra of the as-separated GQDs are shown in Fig. 3
and Fig. S3.7 Comparably, the PL intensities of GQDs 3, GQDs 4,
GQDs 5, GQDs 6 (Fig. 3) are stronger than those of others
(Fig. S31). The PL emission peaks of the GQDs 3 and GQDs 4
shift more obviously than that of GQDs 5 and GQDs 6 with the
increase of the excitation wavelength, implying the size distri-
butions of GQDs 3 and GQDs 4 are worse than those of GQDs 5
and GQDs 6. For GQDs 3, as shown in Fig. 3a, there are two
peaks in the emission spectra with the excitation wavelength of
360, 380, 400 nm. The left peak is attributed to the ©* — n
transition of carbonyl or carboxylic and the right peak is
attributed to the sp® domains in carbon skeleton. For GQDs 4,
as displayed in Fig. 3b, with the excitation wavelength
increasing from 300 to 400 nm, the main contribution for the PL
is still the sp> domains in carbon skeleton. With the excitation
wavelength of 380, 400 nm, two slight shoulders occur in the
emission spectra, the left is attributed to the ©* — n transition
of carbonyl or carboxylic, too. With the decreasing of GQDs size,
the PL intensity from the sp> domains gets weak, but the one of
7* — n transition increases. The emission peaks of GQDs 5 and
GQDs 6 shift slightly (Fig. 3c and d), which is mainly attributed
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Fig. 3 The fluorescence emission spectra of GQDs-3/yellow samples
with excitation wavelengths from 360 nm to 520 nm (a), GQDs-4/
green with excitation wavelengths from 300 nm to 400 nm (b), GQDs-
5/cyan with excitation wavelengths from 280 nm to 380 nm (c), and
GQDs-6/light blue samples with excitation wavelengths from 280 nm
to 360 nm (d).
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to the w* — n transition of carbonyl or carboxylic, but partly
from the sp> domains in carbon skeleton.®*?

The PL quantum yields (QYs) of raw and separated GQDs are
measured using quinine sulfate as a reference (QY = 57.7%),>**
and are summarized in Table S1.7 The QYs of the raw GQDs and
GQDs 1-8 are 0.99, 0.611, 0.758, 2.592, 5.905, 1.816, 0.486,
0.259, and 0.199%, respectively. Obviously, the QYs of GQDs 3,
GQDs 4, and GQDs 5 are much higher than those of others, but
the QYs of GQDs 1, GQDs 2, GQDs 6, GQDs 7, and GQDs 8 are
much lower than that of the raw GQDs. This may be resulted
from the comprehensive factors from the quantum confine-
ment effect, and the functional groups on the edge of GQDs.

In fact, the size and surface functionality of the raw GQDs are
the key factors dominating Sephadex G25 gel column separa-
tion efficiency. By simply varying the photo-Fenton reaction
time, different raw GQDs are prepared. Accordingly, as shown in
Fig. S4,7 GQDs assuming different fluorescent colours can be
obtained. When the photo-Fenton reaction time was 90
minutes, big sized GQDs with yellow and orange fluorescence
can be rarely obtained. Only blue and cyan fluorescence GQDs
could be separated using G25 gel chromatography (Fig. S51). It
can be concluded that the separating extent is seriously
depended on the size and surface functionality of GQDs as-
obtained via photo-Fenton reaction. Similarly, only the GQDs
with blue fluorescence could be separated from the raw material
of GQDs prepared by hydrothermal method* using G25 gel
chromatography. Recently, various GQDs prepared by reported
methods are mono-fluorescence such as blue or green and they
are not suitable for the suggested separating technique.**>®
Thus, the suggested separating technique is not universal for
GQDs obtained via different preparing methods.

In order to explore the advantages of the as-separated GQDs,
raw GQDs and GQDs 4 with the highest QY are used as additivity
for the electron acceptor material PCBM, and inverted structure
organic ternary hybrid solar cells (Ag/MoO3/P3HT:PCBM:GQDs/
ZnO/ITO) were assembled. The photovoltaic performances of
as-fabricated solar cells were characterized, and the results are
depicted in Fig. 4 and Table S2.7 The power conversion effi-
ciencies (PCEs) of the solar cells containing raw GQDs and
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GQDs 4 are of 3.46% and 3.91%, respectively, which are higher
than that of the control group (3.07%). Further, the perfor-
mance of the solar cell with GQDs 4 is even better than that with
raw GQDs, which means that the size and size distribution are
crucial to the optoelectronic performances. However, the
detailed mechanism of the photovoltaic performances of the as-
assembled inverted structure organic ternary hybrid solar cells
are not clear for us at moment, and will be further addressed in
our coming work.

Conclusions

In summary, GQDs generated through photo-Fenton reaction of
GO are separated by size through gel column chromatography.
Specifically, eight categories GQDs with average size of 27.5,
23.5, 15.5, 12.0, 8.5, 6.3, 5.2, 3.0 nm, respectively, are obtained
and their photoelectronic properties are studied systematically.
Inverted structure organic ternary hybrid solar cells were
assembled with raw and as-separated GQDs as additivities in
the active layer, and found the solar cell containing GQDs 4
shows relatively higher the PCEs (3.91%). This verifies the
importance of the size and size distribution of GQDs to their
properties. This separation method provides a simple and fast
way to obtain GQDs of specific sizes for device applications.
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