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ABSTRACT: A new method to enhance the stability of

quantum dots (QDs) in aqueous solution by encapsulating
them with conducting polymer polyaniline was reported. The
polyaniline-encapsulated QDs were then decorated onto
graphene through 7—7 interactions between graphene and
conjugated polymer shell of QDs, forming stable polyaniline/
QD/graphene hybrid. A testing electronic device was fabricated
using the hybrid in order to investigate the photoinduced
charge transfer between graphene and encapsulated QDs within
the hybrid. The charge transfer mechanism was explored
through cyclic voltammetry and spectroscopic studies. The

hybrid shows a clear response to the laser irradiation, presenting a great advantage for further applications in optoelectronic

devices.
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B INTRODUCTION

Responsive hybrid materials with nanoscale components have
been at the forefront of scientific research. One particular area
involves hybrid materials where one component is electrically
conducting and other components display well-defined
functionality, and thus the hybrid materials could respond to
the environment. The interface between the different
components underlies most of the phenomena that have
been investigated and exploited for applications in optoelec-
tronics, renewable energy, biotechnology, etc.! ™3 Mechanically
robust interface that allows charge transfer across the
components is essential for the applications above-mentioned.
However, such an interface that obeys these requirements is
actually not straightforward to achieve, and a simple mixture of
the components usually cannot lead to the required intimate
contact. Thus, new strategies for developing such hybrid
materials are needed.

As a promising application, responsive hybrid materials for
photovoltaic devices are currently drawing immense attention
on account of the scarcity of fossil fuel. Thus far, the use of
metal oxide, semimetal nanocrystals, or organic compounds as
the optical absorption components in those photovoltaic
devices has been widely explored, and some photovoltaic
devices have been employed as a source of green energy.*”®
These systems, however, still have some limitations such as low
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efficiency of organic solar cell,” as well as short lifetime of some
metal oxides and semimetal nanocrystals due to their
unavoidable oxidation under ambient conditions.® Electron
generated from semimetal nanocrystals has been reported to
provide a high efficiency than that generated from organic
dyes.”~" Hence, it is important to develop new types of hybrid
materials using semimetal nanocrystals, which can efliciently
convert light into electricity, and at the same time, remain
stable under ambient conditions.

Graphene-carbon-based two-dimensional (2D) system with
atom thickness - has attracted considerable interests in recent
years on account of its unique structure and properties.M’15 In
particular, single graphene sheet without defect and oxygen
components have been reported to present superconductive
property,'®"” which is due to the 7 electron cloud surrounding
the graphene surface.'® In addition to its fascinating electronic
properties, single-layered graphene and few-layered graphene
have an optical transparency about 83 to 93%.'” In essence,
these properties make graphene a promising candidate for
various applications in nanoelectronics.”’~>* Inspired by these
encouraging findings, herein, we report a new strategy to
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prepare graphene/quantum dot (QD) hybrid by synergistically
combining intrinsic electronic properties of graphene and QDs.

In this work, CdSe QDs were used as the light absorption
cores in order to generate electrons, whereas graphene with the
2D morphology was employed as the electron acceptor. At first,
CdSe was encapsulated by a conducting polymer—polyaniline,
which serves as a bridge connecting between CdSe and
graphene for the electron transport. In addition, the polymer
encapsulation offers two important features: (a) the protection
of CdSe from fast degradation, and (b) the immobilization of
CdSe onto graphene through the 7— interaction. The polymer
encapsulation of QDs in aqueous solution undergoes two
simultaneous processes, i.e., phase transfer and ligand exchange.
The proposed mechanism for these processes is shown in
Scheme 1. In the preparation of the hybrid, the 7—x stacking

Scheme 1. Illustration for the Ligand and Phase Exchange
Process Followed by the Polymerization of Aniline on the
Surface of CdSe QDs
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interactions between the polyaniline shell and graphene leads to
relatively stable hybrid, which are beneficial to the measure-
ments of the photoinduced charge transfer. Thus, present
research provides a novel approach for making stable graphene/
QD hybrids toward functional applications.

B EXPERIMENTAL SECTION

Synthesis of Polyaniline/QD/Graphene Hybrid. Materials.
Aniline (99%, Alfa Aesar) was distilled before use and stored at 4 °C.
CdSe QDs (5 mg mL™" in toluene, stabilized by octadecyl amine
(ODA) ligand) were purchased from Nanomaterials and Nano-
fabrication Laboratories (NN-Laboratories, LLC). Ammonium
persulfate (98%, Alfa Aesar), chloroform (99%, Sigma), dimethylfor-
mamide (DMF) (99.5%, Merck), graphene nanopowder (C, 6—8 nm,
SS NANO), HCI (38%, Sigma), and sodium dodecyl sulfate (SDS)
(99%, Alfa Aesar) were used as received. All solutions were prepared
using ultrapure water (resistance >18 M(2), which was obtained from a
Millipore Simplicity 185 system. Formvar stabilized with carbon 300
meshes, high-resolution lacey Formvar/carbon, and 200 meshes
copper grids were purchased from Beijing XXBR Technology Co.
Silicon wafer with 100 mm in diameter and 500 gm in thickness
purchased from University Wafer was cut into pieces of 0.5 X 0.5 cm,
which was used as solid substrates for SEM samples.

Instruments. Transmission electron microscopy (TEM) images
were collected on a JEM-1400 (JEOL) operated at 100—120 kV. High-
resolution transmission electron microscopy (HR TEM) images were
collected on JEM-2010 (JEOL) at 200 kV. Scanning electron
microscopy (SEM) images were collected on a Field emission JSM-
6700F (JEOL) operated at 10 kV. Emission spectra were recorded on
RF-5301 PC spectrofluorophotometer (Shimadzu) with 1.0 cm path
length cell, while absorption spectra were recorded on UV-3600 UV—
vis—NIR spectrophotometer (Shimadzu). Ultra sonication processes
were carried out with VCX 130 sonicator (SONICS) under the power
of 130 kW at the frequency of 35 kHz. X-ray photoelectron
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spectroscopy (XPS) was carried out on SPECS HAS 3500 Plus
spectrometer using Mg X-ray source.

Synthesis of Polyaniline Modified CdSe (QD@PANI). The CdSe
solution in chloroform (18.92 nM, 0.3 mL) was added into a vial
containing a solution of aniline (2 mM, 1.5 mL) and SDS (40 mM,
300 pL) under vigorous stirring. The solution was heated at 65 °C for
half hour to evaporate completely chloroform. After cooling down to
room temperature, the solution was sonicated for S s followed by
addition of acidic (NH,),S,05 solution (2 mM in 10 mM HCI, 1.5
mL). After vortexing for 10 s, the solution was incubated at room
temperature overnight to ensure the complete polymerization. The
final solution was centrifuged at 10 k rpm for 10 min and the modified
QDs were redispersed in SDS (3 mL, 3.6 mM). QD@PANI was
characterized with electron microscopy and absorption spectroscopy.

Preparation of Single-Layer Graphene. Graphene nanopowder (1
mg) as purchased was dispersed in DMF (3 mL). The dispersion was
sonicated with ultra sonicator probe for 4 h in order to break the 7—z
interaction between layers in graphene powder. After sonication, the
solution was centrifuged at 2000 rounds per minute (rpm) for S min.
Then, the supernatant was extracted and subjected to centrifugation at
4000 rpm for S min. This process was repeated at increasing
centrifugation speeds of 8000, 10000, and 13500 rpm. Finally, clear
blackish supernatant after centrifugation at 13500 rpm was used as the
source of single layer graphene for further studies. Single-layer
graphene in supernatant was characterized by SEM, TEM, and selected
area electron diffraction (SAED).

Hybrid of Single-Layer Graphene Coated with Encapsulated QDs
(QD@PANI-G). Polyaniline encapsulated QD solution (0.5 mL) was
concentrated by centrifugation at 10 k rpm to a volume of 10 L. This
concentrated solution was added into the equal volume of single-layer
graphene that was prepared as described above. The mixture solution
was sonicated by normal sonicating bath for around 10 min to ensure
homogeneous distribution of encapsulated QDs on graphene.

Device Fabrication for Light-Induced Charge Transfer
within the Hybrid. Materials. Silicon wafer (P(100), 1-100 ohm
cm) with 100 mm in diameter and 500 ym in thickness, and 300 nm of
silicon oxide layer on polished side purchased from University Wafer
was used as the solid substrate for the device fabrication. Gold pellets
(99.99%, MOS group Pte Ltd.) were used as the gold source for the
electrode fabrication. Poly(methyl methacrylate) 4 (PMMA4) and
methyl methacrylate 8.5 (MMA 8.5) purchased from Micro Chem
were used as high-resolution positive resist for direct write e-beam.
Methyl isobutyl ketone (MIBK) (99.5%, Sigma), isopropanol (IPA)
(99.7%, Sigma), and acetone (99.5%, P.P Chemicals) were used as
washing solvents during the fabrication process.

Instruments. E-beam lithography was carried out on a field-
emission JSM-7001F (JEOL) operated at 30 kV. Copolymer resist was
spin-coated by Specialty Coating Systems spin coater P6700. I;—Vy
characteristic curve was measured on Lakeshore probe station. E-beam
metal deposition was carried out in Nanyang NanoFabrication Center,
Nanyang Technological University.

Device Fabrication for Light-Induced Charge Transfer within the
Hybrid. Silicon wafer with 300 nm of silicon oxide layer (SiO,/Si) was
cut into small pieces with dimension of 0.5 X 0.5 cm® The wafers were
sonicated in acetone solution and then in isopropanol solution for 15
min each. The wafers were washed again with ultrapure water before
blow-drying by nitrogen gas. Methyl methacrylate (MMA) was spin-
coated on the cleaned wafer at 4000 rpm, after which, PMMA4 was
spin-coated on top of the MMA layer under the same speed. E-beam
lithography was drawn on the resist-coated wafer by following a
predesigned pattern generated by Nano Pattern Generating System.
The patterned wafers were washed in solution of MIBK/IPA (1:3
volume ratio) for 90 s. After the E-beam metal deposition with Ti (2
nm) and Au (30 nm), the wafers were washed in boiling acetone to lift
off all the resist and metal deposition that were not in direct contact
with the SiO,/Si surface. Finally, the QD@PANI-G hybrid was
deposited on top of the wafer by drop casting method, and the
electrical measurements were performed at room temperature (T = 28
°C) under ambient conditions. The whole fabrication process was
illustrated in Scheme 2.
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Scheme 2. Ilustration for the Device Fabrication Using

QD@PANI-G Hybrid
Llﬂ off ’ ””'

B RESULTS AND DISCUSSION

After introducing aniline and SDS in H,O into the stock
solution of QDs in CHCI;, the ligand exchange process
between aniline and octadecylamine (ODA) that was already
presented as the stabilizing agent for QDs occurred on the
surface of QDs. Alongside this process, the phase transfer of
QDs also took place from CHCI; to H,O medium. It should be
noted that the role of SDS is to provide negative charges to the
QD surface, which stabilize the encapsulated QDs in aqueous
solution via the charge—charge repulsion between QDs. The
ligand exchange and the phase exchange process were also
carried out in the absence of SDS in order to validate our
proposed mechanism. The absence of SDS led to large
aggregation of QDs, which was observed from TEM image as
shown in Figure 1b.

E-beam
lithography

Polymel resists
spin coatmo

E-beam metal deposmou

1) Ti2 nm
2) Au30nm

Hybrid deposition by
drop casting

Figure 1. TEM images of (a) CdSe QDs in CHCI, before the ligand
and phase exchange processes, (b) aggregation of QDs after ligand
exchange process without the SDS surfactant, and (c) QD@PANI in
SDS solution (3.6 mM). Scale bars are 20 nm.

After the ligand exchange process, aniline was polymerized in
the presence of (NH,),5,0;, resulting in complete encapsula-
tion of QDs. During this process, aniline was oxidized to its
emeraldine base form that can be inferred from its characteristic
green color as shown in Figure 2 and its absorption peaks at
430 and 770 nm (Figure SI in the Supporting Information).**
The purified polyaniline-encapsulated QDs (QD@PANI)
dispersed in SDS solution (3.6 mM) show an absorption
peak at 633 nm (Figure S1 in the Supporting Information),
whereas nonencapsulated QDs show corresponding peak at
618 nm (Figure Sl in the Supporting Information). This
significant peak shifting in the absorption spectra provides clear
evidence for the surface encapsulation of QDs. QD@PANI was
also characterized by TEM as shown in Figure Ic.

The experimental conditions we used in the preparation of
QD@PANI are the optimized conditions for obtaining well-
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Figure 2. Photo images show clearly the color changes at each stage of
the modification processes. (a) CdSe QDs in CHCI, before the ligand
and phase exchange processes, (b) CdSe QDs after the ligand and
phase exchange processes, (c) QD@PANI before purifications, (d)

QD@PANI after purifications in SDS solution (3.6 mM), and (e) pure

water for color comparison.
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dispersed and uniform QD@PANI hybrid. We also tried
controlling the thickness/content of polyaniline shell on QDs,
as the thickness/content may influence the charge transfer from
QD@PANI to graphene. When increasing the amount of the
aniline in the synthesis process, the results we obtained were
not good to carry out the experiments for determining the
thickness/content effect on the photocurrent. We observed
significant aggregation of QDs and the formation of free
polyaniline in a needlelike shape which links QDs together.

QD@PANI exhibits unprecedented stability in aqueous
solution under ambient conditions without any aggregation
or color change for over three months. On the contrary, the
non- encapsulated QDs undergo rapid dissolution in aqueous
medium within a few hours due to the oxidation of CdSe into
Cd and Se species.® This unwanted oxidation was circumvented
by the polymer encapsulation that endows the dramatic stability
to QDs. Moreover, this conducting polymer plays an important
role in the charge transfer from the electron donor (QDs) to
the electron acceptor (graphene), which will be discussed later.

Single layered graphene with a uniform dimension was
obtained through a process as described in the Experimental
Section, and it was well-characterized by SEM, TEM, and
SAED (Figure S2 in the Supporting Information). One of the
crucial factors that suppresses the electronic properties of
graphene is its unwanted oxygen content.'> Therefore, the
oxygen content on graphene was investigated by XPS, showing
a negligible amount of oxygen (3%) (Figure S3 in the
Supporting Information).

The hybrid of QD@PANI coated graphene (QD@PANI-G)
was prepared simply through mixing concentrated aqueous
solution of QD@PANI with graphene dispersion. The 7—n
interaction between graphene and polyaniline layer on QDs
was believed to be the driving force for the immobilization of
QD@PANI on graphene. To confirm the crucial role of the
polyaniline layer for the immobilization, we carried out
controlled experiments by using gold nanoparticles (AuNPs)
as replica of QDs. For this purpose, citrate-capped AuNPs with
diameter of 15 nm (Figure S4a in the Supporting Information)
were synthesized through Frens’ method.”* Then, the graphene
hybrids coated by AuNPs with and without the polyaniline
layer were investigated by TEM, clearly showing that AuNPs
cannot be immobilized on the graphene sheet (Figure S4b in
the Supporting Information) in the absence of the polyaniline
shell. However, both AuNPs and QDs can be homogeneously
distributed on the graphene sheet in the presence of the
polyaniline shell as shown in images a and b in Figure 3,
respectively. Furthermore, homogeneous distribution of QD@
PANI on graphene could reduce the thickness of QD film,
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Figure 3. TEM images of (a) graphene coated with polyaniline-modified AuNPs, scale bar is 100 nm, and (b) graphene coated with polyaniline-
encapsulated QDs (QD@PANI-G), scale bar is S0 nm. (c) TGA graph of QD@PANI-G.
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Figure 4. (a) Current-versus-time curve of the hybrid-based device under irradiation of different laser sources (405, 532, and 593.5 nm, respectively)
with an irradiation time interval of 30 s. The red arrows indicate the starting point of laser irradiation, where red arrows with the x marks indicate the
stopping point of laser irradiation. (b) Current-versus-time curve of the hybrid-based device under laser irradiation of $32 nm with irradiation time
interval of 30 s for 9 cycles. The inset shows the device scheme for the measurements.

leading to enhanced charge separation and effective loading of
QDs on graphene.**™%’

The content of polyaniline in the hybrid was determined by
thermogravimetric analysis (TGA). Pure polyaniline showed
the degradation temperature at 274 °C (Figure SS in the
Supporting Information), and the content of polyaniline in
QD@PANI-G was determined to be 25 wt % according to the
weight loss of the hybrid at this temperature (Figure 3c).

In order to evaluate the charge transfer efficacy within QD@
PANI-G hybrid, testing devices were fabricated on the SiO,/Si
substrate with a fixed dimension (Figure S6 in the Supporting
Information). The device fabrication process is illustrated in
Scheme 2 and the fabrication procedure is shown in the
experimental section. The I;—Vy curves (current versus voltage
curves) for testing devices were recorded on the Lakeshore
probe station scanning voltage from —1 to 1 V with an
increasing step of 0.01 V. Perfect linear and symmetric I;—Vj
curves were observed for QD@PANI-G-based devices,
indicating the presence of Ohmic contact.”®

The IV measurements were further carried out using
QD@PANI-G-based devices in the dark as well as under 532
nm laser irradiation (Figure S7 in the Supporting Information).
The device shows 5.9% decreased resistance under the
irradiation as compared with that in the dark, which indicates
more current flows between source-drain electrodes. When
laser light was shined directly onto the device, the current
between the source-drain electrodes immediately rose up. A
significant decrease of current flow was observed when the light
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was removed. The light induced property was also investigated
with different laser wavelengths at same intensity of 1 W m™>.
When lasers with different wavelengths of 405, 532, and 593.5
nm were used, corresponding current flows were recorded as
156, 117, and 92 uA, respectively (Figure 4a). These
observations indicate an obvious decrease in the current flow
upon increasing the corresponding irradiation wavelength. The
main reason for the decrease of the current flows upon
increasing the laser wavelength is that the absorption intensity
of QDs was decreased in the range from 400 to 600 nm (Figure
S8 in the Supporting Information), and thus the electron
generated from excited QDs was also reduced according to the
decreased absorption intensity. The changes in resistance of the
QD@PANI-G-based device in response to light with varying
wavelengths and constant intensity are shown in Figure S8 of
the Supporting Information, overlaid with the absorption
spectrum of QDs recorded in CHCI; solution at 25 °C. The
clear correlation between the magnitude of the changes in
photocurrent of the device and the absorption spectrum of
QDs provides direct evidence to indicate that the light-induced
change of the hybrid is coupled to the charge-transfer
process.”” 7 Under the same absorption intensity as well as
laser wavelength, the device response was not significantly
changed after 9 cycles, indicating good stability of the current
device (Figure 4b). Notably, similar results were obtained when
the measurements were carried out using QD@PANI-G that
was incubated in aqueous solution for 3 months, providing
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further evidence for the stability of polymer-coated QDs on
graphene.

A mechanism for the charge transfer within the QD@PANI-
G hybrid was proposed, where the electrons generated from
QDs upon the absorption of the light energy are transferred to
graphene through the conducting polyaniline shell.®® The
validity of the hypothesis is totally dependent on the HOMO
and LUMO levels of respective components, namely CdSe
QDs, polyaniline shell, and graphene. CdSe with the diameter
size of 5—6 nm was reported to have the energy levels of
HOMO and LUMO as —5.36 and —3.32 eV, respectively.*”
The graphene surface energy level is at —4.5 eV.** Polyaniline
was reported to have three different oxidation states, ie,
leucoemeraldine, emeraldine, and (per)nigraniline.*' To
achieve a firm conclusion, we carried out the cyclic voltammetry
(CV) experiment to calculate the exact HOMO and LUMO
levels for polyaniline in QD@PANI-G. CV curves for both
polyaniline and ferrocence were shown in Figures S9 and S10
of the Supporting Information. HOMO and LUMO energy
levels (Eyomo and Epgmo) of polyaniline were calculated
through the following equations using ferrocence as the

reference potential (B, »

EHOMO = (_48 + Eref - on) eV

ELUMO = (_4'8 + Eref - Ered) eV

Where, E, ¢ = (Eoy + E,q)/2, and E,, and E,.4 refer to the
oxidation and reduction potentials, respectively.

On the basis of these equations, the energy levels of HOMO
and LUMO for polyaniline were calculated to —4.75 and —3.95
eV, respectively. These energy levels lie between HOMO—
LUMO of CdSe and graphene energy levels. Thus, the
polyaniline shell could facilitate the charge transfer process
between CdSe QDs and graphene, which validates our
hypothesis. A diagram illustrated the charge transfer process
within the hybrid from QDs to graphene is shown in Figure 5.
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(Y] —
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-5.54 h*

Graphene PANI CdSe PANI Graphene

Figure S. Illustration for the charge transfer process within the hybrid.
Light excites CdSe electron to its LUMO, and it was then transferred
to LUMO of surrounding polyaniline followed by transferring to
graphene. Meanwhile, holes were transferred from CdSe LUMO to
polyaniline LUMO and then to graphene.

Moreover, the photoresponse of QDs without the polyaniline
shell on graphene layer was not observed from our experiment
(Figure S11 in the Supporting Information). This observation
hence confirms the important role of the polyaniline shell
during the charge transfer process. Without coating of the
polyaniline shell, monodispersed CdSe nanocrystals were
stabilized by octadecylamine that blocks the essential pathway
of the charge transfer from CdSe to graphene layer. Similar
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blocking effect was reported using other nanocrystals such as
PdS on graphene layer.”

B CONCLUSIONS

In summary, we have successfully synthesized polyaniline-
encapsulated CdSe quantum dots that show tremendous
stability in aqueous solution under ambient conditions. Then,
a novel hybrid material has been fabricated by the
immobilization of polyaniline encapsulated quantum dots
onto the graphene surface through the 7—r interactions. The
light-induced charge transfer between polyaniline encapsulated
quantum dots and graphene within this hybrid material has
been successfully evaluated, and a mechanism responsible for
this charge transfer process has been established. The improved
photovoltaic property of the hybrid in response to light is
expected to have a great application potential for the fabrication
of optoelectronic devices in the near future.
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