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ABSTRACT: The charge separation and recombination processes between CdSe
quantum dot (QD) and graphene oxide (GO) composites with linking molecule
methylene blue (MB*) were studied by femtosecond transient absorption spectroscopy.
Anchoring MB" molecules on GO results in significant changes in steady-state and
transient absorption spectra, where the exciton dissociation time in the CdSe QD-MB*-GO
composite was determined to be 1.8 ps. Surprisingly, the ground state bleaching signal
increased for MB*-GO complex was found to be 5.2 ps, in relation with electron transfer
from QD to GO. On the other hand, the strong electronic coupling between MB*-GO
radical and GO prolonged charge recombination process (=S ns) in QD-MB'-GO
composites. Charge separation and recombination processes at the interface between
semiconductor QDs and graphene can thus be modulated by the functionalized dye
molecules.

SECTION: Physical Processes in Nanomaterials and Nanostructures

Inorganic—organic hybrid materials, especially semiconductor QD size ascribed to the competition between electron injection
quantum dots (QDs) and organic conjugated molecules, and Auger recombination.”’ In a word, the charge separation
demonstrate potential applications in solar cells'™ and light and recombination can be tailored by core/shell structures,
emitting diodes™ due to the size-tunable optoelectronic shapes, and sizes of QDs and their surface ligands. To improve
properties of QDs and the flexible solution fabrication of the the performance of QD based solar cells, a fast transportation
composite. The multiexciton generation (MEG) has been and efficient charge collection are essential to avoid electron
observed in PbS, PbSe, CdSe, and Si QDs,® '° and the effects and hole recombination in QDs. However, employing multi-
of MEG have been demonstrated in QD based photovoltaic exctions mechanism to improve the performance of QD based
devices,'"'* despite the casted doubts, e.g, in the reports of photovoltaic devices remains a challenge.

Nair et al."® and Ben-Lulu et al.'* In this aspect, ultrafast study On the other hand, the unique electronic properties of
indicated that the charge separation from the QDs to organic graphene ensure the ability of transporting electrons along its
electron acceptor molecules or inorganic metal oxide two-dimensional (2D) network, showing an attractive
(methylviologen, methylene blue, ZnO, or TiO,, etc.) is fast Perszgﬁgtlive of applications in QD-based photovoltaic devi-
enough to ensure the extraction of multiple excitons before ces. Chemically derived graphene oxide (GO) with
their Auger recombination.'*** For example, in type I CdSe/ functional groups such as —OH, —COOH, and epoxide as
ZnS core/shell QDs absorbed with anthroquinone (AQ) anchoring points can be further modified with or gﬂg
molecules, the charge separation and recombination rates molecules, semiconductor QDs, and metal nanoparticles.
decrease exponentially with the increase of the shell thickness.”! Recently, Lightcap et al. investigated electron and energy

Zhu et al. found that in quasi-type II CdSe/CdS core—shell transfer processes from CdSe QDs to GO or reduced graphene
QDs, ultrafast charge separation, ultraslow charge recombina-
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oxide (RGO).”” However, the charge separation rates (~1
ns™') from QDs to GO and to RGO were slower than Auger
recombination rate (~ 10—100 ns™') of multiexcitons.””** The
positively charged aromatic dyes could be noncovalently
functionalized on graphene or GO via 7—x stacking, van der
Waals, and electrostatic interaction.®® It was confirmed from
ultrafast transient absorption (TA) spectroscopy that the
charge transfer interaction occurred in the complex of
5,10,15,20-tetrakis(1-methyl-4-pyridinio) porphyrintetra-
(ptoluenesulfonate) (TMPyP) and RGO.>” The interfacial
electron transfer rate from 9-phenyl-2,3,7-trihydroxy-6-fluorone
(PF) to nanometer-sized GO was determined to be 10" s™" by
the direct monitoring of the PF radical cation.®® So far,
fundamental photophysical processes in hybrid nanomaterials
of semiconductor QDs and dye modified graphene have not
been completely revealed.

In this work, we studied the charge separation and
recombination processes in CdSe QD-MB*-GO composites
from femtosecond transient absorption (TA) spectroscopy.
Methylene blue (MB*) molecules were attached on GO via
electrostatic interaction and 7z—n stacking to realize the
functionalization of graphene. Ultrafast electron separation
from CdSe QDs to MB*-GO complex and slow back electron—
hole recombination between the radical and the QD have been
demonstrated.

Figure la shows the absorption spectra of MB* molecules
and MB*-GO complex in water. Methylene green (MG") was
reported to be noncovalently functionalized on chemical
reduced graphene oxide.” Molecular structure of MB* is
similar to that of MG". The absorption peaks of MB" attached
on GO are weak and broad - a feature of n—7 stacking and
electrostatic interaction between MB* and GO, similar to those
observed in MB*-carbon nanotube (CNT) nanocompo-
site.***%*” The Benesi—Hildebrand method was adopted to
study the interaction of MB+ and GO in water.>” The apparent
association constant was obtained to be 7.7 X 10° M}, as seen
in the inset of Figure la. After filtration, the absorption peak of
the MB"-GO complex almost disappeared, indicating that a
large proportion of MB' molecules were attached on GO
sheets. The detail method is described in Supporting
Information. Moreover, MB"-GO complex shows a new
absorption peak around 583 nm. Under 620 nm excitation,
the photoluminescence (PL) of the MB*-GO complex was
quenched by 93% compared to that of MB* molecules (Figure
S3a). The PL quenching was attributed to electron transfer or
energy transfer from MB" to GO.¥~* On the other hand, the
G band of GO in the Raman spectrum shifts to 1588 cm™" from
1602 cm ™" after adsorption of MB" molecules (Figure 1b). This
demonstrates that cationic dye molecule influences the in-phase
of bond-stretching vibration of pairs of C sp2 atoms.***
Meanwhile, the frequency shift of the stretching mode v(C=
C) of double bonds was also observed in Fourier transform
infrared (FTIR) spectra in Figure $3b.* However, the D band
and Ip/I; ratio of GO and MB*-GO complex are still around
1356 cm™" and 0.93—0.94, respectively, indicating that MB* dye
molecules do not change the degree of disorder of GO
sheets.***

CdSe-MB*-GO composite was prepared by the bottom-up
method as described in the experimental section. Figure 2a
shows the transmission electron microscope (TEM) images of
CdSe QD-MB*-GO composites. GO is micrometer-sized 2D
network. Due to 7—n stacking and electrostatic interaction
between MB" and GO, CdSe QDs were successfully anchored
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Figure 1. (a) Absorption spectra of MB* molecules (black solid line),
MB*-GO complex (red solid line), GO (green solid line), and MB*-
GO complex after filtration (blue solid line) in water. Inset: The
inverse of AA at 470 nm as a function of the inverse of MB*
concentration. The red line represents the fitted line via Benesi—
Hildebrand method. (b) Raman spectra of GO and the MB*-GO
complex.

on the GO surface via positively charged aromatic dye
molecules (MB*) as linkers.*® TEM images of QDs, QD-MB*
and QD-GO complex (Figure $4). It is noticed that some QDs
can not be anchored on GO sheet in QD-GO complex without
MB"* molecules, as seen in Figure S4 (e-h). Figure 2b shows the
absorption spectra of CdSe QDs, QD-MB*, and QD-MB*-GO
composites. It is known that absorption peaks at 573, 542, and
480 nm of CdSe QDs correspond to the optical transitions of
1S(e)—18;/,(h), 1S(e)—18S, ,(h), and 1P(e)—1S;,,(h), respec-
tively.** The two additional peaks at 670 and 620 nm in Figure
2b are due to the absorption of MB* molecules on the QD."” In
QD-MB*-GO composites, the red-shift of the first exciton
absorption peak for CdSe QDs was observed, which is
attributed to the slight aggregation of the QDs on the GO
surface, as seen in Figure 2.

Femtosecond TA spectroscopy has been used to study
charge separation and recombination processes between CdSe
QD and MB* molecule or MB*-GO complex. The expected
processes in these systems are summarized as follows:">"”*

CdSe + hv — CdSe(e + h) (1)

dx.doi.org/10.1021/jz401460j | J. Phys. Chem. Lett. 2013, 4, 2919-2925
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Figure 2. TEM images of CdSe QD-MB*-GO composite with
different enlargement. The scale bars are (a) 1 gm, (b) 50 nm, (c) 20
nm, (d) S nm, respectively. (e) Absorption spectra of CdSe QDs
(black solid line), CdSe QDs with MB* (red solid line), and MB*-GO
(green solid line) in toluene.

CdSe(e + h) + MB*(or MB*-GO)

— CdSe(h) + MB*(or MB*-GO) ()
CdSe(h) + MB*(or MB*-GO)
— CdSe + MB"(or MB"-GO) (3)

Process (1) reflects that CdSe QD absorbs a photon to
generate an electron—hole pair (exciton) in the QD.”* An
electron and a hole are separated from each other at the QD-
MB* (or QD-MB*-GO) interface.”>™>' At the same time, the
MB* (or MB*-GO) captures an additional electron, inducing
ground state bleaching (GSB) signal.'”*° Finally, the captured
electron on MB® (or MB®-GO) radical recombines with the
remained hole in the QD."”*°

The TA spectra of CdSe QDs, QD-MB*, and QD-MB*-GO
composites taken at different delay times after 400 nm
excitation are shown in Figure 3. Three TA bleaching peaks
at 573, 542, and 480 nm are observed in CdSe QDs,
corresponding to the optical transition of 1S(e)—1S;,(h),
1S(e)—1S,5(h), and 1P(e)—1S;),(h), respectively.* The TA
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bleaching signal can be attributed to the state filling of 1S and
IP electron levels in CdSe QDs.*** The photoinduced
absorption (PA) features at 600 and 510 nm show a red-shift
compared with 1S and 1P transitions because of existence of
the biexciton and a trapped-carrier-induced dc Stark effect.” As
reported in Lian’s pervious work, MB* molecules act as electron
acceptor for CdSe QDs, which induces ultrafast charge
separation at the interface of QDs and MB* molecules.'” As
seen in Figure 3b, the TA bleaching signals of 1S and 1P
exciton states decay very fast, indicating fast electron transfer
from these states to MB* molecules. Further, two additional
bleaching peaks at 620 and 675 nm are observed in TA spectra
of QD-MB" composite, due to the 7ground state filling of MB*
molecules after electron injection.'” As seen in Figure 3c, the
TA bleaching signals of 1S and 1P exciton states of CdSe QDs
also decay very fast, indicating fast exciton dissociation in CdSe
QDs. Additionally, the disappearance of the bleaching peaks at
620 and 675 nm demonstrates the effect of GO on MB*
molecules.

The amplitude of the bleaching signal at 573 nm reflects the
population of 1S exciton state in CdSe QDs. The normalized
TA bleaching signals at 573 nm for CdSe QD, CdSe QD-MB",
and CdSe QD-MB*-GO composites as a function of time are
shown in Figure 3d. The amplitudes in QD-MB* and QD-MB*-
GO composites decay very fast, indicating electron transfer is
an additional de-excitation pathway for 1S exciton in QDs. The
fitted decay lifetimes of CdSe QDs with MB* and MB*-GO are
determined to be 1.6 and 1.8 ps, which are faster than that of
the QDs alone. The fitted results are summarized in Table S1.
The electron separation time is faster than the multiexciton
annihilation lifetime of about 10—100 ps, indicating that the
MB" molecule and MB*-GO complex can dissociate excitons
from QDs."”** However, the electron transfer or energy
transfer rate from QDs to GO sheet without MB™ linker is
slower than that in QD-MB* or QD-MB'-GO complex, as
shown in Figure S5, Tables S1 and S2. Additionally, it is noted
that the decay profile of QD-MB*-GO composite shows a slow
component, which may be attributed to GSB signal of MB*-GO
complex, as discussed in the following section.

Electron from exciton dissociation should be injected into
MB* molecule or MB*-GO complex to form the radical,
inducing the ground-state bleaching of electron acceptor.
Figure 4a shows TA spectral difference of CdSe QDs connected
with MB* molecules and MB*-GO complex. The photoinduced
electron transfer results in the MB* ground-state bleaching
observed at 620 and 675 nm, as seen in Figure 4a. However,
these bleaching peaks disappear in TA spectra of QD-MB*-GO
composite while a broad bleaching signal peaked at 583 nm
appears around 520—640 nm, as seen in Figure 4a. The signal is
attributed to MB*-GO complex, corresponding to the new peak
in the steady-state absorption spectrum when GO is mixed into
QD-MB* complex solution. The steady-state (Figure 2e) and
TA peaks (Figure 4a) of CdSe QDs show a red-shift compared
to that of QD-MB* composite, caused by aggregation of the
QDs on GO sheet, as seen in TEM images in Figure 2.

In order to quantitatively investigate charge separation and
recombination processes in QD-MB* and QD-MB*-GO
composites, we need to analyze time dependent GSB signals
of MB* molecules and MB*-GO complex. As seen in Figure 4b,
the generation and decay of the GSB signal in the QD-MB*
complex probed at 675 nm (as seen by arrow in Figure 4a) are
attributed to the electron transfer from QD to MB* and charge
recombination of electron on MB® radical with a hole in the

dx.doi.org/10.1021/jz401460j | J. Phys. Chem. Lett. 2013, 4, 2919-2925
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Figure 3. TA spectra of CdSe QDs (a), CdSe QDs with MB* molecules (b), and with MB*-GO complex (c) at different delay times after excitation.
(d) TA kinetic traces in CdSe QDs (black squares), CdSe QDs with MB* molecules (red cycles) and MB*-GO complex (green triangles). The probe
wavelength is 573 nm. Left is linear scale and right is logarithmic scale in (d).

QD, as described in processes 2 and 3. The time behavior of the
bleaching monitored at 675 nm follows biexponential function
with a rise and a decay component. The rise and decay times
are determined to be 1.8 and 647 ps, respectively. The
recombination lifetime is faster than that in the previous
report,'” which is related to the different surface passivation of
core QDs.

Some unknown photophysical processes in QD-MB*-GO
composite may contain in the time evolution of new bleaching
feature. TA kinetic trace in QD-MB*-GO probed at 583 nm
shows an inflection point around 5 ps, as seen in Figure S6.
This inflection is related to the GSB signal formation of MB*-
GO complex. However, this TA kinetic trace contains the
bleaching signal of the 1S exciton state for CdSe QDs. To avoid
the influence of the bleaching signal of CdSe QDs, the time-
dependent GSB signal of QD-MB*-GO was probed at 610 nm
(Figure 4c). The PA signal decays very fast with a lifetime of 0.5
ps, as determined from the fitting (Figure 4c). The GSB rise
time is about 5.2 ps, which is longer than the charge separation
lifetime detected from the CdSe 1S exciton state bleaching
signal, as seen in Figure S7. This result implies that an
additional electron transfer process happens after exciton
dissociation. Although the reduction potentials of MB*
(+0.038 V vs NHE) and GO (+0.04 V vs NHE) are close to
each other, the PL of MB" is significantly quenched by
attaching MB* on GO, su%_gesting electron and/or energy
transfer from MB* to GO."”* Consequently, the captured
electron on MB® radical can move from the QD to GO via MB*
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molecule as a bridge, inducing the enhanced formation time of
MB*-GO radical. In the previous report, the interaction
energies (AE) of the complex of MB* cation with a graphene
sheet were estimated to be —45.0 and —43.1 kcal/mol for
“armchair” and “zigzag” types, respectively. These values are
obviously larger than that of MB*-CNT complex.*” The lowest
unoccupied molecular orbital (LUMO) of MB*-CNT complex
is delocalized over both the MB* cation and the nanotube in
the complex with metallictype “armchair” CNT and localized
on the cation in its complex with semiconducting “zigzag”
CNT.* Furthermore, if the captured electron is far away from
the QD surface, the charge recombination lifetime in QD-MB*-
GO composite will become longer than that in QD-MB*
composite. The electron—hole recombination lifetime in the
QD-MB*-GO composite is determined to be larger than S ns,
in good agreement with the above prediction. Generally, the
long charge recombination lifetime can be reached by reducing
the electronic coupling strength, which is dependent on the
overlap of the LUMO of MB*®-GO radicals with the hole wave
function in the valence band of QDs, for example coating a ZnS
or CdS shell on the CdSe core.”?! In our experiment, the
captured electron on MB® radical is strongly influenced by GO
sheets via 7— stacking and electrostatic interaction. Therefore,
the electron on MB® radical is prone to transfer from the QD to
the GO, resulting in the weakened electronic coupling strength
between the radical and the QD. For this reason, the long
charge recombination lifetime (>$ ns) is reasonable, which is
consistent with the enhanced radical formation time (5.2 ps).

dx.doi.org/10.1021/jz401460j | J. Phys. Chem. Lett. 2013, 4, 2919-2925
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Figure 4. (a) TA spectra of CdSe QDs with MB* molecules (solid
squares) and with MB*-GO complex (empty circles) at the delay time
of 107 ps after the excitation. The blue solid lines represent GSB
features of MB* in QD-MB* complex. The green dotted and solid lines
represent bleaching features of CdSe QD and MB*-GO in QD-MB'-
GO composite. The arrows represent the probe wavelengths for TA
kinetic traces in QD-MB* and QD-MB*-GO composites. (b) TA
kinetic traces in CdSe QDs with MB" molecules. The probe
wavelength is 675 nm. (c) TA kinetic traces in CdSe QDs with
MB*-GO complex. The probe wavelength is 610 nm. Left is linear
scale and right is logarithmic scale in panels b and c.

The schematic illustration of photoinduced charge separation
and recombination processes in composites of QD-MB* and
QD-MB*-GO is shown in Figure 5. QD-MB" composite as a
reference shows the typical charge se}laaration and recombina-
tion processes, as seen in Figure Sa.'” The electron transfer
time from QD to MB* molecule was determined to be about 2
ps from the bleaching signal of CdSe 1S exciton state and GSB
feature of MB'. The charge recombination lifetime was
obtained to be about 600—700 ps by fitting the kinetic trace
of GSB signal. In the hybrid system of CdSe QD-MB*-GO
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Figure S. Schematic diagram of charge separation and recombination
processes in CdSe QDs with MB* molecules (a) and MB*-GO
complex (b). Red dotted circle represents electrostatic interaction and
7—n stacking between MB* and GO.

composite, the basic photophysical processes are unraveled
through analysis of femtosecond TA spectra, as seen in Figure
Sb. The electrostatic interaction and z—7 stacking induced
absorption broadening and peak blue-shift are observed in
steady-state and TA spectra. The electron transfer or energy
transfer from MB" molecules to GO has been confirmed by PL
quenching of MB*-GO complex. The charge separation lifetime
of 1.8 ps from CdSe QDs to MB*-GO complex is similar to that
in the QD-MB" composite. In the GO material functionalized
by MB" molecule, the ability of GO to capture electrons is
enhanced due to existence of MB' molecules as electron
capture antenna. The rise time of 5.2 ps for the GSB signal in
the MB*-GO complex is larger than the charge separation time
(1.8 ps), which is attributed to the electron transfer from QD to
GO via MB" as a bridge. On the other hand, the long charge
recombination lifetime (>S5 ns) is due to the weakened
electronic coupling strength between radical and QD. However,
the electrical conductivity of graphene oxide is very low (6 X
1075 S-cm™") in contrast to RGO and graphene,*' implying that
the long-distance electron transport in GO is impossible. More
recently, electron transfer from pyridine coated CdSe QDs to
chemical vapor deposition (CVD)-fabricated single-sheet
graphene was demonstrated.”> We expect that the captured
electron from QD can be transported fast along 2D network of
graphene, due to its unique electrical properties, including
excellent conductivity (10° S-cm™) and high charge mobility (2
x 10° cmZ-V_l-s_l).34

In conclusion, we have investigated photoinduced charge
separation and recombination processes between CdSe QDs
and MB* molecules-GO complex by femtosecond TA spec-
troscopy. The observed changes in steady-state and TA spectra
of the QD-MB*-GO complex were attributed to MB* molecules
anchored on the GO via electrostatic interaction and 7—x
stacking interaction. Charge separation lifetime from CdSe
QDs to MB*-GO complex was determined to be 1.8 ps. The
rise time of the bleaching signal of MB*-GO complex was
estimated to be 5.2 ps, which is longer than exciton dissociation
time, because of electron transfer from QD to GO via MB*
molecule as a bridge. Observation of very long charge
recombination lifetime (>S5 ns) in QD-MB*-GO composites
indicates strong electronic coupling strength between MB-GO
radical and GO. The clear photophysical picture of charge
separation and recombination at QD-MB*-GO interface
obtained from this work may help for the future photovoltaic
application of this sort of materials.
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