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Assembly of graphene nanoflake-quantum dot hybrids in aqueous
solution and their performance in light-harvesting applications
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Graphene nanoflakes and CdSe/ZnS quantum dots were covalently
linked in environmentally friendly aqueous solution. Raman
spectroscopy and photoluminescence studies, both in solution and
on surfaces at the single nanohybrid level, showed evidence of
charge transfer between the two nanostructures. The nanohybrids
were further incorporated into solar cell devices, demonstrating
their potential as light harvesting assemblies.

The combination of graphene and semiconducting nanocrystals
(quantum dots, QDs) in functional heterostructures is attracting
growing interest’™ due to the tuneable emitting and efficient
broadband light-harvesting properties of QDs, and the mechanical
robustness and excellent charge transport properties of graphene.
As new functionalities and enhanced photo-response properties can
at this
nanohybrids have been employed for optoelectronic applications,

emerge organic-inorganic interface,>7 QD-graphene

including photodetectors,® solar cells,10-13 and transistors,*15 as
well as for catalysis!®-18 and sensing.1®

Light-induced processes at the graphene-QD interface are governed
by short-range electronic interactions, and strong electronic coupling
between the two nanomoieties is desirable for the implementation
of such nanostructures into devices. Evidence of electronic coupling
in graphene-QD hybrids has been demonstrated, with both energy

transfer?02! and charge transferl41522-24 peing proposed as

mechanisms for the deactivation of the excited state of the QDs.
Such a variety of results and interpretations is mainly due to the
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diversity of the systems investigated, e.g. the use of different
graphene-based material [pure graphene, graphene oxide(GO) or
reduced graphene oxide (rGO)], and the nature of the chemical
interaction (covalent or non-covalent/electrostatic interactions)
between the QDs and the nanocarbon sheets.

In this regard, one of the main challenges in working with graphene
is its relatively inertness and low solubility which can result in issues
in terms of assembly and processability; this is even more
pronounced when employing water as a solvent, as the high degree
of hydrophobicity of graphene promotes its aggregation and
subsequent precipitation.2> One of the most common routes to
overcome such issues is the functionalization of graphene through
the introduction of oxygen containing groups as defects on the sp?
carbon network; this results in the formation of graphene oxide or
reduced graphene oxide, 26 that show a higher degree of
dispersibility in aqueous solutions. However, such oxidation destroys
some of the sp? graphenic character.2” Moreover, even if in this way
anchoring groups for the subsequent attachment of other
components can be generated, this functionalisation is unspecific
and uncontrolled, with defects on the graphene plane as well as at
the edges. Previous work exploring non-covalent combinations of
conjugated polymers and rGO, has for example demonstrated
unexpected results in terms of lack of significant quenching of the
conjugated fluorophore photoluminescence.?®

Here we present a facile assembly strategy in aqueous solution for
the covalent attachment of CdSe/ZnS quantum dots to graphene
edges. We employed carboxylated graphene nanoflakes (GNFs)
characterized by the absence of defects on the basal sp? plane and a
high density of carboxylic groups predominantly at the edges;2°3°
these functionalities were exploited as anchoring groups for the
tethering of QDs on the graphene edges. Evidence of electronic
coupling between the two nanomoieties was demonstrated through
stationary and time-resolved photoluminescence experiments, as
well as via Raman spectroscopy-based investigations. Additionally,
measurements indicated a

single-molecule charge-transfer
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mechanism between the QD (acting as a donor) and the graphene (as
the acceptor). This was further exploited for the fabrication of
photovoltaic cells that exhibit improved photocurrents due to the
graphene electron-acceptor nature favouring the charge-extraction
processes from the photoexcited QDs.

Water-soluble and high-purity carboxylated graphene nanoflakes
were prepared through oxidative break-down of multiwalled carbon
nanotubes in a mixture of concentrated sulfuric acid and nitric acid,
as previously reported??:3° [see also the Supporting Information (SI)].
These GNFs are characterized by a relatively low defect density on
the graphene basal plane, while they show a high density of carboxyl
groups along the edges (see Figure S1). It has been demonstrated
that the carboxyl groups at the edges are in dynamic equilibrium with
carboxylic anhydride groups in water, which exhibit a high reactivity
towards nucleophilic attack at the carbonyl carbon atom and
therefore offer themselves for straight-forward chemical
functionalisation under mild conditions.3°

Taking advantage of this high reactivity, we employed commercially
available, water-soluble amino-functionalized QDs, which can rapidly
attack the C=0 groups at the edges of the nanoflakes forming stable
amide bonds. The formation of amide bonds between other amines
and the carboxylic anhydride groups has
demonstrated through FTIR and zeta potential measurements;3° we
employed a similar strategy (see the SI) to covalently link QDs to the
graphene nanoflakes edges, in environmentally-friendly and
biocompatible aqueous solutions. Diluted GNF-QD nanohybrid
solutions were cast onto highly-oriented pyrolytic graphite (HOPG)

been previously

and imaged via atomic force microscopy (AFM). Figure 1 (see also
Figure S2) shows a typical AFM image of GNF-QD nanohybrids: the
QDs are surrounded by the flakes and in some cases the flakes are
found to bridge several QDs into small clusters (see also Figure S3).

Figure 1: (a) Schematic illustration of the GNF-QD coupling
chemistry. (b) Representative adhesion AFM image of the GNF-QD
hybrids: the colour contrast is an indication of the different
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mechanical response of the AFM tip to the two distinct nanomaterials
forming the heterostructures (Z scale= 40 mV).

In order to demonstrate electronic coupling between the two
nanomoieties forming the hybrids, we monitored the stationary
photoluminescence of QDs by comparing solutions of pristine QDs
and GNF-QD heterostructures (see the Sl). A 93 % quenching of the
stationary luminescence of the QDs was observed when attached to
the GNF compared to pristine QDs (Figure 2a). This strongly indicates
coupling between the
nanomoieties, as previously shown in similar systems3! and ascribed

the occurrence of electronic two

to either energy transfer2? or charge transfer.23
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Figure 2: (a) Stationary Photoluminescence spectra of QD (black) and
GNF-QD hybrids (red). The spectrum of the GNF-QD hybrids shows a
weak shoulder centred at around 515 nm which is due to the
luminescence of the nanoflakes themselves. Photoluminescence
quenching of GNF-QD hybrids at different (b) pH and (c) solvent
polarity. (d) Time-resolved photoluminescence spectra of QDs (black)
and GNF-QD hybrids (red). Samples were excited at 420 nm, the
emission was recorded at 594 nm. Table 1 shows the fitting
parameters of the biexponential decay taking into account the
instrument response function (IRF) (blue dots).

We further studied how the change of pH (employing different
buffers: see the Sl) and the polarity of the solvent (different % of
ethanol/water solutions) affect the amide bond formation; this was
achieved by monitoring the extent of the QD photoluminescence
quenching in the hybrids (Figure 2b,c). We observed a maximum PL
quenching at pH 6 (80 %), and a 33% quenching at pH 7; the QD PL in
the hybrids was quenched of only ca. 20 % in the other pH conditions
investigated (pH ranging from 4 to 9.5). Differently, only slight
variations were observed when the polarity of the solvent employed
was altered.

The change of quenching with the pH, as well as the lack of any
significant differences with solvent polarity, can be explained in
terms of the covalent bond formation between the QDs and the
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GNFs: pH can have a deep influence on the covalent bond formation,
in particular it is a key parameter for the stabilization of the various
charged intermediates. If the pH is too low, all the amino groups are
protonated, thereby hampering the nucleophilic attack on the
carbonyl and lowering the reaction yield; on the other hand, a high
pH promotes the OH- catalysed hydrolysis of the anhydride, thereby
favouring the formation of less reactive carboxylate groups, hence
lowering the yield of the reaction.32-34 In our system, the best
conditions were obtained around pH 6, where the highest degree of
quenching (80%) was observed.3> Moreover, the lack of any
significant changes in the quenching of the QD emission, when the
polarity of the solvent is changed, supports the generation of a
covalent bond rather than an electrostatic interaction, as only in the
latter case a different distribution of the charges at the interface,
induced by the solvent polarity, could potentially affect the GNF-QD
interactions and the QD emission in the hybrids.

Time-resolved measurements were carried out in order to study the
decay dynamics of the excited QD in the hybrids: Figure 2d compares
the emission decay traces for pristine QD and GNF-QD hybrids.36
Pristine QDs are characterized by a typical biexponential decay
where the shorter lifetime (t; = 0.83 ns) accounts for the emissive
recombination of internal core states, while the longer one
(t, =3.23 ns) accounts for the radiative recombination of excitons
involving surface states (Table 1).37 The two processes contribute
almost equally to the total PL with 53 % of the total emission related
to the core states emission and the remaining 47 % contribution from
the surface related emission. In the case of the GNF-QD hybrids a
shortening of both short and long lifetimes (Table 1, t;= 0.13 ns and
t, = 0.50 ns) was observed while the PL decay followed a nearly
monoexponential decay with 86 % of the emission due to the core
recombination processes. The reduction of the total lifetime,
together with the increase of the contribution of the faster
component to the total emission, is an indication of charge transfer
occurring in our hybrids, as previously described for similar
heterostructures:3%3839 Since short-range charge transfer involves
mainly surface states, a reduction in amplitude of the surface state
emission kinetics (t;) is expected, with the decay evolving from a
biexponential to a nearly monoexponential one. Conversely, energy
transfer is a long-range process involving both core and surface
states, and would affect both the lifetimes preserving a biexponential
decay.3® Additionally, upon changing pH and solvent polarity, the
fitting parameters of the decay dynamics are in line with the
observed PL quenching and aforementioned charge transfer
rationalization: see Figure S4.40

Table 1: Fitting parameters of the photoluminescence decay traces
of pristine QD and GNF-QD hybrlds The decays were fitted to a
biexponential function: PL(t) = a,e™ + a,e = (see also the SI).

Sample a1 ti(ns) t; (ns)
Qb 0.53 0.83 3.23
GNF-QD 0.86 0.13 0.50

This journal is © The Royal Society of Chemistry 20xx

Charge-transfer events can alter the carrier concentration and
mobility within the graphene, with the effect of shifting the Fermi
energy and therefore changing the electronic and optical properties
of the material.#1-43 Significant modifications in the properties of
graphene, especially its phonon spectrum and electronic structure,
have been reported to occur when electrons or holes are introduced
by electrochemical means.#4-47 Therefore, in order to investigate the
effect of QDs on the electronic structure of the graphene nanoflakes,
we studied the nanohybrids via Raman spectroscopy (see the Sl and
Figure S6).

Figure 3 shows the characteristic G and D bands for the pristine
graphene (black curve) at 1387 and 1604 cm™ respectively. The
relatively broad peaks compared to large-sheet graphene arise from
the nanoscale dimensions of the GNFs.27:2930 The G and D peaks are
also presented in the spectrum of the hybrids, but the D peak is
down-shifted by 18 cm while the G peak is down shifted by 15 cm-
1. The observed down shift of the G and D bands of the GNF
compared to the pristine graphene indicates that the electronic
levels in graphene are perturbed by the presence of the QD
suggesting a strong coupling between the two nanomoieties.*® This
confirms the nature of the covalent bond, as only a strong overlap of
electronic orbitals can cause such a perturbation which is not
expected for weak (e.g. electrostatic) interactions. Moreover, a
down shift of the Raman features can be ascribed to electron transfer
from the photoexcited QD to the nanoflakes, as previously observed
for graphene?®®47 and single-walled carbon nanotubes doped with
electron donor compounds?*® which transfer electrons to the carbon
n* states. These findings are in agreement with the time-resolved
data, suggesting charge-transfer events between the QDs and GNFs
as a deactivation pathway for the QD excited states, where electrons
are injected from the photoexcited QDs into the graphene.
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Figure 3: Raman spectra (514.5 nm) of pristine graphene nanoflakes
(black) and GNF-QD hybrids (red).

To investigate further the nature of the electronic coupling between
the two nanostructures, we carried out PL studies of individual
nanostructures with single particle control. We cast diluted solutions
on glass substrates in order to obtain physisorbed structures spaced
at least 1 um apart, hence optically resolvable (see Figure S7).
Quantum dots exhibit dynamic fluctuation of fluorescence intensity
(i.e. “blinking”),%° which is usually indicative of single emission
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behaviour.?152 The bright states (ON states) correspond to the
radiative recombination of photo-generated electron-hole pairs,
while the states with no luminescence (OFF states) correspond to a
non-radiative Auger-mediated recombination which results in the
ejection of charges from the nanocrystal leaving it in a charged ‘dark’
state.

Representative fluorescence intensity traces of a single pristine QD
and a single GNF-QD hybrid are shown in Figure 4a,c, respectively;
the histograms of the normalised fluorescence intensity of the
corresponding cumulative data for over 30 single dots are plotted in
Figure 4b,d. In both cases, there is a bimodal distribution of the
intensities where the high-intensity peak is related to the QD in the
ON states while the low intensity peak in linked to those in the OFF
states. The observed fluorescence intensity traces, as well as the
histograms of the PL intensities, of pristine QD exhibit a different
behaviour from the QD functionalized with GNF. Although in both
cases the histograms are characterized by two peaks of ON and OFF
states, pristine QDs are characterized by an almost equal occurrence
of the two states, while in the case of the hybrids the histogram as
well as the single trace show a clear prevalence of the OFF states over
the ON states. This indicates that the blinking behaviour is affected
by the presence of the GNFs, which deeply influence the excitation
recombination processes in the QDs: a charge ejection process would
increase the probability density of the OFF states leaving the
nanoparticles in a charged, “dark state”, for longer periods of time.
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Figure 4: Typical fluorescence intensity traces of representative
samples of (a) pristine QDs and (c) GNF-QD hybrids. Fluorescence
intensity histograms were obtained by cumulating over 30 traces for
(c) individual QDs and (d) GNF-QD hybrids. (e) Probability density of
OFF states constructed from over 30 single QDs (black) and GNF-QD
hybrids (red). Solid lines are best fit to a truncated power law (see the
Sl).
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By selecting a threshold (blue dotted lines in Figure 4a,c) it is possible
to discriminate between “ON” and “OFF” periods, and for each time
bin a probability of OFF states can be calculated (see the Sl). The
probability distributions of the OFF periods (Pof¢) for the QDs and the
GNF-QD nanohybrids are shown in Figure 4e, confirming the
different blinking behaviour. Both the QDs and the GNF-QD
heterostructures show a power-law distribution, but deviate from
this distribution at longer times, as previously reported by other
groups.>>3* This distribution can be fitted by a truncated power law
(equation 4 in Sl; the typical exponent for this type of QD is reported
to be between 1.5 and 1.7.55°6 The calculated values of the
exponents for pristine QDs and the GNF-QD hybrids are 1.49 and
1.25, respectively. The smaller power law exponent (mogrin Table in
Figure 4e; see the Sl) indicates an increased probability density of
longer OFF events, as previously described for similar donor-acceptor
systems,3133.54 and further confirms charge transfer process as the
deactivation pathway of photoexcited QDs.*1-43

In order to exploit this charge-transfer process occurring at the GNF-
QD interface, we fabricated solution-processable solar cell devices
where GNF-QD hybrids were employed as the active component on
TiO, photoanodes. The device schematic is shown in Figure 5a and
consists of a TiO; electrode, where the GNF-QD hybrids have been
deposited, acting as the photoactive anode, and a platinum counter
electrode separated by a Na,S electrolyte solution.
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Figure 5: (a) Schematic illustration of the solar cell configuration, (b)
photocurrent response of QDs and GNF-QD hybrids to ON/OFF
illumination.

We carried out photocurrent measurements with the solar cells
during ON/OFF cycles of illumination; for all devices we measured a
constant value of the current during the periods of illumination
confirming the stability of the devices and lack of degradation during
the measurements. Furthermore, we observed a substantial increase
(more than 3 times) of the photocurrent response when the TiO, was
sensitized with our GNF-QD hybrids compared to only QDs, as shown
in Figure 5b. One of the key steps for solar cell efficiency is the
charge-extraction process from the QDs into the TiO,, and we
propose that in our case the presence of the GNF increases the
extent of this process thereby providing higher generated currents
compared to the QD-only device, as previously reported for similar
graphene based devices?37->° as well as Cg®® and CNTs.5! While
higher photocurrent responses have been previously reported under

This journal is © The Royal Society of Chemistry 20xx



controlled atmosphere (Ar gas),>® our results in ambient conditions
are comparable to other studies performed with similar materials
but processed from organic solutions.?362 Notably, our device is
fabricated from environmentally friendly aqueous solutions, while
additionally allowing for single-molecule control of the organic-
inorganic interface.

As a control experiment, we prepared solar cells where first a GNF
layer was deposited on the TiO; anode followed by a deposition of a
QDs layer (blue curve in Figure 5b). In this case, a simple
physisorption of the QDs on the GNFs can be expected with minimal
linking at the interface, and we observed no significant variations of
the photo-generated current compared to the devices with only QDs.
This indicates that in the absence of extensive covalent bonds
between the two components, the electronic coupling is not strong
enough to enhance the charge extraction from the QDs, resulting in
no improvement in the generated photocurrent.

Conclusions

In conclusion, we have presented a facile and green assembly
strategy for the formation of GNF-QD nanohybrids in aqueous
solution, where graphene nanoflakes have been covalently attached
to quantum dots. Photoluminescence studies of the GNF-QD hybrids,
in solution and on surface with single particle control, show evidence
of strong coupling between the two nanomoieties, suggesting that a
charge transfer mechanism is responsible for the deactivation of the
excited QDs. This was further explored by Raman spectroscopy,
which confirmed strong charge transfer processes taking place
between the excited QD and the graphene. Finally, we exploited this
charge transfer in solar cell devices, that exhibited improved
photocurrents compared to a QD-only device, demonstrating the
potential of GNF-QD nanohybrids as light-harvesting assemblies.

To the best of our knowledge this is the first fully water-based
assembly of graphene-QD hybrids with evidence of charge transfer
process at the single nanohybrid level, and further implementation
This
biocompatible strategy holds great potential for scalable and green

in a solar cell device. environmentally-friendly and
manufacturing, as well as for bioelectronics. Future investigations
will explore the tunability of the electronic coupling® at the
graphene-nanocrystal interface, via the use of ligands of different
length and chemical nature, bridging the QDs and the GNFs in the

hybrids.
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