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Abstract

Energy transfer is one of the most fundamental processes at the nanoscale. Whenever a
donor is placed sufficiently close to an acceptor, they could couple via electrostatic
interactions and the energy is  funnelled down to the acceptor.  Only recently gra‐
phene, a two-dimensional sp2-hybridized carbon hexagonal lattice, has emerged as
highly attractive from the point of view of potential applications in photonics and
optoelectronics, as it features uniform absorption, which extends over the whole visible
range down to the infrared. With the absence of fluorescence, it renders graphene as an
exceptional  acceptor in devices that  utilize energy and/or electron transfer.  In this
chapter, we review recent work on the energy transfer in graphene-based assemblies
involving also graphene derivatives (graphene oxide and reduced graphene oxide), as
well  as  describe  results  of  fluorescence  studies  focused  on  interactions  between
graphene and photosynthetic protein—pigment complexes. While for organic dyes the
efficiency of the energy transfer is very high, in the case of the proteins, there is some
shielding of chlorophylls from graphene, partially inhibiting the energy transfer. This
allows for observing interesting effects associated with dependencies on the excitation
energy, number of graphene layers, or the substrate that graphene is placed onto.

Keywords: graphene, reduced graphene oxide, photosynthetic complex, energy trans‐
fer, fluorescence microscopy, fluorescence imaging

1. Introduction

Non-radiative energy transfer (ET) is one of the most fundamental processes at the nano‐
scale. It is associated with funnelling excitation energy between molecules, quantum dots or
other nanostructures [1]—in most cases—via dipole-dipole interaction. Such a scheme evolved
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for instance in natural photosynthesis [2] for efficient capturing and transport of the sun‐
light energy, and has been recently implemented in artificial light-harvesting assemblies [3].
The efficiency of ET depends on the spectral properties of a donor and an acceptor, their mutual
orientation, as well as separation between them [4]. In particular, the distance dependence of
the ET efficiency, which for localized dipoles scales with d−6, has been exploited as a useful
tool to measure lengths at the nanoscale, both statically and dynamically. In particular, the
energy  transfer  has  been  considered  an  attractive  way  to  control  light  harvesting  and
bio(sensing)  [5–7].  As  a  result,  various  strategies  had  to  be  devised  to  fabricate  hybrid
nanostructures with well-defined morphology required for controlling the energy transfer
efficiency.  Among the  most  feasible,  one  can  find robust  nanolayers,  either  polymer  or
dielectric, deposited on a surface of nanoparticles or a substrate [8, 9], and more flexible linkers
based for instance on DNA strands or biotin-streptavidin conjugation [10, 11].

Another critical parameter that influences the interaction between two dipole moments in the
context of the energy transfer is the relation of their spectral properties. Namely, as shown in
Figure 1, the absorption of one of the molecules (acceptor) has to overlap with the emission of
the second molecule (donor). The larger the overlap, the higher the efficiency of the energy
transfer. The final parameter that has to be considered in energy transfer geometry is the
mutual orientation of the dipole moments of a donor and an acceptor. All these factors are
included in the equation shown in Figure 1. It is important to note that the equation de‐
scribes the case where both donors and acceptors are classical dipole moments.

Figure 1. Schematic representation of the energy transfer between two dipole moments of a donor (green) and acceptor
(red). The energy transfer is possible only when the emission of the donor overlaps with the absorption of the acceptor.

Optical spectroscopy, and in particular fluorescence spectroscopy, provides a variety of tools
to probe the energy transfer in hybrid nanostructures. It stems from the fact that the emer‐
gence energy transfer results in the decrease of the emission intensity of a donor at the expense
emission intensity of an acceptor. This is in fact the most straightforward consequence energy
transfer between two nanostructures. In addition to the intensity flow between donors and
acceptors, another signature of the energy transfer is a shortening of the fluorescence decay
time of the donor. Indeed, the energy transfer can be considered as a new channel for non-
radiative recombination from the point of view of the donor, and as such it should result in
shortening of the lifetime.
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The purpose of this chapter is to review recent research carried out on hybrid nanostruc‐
tures composed of graphene and graphene derivatives and naturally evolved photosynthet‐
ic complexes. Our aim is to emphasize effects that are not readily available when studying
classical emitters, such as organic dyes or semiconductor nanocrystals, which have spectral‐
ly limited absorption and emission, as in contrast to these, photosynthetic complexes feature
absorption that spans over the whole visible spectral range. They are also pigment-protein
complexes, with chlorophyll molecules protected from the environment. Thus, the interac‐
tion between photosynthetic complexes and graphene is not immediate. However, before we
describe the results obtained for photosynthetic complexes coupled with graphene, we review
several key results reported for organic dyes and semiconductor nanocrystals on graphene.
This is important to illustrate basic mechanisms and processes that take part in such hybrid
architectures.

2. Overview of recent results

2.1. Graphene: basic properties

Graphene is nowadays one of the most intensively studied materials. Since 2004, when it was
for the first time obtained by mechanical exfoliation, many research groups worldwide have
focused on understanding and proving uniqueness of this one-atom thin material [12, 13]. Part
of these efforts were inspired by the combination of properties rarely met in any other material,
such as exceptionally high electronic and thermal conductivity, mechanical strength, unusu‐
al electronic structure and optical transmittance, impermeability to gases and many others [14].

The key property of graphene, which impacts its electronic and optical character, and is
particularly important in the context of light-matter interactions, is an unusual zero bandg‐
ap structure and linear dispersion near the Brillouin zone corners. Indeed, in the case of
graphene, the conduction and valence bands meet at Dirac points and in their vicinity the
energy depends linearly on the wavevector [15]. Consequently, both electrons and holes mimic
massless relativistic particles with effective velocity of c * ≈ 1/300 the speed of light.

Fully occupied valence band combined with an empty conduction band, and no energy gap
between them, leads to unique electronic absorption of graphene. Remarkably, it is rather high,
and for a suspended graphene monolayer is defined solely by the fine-structure constant,
which translates to 2.3% absorption of incident light (Figure 2) [16]. In addition, the absorp‐
tion of graphene shows no wavelength dependence from ultraviolet to near-infrared.
Therefore, graphene sheets can be visualized using optical microscopy, as shown in Figure 2,
and the absorption of a few-layer graphene can be roughly described as a sum of non-
interacting single layers with each layer contributing 2.3% of opacity. From the point of view
of hybrid assemblies where the energy transfer is exploited, graphene can be utilized as energy
acceptor due to uniform absorption, but at the same time, it features no fluorescence emis‐
sion. Consequently, any effects attributable to the energy transfer from any emitter to graphene
will have to be probed and quantified based solely on the behaviour of energy donors.
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Figure 2. (A) Photograph of a 50-mm aperture partially covered by monolayer and bilayer graphene. The line-scan
profile shows the intensity of transmitted white light along the yellow line. (Inset) Sample design. (B) Transmittance
spectrum of single-layer graphene (open circles). The red line is the transmittance expected for two-dimensional Dirac
fermions, whereas the green curve takes into account a non-linearity and triangular warping of graphene’s electronic
spectrum. (Inset) Transmittance of white light as a function of the number of graphene layers (squares). From Nair et
al. [16]. Reprinted with permission from AAAS.

2.2. Graphene: fabrication methods

There are several ways of obtaining graphene and its derivatives, with each method holding
specific advantages depending on particular application [17], but also facing limitations from
the point of view of scalability, cost, reproducibility and alike.

First experiments on graphene have been carried out for the highest-quality pristine gra‐
phene obtained by mechanical exfoliation. This method, which is still arguably the leading
one, allows preparing pure hexagonal carbon lattice without defects or dopants, thus exfoli‐
ated graphene has been at the centre of fundamental studies of its properties [16, 18]. It suffers,
however, from small and irregular sample sizes and shapes, low throughput and high prices.

Growing demand for larger and reproducible graphene pieces has resulted in the develop‐
ment of other methods used for the production of two-dimensional (2D) carbon materials.
Epitaxial techniques, by both sublimation and chemical vapour deposition (CVD), are the most
promising due to the comparably high quality of fabricated graphene combined with high
reproducibility and scalability. The first approach involves decomposition of SiC in low
pressures (or ultra-high vacuum) and high temperatures. Addition of the annealing in argon
atmosphere significantly improves homogeneity of graphene [19]. Upon sublimation of silicon
from SiC surface, the remaining carbon atoms form graphene layers. Although the price of SiC
substrate is relatively high, it could be compensated by excellent electronic parameters of
graphene and performance of fabricated devices [13].

An alternative approach to produce graphene is CVD, which involves deposition of hydro‐
carbons onto a transition metal surface, usually copper or nickel, which works as a catalyst
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[20, 21]. Due to the differences of solubility of carbon in Ni and Cu, the processes also differ
from each other. As the solubility of carbon in Cu is rather low, the formation of graphene
layers weakly depends on the actual conditions of the growth process. This allows for a better
control over graphene growth, and when the monolayer is formed the deposition process
stops. For this reason, large domains of single graphene layers are formed (>95% of the
surface) [20]. Although graphene growth on Cu displays some disadvantages, such as
wrinkles and grain boundaries, it is a relatively simple and inexpensive approach, suitable
for mass production of high-quality graphene. Importantly, graphene grown on metallic
surfaces can be transferred via polymer-assisted method on any arbitrary substrate, what is
important for constructing graphene-based devices (photovoltaic cells, transistor, etc.) [22].

For uniform graphene layers obtained using exfoliation or CVD, hybrid assemblies for
studying the energy transfer have to be constructed in a layer-by-layer geometry, where
emitters are deposited onto the graphene layer (or on a polymer/oxide layer that is sup‐
posed to separate emitters from graphene).

In addition to methods that allow for growing large-area uniform graphene with well-
controlled number of layers, other approaches have also been developed, based on the concept
of liquid phase exfoliation. The approach of synthesizing two-dimensional carbon flakes in
liquid relies on the reduction of graphene oxide (GO) [23] and key advantages thereof include
solubility in aqueous and organic solvents, easy processing and surface functionalization,
cheap synthesis for scalable production and relatively mild conditions of synthesis [24].

Briefly, the process usually starts with oxidizing graphite using one of the many popular
oxidation methods: Hummers, Brodie or Staudenmaier [25, 26]. In the next step, due to the
presence of oxygen-containing functional groups (hydroxyls, carbonyls, carboxyls or oxygen
epoxides), graphite oxide can be easily exfoliated into GO via ultrasonication or mechanical
stirring. Importantly, the presence of oxygen moieties distinguishes GO from graphene, and
due to the predominance of sp3- over sp2-hybridized carbon atoms, GO is a fluorescent
insulator, as opposed to graphene, which is a non-emitting conductor. However, it is an ideal
precursor for the synthesis of reduced GO (rGO), also called chemical graphene. Important‐
ly, by reducing GO, and thus restoring the sp2-carbon network without additional compo‐
nents and residues [50, 51], it is possible to not only diminish fluorescence but also retrieve
electrical and thermal conductivity. In contrast to graphene, rGO can be dispersed in water,
and preparation of rGO flakes in solution makes it feasible to incorporate various functional
groups on the surface, as required for many applications.

Among the key challenges is the establishment of reproducible methods of fabricating large-
area rGO flakes and assuring the control of the number of layers, although these two factors
frequently compete against each other: it is difficult to fabricate large single-layer rGO. The
most commonly applied strategies are mild oxidation conditions, which promote the forma‐
tion of larger flakes simply by reducing cracking of graphite flakes [27], adding a pretreat‐
ment step (an incubation in sulphuric acid with gentle stirring) before oxidation [28], or even
skipping sonication to avoid breakage of flakes [29]. An important step is a separation of large
flakes from aggregates and smaller sheets, and this can be performed with a high-speed
centrifugation [27, 30, 31]. Also, GO might be deposited on a substrate using Langmuir-
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Blodgett technique or self-assembling, before subsequent reduction, either chemically or
thermally, to prevent re-aggregation of rGO flakes [29, 32].

From the point of view of the energy transfer, rGO offers important degree of freedom as
compared to epitaxial graphene, namely it is possible to prepare mixtures in solution, which
is often technically simpler and more suitable for—for instance—fluorescence-sensor design.

2.3. Graphene as energy acceptor

Constant absorption covering ultraviolet, visible and near infrared spectral regions (300–2500
nm), together with unusual electronic structure, renders graphene as an exceptional energy
acceptor. It is possible to obtain not only energy transfer from any emitter to graphene but also
the zero-energy gap of graphene implies that any interactions in graphene-based hybrid
nanostructures can be investigated exclusively by studying optical properties of a donor. These
properties result in a unique potential of graphene as a component of devices designed for
photonics, optoelectronics, as well as photodetectors and biosensors. In particular, in recent
years several studies emerged, where the energy transfer from various emitters to graphene
has been investigated.

Figure 3. Images of the same area of the sample containing a monolayer graphene sheet (darker field on the left image)
obtained with optical microscope, fluorescence microscope, where the emission intensity of Rhodamine dyes was
measured, and fluorescence lifetime imaging microscope, where decay times of fluorescence were measured. Signifi‐
cant decrease of the intensity of Rhodamine on graphene is accompanied with drastic reduction of the decay time.
From Gaudreau et al. [33]. Reprinted with permission from ACS.

One of the first hybrid structures where the energy transfer to graphene was investigated
comprised a layer of Rhodamine molecules on a graphene flake [33], as shown in Figure 3. The
position and shape of the graphene flake can be determined by optical microscopy and next
by collecting a fluorescence image of the same area, any influence of the presence of gra‐
phene on the fluorescence properties of Rhodamine can be extracted. In this work [33], the
authors included also time-resolved fluorescence lifetime-imaging microscopy. In order to
study the dependence of the energy transfer on the distance between the emitters and
graphene, a layer of PMMA polymer with a thickness from 5 to 20 nm was deposited on
graphene. As can be seen in Figure 3, for molecules placed on graphene the fluorescence
intensity is significantly less as compared to the reference. This decrease of emission intensi‐
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ty is accompanied with strong reduction of fluorescence lifetime. Both these spectral signa‐
tures are indication of the energy transfer from Rhodamine to graphene. Estimated maximum
efficiency of the energy transfer was equal to 99% and it decreased with the spacer thickness.
It was experimentally proved that the energy transfer to graphene scales with the distance as
d-4, which is different from the classic case of two interacting dipole moments. This differ‐
ence is indicative of the universal value of the optical conductivity (assigned to gapless and
2D lossy media) and is in agreement with theoretical results obtained by Sebastian and
Swathi [34]. There are two major consequences of these results: high efficiencies of the energy
transfer indicate that in order to study energy transfer from a dye to graphene it might be
critical to use a spacer, as otherwise fluorescence of the emitters can be totally quenched. There
are, however, examples, where particular orientation of the molecules on a graphene surface
partially inhibited the energy transfer [35]. Furthermore, weaker relation between the decay
rate and distance can make it possible to investigate donor-acceptor interactions for distan‐
ces unavailable for pairs of two classical dipoles.

Figure 4. Optical and fluorescence images of individual nanocrystals on single-layer graphene and on the quartz sub‐
strate; (b) optical reflectivity image in the emission range of nanocrystals; (d) wide-field fluorescence image of individ‐
ual CdSe-ZnS nanocrystals in the region shown in panel (b). The colour scale bar indicates the number of emitted
photons (in arbitrary units) integrated over 30 s. From Chen et al. [36]. Reprinted with permission from ACS.

An important advancement into elucidating the energy transfer to graphene was experimen‐
tal observation of fluorescence quenching of individual semiconductor nanocrystals [36]. For
this experiment, micrometer-size sheets of graphene monolayer were used, on which highly
diluted solution of CdSe/ZnS nanocrystals was deposited (Figure 4). By combining optical and
fluorescence imaging, it was possible to correlate the differences in fluorescence intensity of
individual nanocrystals with the locations where graphene was present. The result was
dramatic (70-fold) quenching of fluorescence intensity for nanocrystals placed on graphene.
Moreover, the quenching efficiency was found to increase with a number of graphene layers.
This observation was explained using a simple model of a few-layer graphene, in which weak
interactions between layers can be neglected, so the quenching factor is calculated for n layers
of non-interacting single graphene planes. The significance of these results is in removing any
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ensemble averaging that is always present in experiments performed on layers, as the one
described above. In addition, when layers of emitters are studied, there is always a certain
thickness of this layer, across which the strength of the interaction, in this case the energy
transfer, varies, sometimes considerably. As a result, an average effect is measured in
fluorescence microscopy experiment, similarly as in the case of plasmonic interactions
associated with metallic nanoparticles [37]. In this context, the value of single nanocrystal
experiment manifests itself in the observation of suppression of fluctuations of fluorescence
intensity of single nanocrystals upon deposition on graphene. This indicates the effect of
graphene-induced fluorescence quenching also on the photophysics of the nanocrystals.

Very recently, both concepts were combined in a single experiment, where distance depend‐
ence of the energy transfer rate to a monolayer graphene was studied for individual emitters,
both zero-dimensional CdSe/CdS nanocrystals and two-dimensional CdSe/CdS/ZnS nanopla‐
telets [38]. Both types of energy donors were separated from graphene with ultrasmooth
dielectric film of magnesium oxide with a thickness varied from just a few Å up to several tens
of nanometers. In terms of radiative energy transfer efficiency (>95%), both structures exhibited
similar behaviour upon direct coupling to graphene. Important differences appear when
emitters are separated from graphene with a spacer. While for zero-dimensional nanocrys‐
tals the energy transfer rate scales with a distance according to d-4 law, the energy transfer rate
of the two-dimensional platelet decays is affected to a lesser degree. This is explained by a
theoretical model, which includes the contribution of thermal distribution of free excitons in
a two-dimensional quantum well at finite temperatures. The results confirm that graphene-
nanocrystal hybrid structure, governed by both charge transfer and Förster-type resonant
energy transfer, is a suitable system to explore the influence of exciton dimensionality and
localization, as well as distance, on the energy transfer rate (Figure 5).

Figure 5. (a) Selected luminescence decays of individual CdSe/CdS nanocrystals separated from graphene by an MgO
spacer with increasing thickness. The thin black lines are fits based on biexponential decays convoluted with the in‐
strument response function. (b) Statistically averaged measured decay rate γ as a function of the thickness of the MgO
spacer. (c) Statistically averaged product of the number of emitted photons per exciting laser pulse Nem and the decay
rate γ. From Federspiel et al. [38]. Reprinted with permission from ACS.

Very efficient energy transfer from organic dyes to graphene-based materials has also been
used to visualize the structure and determine the morphology of graphene-dye hybrids.
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Fluorescence quenching microscopy is a practical tool for detecting and mapping of gra‐
phene flakes [39]. Contrary to Raman spectroscopy or optical techniques, in this case an
additional component of energy donor is necessary. This is compensated by significantly
increased contrast, as well as faster and more sensitive data recording of large areas com‐
pared to optical imaging (Figure 6) and Raman spectroscopy.

Figure 6. Images of mechanically exfoliated graphene on a SiO2/Si substrate taken by (a) AFM, (b) optical microscopy
and (c) FQM using PVP/fluorescein. All scale bars = 10 μm. From Kim et al. [39]. Reprinted with permission from ACS.

Similarities between graphene and rGO are also reflected in their role as energy acceptors.
However, in contrast to graphene, rGO is used most frequently as a fluorescence quencher in
solutions, instead of in layer-by-layer geometries. This method, although less ordered and less
controllable, may be advantageous for increasing energy/charge transfer efficiency in rGO-
based assemblies. Reduced graphene oxide has been studied as an efficient fluorescence
quencher of polymers [40, 41], quantum dots [42], dye-labelled aptamer [43] and also in hybrid
nanostructures involving photosynthetic complexes [44]. While graphene-based hybrid
structures are applied primarily for fundamental studies and to define parameters that
determine energy/charge transfer, in the case of rGO composites the main focus is on poten‐
tial devices and applications and optimization of their performance. Such hybrid nanostruc‐
tures are considered promising for easy and relatively cheap scalable mass production of
biosensors, as well as light-harvesting and optoelectronic platforms.

3. Materials and methods

In this section, we describe the structure and properties of peridinin-chlorophyll-protein
(PCP), a light-harvesting pigment-protein complex, as well as graphene-based materials that
are energy acceptors in our hybrid assemblies. Next, we present experimental techniques
employed for investigating the energy transfer, which include—in addition to standard
absorption and fluorescence spectroscopy—high-resolution confocal fluorescence microsco‐
py coupled with time-resolved capability and spectrally resolved detection.

3.1. Peridinin-chlorophyll-protein

Peridinin-chlorophyllprotein complex from algae Dinoflagellates Amphidinium carterae
belongs to photosynthetic complexes that are responsible for light harvesting and transfer‐
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ring the energy to reaction centres [2]. We focus here on aspects relevant for understanding
the energy transfer between pigments comprising the PCP complex and graphene/rGO.

PCP is a water-soluble protein functioning as an antenna external to the membrane. The
structure of the PCP complex, shown in Figure 7, has been determined with 1.3-Å resolution
using X-ray crystallography [45]. In its native form, PCP consists of two chlorophyll a (Chl a)
and eight peridinin (Per) molecules embedded in a protein matrix. The pigments are ar‐
ranged in two almost similar clusters, with the distance between Mg atoms of the two Chl a in
one monomer being 17.4 Å. The ratio of Per to Chl a of 4:1 indicates that PCP utilizes the
carotenoids as its main light-harvesting pigments.

The absorption spectrum of the PCP complex, displayed in Figure 7, features an intense,
broadband from 400 to 550 nm that is mainly due to Per absorption. The contribution of Chl a
appears at 440 (Soret band) and 660 nm (QY band). The fluorescence emission of the PCP
complex originates from weakly coupled Chl molecules and it appears at 673 nm with a 30%
quantum yield and a decay time constant of 4 ns, as shown by red line in Figure 7. Upon
absorption of light, peridinins in PCP transfer their electronic excitation to Chl a molecules.
The efficiency of this excitation energy transfer is higher than 90% as evidenced by almost ideal
correspondence between absorption and fluorescence excitation spectrum. Clearly, the
absorption spectrum of PCP enables the photosynthetic apparatus to harness the sunlight not
only in the red spectral range but extends into the blue-green spectral region. From the point
of view of the experiments described in this chapter, it is important to consider the PCP
complex as a donor that can be excited at essentially any energy from 350 to 650 nm, with this
excitation yielding emission at the same wavelength of 673 nm. This property distinguishes
PCP, and many other photosynthetic complexes, from frequently used emitters, such as
organic molecules or semiconductor quantum dots, that are much more selective in their
optical characteristics.

Figure 7. Pigment structure of the PCP complex together with absorption (black line) and fluorescence (red line) meas‐
ured in aqueous solution at room temperature.

Previous studies of PCP complexes have been carried out on the ensemble [46, 47] and single-
molecule levels [48, 49]. Transient absorption in femtosecond timescale revealed main energy
transfer pathways between pigments comprising the complex, and it also was demonstrated
that the interaction between the two Chl a molecules is relatively weak with transfer times of
the order of 10 ps [47]. These findings were also corroborated with fluorescence studies of
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individual PCP complexes: it has been shown that it is possible to distinguish emission
originating from each of the two Chl a molecules and using the property of sequential
photobleaching of the Chl, the energy splitting between the two molecules in the monomer
was determined [49].

The simplicity of the PCP complex, its water solubility that facilitates easy sample fabrica‐
tion, its small size (~4 nm) and unique spectral properties have rendered this complex as a
model system for fabricating hybrid nanostructures for studying interactions at the nano‐
scale [3]. These include in particular extensive work focused on plasmon-induced effects
associated with interactions between pigments comprising the PCP complex and metallic
nanostructures [37].

3.2. Graphene-based materials

Graphene oxide was synthesized from graphite powder using the modified Hummers and
Offeman method described elsewhere [50, 51]. Reduced graphene oxide was prepared from
graphene oxide by reduction with hydrazine. In our procedure, graphene oxide powder
(2.5 mg) was dispersed in 5 ml of distilled water and placed in an ultrasound bath for 30
min. In a separate vial, 1.55 μl of 65% hydrazine monohydrate solution was added to 1
ml of distilled water. Then, 0.5 ml of the prepared hydrazine solution was added to 0.5
mg/ml-graphene oxide solution. Finally, the mixture was transferred into a round-bot‐
tomed flask, put in an oil bath, heated up and maintained at 100°C for 24 h. After this
time, a clear brown solution of graphene oxide turned into black precipitate of reduced
graphene oxide flakes. The final solution was washed five times with water and ethanol,
and then filtered. The remaining reduced graphene oxide flakes were dried, dissolved in
distilled water and left in an ultrasound bath for 1 h before further use. As estimated from
XPS measurements, C/O = 7–10 and 1.7–2 ratios were measured for rGO and GO, respec‐
tively, pointing towards substantial reduction efficiency of the synthesis procedure [52].
Afterwards, rGO flakes were dispersed in distilled water, in an ultrasound bath.

Graphene substrates were purchased from Graphene Supermarket. We used 1 × 1-cm p-doped
silicon wafers with a single-layer graphene deposited using chemical vapour deposition on
a 285-nm thick silicon dioxide layer. The presence of a graphene monolayer on the sub‐
strates was confirmed using Raman spectroscopy.

3.3. Sample preparation

In order to study interactions between PCP and rGO, we prepared three solutions of rGO
in water, one with the initial concentration of C0 = 0.5 mg/ml, and two dilutions, 1:10 C0

and 1:100 C0. To prepare the samples, we mixed PCP complexes in 2% polyvinyl alcohol
(PVA) with these three rGO solutions in a 1:1 ratio. The final PCP concentration in each
sample was 0.2 μg/ml. In order to compare the results obtained for the rGO-containing
samples, we also prepared a reference sample, where PCP and PVA concentrations were
the same as above and with rGO replaced by distilled water. The layers were obtained by
spin-coating solutions on pure coverslips with the rotational speed of 1200 rpm for 2 min.
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For optical experiments focused on studying excitation energy dependence of the energy
transfer efficiency, we used highly diluted (optical density of 0.009 at 671 nm, concentration
less than 10 μM) aqueous solution of PCP complexes. Such a low concentration is very
important as on the one hand it strongly reduces the inner filter effect, but this also yields a
thin layer of PCP complexes on a graphene surface. As a result, we minimize the fraction of
PCP that is not coupled to graphene, thus takes no part in the energy transfer.

Finally, we fabricated structures for the evaluation of the effect of polymer layer (in our case
PVA) on both interaction with graphene and photostability. To this end, samples were
fabricated with the concentration of PVA varying between 0.2 and 0.002%. The obtained
solutions were either drop-casted or spin-coated on single-layer graphene substrates. In the
case of the latter approach, the concentration of PCP had to be adjusted to be slightly higher,
as spin coating strongly reduces the number of PCP complexes within the focal volume of the
focused laser.

3.4. Experimental techniques

The optical properties of hybrid nanostructures comprising light-harvesting complexes and
graphene-based materials were studied using absorption and fluorescence spectroscopy in the
visible spectral region. Absorption spectra were obtained using Cary 50 spectrophotometer,
while fluorescence in solution was measured using Fluorolog 3 spectrofluorometer. A Xenon
lamp with a double grating monochromator was used for excitation and the signal was
detected with a thermoelectrically cooled photomultiplier tube characterized by a dark current
of less than 100 cps.

Fluorescence intensity maps were measured with an inverted fluorescence wide-field Nikon
Eclipse Ti-U microscope equipped with an Andor iXon Du-888 EMCCD detector. For each
sample, a series of 50 images were acquired in order to allow for reliable statistics. Every image
was collected for a different sample area, which allows for minimization of any photobleach‐
ing of the PCP fluorescence. Immersion objective with a magnification of 100× (Plan Apo,
Nikon) and a numerical aperture of 1.4 was used, which provides a spatial resolution of
about 300 nm. As a light source, we used LED illuminators (405, 480 and 530 nm) equipped
with appropriate bandpass filters. Excitation power was equal to 50 μW. Fluorescence of PCP
was extracted by combining a dichroic mirror (Chroma T650lxpr) and a bandpass filter
(Thorlabs FB 670-10). Fluorescence intensity maps and kinetics were collected with the electron
multiplying gain of 300× and acquisition times of 0.25 or 0.5 s, depending on the experimen‐
tal conditions. White-light transmission images were recorded with the same microscope, with
a halogen lamp V2-A LL (12 V, 100 W) as a light source.

Spectrally and time-resolved fluorescence measurements were performed using a home-built
confocal fluorescence microscope described in detail in [53]. The sample was placed on a
piezoelectric translation stage. We used pulsed laser excitation at 405, 485 and 640 nm
(repetition rate of 20 MHz, average power of 30 μW, power density of ~1MW/cm−2). Impor‐
tantly, PCP can be efficiently excited at 405 (Soret band), at 485 (Per) and at 640 nm (excited
states of chlorophylls). The laser beam was focused on the sample by LMPlan 50× objective
(Olympus) with a numerical aperture of 0.5. Fluorescence was first filtered by a longpass
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filter (HQ665LP Chroma) and then the spectra were detected using Andor iDus DV 420A-BV
CCD camera coupled to an Amici prism. Time-resolved measurements were performed by
time-correlated single-photon-counting technique using an SPC-150 module (Becker & Hickl)
with fast avalanche photodiode (idQuantique id100-20) as a detector. In order to select
appropriate wavelength range, we used an additional bandpass filter (FB670/10 Thorlabs).
Time resolution of the TCSPC set-up is about 100 ps.

4. Results and discussion

In this section, we describe three experiments, where interactions between the PCP com‐
plexes and both rGO and epitaxial graphene were investigated. Since the PCP complexes are
soluble in water, we mixed them with rGO and investigated for the energy transfer between
the light-harvesting complexes and rGO. In the case of epitaxial graphene, we focus on two
aspects: the dependence of the energy transfer efficiency from PCP complexes to graphene on
the excitation wavelength and the influence of sample preparation on the strength of the
interactions in such hybrid nanostructures.

4.1. PCP with reduced graphene oxide

Interactions between various emitters and rGO were studied so far only in solution, where
ensemble averaging can smear out subtle effects associated with the interaction between
emitters and rGO. Our idea was to prepare mixtures with controlled concentration of both
PCP and rGO, deposit solutions on glass coverslips and image fluorescence with high spatial
resolution and high sensitivity [26]. In all experiments, the concentration of PCP was main‐
tained constant.

Figure 8. Fluorescence maps of (a) PCP-only reference sample and PCP/rGO mixture samples with varied rGO concen‐
tration. The excitation wavelength was 530 nm.

In Figure 8, we show a sequence of fluorescence maps collected for PCP complexes mixed with
varied amount of rGO. The concentration of rGO was varied by orders of magnitude, so that
the influence can be seen in a pronounced way. The excitation wavelength was 530 nm, but
the results are qualitatively identical for the other two excitation wavelengths used in the
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experiment. Incorporation of rGO induces substantial changes in fluorescence images of PCP:
while for the PCP-only sample the distribution of intensity is pretty much uniform, mixing the
photosynthetic complexes with rGO leads to a pattern that features high-intensity spots on an
otherwise uniform background. Importantly, the intensity of these isolated bright spots is
approximately 10-fold enhanced as compared to the intensity measured for the reference
sample (PCP-only). At the same time, the fluorescence intensity away from the bright spots in
the PCP/rGO hybrid system is quenched compared to the reference. Furthermore, the number
of the bright spots increases with rGO concentration. We can exclude any contribution to this
emission from GO that might be present in our sample due to non-complete reduction, as the
fluorescence of GO occurs in a spectral range between 350 and 550 nm, and the emission of
the PCP complexes is strongly shifted to the red. This proves that for ensemble of PCP
complexes, both in the reference and in the hybrid structures (PCP/rGO) studied in this work,
there is no other contribution to the measured signal.

Figure 9. Histograms for PCP and PCP mixed with rGO with indicated concentrations obtained for average fluores‐
cence intensities calculated from 50 fluorescence intensity maps for each rGO concentration. The excitation wavelength
of 480 nm was used.

Statistical information about observed effects is obtained by collecting a series of more than 50
images for each sample configuration and for every excitation wavelength. In this way, we
strongly reduce any possible influence of particular sample preparation or a way the experi‐
ment was carried out. Next, the fluorescence images are analysed by plotting a histogram of
all the intensities measured [26]. This procedure can be applied for any single map, but also
to all the maps measured for a given excitation wavelength and rGO concentration. The result
of this procedure carried out of the excitation wavelength of 480 nm is displayed in Figure 9.
The distribution of fluorescence intensity measured for the reference sample, containing only
PCP complexes, features Gaussian shape, indicative of statistical distribution of concentra‐
tion variation across the substrate. By contrast, the results extracted for PCP complexes mixed
with rGO are more complicated. Although the majority of the intensity distribution can be
approximated with Gaussian shape, similarly as in the case of the reference sample, the
maximum of this distribution shifts towards lower values with increasing rGO concentra‐
tion. In addition, we find considerable contribution of isolated spots spread out randomly
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across the images, as shown in Figure 8, and this contribution is larger with increasing
concentration of rGO in the sample. Not only the shift to lower emission intensities with
incorporating rGO to the mixture as well as emergence of high-intensity spots in fluores‐
cence images is systematic in nature, but both effects exhibit monotonic dependence on the
rGO concentration in the initial solution. Indeed, for the highest rGO concentration (0.25 mg/
ml), we find the largest number of bright fluorescence spots, and furthermore they exhibit the
highest intensity. The results of fluorescence imaging of PCP/rGO mixtures strongly suggest
that the incorporation of rGO yields both quenching of emission and formation of strongly
enhanced spatially localized emitting sites. The results of fluorescence imaging show thus that
the interaction between rGO and photosynthetic complexes of PCP is more complex than as
discussed in a simple image of fluorescence quenching.

Figure 10. (Upper row) White-light transmission image of a graphene aggregate and intensity map of PCP fluores‐
cence measured for 480-nm excitation for exactly the same location. (Lower row) Intensity profiles extracted along the
cross ections marked with red lines in both images.

In order to get some insight into the possible origin of this bimodal behaviour, we also imaged
a large rGO aggregate, as shown in Figure 10. The correspondence between transmission
image and fluorescence image indicates that the same object is probed in both experiments.
Even without any detailed analysis, the comparison between the two images suggests that
enhanced emission occurs for PCP complexes at the edges of the flake and perhaps on its thin
sections. By contrast, when the thickness of the aggregate is large, the fluorescence of PCP is
efficiently quenched.

The relation between transmission and fluorescence images can be quantified using for
instance Pearson correlation coefficients calculated for the two transmission-emission pair
cross sections marked with red lines in Figure 10. For one line, we obtain a negative coeffi‐
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cient of −0.55, meaning that the high intensity of fluorescence correlates with dips in trans‐
mission images. A contrasting effect can be seen for the other line, where the coefficient of
approximately 0.5 was obtained. Therefore, in this case, low transmission combines with
quenched fluorescence. Both correlation and anti-correlation between profiles obtained for
transmission and fluorescence images can be readily seen in the panels in Figure 10, where
corresponding cross sections are plotted. These results may suggest that when a region outside
the flake is considered, the correlation between emission and transmission is low. For a thin
rGO flake, we find negative correlation, which could imply that PCP complexes placed at the
edges of rGO experience fluorescence enhancement. Finally, for the thickest part of the flake,
where both transmission and fluorescence exhibit strong decrease, the quenching is the
dominant effect.

The results of fluorescence imaging of PCP/rGO hybrid nanostructures show bimodal
character of the interactions. On the one hand, the fluorescence of the majority of PCP
complexes is quenched; however, there are numerous localized spots characterized with
considerably higher intensity. This effect depends on the rGO concentration, in particular the
number of these bright spots increases with rGO concentration. While the quenching of
fluorescence was observed for many graphene-based hybrid nanostructures, the enhance‐
ment is far less frequent. The exact mechanism of fluorescence enhancement is not clear, but
the results show unambiguously the complexity of interactions in graphene-based photosyn‐
thetic hybrid nanostructures. Future work, which includes spectrally and temporally re‐
solved studies, as well as experiments on large rGO flakes are in order to answer some of these
questions.

4.2. Energy transfer from PCP to graphene: excitation wavelength dependence

The broad absorption of PCP complexes allows for investigating the dependence of the energy
transfer efficiency on the excitation wavelength [54]. The rationale behind this experiment is
that as graphene is a conductor, and contains high concentration of free carriers, it should be
possible to affect the behaviour of these electrons locally using focused laser excitation. At the
same time, with PCP as a donor, it is still possible to excite emission and probe the energy
transfer dynamics.

In this experiment, we used epitaxial monolayer graphene transferred on 285-nm SiO2

substrate. The optical properties of such a hybrid nanostructure were probed by time-resolved
fluorescence microscopy with three excitation wavelengths of 405, 485 and 640 nm. All these
wavelengths excite the emission of the PCP complexes, either via direct excitation of chloro‐
phyll molecules or via intra-complex energy transfer from Per molecules.

In Figure 11, we compare fluorescence spectra measured for PCP complexes deposited on
graphene with the reference. The excitation wavelength was 405 nm. This result shows
substantial decrease of fluorescence intensity upon deposition of PCP on graphene, which can
be tentatively attributed to the energy transfer. The decrease of fluorescence intensity is the
strongest for the 405-nm excitation and the weakest for the 640-nm excitation, which again
suggests that there is indeed a dependence of the energy transfer efficiency on the excitation
wavelength. However, comparison of bare intensities of emission could be misleading as the
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values might depend on many factors that can be sometimes difficult to control experimen‐
tally. However, we note that the shape of the PCP emission spectrum on graphene remains
unaffected, and is identical to previously published [37], which indicates that depositing PCP
on graphene leaves no measureable effect on the energy transfer pathways within the PCP
complexes.

Figure 11. (Left) Fluorescence spectra of the PCP complexes deposited on graphene (blue) and on a glass substrate
(black). The excitation wavelength was 405 nm. (Right) Comparison between average fluorescence transients measured
for three excitation wavelengths, as indicated.

The initial assignment of the observed reduction of the emission intensity of PCP complexes
deposited on graphene to the energy transfer from the chlorophylls in the photosynthetic
complex to graphene is confirmed by time-resolved fluorescence spectroscopy. In Figure 11,
we display average fluorescence transients measured for the excitation wavelengths of 405,
485 and 640 nm. The results are compared with the decay obtained for PCP complexes
deposited on glass, and it has been checked that the obtained transient very weakly changes
with the excitation wavelength in this case. As described in detail in [54], we find some degree
of variation of fluorescence decays measured for a given excitation wavelength. It is expect‐
ed, as in this experiment, that we do not control the separation between graphene and PCP
complexes, and in turn introduce inhomogeneity of the interaction between the two struc‐
tures across the substrate. Furthermore, it has been shown that for graphene deposited on
silica, the local structure of graphene is also quite inhomogeneous with islands of high and
low mobility of carriers [55]. We might therefore assume that such non-uniformity contrib‐
utes to some degree to the observed spreading of fluorescence transients, although the scale
of these inhomogeneities is less than 100 nm, as compared to the resolution of our micro‐
scope of about 1 μm.

Nevertheless, for both excitation wavelengths (and for 485-nm excitation as well), we observe
significant shortening of fluorescence lifetime for PCP complexes deposited on graphene as
compared with the reference. In addition, the 405-nm excitation yields very fast decays, while
exciting with 640 nm results in considerably longer decays, regardless of the inhomogeneity
of the data. It is also striking that most of them exhibit almost monoexponential behaviour,
which could suggest that majority of PCP complexes within the laser spot couples to gra‐
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phene with a comparable strength. In no case, however, for PCP deposited on graphene we
observe long (~4-ns) decay component attributable to PCP complexes isolated from graphene.

The key conclusion from these experiments is that the energy transfer to graphene depends
on the excitation wavelength. Indeed, shortening of the fluorescence decay, accompanied with
a decrease of the overall fluorescence intensity, observed for all used excitation wavelengths
(405, 485 and 640 nm) strongly suggests that the energy absorbed by PCP complexes is
efficiently dissipated into the graphene layer. Furthermore, much shorter fluorescence decay
times measured for 405-nm excitation prove that the energy transfer for this excitation
wavelength is more efficient compared to 640-nm excitation. The average decay times are equal
to 0.5 and 1.4 ns, respectively, what translates to the energy transfer efficiencies of 87 and 65%.
This is the first experimental observation of such an effect, which distinguishes graphene as a
totally unique acceptor of energy in such hybrid assemblies. The qualitative picture display‐
ing this fact is shown in Figure 12.

Figure 12. Schematics showing the effect of the excitation wavelength on the efficiency of the energy transfer between
PCP complexes and graphene.

For molecular systems, where the energy transfer takes place between two dipole moments,
the decay of a donor is independent of the excitation wavelength. This is a reminiscence of the
fact that light has no effect on the surrounding of the molecules participating in the energy
transfer. Apparently, for PCP complexes on graphene the situation is different. Clear influ‐
ence of the excitation wavelength on the energy transfer indicates that in addition to populat‐
ing PCP-excited states, laser changes also the local properties of graphene. A scenario that can
explain this effect relies on the fact that focused laser excited electrons in graphene in a similar
way as in metallic nanoparticle, forcing them to oscillate in a confined space defined by a
monolayer of graphene on the one hand, and the size of the laser spot on the other. As a
consequence, electronic excitations in chlorophylls in PCP can see graphene as a metallic
nanoparticle with specific character that can influence energy dissipation.

Based on these results, we conclude that energy quenching in graphene is driven not only by
dipole-dipole interaction but also by a mechanism associated with light-induced oscillations
of electrons in graphene. Indeed, exciting electrons in graphene has an effect of its dissipa‐
tive efficiency, which opens avenues in interfacing electronic and plasmonic character of
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graphene in hybrid nanostructures and controls the electronic dynamics of such systems with
light.

4.3. Energy transfer from PCP to graphene: influence of sample structure

An important aspect, frequently overlooked, in discussing the optical properties of hybrid
nanostructures, where the interactions are distance-dependent, is the design and fabrication
of layered structures. In the case of the experiment where we studied the influence of excitation
energy on the efficiency of the energy transfer from PCP complexes to graphene, we used drop-
casting to deposit the PCP solution on a graphene monolayer. Since it was aqueous solution,
once water evaporated, PCP complexes are assumed to fall down on the graphene surface.
This method, while allowing for making structures with rather well-defined geometry, results
in the pigment-protein complexes being fully exposed to ambient conditions. This in turn
speeds up degradation of the pigments, and the complexes as well. One of the most com‐
mon ways to increase their protection against oxygen is to embed them in polymer matrix [56].

Figure 13. (Left) Fluorescence intensity decays of PCP deposited on graphene, diluted beforehand in water or in PVA
aqueous solutions with varied concentrations. (Right) Corresponding kinetic curves of integrated emission intensity
spectra measured in 10 min with acquisition time of 1 s. The excitation wavelength was 485 nm.

In Figure 13, we compare fluorescence decay curves measured for PCP complexes in water
and in PVA matrix with varied concentration of the polymer, for the samples drop-casted on
a single-layer graphene. The lowest concentration of PVA gives almost identical result as pure
aqueous solution, in other words, the fluorescence decay is substantially shorter than the
reference. This, in addition with almost monoexponential character of the decay, indicates that
almost all of the PCP complexes interact with graphene, which means that the energy is
transferred from chlorophylls to graphene. As the PVA concentration increases, the charac‐
ter of the decay changes dramatically. It is no longer monoexponential, and it features a long
decay tail, reminiscent of the decay characteristic for PCP complexes that are uncoupled to
graphene. This result can be understood in terms of a thicker-layer formation for a solution
with higher content of PVA polymer. Such a scenario would then lead to comparatively smaller
fraction of the PCP complexes that couple with graphene, most of them would be too far away
from the graphene layer to experience its presence at all. This interpretation is strongly
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supported by the increase of total fluorescence intensity observed with increasing concentra‐
tion of PVA in solution. In fact, this increase is over an order of magnitude, although the
amount of the solution deposited on a substrate is in all cases identical.

There is also another important aspect that must be considered when fabricating graphene-
based hybrid nanostructures. An alternative approach to prepare layers of fluorophores on
graphene substrates would be through spin coating of a solution of PCP complexes in PVA
matrix. The obtained layers are much more uniform than those made by simple drop-casting,
and it shows no systematic dependence on the PVA concentration. Rough estimations, based
on the distribution of emission intensities measured as emission spectra or decay curves,
suggest that the uniformity of the layers prepared with spin coating is about a factor of two
better in terms of a standard deviation, as compared to the drop-casted samples. At the same
time, the concentration of PCP complexes within the focal volume of the laser would dimin‐
ish considerably as compared with the drop-casting approach; thus, this parameter must be
carefully adjusted.

5. Summary and conclusions

Graphene and its derivative, reduced graphene oxide, are unique energy acceptors. While not
exhibiting any fluorescence, both absorb energy in the whole visible spectral region with quite
uniform efficiency. As such, graphene-based materials can be considered attractive plat‐
forms for light harvesting, energy conversion and biosensing. In this chapter, we described
several experimental observations obtained for hybrid nanostructures composed of natural
photosynthetic complex PCP and either graphene or reduced graphene oxide. Each studied
structure sheds its own light on the mechanisms and processes that are taking place in such
systems. We show that by controlling the composition of the solution and sample prepara‐
tion, it is possible to tune the efficiency of the energy transfer to graphene and thus deter‐
mine the sensitivity of energy transfer as a probing tool for interaction with graphene. The
results obtained for PCP/rGO system indicate bimodal nature of the on-going interactions: in
addition to commonly observed fluorescence quenching, we find pronounced and frequent
events, where the emission of the PCP complexes is substantially enhanced. Last but not least,
the uniqueness of graphene as energy acceptor manifests itself in a strong dependence of the
energy transfer efficiency on the excitation wavelength. This observation allows drawing a
completely new picture of the excitation dynamics, and the energy transfer, in systems where
the properties of either acceptors or donors can be additionally and independently control‐
led by light.
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