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ABSTRACT: The special electronic, optical, thermal, and
mechanical properties of graphene resulting from its 2D
nature, as well as the ease of functionalizing it through a simple
acid treatment, make graphene an ideal building block for the
development of new hybrid nanostructures with well-de�ned
dimensions and behavior. Such hybrids have great potential as
active materials in applications such as gas storage, gas/liquid
separation, photocatalysis, bioimaging, optoelectronics, and
nanosensing. In this study, luminescent carbon dots (C-dots)
were sandwiched between oxidized graphene sheets to form
novel hybrid multilayer �lms. Our thin-�lm preparation
approach combines self-assembly with the Langmuir�Schaefer
deposition and uses graphene oxide nanosheets as template for
grafting C-dots in a bidimensional array. Repeating the cycle results in a facile and low-cost layer-by-layer procedure for the
formation of highly ordered hybrid multilayers, which were characterized by photoluminescence, UV�visible, X-ray
photoelectron, and Raman spectroscopies, as well as X-ray di�raction and atomic force microscopy.

� INTRODUCTION
Carbon dots (C-dots),1,2 which were serendipitously discov-
ered during the puri�cation of single-walled carbon nanotubes,3
have an almost spherical shape and sizes ranging from 10 nm to
a few nanometers. Their good solubility, low cytotoxicity,4,5

great compatibility,6 e�cient functionalization,7 and chemical
passivity8 make them suitable for applications in bioimaging,4,9

photocatalysis,10 drug and gene delivery,11,12 optoelectronic
devices,13,14 nanoprobes,15 and sensors.16,17 The C-dots can be
synthesized by many methods, namely, laser ablation,18

microwave-assisted pyrolysis,19 thermal oxidation,20 arc dis-
charge,3 electrochemical oxidation,21,22 ultrasonication,23 and
combustion.24 Microwave-assisted pyrolysis, which was used in
this study, is a preferable choice because of its low cost, facility,
and e�ciency. A remarkable property of C-dots is photo-
luminescence; however, the mechanism generating it is not yet
well understood, but several potential origins have been
suggested, such as surface passivation, surface groups,
polyaromatic �uorophores, pairing of electrons and holes on
the surface of the C-dot, di�erently sized nanoparticles, and
structural defects.25,26

In this study, we aim at arranging C-dots in two-dimensional
(2D) arrays. In fact, 2D materials have revealed outstanding
and promising prospects in science and nanotechnology in the

last years because of their unique properties in the �elds of
photonics, sensing, �exible electronics, and energy harvest-
ing.27,28 Graphene, being a single-layered material with superior
electronic, optical, thermal, and mechanical properties, is ideally
suited for layer-by-layer (LbL) assembly. Novel functional
materials29 with modi�ed, optimized, or enhanced properties
can be formed by constructing pillared structures, where
graphene sandwiches a variety of guest moieties. Thus, the
synthesis of a hybrid thin �lm, combining the properties of C-
dots and graphene, is a great challenge for potential applications
in the �elds of sensing, catalysis, optoelectronics, and
biomedicine.

There have already been several e�orts in this direction; for
instance, Datta et al.30 prepared a hybrid material combining
chemically oxidized graphene (also known as graphene oxide,
GO) and C-dots for bioimaging and cell-labeling applications.
This material was synthesized via noncovalent interactions
following a self-assembly (SA) path. The �uorescence of the C-
dots was not majorly changed by the vicinity of GO, and their
cytotoxicity remained at a relatively low level. Another example
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is the work of Zhang et al.,31 who synthesized a composite
material via a direct assembly of C-dots on the layered double
hydroxide (LDH) surface. This hybrid material is an excellent
absorber of methyl blue, making it suitable for the removal of
anionic organic dyes.

In this study, a facile and low-cost bottom-up LbL approach,
which combines the Langmuir�Schaefer (LS) method with the
SA technique, was used for the production of a new class of
highly ordered C-dot intercalated graphene structures.32 This
method uses GO nanosheets as platform for grafting C-dots in
a 2D con�guration and allows for perfect LbL growth.33 This
precise control combined with the possibility to cover large
substrates in a homogeneous manner makes the LB technique
promising for preventing the aggregation of carbon-based
nanostructures, such as fullerene derivatives or C-dots,34�36 in
hybrid multilayers.

For our thin-�lm preparation approach, the C-dots (with a
mean diameter of 4 nm) were produced by microwave-assisted
pyrolysis,37 using citric acid, which acts as the carbon source,
and urea, which o�ers hydrophilic amine groups on the surface
of the C-dots. Suspensions of GO (prepared as described
below) in ultrapure water were used as subphase in the
Langmuir�Blodgett (LB) deposition system. As described in
our previous work,32,38 spreading the long-chain molecule
octadecylamine (ODA) on the water surface triggers the GO to
covalently bond via the amide functionality. This results in the
formation of a Langmuir �lm of ODA-GO on the water surface,
the packing of which can be modi�ed by applying an external
pressure through the movable barrier of the LB apparatus. The
hybrid Langmuir �lm was transferred to a hydrophobic support
(hydrophobicity increases the transfer ratio) by horizontally
lowering it (known as LS method) to touch the ODA-GO/
water interface. After lifting the substrate again from the
interface, it was lowered into an aqueous dispersion of C-dots
to induce SA of the latter on the GO sheets. By repeating this
cyclic procedure, hybrid multilayer �lms were fabricated and
characterized by photoluminescence, UV�vis, X-ray photo-
electron (XPS), and Raman spectroscopies, as well as X-ray
di�raction (XRD) and atomic force microscopy (AFM).

� RESULTS AND DISCUSSION
Structural and Morphological Characterization of

Pristine C-Dots. C-dots were synthesized by employing the
microwave-assisted pyrolysis procedure applied by Qu et al.37

According to them, water-soluble luminescent C-dots deco-
rated with terminal amine groups on the surface of the dots,
exhibiting relative stable physicochemical and optical features,
are obtained. A detailed characterization of the produced C-
dots (including XRD, Fourier transform infrared (FT-IR),
UV�vis, and XPS measurements, as well as optical images of
their aqueous suspensions and �lms under UV light) con�rms
these conclusions and is presented in Supporting Information.
PL spectra of the C-dot aqueous dispersions with excitation
wavelengths from 300 to 460 nm are shown in Figure 1. These
spectra are typical of C-dots7,18 exhibiting excitation-dependent
photoluminescence with emission red-shifting from �425 up to
�525 nm with increasing excitation wavelength. The maximum
�uorescence intensity with emission at 447 nm is observed
when the C-dots are excited at 360 nm. The broad emission
bands, as well as the appearance of two distinctive peaks in
Figure 1e spectrum or shoulders in other spectra, as at �500
nm in the case of Figure 1d, reveal the complicated mechanism
of the C-dot �uorescence.39 The presence of various surface

groups and traps leads to many dissimilar states, which can be
involved in the emission process and thus also explains the
excitation-dependent nature of the C-dot photoluminescence.39

To image pristine C-dots, we adopted a deposition
procedure, in which we �rst transferred a stearic acid Langmuir
�lm on a Si wafer and then horizontally dipped it into the C-dot
dispersion to induce SA (for details of the procedure, see
Supporting Information). AFM images of such a stearic acid/C-
dot hybrid monolayer are shown in Figure 2. Isolated and
uniform particles are observed, con�rming that combining the
LS technique with SA34,35,40 avoids the aggregation of C-dots.
From the topographical height pro�le (section analysis), the
height of particles is found to be about 4.2 ± 0.2 nm, as derived,
whereas their average height deduced from the depth-analysis
histogram37 is 4.5 ± 0.2 nm.

Structural Control and Characterization of Hybrid
ODA-GO/C-Dot Monolayers. ��a isotherms of ODA
Langmuir �lms on pure water and on an aqueous GO
dispersion (20 ppm) are shown in Figure 3 (all of the recorded
��a isotherms at various concentrations of 5, 7, 15, 30, and 40
ppm are shown in Supporting Information). The curves show
the change in the slope corresponding to the phase transitions
of ODA-GO sheets from a 2D gas to a 2D liquid and then to a
2D solid during the compression process.32,41 In the absence of
GO, the ��a isotherm is a smoothly increasing curve with a
lifto� area of 32.8 Å2. When adding a small amount of GO
(0.02 mg mL�1) to the aqueous subphase, the lifto� area
increases to 52 Å2, which demonstrates that the GO �akes
stabilize the ODA layer32 through covalent grafting of the
terminal amine groups of ODA to the epoxides of the GO
sheets via nucleophilic substitution reactions.42�44 Finally,
representative AFM images of hybrid ODA-GO layers
deposited on Si wafer (see Supporting Information) at di�erent
surface pressures reveal the homogeneity of the produced
monolayers and the precise control of the surface coverage.

Representative AFM images of the �rst hybrid ODA-GO/C-
dot monolayer deposited on Si wafer by combining the LS
method with SA are presented in Figure 4. The topographic
images show that the surface coverage of the substrate is quite
high; GO layers with well-de�ned edges are almost contacting
each other with small voids between them. This closely packed
homogeneous array demonstrates the highly controllable

Figure 1. Photoluminescence spectra of C-dot aqueous dispersion.
Excitation wavelengths: (a) 300 nm, (b) 320 nm, (c) 340 nm, (d) 360
nm, (e) 380 nm, (f) 400 nm, and (g) 460 nm.
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formation of ODA-GO/C-dot hybrid layers.32 The average
thickness of the �akes is 1.0�1.5 nm, as derived from the
topographical height pro�le (section analysis), corresponding
to the size of single GO layers,45 which is 6.1 Å. Moreover,
uniform particles can be observed on top of the GO layers. The
average size (section analysis) of these particles is 4.5�5.0 nm,
corresponding to the exact size of the pristine C-dots (see
Figure 2).

Raman spectra of ODA-GO/C-dot and ODA-GO hybrid
monolayers deposited on Si wafer are presented in Figure 5.
Both spectra display characteristic D- and G-bands associated
with sp3 and sp2 hybridized carbon atoms, respectively.46,47

Because of the presence of ODA, the D-band intensity is
signi�cantly enhanced for the ODA-GO layer, which is also
re�ected in the ratio of the intensities of D-band to G-band
(ID/IG) that is frequently used to express the degree of
functionalization of graphene materials and amounts to 1.22. In
contrast, ID/IG decreases to 1.04 when C-dots are added to the
hybrid system, in agreement with the Raman spectrum of C-
dots alone, where ID/IG = 0.95 (Figure S6). Both spectra

exhibit three broad bands at �2700, �2930, and �3180 cm�1,
which are linked to the 2D vibrational mode, D + D� mode, and
2D� mode, respectively.46�49 Although no shifting of the peaks
is observed, the grafting of the C-dots enhances the intensity of
the bands in the 2D region. We can therefore conclude that the
change in ID/IG and the increase of intensity in the 2D region
indicate the successful attachment of C-dots on the surface of
ODA-GO and hence the formation of the ODA-GO/C-dot
hybrid monolayer.

Characterization of Graphene/C-Dot Hybrid Films.
The XRD pattern of a 60-layer-thick graphene/C-dot hybrid
multilayer compared to that of a ODA-GO/ODA hybrid
multilayer constructed under the same conditions is shown in
Figure 6. The graphene/C-dot hybrid multilayer shows the 001
di�raction peak below 2° (2�), indicating the successful
intercalation of C-dots between the organomodi�ed GO sheets.
Because this peak also partially overlaps with the (000) beam,
we also report the spectrum, where a baseline was subtracted
(see red line in Figure 6). The position of the 001 peak at 2� =
1.7° corresponds to a d001-spacing of 52.0 ± 0.1 Å. The position
of the 003 re�ection peak at 5.1° con�rms this result. The d001
value of 52.0 Å is much higher than the corresponding value of
a hybrid organo-GO multilayer (d001 = 37.6 ± 0.1 Å), where
instead of the C-dots, a second ODA molecule is grafted in the
SA step. In fact, we propose that the hydrophilic terminal
groups of C-dots interact with the �rst GO layer and
simultaneously interpenetrate the �exible organic chains of
ODA molecules covalently attached on the second GO layer
(see inset).

The C 1s core-level X-ray photoemission spectrum of a 60-
layer-thick ODA-GO/C-dot hybrid multilayer is shown in
Figure 7 and compared to the spectra of pristine bulk GO and
of C-dots. The C 1s core-level X-ray photoemission spectrum
of graphene oxide reveals the di�erent oxygen functional
groups emerging after the oxidation. More speci�cally, the
contribution at 288.1 eV is due to carbonyl (C�O) groups and
makes up 11.0% of the total carbon intensity; the peak due to
epoxy (C�O�C) functional groups is located at 286.9 eV and
contributes to 32.5% of the total carbon intensity. Two peaks
centered at 285.5 and 289.1 eV stem from the C�O and C(O)

Figure 2. AFM topography images of a stearic acid/C-dot hybrid monolayer deposited on a Si wafer (section-analysis and depth-analysis histograms
are included).

Figure 3. ��a isotherms of ODA Langmuir �lms on pure water and
on an aqueous dispersion of GO.
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