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Top-down and bottom-up approaches to
transparent, flexible and luminescent
nitrogen-doped carbon nanodot-clay hybrid films†

Konstantinos Dimos, *‡a,b Francesca Arcudi, *‡c Antonios Kouloumpis, a,d

Ioannis B. Koutselas, e Petra Rudolf, d Dimitrios Gournis *a and
Maurizio Prato *c,f,g

Two easy approaches are successfully employed for the preparation of nitrogen-doped carbon nanodot

(NCND)-clay hybrids (bulk solids and thin films). Fluorescent and small NCNDs are intercalated within the

interlayer space of LAPONITE® clay with a simple ion exchange reaction in bulk or embedded between

functionalized LAPONITE® sheets by combining a layer-by-layer approach with a self-assembly process. In

both cases, homogeneous hybrids with 2D-ordered NCNDs (accounting for >20 wt%) are produced, with

the NCND optoelectronic properties preserved. Drop casting of suspensions or self-assembly on flexible

substrates allows the fabrication of luminescent flexible films. The transparency of the films is found to be

adjustable either by controlling the concentration of the drop-cast suspensions or by the number of layers

in the self-assembly procedure. The prepared films are stable over time: the inert LAPONITE® platelets not

only guide the highly ordered 2D assemblies of NCNDs in the interlayer space but also protect them from

external agents, which could affect their surfaces and thus alter their optoelectronic properties.

Introduction

Carbon nanodots (CNDs) are an emergent class of carbon
nanomaterials that include quasispherical nanoparticles with
sizes below 10 nm.1 Since their discovery,2 CNDs have attracted
a lot of attention, since they combine unique and attractive
characteristics, such as tunable photoluminescence, low toxi-
city, biocompatibility and low photobleaching.3,4 As a result,
CNDs could possibly lead to breakthroughs in biosensing, bio-
imaging and nanomedicine, eventually outperforming conven-
tional toxic metal-based quantum dots.5 Moreover, CNDs show
promise in areas such as light emitting diodes, solar cells,

sensing, catalysis, and photovoltaic devices,6–8 while engineer-
ing their surface functionality may expand their applicability.9–12

On the other hand, in another exciting field of nanotechno-
logy, the availability of two-dimensional (2D) structures,
such as graphene, transition metal dichalcogenides or more
recently phosphorene, has catalyzed the interest in layered
materials.13 Quantum confinement within the extended planar
network where electrons can travel endows these materials
with extraordinary properties. Conventional semiconducting
nanoparticles have been combined with 2D hosts such as clay
minerals in order to create sophisticated homogeneous, 2D-
ordered hybrids, in the form of small aggregates or extended
thin films, which maintain the optoelectronic properties of the
quantum dots.14,15 Recently, engineered systems of functional
CND-based hybrids have begun to emerge. CNDs have been
grafted to fibers to form hybrids with clays for LEDs,16

supported on layered double hydroxides to act as catalysts,17

or integrated into silica18,19 or polymer-assisted luminescent
composite films.20–23

However, to the best of our knowledge, no highly ordered
arrays in which CNDs are intercalated in 2D matrices have
been reported so far. Ideal hosts for such purposes are clay
minerals and especially the members of the smectite group.
These phyllomorphous silicates possess exceptional swelling,
adsorption, ion exchange and intercalation properties along
with high surface areas.24 Hence, smectites are a highly suit-
able candidate for hosting CNDs in their interlayer space.
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Recently, we reported a simple bottom-up approach to
bright fluorescent nitrogen-doped CNDs (NCNDs) using a
microwave reactor.25 These NCNDs have excellent solubility in
water and abundant nitrogen- and oxygen-bearing functional
groups on their surface, which should allow ion-exchange-
driven intercalation within the clay interlayer space.

In this paper, we describe the intercalation of our NCNDs
in synthetic LAPONITE® (Lap, LAPONITE® is a registered
trademark by BYK Additives Ltd) producing luminescent
hybrids, and the fabrication of transparent and flexible thin
films based on these hybrids. Two diverse approaches were
employed for the formation of hybrids and thin films; a top-
down approach producing bulk composites and films by sub-
sequent drop casting from suspensions, and a bottom-up
layer-by-layer (LbL) approach yielding ultra-thin hybrid films.
The first approach uses bulk pristine materials and leads to
hybrids with the desired nanostructure, while the second
relies on the Langmuir–Schaefer (LS) and self-assembly (SA)
techniques to build up multilayered films in a controllable
fashion. The final materials exhibit a high NCND content
(above 20 wt%) and are homogeneous, while their transpar-
ency can be easily tuned.

Experimental
Sample preparation

Nitrogen-doped carbon nanodots (NCNDs) were synthesized
and characterized as described in detail elsewhere.25 In
brief, NCNDs were obtained via microwave irradiation of an
aqueous solution of L-arginine and ethylenediamine (EDA)
(1 : 1 mol/mol). Typically, L-arginine (87.0 mg), EDA (33.0 μL)
and Milli-Q water (100.0 μL) were heated to 240 °C, at 26 bar
and 200 W for 180 s. Upon microwave heating the solution
became brown as a result of NCND formation. The solution
was diluted with water and filtered through a 0.1 μm micro-
porous membrane separating a deep yellow solution that was
dialyzed against pure water through a dialysis membrane for
2 days. Finally, the aqueous solution of NCNDs was lyophilized,
yielding a brownish solid.

For the top-down synthesis of the NCND-Lap hybrid,
100 mg of LAPONITE® (from The Clay Minerals Society,
chemical formula: Na0.56[Mg5.4Li0.4]Si8O20(OH)4) were fully
exfoliated upon stirring for 24 h in 400 mL ultrapure water
(Milli-Q); then 1.5 mL of an aqueous (Milli-Q) solution con-
taining 75 mg NCNDs were added and stirring was continued
for an additional 24 h. The final product (NCNDs-Lap) was iso-
lated by centrifugation. Flexible NCND-Lap films on a PET
transparent substrate were fabricated by drop casting aliquots
of a NCNDs-Lap aqueous suspension.

For the bottom-up approach first a Langmuir–Blodgett
trough (KSV 2000 Nima Technology model) was cleaned with
ethanol and water. LAPONITE® suspensions in ultrapure water
(0.02 mg mL−1) were used as the subphase and a Pt Wilhelmy
plate was employed to monitor the surface pressure. For the
formation of a LAPONITE®-containing Langmuir film at the

air–water interface we followed a similar procedure to that
reported in ref. 26: 50 μL of a 0.2 mg mL−1 dimethyl-
dioctadecylammonium bromide (DODA) solution in chloro-
form/methanol 9/1 (v/v) was spread onto the subphase with
the help of a microsyringe. After a waiting time of 15 min, the
hybrid DODA-LAPONITE® layer was compressed at a rate of
5 mm min−1 until the target surface pressure of 20 mN m−1

was reached, forming a dense DODA-LAPONITE® Langmuir
film. This pressure was maintained constant throughout the
deposition process. Layers were transferred onto the hydro-
phobic quartz substrates (prepared as described in the ESI,
Scheme S1†) by the Langmuir Schaefer technique (horizontal
dipping), with downward and lifting speeds of 10 and
5 mm min−1, respectively. After the transfer of the
DODA-LAPONITE® layer to substrates, the surface of the trans-
ferred film was rinsed with pure water several times and dried
with a flow of N2 gas. The hybrid LAPONITE® film was dipped
into an aqueous solution of NCNDs (0.2 mg mL−1) to induce
the formation of a LAPONITE®-NCND hybrid by the self-
assembly and rinsed again several times by dipping into ultra-
pure water and dried with nitrogen flow. A hybrid multilayer
film was formed by repeating this procedure (DODA-Lap-
NCNDs), as shown in Fig. 5a. Pressure area (Π–a) isotherms of
DODA monolayers in pure water and in LAPONITE® dis-
persion are shown in Fig. S4.†27,28

Analytical measurements

The θ–2θ X-ray powder diffraction data (XRD) were collected
with a D8 Advance Bruker diffractometer using Cu Kα radi-
ation (40 kV, 40 mA, λ = 1.54178 Å). Diffraction patterns were
collected in the 2θ range from 1° to 25°, in steps of 0.02° and
2 s counting time per step. Thermogravimetric analysis (TGA)
and differential thermal analysis (DTA) were performed using
a PerkinElmer Pyris Diamond TG/DTA instrument. Samples of
approximately 3–3.5 mg were heated in still air from 15 °C to
800 °C, with a heating rate of 5 °C min−1. For recording
Fourier transform infrared spectra on a PerkinElmer GX
Fourier transform spectrometer in the frequency range of
400–4000 cm−1, pellets of pulverized samples dispersed in KBr
were used. The reported spectra are an average of 64 scans col-
lected with 2 cm−1 resolution.

X-ray photoelectron spectroscopy (XPS) measurements were
performed at a base pressure of 5 × 10−10 mbar in a SPECS
GmbH instrument equipped with a monochromatic Mg Kα
source (hν = 1253.6 eV) and a Phoibos-100 hemispherical ana-
lyzer. The energy resolution was set to 0.3 eV and the photo-
electron take-off angle was 45° with respect to the surface
normal. All binding energies are reported ± 0.05 eV and refer-
enced to the Si 2p at 99.15 eV. Spectral analysis included a
Shirley background subtraction and peak deconvolution
employing mixed Gaussian–Lorentzian functions, in a least
squares curve-fitting program (WinSpec) developed at the
Laboratoire Interdisciplinaire de Spectroscopie Electronique,
University of Namur, Belgium. All measurements were carried
out on freshly prepared samples. Four different spots were
measured on each surface to check for reproducibility.
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UV-Vis spectra were recorded on a Shimadzu UV-2401PC
two beam spectrophotometer in the range of 200–800 nm, at a
step of 0.5 nm, using a combination of deuterium and halogen
lamps as sources. Photoluminescence emission and excitation
(PL/PLE) spectra were recorded on a Jobin Yvon Fluorolog 3
spectrofluorometer FL-11 employing a 450 W Xenon lamp and
a P928P photodetector; the slits were set at 5 nm. The PL/PLE
spectra were corrected by the instrument-specific files supplied
by the manufacturer, based on the measurements of com-
pounds with known quantum yield, whereas emission peaks
originating by water Raman scattering have been eliminated
from the PL spectra. All optical UV-Vis and PL/PLE spectra of
NCNDs-Lap suspensions placed in 10 mm path-length quartz
cuvettes and of the NCNDs-Lap thin film deposited on quartz
substrates were recorded at room temperature. For PL/PLE
spectra, the detector-source geometry was at 90° with respect
to the sample and for the PL/PLE measurements of the thin
film the quartz substrate was placed in reflective geometry.

Results and discussion
Top-down approach

Nitrogen-doped carbon nanodots (NCNDs) were synthesized
and characterized as described elsewhere.25 100 mg
LAPONITE® were fully exfoliated upon stirring for 24 h in
400 mL ultrapure water (Milli-Q). Then 1.5 mL of an aqueous
(Milli-Q) solution containing 75 mg NCNDs was added, while
stirring was continued for an additional 24 h (Fig. 1a). The
final product (NCNDs-Lap) was isolated by centrifugation.
Flexible NCNDs-Lap films on a PET transparent substrate were
fabricated by drop casting aliquots of a NCNDs-Lap aqueous
suspension.

The fluorescence of NCNDs is preserved in the NCNDs-Lap
aqueous suspension (Fig. 1b) and the NCNDs-Lap hybrid drop-
cast onto a PET substrate from the aqueous suspension results
in flexible, transparent and luminescent films (Fig. 1c).

Remarkably, luminescence and transparency are unique
features of CNDs that are difficult to achieve with other
carbon-based hybrids. The drop-casting method allows us to
adjust these properties by controlling the concentration of the
drop-cast suspensions and/or the total drop-cast volume.

The successful introduction of the NCNDs in the layered
matrices was proven by X-ray powder diffraction (XRD). The
XRD patterns of the pristine Lap and of NCNDs-Lap hybrid are
shown in Fig. 2a. Both are typical of layered materials as they
exhibit strong reflection peaks at 2θ ∼ 6.9° and ∼4.6°, respect-
ively, that originate from the (001) lattice planes. By employing
Bragg’s law, the corresponding d001 spacings can be calculated
to be 12.8 ± 0.3 Å for Lap and 19.3 ± 0.3 Å for NCNDs-Lap. The
significantly larger value of d001 for NCNDs-Lap testifies the
successful intercalation of the NCNDs in the interlayer space
of Lap. In fact, Lap is a smectite clay, also called a 2 : 1 clay,
meaning that its platelets consist of an octahedral alumina
layer sandwiched between two tetrahedral layers of silicon
oxide (SiO4) and are 9.6 Å thick.29 Thus, the interlayer space of
pristine Lap is (12.8–9.6) ≈ 3 Å and suggests the presence of a
monolayer by water molecules; the interlamellar space of
NCNDs-Lap is instead (19.3–9.6) ≈ 10 Å, which implies that
small NCNDs of a size of ≈1 nm are intercalated between the
LAPONITE® sheets.30

To estimate the amount of NCNDs incorporated in
Lap, thermogravimetric (TGA), differential thermogravimetric
(DTG) and differential thermal (DT) analyses were performed
on the hybrid (Fig. 2b) as well as on the pristine Lap. The
small weight loss below 100 °C with a corresponding endother-
mic peak is attributed to the removal of physisorbed water
molecules. At higher temperatures and more specifically in the
temperature region of 150–650 °C, which is marked with two
vertical dashed lines, two broad exothermic peaks centered at
∼346 °C and ∼520 °C are observed; the related mass loss
occurs mainly during these two exothermic reactions as better
exposed by the DTG signal and amounts to 26%. The first

Fig. 1 (a) Schematic illustration of the NCNDs-Lap hybrid prepara-
tion; (b) digital photographs of a NCNDs-Lap aqueous suspension
(2.5 mg mL−1) with room lights on (left), with room lights on and UV
(365 nm) illumination (center) and with room lights off (darkness) and
UV (365 nm) illumination (right); (c) digital photographs of a transparent
flexible NCNDs-Lap film deposited on a PET transparent substrate by
drop casting aliquots of a NCNDs-Lap aqueous suspension with lights
on (left and top right), and lights off and UV (365 nm) illumination
(center and bottom right).

Fig. 2 (a) X-ray powder diffraction patterns of LAPONITE® and of the
NCNDs-Lap hybrid prepared using the top-down approach; (b) thermo-
gravimetric (TG), differential thermogravimetric (DTG) and differential
thermal (DT) analysis curves of the NCNDs-Lap hybrid prepared with the
top-down approach (bottom panel).
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reaction probably corresponds to the decomposition of the
functional groups present on the NCND surface, whereas the
second reaction is the combustion of the remaining carbon,
namely the core of the NCNDs. Above 650 °C the sample dis-
plays a narrow exothermic peak at 757 °C with a sharp but
small weight loss, which is ascribed to the phase transition of
LAPONITE® due to its dehydroxylation and crystallization of
enstatite.31 The relevant thermal analysis curves of pristine
LAPONITE® are shown in Fig. S1 of the ESI,† where as
expected the weight loss in the 150–650 °C temperature region
typical of the combustion of carbon materials is minute (4%),
no peaks are observed in the DTA and DTG signals and just a
slight slope of the TGA signal is seen. Therefore, the NCND
content in the NCNDs-Lap hybrid is estimated to be at least
22 wt% and could reach as much as 25–26 wt% in the case
where the possible organic contaminants of Lap were comple-
tely removed during the preparation of the hybrid and the ion
exchange reactions with the NCNDs. These percentages are
consistent with the energy-dispersive X-ray analysis of a
NCNDs-Lap flake (Fig. S2 of the ESI†).

The surface components of the NCNDs-Lap hybrid were
determined by Fourier transform infrared (FT-IR) and X-ray
photoelectron (XPS) spectroscopy methods (Fig. 3). The FT-IR
spectrum displays peaks at 443, 651, 1009 and 3695 cm−1 orig-
inating from Lap, which can be assigned to the rocking
vibration of Si–O–Si, the bending vibration of Mg–O–Si, the
stretching vibration of Si–O–Si and the stretching vibration of
O–H bonds from lattice hydroxyl groups, respectively.15 The
broad band centered at 3409 cm−1 and most of the intensity of
the 1650 cm−1 peak are correlated with physisorbed water and
specifically with the H2O stretching and bending vibrations,
respectively. The remaining bands are associated with the
NCNDs, with oxygen and nitrogen surface functional groups.25

In detail, the peak at 1361 cm−1 is related to the stretching
vibration of C–O bonds, the one at 1457 cm−1 to the stretching
vibration of C–N and/or bending of C–H bonds, while the
1559 cm−1 peak originates from the stretching of CvN and/or
N–H bending. The 1709 cm−1 band is correlated with the
stretching of CvO bonds from carboxyl groups, whereas the
peaks at 2871 and 2953 cm−1 derive from the symmetric and
asymmetric stretching vibrations of C–H bonds. In addition,
stretching of CvC bonds or CvO bonds of carbonyl groups
may contribute to the 1650 cm−1 band, while the stretching

vibrations of O–H and N–H bonds from NCNDs contribute to
the 3409 cm−1 band of water.25

XPS analysis confirms the above results since carbon, nitro-
gen, oxygen, silicon and magnesium are detected in the survey
spectrum (not shown) and the signature of all the carbon-
containing functional groups identified in the FT-IR analysis
is found upon deconvolution of the C 1s spectrum (Fig. 3b).
The six components of the C 1s spectrum can be assigned as
follows: the lowest binding energy component at 284.6 eV
which contributes with 26.3% to the total C 1s intensity is
assigned to C–C and C–H bonds, while the one at 285.5 eV
(38.1%) is due to C–O and C–N bonds. Additionally, the peak
at 286.6 eV (18.1%) is attributed to the C–O–C group and the
one at 287.8 eV (7.6%) originates from CvO and CvN groups.
The component at 288.8 eV (7.3%) corresponds to C(O)O
groups, whereas the highest binding energy component at
289.7 eV (2.6%) is associated with π–π shake-up features.25,32

The optical properties of the NCNDs-Lap suspensions were
studied by means of UV-Vis optical absorption and photo-
luminescence emission (PL) and excitation (PLE) spectroscopy
and were found to be similar to the NCNDs in solution,25 thus
confirming that the Lap matrix did not perturb the photo-
physical properties of the embedded NCNDs. The UV-Vis spec-
trum (Fig. 4a) demonstrates the characteristic features of
NCNDs, i.e. it exhibits gradual absorption from lower to higher
energies and mainly below 400 nm while it displays a clear
absorption band at ∼290 nm which is correlated with the π–π*
transition of the conjugated CvC units.25

The PL spectra (Fig. 4b) reveal the excitation-dependent
luminescence behavior of the hybrid material as well as NCND
solution. A clear red shift of the emission peaks from ∼353 nm
to ∼518 nm is observed when increasing the excitation wave-
length from 280 to 440 nm. The spectra display broad and
multiple emissions as more clearly visible at higher excitation
energies. For instance, with excitation at 280 nm, the spectrum
presents a broad emission peak centered at ∼353 nm and an
even broader shoulder around 450 nm. The spectrum excited
at 300 nm shows analogous features with its main emission at
360 nm and a broad emission in the visible region above
∼420 nm for which the exact band position is difficult to
define. 300 nm is also the optimal excitation wavelength for
obtaining the maximum fluorescence intensity from the
NCNDs-Lap suspension. The other spectra are similar and
display descending luminescence intensity as the emission is

Fig. 3 (a) FT-IR spectrum and (b) C 1s core level photoemission spec-
trum of the NCNDs-Lap hybrid prepared with the top-down approach.

Fig. 4 (a) UV-Vis absorption spectrum and (b) photoluminescence
emission (PL) spectra of a NCNDs-Lap aqueous suspension.
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broadened and red shifted. The multiple emission bands as
well as the shift to lower energies upon excitation with ascend-
ing wavelengths clearly suggest the presence of various and
diverse emissive states. These originate from the several exist-
ing surface groups and traps, a fact that explicates the compli-
cated excitation-dependence of the PL spectra along with the
size-dependence.25

Furthermore, comparison of the PL spectra suggests that
there should be at least one main absorptive band below
300 nm, in agreement with the UV-Vis spectrum, and alterna-
tive deactivation pathways that give rise to further emission
peaks. The high energy absorption is linked with the π–π* tran-
sitions of CvC units, whereas the lower energy absorptions
correspond to n–π* transitions. Nitrogen doping causes a blue
shift, while introduction of oxygen atoms containing func-
tional groups induces more electronic states between the
NCNDs’ π–π* bandgap guiding to a red shift in the observed
PL. The additional states originate either by n electrons from
CvO units near the π band or by introduced energy levels
from C–O and C–O–C groups just below the π* band.9,25,33,34

Hence, the spectral features of the PL spectra are clarified as
follows: when NCNDs-Lap is excited with high energy (280 nm)
capable of inducing π–π* transitions, a relatively high energy
deactivation band dominates the spectrum (353 nm), while
alternative deactivation pathways linked with n–π* transitions
are also present (shoulder at ∼450 nm). In contrast, with lower
energy excitation (300 nm and longer), the n–π* transitions
become predominant and various recombination pathways
occur, thus explaining also the broadening of the emissions
which is better observed for the spectra with excitation at
≥340 nm.

The PLE spectra (Fig. S5†) confirm the interpretation of the
UV-Vis and PL spectra as far as the presence of multiple
absorptive bands and deactivation pathways is concerned.
Locking emission at 380 nm, a broad excitation band centered
at ∼300 nm and a higher energy peak at ∼245 nm are
observed. This agrees with the band at 292 nm and the rapid
increase in absorption below ∼250 nm in the UV-Vis spectrum.
In fact, this further supports the photoluminescence findings
(PL spectrum, λexc. at 300 nm), where the maximum lumine-
scence of the NCNDs-Lap hybrid results when exciting at
300 nm with broad emission centered at 360 nm and thus sig-
nificant fluorescence intensity at 380 nm (PLE spectrum, λem.

at 380 nm). The second PLE spectrum with λem. at 450 nm dis-
plays two excitation bands; one near 280 nm and another at
∼375 nm, in agreement with the PL spectra (λexc. at 280 and
380 nm) where emission at ∼450 nm is observed, and with the
UV-Vis spectrum where in addition to the ∼290 nm band, a
slight shoulder around 350 nm seems to exist. Overall, the pre-
sented PL/PLE spectra converge to the conclusion that there
are various electronic states within the NCNDs’ bandgap (π–π*)
as reported in the literature on CNDs.9,25,30,31

Bottom-up approach

The bottom-up LbL approach presents the advantage over the
typical solution chemistry in that it allows the precise control

of the number of layers and layering sequence during the film
formation, which translates to a higher degree of ordering,35,36

as also observed for the LAPONITE®-carbon dot film we
discuss here.

As illustrated in Fig. 5a and described in detail in the
Experimental section, in the first step a dimethyl-
dioctadecylammonium (DODA)-Lap monolayer was prepared
at the air/water interface and attached onto a substrate. In the
second step, the DODA-Lap layer was dipped into a solution of
NCNDs for self-assembly, resulting in a luminescent
DODA-Lap-NCND multilayer film (Fig. 5b). The repetition
of this nanofabrication cycle could finally result in well-
controlled structures with the desired number of NCND layers.

As shown in Fig. 6a, the XRD pattern of the as-prepared
DODA-Lap-NCND film displays a 001 peak which is signifi-
cantly narrower compared to that of NCNDs-Lap (Fig. 2a) and
that of pristine Lap. This narrow 001 peak results from the
higher number of the stacking clay layers and also suggests a
better orientation among the layers than in NCNDs-Lap or
pristine Lap.

In addition, the d-spacing, calculated to be 25.7 ± 0.3 Å,
corresponds to a considerably larger interlamellar space,
namely ∼16 Å, than calculated for the NCNDs-Lap hybrid pre-
pared in bulk, due to the presence of DODA in the clay inter-
layer. In addition, we cannot exclude that bigger NCNDs may
have been intercalated between the LAPONITE® layers as the
effective space is larger. In fact, during the self-assembly
process, NCNDs attach to the surface and may penetrate

Fig. 5 (a) Schematic representation of the deposition cycle for the
DODA-Lap-NCND multilayer film. Transfer of the DODA-clay monolayer
onto a substrate in the first step, followed by the grafting of NCNDs
onto the DODA-clay monolayer. This cycle could be repeated as many
times as required; (b) digital photographs of the hybrid transparent
DODA-Lap-NCND multilayer film (80 layers) deposited on quartz in day-
light (left), under UV (254 nm) illumination (center) and UV (365 nm) illu-
mination (right).
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among the easily movable DODA tails so that NCNDs of a
maximum diameter of ∼15 Å can be hosted in the hybrid
structure.

XPS was also employed for the surface analysis of the
DODA-Lap-NCND films (Fig. 6b). Once more, carbon, nitrogen,
oxygen, silicon and magnesium were detected in survey
spectra (not shown), while fitting the C 1s spectrum results in
five major contributions. The peak at 284.6 eV which contrib-
utes with 51.5% to the total C 1s intensity derives from C–C
and C–H bonds. This is much larger in the LbL film than in
the bulk synthesized hybrid because of the presence of DODA.
29.7% of the total C 1s intensity is due to C–O and C–N bonds
giving rise to a peak centered at 285.4 eV and the peak derived
from C–O–C groups at 286.4 eV contributes 9.4%. The small
contributions at 287.3 eV band (5.4%) and at 288.5 eV (4.0%)
are assigned to CvO/CvN groups and C(O)O groups,
respectively.

The LbL films were further characterized by UV-Vis and PL/
PLE spectroscopy methods (Fig. 7). The absorption spectrum
of the produced multilayer is identical to that of the drop-cast
film (Fig. 4), exhibiting the same shoulder at ∼290 nm. The
transparency is controlled by the number of LbL self-assembly
steps and consequently the number of layers; a 40-layer film is
85% transparent at 550 nm, while for the 80-layer film this
value drops to 63%.

Extended PL spectra of the LbL films are shown in Fig. S3,†
whereas for clarity reasons only the regions of the main
peaks are presented here. Thus, as clearly observed, the LbL

films exhibit excitation-dependent luminescence behavior.
Consequently, as the excitation wavelength increases from 280
to 440 nm, the dominant emission band is red shifted accord-
ingly from 358 to 560 nm. The maximum luminescence inten-
sity is observed when excitation at 280 nm occurs, whereas
interpretation of the spectral characteristics connects the
recorded fluorescence with both π–π* and n–π* transitions and
varied deactivation pathways. The latter is better seen in
Fig. S3† where additional – to the main peaks – emission
bands are observed. As in the case of NCND-Lap suspensions,
this is more obvious for spectra with high energy excitation
wavelengths (280–320 nm) with the recombination pathways
giving rise to emissions mainly in the ∼450–470 nm region, in
relevance with the shoulder at ∼450 nm of NCNDs-Lap (Fig. 4,
λexc.: 280 nm). On the other hand, compared to the PL spectra
of NCND-Lap the spectra of DODA-Lap-NCND films exhibit
narrower main emission peaks suggesting no water or inter-
particle interference and possible passivation by the DODA
alkyl chains or in contrast a change in the emissive sites on
the surface probably due to an interaction with DODA alkyl
chains. Nevertheless, in general, the formed ultra-thin LbL
films demonstrate analogous fluorescence and optoelectronic
properties with the bulk NCNDs-Lap suspensions and succeed-
ing drop-cast films.

This is further verified from the obtained PLE spectra of
the DODA-Lap-NCND film (Fig. S6†). Three excitation bands at
∼245, ∼280 and ∼375 nm are exposed when emission is
locked either at 410 or at 460 nm; these are identical to those
reported for bulk NCND-Lap suspensions (Fig. S5†). Hence, as
discussed in detail for the NCNDs-Lap hybrid, it is also valid
that the PLE spectra of the LbL DODA-Lap-NCND films are in
accordance with the rest of the optical spectra (UV-Vis and PL)
and the NCND optical properties are still strong and present in
the multilayer film.

Conclusions

In summary, we successfully report a simple and novel prepa-
ration of nitrogen-doped carbon nanodot (NCND)-clay hybrids
via two different approaches: bulk solution chemistry and
layer-by-layer deposition realized by combining the Langmuir–
Schaefer technique with self-assembly. In both cases, hybrids
with intercalated NCNDs in the interlayer of LAPONITE®
sheets are obtained, and a high NCND content (above 20 wt%)
is achieved. In the hybrids, the NCNDs preserve their opto-
electronic properties and exhibit excitation-dependent lumine-
scence. In other words, the inert matrix of Lap protects the
embedded NCNDs from external agents that could affect their
optoelectronic properties. Furthermore, the transparency of
the films can be tuned either by adjusting the dot concen-
tration in the suspension used for the preparation of drop-cast
films, or by controlling the number of layers in the films pre-
pared by layer-by-layer deposition. Therefore, we demonstrate
that stable and homogeneous hybrid materials, which may
drive potential applications in optoelectronics, energy, cataly-

Fig. 6 (a) X-ray powder diffraction patterns of LAPONITE® and of a
DODA-Lap-NCND multilayer film (80 layers); (b) C 1s core level photo-
emission spectrum of a DODA-Lap-NCND multilayer film (80 layers).

Fig. 7 (a) UV-Vis absorption spectrum and (b) photoluminescence
emission (PL) spectra of a DODA-Lap-NCND multilayer film on quartz
(80 layers).
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sis and biomedicine, can be prepared through the proper use
of well-established approaches.
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