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Abstract. We report on the preparation, characterization and
photophysical and electrocatalytic properties of carbon dots
(CDs)/MoS, ensembles. Based on electrostatic interactions,
ammonium functionalized MoS,, prepared upon reaction of 1,2-
dithiolane tert-butyl carbamate with MoS, followed by acidic
deprotection, was coupled with CDs bearing multiple carboxylates
on their periphery as derived upon microwave-assisted
polycondensation of citric acid and ethylenediamine followed by
alkaline treatment. Insights into electronic interactions between the
two species within CDs/MoS, emanated from absorption and
photoluminescence titration assays. Efficient fluorescence
quenching of CDs by MoS, was observed and attributed to
photoinduced electron/energy transfer as the decay mechanism for
the transduction of the singlet excited state of CDs. Finally, the
electrocatalytic performance of CDs/MoS, was assessed towards
the hydrogen evolution reaction and found superior as compareg to
that owed to the individual CDs species.
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fully harnessyse their capabilities and broaden their application in

variety oﬁds. However, LTMDCs tend to be rather inert —
Icogen atoms in the basal plane are saturated and not highly
ive, while the metal atoms are embedded beneath the
layer, thus not susceptible to functionalization.
s, reactions of metallic MoS; with organoiodides or
ts yielded MoS,-based materials carrying organic
addends a¥the basal plane.”! Moreover, ligand conjugation of
thiols to Mo atoms of metallic MoS,,”” as a rather debatable
route of functionalization, since thiols can convert to the
ponding disulfides in a catalytic reaction activated by the
nce of MoS,, which eventually physisorb onto the basal
ne of MoS,,™ was also reported. In addition, we recently
the covalent functionalization of exfoliated
semiconducting MoS;, by exploiting the high binding affinity of
1,2-dithiolanes for Mo atoms, particularly those located at the
edges of exfoliated semiconducting MoS,, where S vacancy
sites are naturally introduced during the chemical exfoliation
from the bulk."”!

Carbon dots (CDs), since their serendipitously discovery in
2004, proved to be a valuable new entry in the horizon of
carbon-based nanomaterials. In general, CDs are nanosized
particles, with diameter in the order of 10 nm or less, showing
solubility in aqueous and organic media,® biocompatibility!® and
photochemical stability.'"! Among the novel physicochemical
properties of CDs is their intrinsic photoluminescence,? which
can be exploited in energy conversion schemes.!"® In particular,
photoinduced energy and/or electron transfer processes in CDs
have been identified, for example, when combined with carbon
nanotubes,'" graphene oxide,™ perylene diimides,"® and
porphyrins.'"”’ Moreover, the high stability and good electrical
conductivity of CDs enable them to be considered as interesting
contenders for electrocatalysis.!"®

Considering all the above issues, the aim of the current
study is three-fold, namely to (i) integrate, by employing
electrostatic attractive forces, MoS, and CDs possessing
opposite charges, into an electron donor-acceptor CDs/MoS;
system, (ii) scrutinize intra-ensemble electronic interactions




between the two species, and (iii) assess the electrocatalytic
performance of CDs/MoS, towards the hydrogen evolution
reaction (HER). To achieve these goals, semiconducting MoS;
sheets, as obtained upon wet-exfoliation from the bulk, were
functionalized such as to carry positively charged ammonium
moieties, and combined with CDs bearing carboxylate anions.
Electronic absorption spectroscopy as well as steady-state and
time-resolved photoluminescence titration assays were
employed to shed light on the electronic communication and the
dynamics of the photoinduced processes developed within the
CDs/MoS; ensembles. Finally, overpotentials and Tafel slopes
were evaluated for the assessment of the electrocatalytic activity
of CDs/MoS, toward the HER.

Results and Discussion

Bulk MoS, was exfoliated to semiconducting nanosheets
following the chlorosulfonic acid assisted strategy. @ The
exfoliated MoS, was spectroscopically evaluated and found to
be around 340 nm in lateral size and oligolayered thick.!""
Treatment of exfoliated MoS; with the 1,2-dithiolane tert-butyl
carbamate (BOC) derivative 1, furnished material 2, according to
Figure 1a. This involves the recently established methodology
for the functionalization of chemically-exfoliated LTMDCs, based
on the high binding affinity of 1,2-dithiolanes for the Mo atoms, "
particularly those located at the edges of exfoliated M
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covalently associated organic species. The presence of the
ethylene glycol side chain in 2 allowed solubility enhancement,
tolerating easier handling and nipulation in wet media.
Furthermore, the BOC terminatin in 2, masking the
introduced amino-functions, can be eas ved under acidic
conditions, yielding ammonium functio
The chemical transformati

ctra of materials 2 and 3.
C-H units are identified

bands at 1650 and
units, respectively
latter band bein

carb8nyl amide and BOC
spectrum of 2, with the
trum of 3 (Supporting
ng the effective BOC-

d frequency difference between Aqq
and E'g is 24 cm™, onding to the presence of 3-4 MoS,
layers in average,?” it is reasonable to claim that the same
mber ofzs exists in 2 and 3. Additionally, no other Raman
ds wer served in the region 500-1000 cm™, indicating the
nce of oxidation during the exfoliation and functionalization
ss, hence, proving the preservation of the electronic
ies of the semiconducting MoS; polytype. In addition, the
alye changed from -24 mV for exfoliated MoS; to
, being consistent with the presence of ammonium
functionalit®s. Moreover, Kaiser test revealed a value of 50
umol/g for free amine units in 3. Then, based on TGA analysis,
the 4.5% mass loss observed during heating of 3 in the
rature range 200-500 °C under nitrogen atmosphere
orting Information, Figure S3), related to the
omposition of the organic part incorporated on MoS;, is
nsistent with the presence of one functional group for every 49
units of MoS,. As far as morphology concerns, the MoS;
material 3 was examined by field-emission SEM. Briefly, a few
drops of a methanol dispersion of 3 were deposited onto the
sample holder and imaged after the solvent was allowed to
slowly evaporate. Polygonal overlapping sheets of MoS; with
sizes varied between hundreds of nanometers to several
micrometers in a random distribution were observed (Supporting
Information, Figure S4). Amplification of several areas of the
material reveals semi-transparent sheets associated to few
layers of MoS,, with regular and linear edges. It should be
pointed out that due to the drying process for imaging, re-staking
of the MoS; layers occurs explaining not only the deviation
observed from the spectroscopically calculated layer size as in
solution but also the avoidance of identifying single-layered
MoS:; in the modified material 3.




In parallel, CDs were synthesized from citric acid and
ethylenediamine following a microwave-assisted
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Figure 2. UV-Vis absorption spectra of CDs™ 4 upon incremental *
additions of (a) ammonium modified MoS,-based material 3. Inset:
Enlargement of the 300-320 nm region where the isosbestic point is

developed, (b) MoS,-based material 2.
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Figure 3. Photoluminescence titration assays of CDs™ 4 (20 pg/mL) upon
incremental additions of (a) positively charged MoS,-based material 3,
and (b) neutral MoS,-based material 2. Measurements were conducted in
water for samples possessing equal absorbance at the excitation

wavelength of 370 nm.

electrostatic attractive interactions between the two species
were exploited (Figure 1b) en route the realization of CDs/MoS;
ensembles. In this direction, a series of aqueous titration assays
were conducted. Figure 2 shows the electronic absorption
spectra of CDs™ 4 upon addition of incremental amounts of
ammonium modified MoS; 3. Subtraction of the MoS; absorption
background allowed a clear observation of the titration effects —
please note that MoS; only shows characteristics bands beyond
490 nm, i.e. beyond the absorption bands of CDs” 4 — and
particularly the effect of MoS, addition on the CDs™ 4 spectrum —
in UV-Vis titration assays without subtracting the MoS, bands,
the characteristic absorptions of the semiconducting phase of
MoS; appear at 690, 630 and 490 nm (Supporting Information,
Figure S10). Evidently, a progressive red-shift for the absorption
of CDs™ 4 is observed, namely from 350 to 355 nm after the
addition of 320 uL of 3. Moreover, a broad isosbestic point at
310 nm, consistent with the complex formation between the two
species in the ground state, was developed. Notably, when
blank titration assays were conducted, by employing the neutral
MoSz-based derivative 2 instead of the positively charged 3,
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Figure 4. (a) Decay profiles for CDs™ 4 upon incremental additions of
positively charged MoS,-based material 3. (b) Stern-Volmer plot for the
additions of the positively charged MoS,-based material 3 (red) and the
neutral MoS,-based material 2 (blue) to CDs™ 4. (c) Decay profiles for

CDs™ 4 upon incremental additions of neutral MoS,-based material 2.
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Meaningful insight on photoinduced electronic interactions
between MoS, and CDs at the excited states was derived from
photoluminescence  measurem Steady-state  assays
revealed that the 460 nm fluoresce ission of CDs™ 4, upon
excitation at 370 nm, was progressively ed upon addition
of the ammonium modified MoS,-bas (Figure 3a),
for samples possessing e excitation
ays were conducted, by
rivative 2 instead of the
for the emission of

to the inner filter
gest strong electronic
ween the positive and
ensemble. The

positively charged 3,
CDs™ 4 was obsery,
effect of MoS..
interactions at th
negative specie

emission decay profiles for CDs™ 4
he analysis of the decay profiles at
460 nm (excitation at nm) for the singlet excited state of
CDs™ 4 was exclusively monoexponentially fitted with a lifetime
14.0 nsddition of the positively charged MoS,-based
terial 3 the negatively charged CDs™ 4 resulted in
onential fitting, giving rise to the identification of two
onents, namely, one with the same lifetime, attributed to
eracting CDs and a faster new one with 3.0 ns lifetime,
ing to the fluorescence quenching of the emission
singlet excited state of CDs within the CDs/MoS;
ensembles¥YBy comparing the lifetime of unbound CDs with the
one attributed to the CDs/MoS; ensembles, the quenching rate
constant k%, and the quenching quantum yield ®°, were

d for the addition of 2 to CDs™ 4 and a faster as well as non-
ear trend for the addition of 3 to CDs™ 4 (Figure 4b), implying
hat in the latter an additional process takes place, namely, the
electrostatic formation of the CDs/MoS, ensemble. This is
further confirmed upon examination of the fluorescence decay
profile for the blank measurement employing neutral MoS,-
based derivative 2, which remained monoexponentially fitted,
following the lifetime of intact CDs™ 4 (Figure 4c).

Finally, the electrocatalytic activity of CDs/MoS, towards
the hydrogen evolution reaction (HER) was examined by
employing a rotating disc working glassy carbon electrode in a
standard three-electrode glass cell at a scan rate of 5 mV/sec in
0.5 M H2SO0.4. In general, MoS; are promising materials for HER,
based on the overpotential and Tafel slope values they exhibit.?"
2 |n addition, the aqueous solubility of CDs together with the
presence of surface functional groups contribute to draw
hydrated protons, thus enhancing proton adsorption capacity,®*!
Based on the above and considering that hydrogen binds too
strongly to S, hence leaving as primary active site for MoS; the
Mo edge, the performance of CDs/MoS, towards the HER was
probed by linear sweep voltammetry. The polarization curve of
CDs/MoS; along with those of individual CDs™ 4 and bare glassy
carbon electrode for comparison are shown in Figure 5a. For a
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Figure 5. (a) Linear sweep voltammograms for the HER of CDs/MoS,
(black), individual CDs™ 4 (red) and bare glassy carbon electrode (dotted).
Inset: enlarged region near the onset. (b) Tafel plots for CDs/MoS; (black)
and individual CDs™ 4 (red) showing overpotential vs current density.

given potential, the cathodic current increased for CDs/MoS; as
compared to that based on individual CDs™ 4 and the bare
carbon glassy electrode. The evolution of gaseous hydrogen for
CDs/MoS; was visualized as bubbles appearing at currents as
small as 0.5 mA/cmZ, with enhanced rate at around -0.7 V vs
RHE. Since the cathodic current density is proportional to the
amount of hydrogen evolved, the latter result highlights the
better catalytic activity for CDs/MoS; and prominent hydrogen
evolution behavior exhibiting an onset overpotential near -0.5 V
vs RHE, which is lower than the individual CDs™ 4 by around 150
mV. The better electrocatalytic activity of CDs/MoS; is mainly
attributed to a synergic effect due to enhanced charge-tra
kinetics owed to the intimate contact between the two s
CDs and MoS; as well as the presence of active sites in MoS:.
Next, the linear regions of the Tafel plots (Figure 5b) fit to
the Tafel equation, n = B log j + a, where n is the ove,

lower overpotential is needed to
activity of individual CDs™ 4 is impr
CDs/MoS; ensemble. The latter
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Volmer adsorption: H" + €™ = H'aas) (1)
Heyrovsky desorption: H'ags) + H + €™ > H, (2)
Tafel desorption: H'(ags) + H'(ads) >

Conclusions
We developed aqueous sta 0S; ensembles, in which
ether in a controlled
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— starting from
CDs/MoS, Moreover, the electrocatalytic
was evaluated regarding the HER
parison with that of the individual
CDs species. Without a doubt, such CDs/MoS, ensembles
performing ingelectron donor-acceptor schemes can be further
lanaging charge-transfer processes as well as for

is and may be useful for advancing the field of
gy conversion in a wide range of technological and
nmental applications.

tal Section

Instrumentation. Steady-state UV-Vis electronic absorption spectra
were recorded on a PerkinElmer (Lambda 19) UV-Vis-NIR
ophotometer. Steady-state emission spectra were recorded on a
log-3 JobinYvon-Spex spectrofluorometer (model GL3-21).
second time-resolved fluorescence spectra were measured by the
e-correlated-single-photon-counting (TCSPC) method on a Nano-Log
pectrofluorometer (Horiba JobinYvon), by using a laser diode as an
excitation source (NanoLED, 375 nm) and a UV-Vis detector TBX-PMT
series (250-850 nm) by Horiba JobinYvon. Lifetimes were evaluated with
the DAS6 Fluorescence-Decay Analysis Software. Mid-infrared spectra in
the region 500-4500 cm™ were obtained on a Fourier transform IR
spectrometer (Equinox 55 from Bruker Optics) equipped with a single
reflection diamond ATR accessory (DuraSamp1lR 1l by SensIR
Technologies). A drop of the solution was placed on the diamond surface,
followed by evaporation of the solvent, in a stream of nitrogen, before
recording the spectrum. Typically, 100 scans were acquired at 2 cm™
resolution. Micro-Raman scattering measurements were performed at
room temperature in the backscattering geometry using a RENISHAW
inVia Raman microscope equipped with a CCD camera and a Leica
microscope. A 2400 lines mm™ grating was used for all measurements,
providing a spectral resolution of + 1 cm™. As an excitation source the Ar*
laser (514 nm with less than 0,092 mW laser power) was used.
Measurements were taken with 15 seconds of exposure times at varying
numbers of accumulations. The laser spot was focused on the sample
surface using a long working distance 50x objective. Raman spectra
were collected on numerous spots on the sample and recorded with
Peltier cooled CCD camera. The data were collected and analyzed with
Renishaw Wire and Origin software. Thermogravimetric analysis was
performed using a TGA Q500 V20.2 Build 27 instrument by TA in a
nitrogen (purity >99.999%) inert atmosphere. The microwave-assisted



reaction was performed in a CEM Discover SP reactor employed in
open-batch modality. Atomic force microscopy (AFM) images were
acquired in air under ambient conditions using a MultiMode AFM with
NanoScope V controller (Bruker Nano Surfaces Division, Santa Barbara,
CA) operating in tapping mode with Si tips Bruker AFM probe RTESPA
PART MPP-11120-10. Samples were prepared on mica substrates.
Particle height distribution analysis was carried out by using the
Nanoscope Analysis Version 1.5 software (Veeco Ins). Elemental
analyses were performed in a Thermo Flash EA 1112 instrument with ~3
mg of powder samples. The DLS measurements were recorded on a
Malvern Nano Zetasizer HT, on a 10 mm path-length plastic cuvette. H
and "*C NMR spectra were recorded in D,O solutions at 25 °C on a
Bruker AV500 spectrometer. Electrochemical measurements were
carried out at room temperature in Nj-saturated 0.5 M H,SO, in a
standard three-compartment electrochemical cell using an EG&G
Princeton Applied Research potensiostat/galvanostat (Model PARSTATR
2273A). As counter electrode, a platinum wire was used and as
reference a Hg/HgSO, (0.5 M K,S0,) electrode was placed into Luggin
capillary. The working electrode was a glassy carbon disk with geometric
surface area of 0.071 cm?. Linear sweep voltammetry measurements
were conducted with a scan rate of 5mV s™".

Synthesis of carbon dots. 2.0 g of citric acid monohydrate (9.5 mmol)
were dissolved in 16 mL of ultrapure water. Upon addition of 0.64 mL of
ethylenediamine (9.5 mmol) the solution was heated up through
microwave irradiation. The mixture was irradiated in order to keep the

temperature at 140°C for 6 minutes, after that the irradiation was stopped.

This yields in a yellow, transparent solid product, highly soluble in water.
The product was dissolved in ultrapure water and dialyzed against
ultrapure water (MWCO = 0.5-1.0 KDa, 3 days, twice a day). The dry
material CDs™ 4 was obtained by freeze-drying, with a yield in mass
wt. %.

Preparation of MoS,-based materials 2 and 3. In a round b
exfoliated MoS; (35 mg) and 1,2-dithiolane derivative 1 (15

mixture was filtered through a PTFE membrane (0.2 p
solid residue was extensively washed with DMF and dj

left under stirring for 12 hours and then filtered through
membrane (0.2 pm pore size). The solid residue was extensively wa
with DMF and dichloromethane to obtain the ammonium derivatize:
MoS,-based material 3.
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