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ABSTRACT

Simple, cheap, and green exfoliation methods for the mass production of two-dimensional (2D) nano-
materials are still required for their widespread adoption. In this context, this work presents a systematic
study regarding the exfoliation of group VI transition metal dichalcogenides (TMDs) using 14 different
food-derived phenolic compounds of different structural complexity. Phenolic compounds have
demonstrated to successfully assist the liquid phase exfoliation conferring unique redox functionalities to
the TMDs nanosheets. The most performant exfoliating agents have been carefully optimized and
demonstrated to produce stable 2D nanoflakes dispersions with peculiar electrochemical properties. This
work proves how properly selected natural stabilizing agents allow an effective TMDs exfoliation, giving
rise to hybrid organic/inorganic nanomaterials with functional electrochemical and additional catalytic
features. The reported approach opens new paths for the green production of exfoliated 2D functional
nanomaterials for sensing, biosensing, and energy applications.

Functional phytocompounds
Liquid phase exfoliation
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1. Introduction

Two-dimensional (2D) layered materials and their hetero-
structures represent one of the most promising forefronts in the
nanomaterial field. These materials show quite different structures
with respect to the carbon 2D honeycomb lattice of graphene, of-
fering additional and unexpected properties related to their pecu-
liar chemical composition and physical state; this often allows to go
beyond graphene opportunities [1,2]. Among 2D layered materials,
transition metal dichalcogenides (TMDs) and, in particular, MoS,,
WS,, MoSe;, and WSe; have attracted a worldwide multidisci-
plinary research interest [3]. TMDs are layered materials with a
crystal structure consisting of sheets with a hexagonal layer of
metal atoms (M) sandwiched between two layers of chalcogen
atoms (Q). The TMDs sheet wafer structure (Q-M-Q) is held
together by covalent bonds, while van der Waals interactions occur
between adjacent Q-M-Q sheets [4,5]. The TMDs versatile chem-
istry results particularly appealing in several fields, including
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catalysis and energy storage, sensing, biosensing, and device real-
ization [6] as well as for biological/biomedical applications [5,7].
The TMDs exfoliation is crucial to tailor the final properties of the
material, such as the number of layers, dimension, solubility, and
reactivity [6,8]. In this regard, impressive efforts have been devoted
to improve physical and chemical processes to obtain few-layered
TMDs with tailored properties.

The exfoliation of bulk TMDs to monolayer or few layers nano-
sheets requires the breaking of the weak Van der Waals interactions
existing between adjacent layers in the pristine form. The exfolia-
tion increases the exposed area and edge atoms, leading to higher
reactivity and catalytic activity, and affecting electronic, photonic,
and magnetic properties [9—11]. Mechanical and chemical exfoli-
ation, as well as chemical vapor deposition and chemical synthesis
starting from precursors, are the conventional techniques to obtain
a few-layered TMDs-controlled structure [5]. Among others, TMDs
Li intercalation followed by a further exfoliation represents one of
the most used techniques to obtain water-soluble single-layer
TMDs in the metastable trigonal symmetry (1T) where the atoms
present octahedral coordination [5,12]. On the other hand, direct
liquid phase exfoliation (LPE) assisted by controlled ultrasounds
has become an affordable large-scale approach to produce few-
layered hexagonal TMDs (2H) with the prismatic coordination of
transition metal atoms [11,13]. LPE has been mainly studied in
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organic solvents that act as dispersing and stabilizing phases
[14,15]; however, the real challenge is to apply this exfoliation in
water preserving the characteristics of the material. 2D TMDs
nanocolloids in aqueous medium have been obtained via LPE using
different stabilizing agents, such as surfactants, polymers, and
other amphiphilic compounds, mainly acting through non-covalent
interactions [11]. Recently, Griffin et al. have studied a broad range
of common surfactants, demonstrating how the surfactant type and
concentration affect the dimension and conformation of the
nanosheets [16].

Motivated by the ongoing chemical green revolution and the
United Nations sustainable development goals [17], the use of
low-impact materials, biomolecules, phytochemicals, and by-
products has burst also in the materials and applied science sce-
nario [18—20]. In this regard, proteins, peptides, nucleotides, and
bile salts have been demonstrated to be able to assist 2D materials
exfoliation [21,22]. Recently, also natural products have been used
for the same aim (i.e. polysaccharides, parts of plants, extracts,
etc.). Among phytochemicals, phenolic compounds (PCs) are
useful tools in the nanomaterial domain, beyond their conven-
tional role of antioxidant and healthy compounds. PCs can act as
stabilizers, inducing self-assembly, and/or stabilizing PCs-
functionalized nano- and micro-structures [23—25]. The inti-
mate interaction among catechols-containing PCs and nano-
materials has been recently reviewed by Size-Posey et al. [26],
while the PCs' role as building blocks to generate supramolecular
nanostructure and microstructure has been recently proven
[27,28], definitely endorsing the potential technological role of
PCs.

PCs-rich plant extracts and some pure PCs have been used for
graphene oxide reduction [29], while few papers describe their
use for direct graphite exfoliation [30—32]. Exfoliation of MoS;
was attempted using tannic acid, a branched soluble tannin cho-
sen for the high charge/mass ratio and for the well-recognized
ability to act as a stabilizer; also, tea catechins have been tested
for the exfoliation of TMDs. The obtained nanosheets were
employed for chemical 4-nitrophenol reduction [33], as nano-
carriers for antibiotic drugs [34], as nanofillers for advanced filters
[35], additives for batteries [36], and flame-retardants [37].
Despite, PC-functionalized carbon nanomaterials having demon-
strated captivating electrochemical activities [38—41], to the best
of our knowledge, no systematic investigation to understand the
role of PCs in the TMDs liquid phase exfoliation is present.

In this work, natural phenols compounds' ability to assist the
TMDs exfoliation and the electrochemistry of the obtained
nanosheets were studied in detail. Initially, the MoS, exfoliation
has been attempted by using fourteen naturally derived PCs,
ranging from simple phenols to more complex structures. The
exfoliation has been studied under increasing concentrations of
polyphenols and physicochemical features of the obtained nano-
sheets have been investigated to highlight the role of PCs in this
process. The electrochemistry of the PCs-stabilized TMDs nano-
sheets has been then characterized to understand the effect of the
phytochemical structure employed on the final colloids. Different
electrochemical probes have been tested and different electro-
catalytic direct and mediated applications studied to understand
the nanosheets electrochemistry and potential catalytic ability.
For the most promising PC, i.e. ellagic acid (EA), the exfoliation
process has been extended to four TMDs materials of Group VI, i.e.
MoS,, WS,, MoSe,, and WSe;. Finally, the four exfoliated TMDs
have been characterized, proving useful and unexpected proper-
ties. Here we demonstrate how a properly selected natural stabi-
lizing agent allows an effective TMDs exfoliation and structure
modification toward a hybrid organic/inorganic nanomaterial
with improved electrochemical and catalytic features.

Materials Today Chemistry 26 (2022) 101122
2. Experimental section
2.1. Materials and chemicals

All bulk materials were purchased in powder form (99% purity).
The supplier and the dimensions of the TMD studied are as follows:
MoS; (Sigma-Aldrich, St Louis, MO, USA; <2 pm), WS, (Sigma-
Aldrich, St Louis MO, USA; <2 pum), MoSe; (Alfa Aesar, Germany;
~44 nm), WSe; (Alfa Aesar, Germany; 10—20 um). Sodium phos-
phate monobasic monohydrate, potassium ferrocyanide, potassium
ferricyanide, ruthenium hexamine, potassium chloride, sulfuric
acid, hydrazine were purchased from Sigma-Aldrich (St Louis, MO,
USA). The PCs (Sigma-Aldrich, St Louis, MO, USA) investigated are
catechol (CA), p-coumaric acid (CU), caffeic acid (CF), gallic acid
(GA), kaempferol (KA), rutin (RU), quercetin (QU), morin (MO),
myricetin (MY), catechin (CT), epigallocatechin (EP), ellagic acid
(EA), oleuropein (OL), and tannic acid (TA). Milli-Q grade water
(Millipore, Bedford, MA, USA) was employed as the continuous
medium in the exfoliation procedure and the preparation of the
solutions.

2.2. Physicochemical characterization

Visible spectra were recorded using a Perkin Elmer Lambda 25
UV—Vis spectrometer (Perkin Elmer Corp, Baden Seewerk, Ger-
many); the measurements were performed by putting the samples
in quartz cuvettes (resolution 1 nm) against blank (water). Scan-
ning electron microscopy (SEM) micrographs were acquired using a
SIGMA high-resolution scanning electron microscope (Carl Zeiss
Microscopy GmbH, Germany). All the experiments were conducted
on uncoated samples with an acceleration potential of 2 kV and at a
working distance of about 4 mm. Raman spectra were acquired
with the Renishaw inVia™ Qontor® confocal Raman microscope
equipped with a Leica DM microscope to focus the laser on the
sample with a 20x objective (NA 0.40, WD 1.15 mm). All the ex-
periments were performed using the 532 nm laser line (diode-type,
Renishaw 80 mW 532 nm edge, 1800 L/mm grating, 10% laser po-
wer) after instrument calibration on the internal Si-reference
standard (520.5 + 0.1 cm™!). All the spectra were recorded with a
spectral resolution of 1 cm~! in the spectral range between 100 and
3200 cm ™! using the static mode (exposure time 10 s).

2.3. Exfoliation strategy

The PCs-assisted exfoliation of MoS,, WS,, MoSe,, and WSe; was
carried out using a probe sonicator Sonifier® SFX550 (Branson,
Danbury, Connecticut, USA. Wattage Output: 550 W; frequency
Output: 20 kHz), keeping the dispersions in an ice-bath during the
process to maintain the temperature below 10 °C. For the PCs
screening, exfoliation was conducted by sonicating for 1h 100 mg of
MoS; in 10 mLof a 1 mg mL~! phenolics water solution. In this case,
a tapered microtip (@ = 13 mm) was used to maximize the power
delivery (pulsed program: 2 s ON/1 s OFF, 50% amplitude). Finally,
the supernatant was discarded and the TMD sediment was resus-
pended in 10 mL of Milli-Q water. For the selected PCs, the reaction
was scaled up: 0.5 g of TMDs powder were added to 50 mL of an
aqueous solution containing the PC and then sonicated for 5 h
(pulsed program: 2 s ON/1 s OFF, 50% amplitude). The amount used
for each PC was optimized to obtain the maximum yield. The
resulting raw TMD dispersion was subjected to a centrifugation
step at 250 g for 1 h to remove the unexfoliated material. The
sediment was discarded, and the supernatant was further centri-
fuged at 20,000 g for 15 min to remove the PC excess. Eventually,
the supernatant was discarded and the TMD sediment was resus-
pended in 50 mL of Milli-Q water.
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2.4. Electrochemical measurements

The electrochemical measurements were carried out using a
Palmsens 4 Potentiostat/Galvanostat/Impedance Analyzer (Palm
Instruments BV, Houten, Netherlands). The electrochemical cell
was composed of a glassy carbon working electrode (GC)
(@ =3 mm), an Ag/AgCl (1 M KCl) reference electrode, and a Pt wire
as a counter electrode. To explore the electrochemical features of
the +PCs-TMDs, the GC surface was modified via drop-casting 5 uL
of the PCs-TMDs dispersion at a concentration of 0.2 mg mL™~! (1 pg
of material). The inherent electrochemistry of PCs-TMDs and PPs in
solution was investigated by performing cyclic voltammetry (CV) in
0.1 M phosphate buffer (PB) at pH 7. The electron charge transfer
properties of the materials were explored via CVs using two redox
probes: 5 mM [Fe(CN)g]>~/#~ and [Ru(NHs3)s]>*/** in 0.1 M KCL.
Electrochemical impedance spectroscopy (EIS) was performed with
5 mM [Fe(CN)6]3’/4’ using a sinusoidal wave with 5 mV of ampli-
tude centered at the open circuit potential in a frequency range
from 10° to 107! Hz.

The electrocatalysis of PCs-TMDs toward hydrazine was
demonstrated employing CVs and Chronoamperometry. The CVs
were carried out in 0.1 M PB at pH 7 (—0.3 to 0.7 V of potential
range, 25 mV s~ ! of scan rate), whereas chronoamperometry was
run under stirring at +0.4 V potential. For the hydrogen evolution
reaction (HER) measurements, an Ag/AgCl (1 M KCl) reference
electrode, and a Pt wire as a counter electrode were used. Before the
measurement, the 0.5 M H,SO4 electrolyte was degassed using N>
gas for 30 min. The linear sweep voltammetry and the Tafel plot
analysis were conducted at a scan rate of 5mV s~ . All the measured
potentials were converted to the reversible hydrogen electrode
post-analysis using the following equation: reversible hydrogen
electrode = Ag/AgCl (V) + 0.059 (pH) + 0.235 V, where the 0.235V
value is the potential of the Ag/AgCl (1 M KCl) reference electrode.
The electrochemical measurements were performed three times.
The current density was achieved normalizing the current by the
geometric area of the electrode.

3. Results and discussion

This work aims to clearly show that PCs are able to act as sta-
bilizing agents during TMDs sonochemical LPE giving, as added
value, an improvement of the electrochemical characteristics while
limiting, at the same time, the passive and sometimes adverse role
of common surfactants. Thus, the influence of the PC structure on
the TMDs exfoliation has been studied, and, for the successfully
exfoliated materials, the integrated electrochemistry was evaluated
to prove their potentiality.

3.1. Influence of the phenol structure on MoS, LPE in water

To explore the PC's ability to assist TMDs exfoliation, MoS; has
been chosen as model substrate in the presence of different PCs,
ranging from small molecules, as catechol, to complex structures, as
tannic acid. Fig. 1 reports the chemical structures of the investi-
gated PCs, together with a histogram ranking the PCs exfoliation
achieved (expressed as the optical density at 670 nm, taken as
exfoliation screening index) and the visual appearance of the MoS;
dispersions after sonication. This exfoliation to screen PCs was
conducted according to Section 2.3.

Fig. S1 reports the spectra of the MoS, obtained dispersions in
the characteristic visible region.

The data obtained indicate that polyphenols are more active
compared with simple phenols (i.e. CA, CU, and GA). The only
exception is CF, which exhibits some ability to assist MoS, exfoli-
ation, probably for the additional charge of the carboxylic moieties
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and for the well-known polymerization ability [42]. Among flavo-
nols, KA, RU, and QU are not able to assist the exfoliation, while MY
and MO are active. This behavior could not be only attributed
attributed to the different hydroxy positions on the structures of
the molecules but also to their different solubility in water [43,44].
Looking at the behavior of flavanols, where CT is more active than
EP, it is possible to exclude that the only key factor for exfoliation
lies in the number of hydroxyls. Indeed, catechin (CT) is one of the
polyphenols where polymerization is more studied and occurs also
spontaneously [45]; this may play some role. In the case of OL and
TA, the complexity of the structure and the high number of hy-
droxylic groups justify their exfoliating capacity; on the other hand,
the EA results particularly active probably for the planar/flat
structure and the conjugation of 2 aromatic rings and 2 lactones,
which allows sheets intercalation [46] and minimize the charge
repulsion during stacking with the TMDs sheet. Interestingly, PCs
besides being amphiphilic compounds can give rise to polymeri-
zation reactions [47], potentially promoting their ability to interact
and adhere with nanomaterial surfaces [48,49]; this behavior has
been particularly observed for catechol-containing structures [50].

3.2. Natural phenols-mediated MoS, LPE mechanism. Hypothesis
and characterization

To maximize yields from each PC and understand their role in
the LPE process, the influence of PC concentration was studied for
the five PCs giving a higher yield of exfoliated MoS; i.e. catechin
(CT-MoS5), ellagic acid (EA-MoS;), morin (MO-MoS,), oleuropein
(OL-Mo0S5), and tannic acid (TA-MoS;). The exfoliation was carried
out following the protocol described in section 2.3.

In Fig. S2, it is possible to appreciate the different behavior ob-
tained for the different polyphenols; the amount of exfoliated MoS;
increases with the PC amount, indicating their active role, reaching
a plateau and/or decreasing depending on the chemical structure
and consequent PC/substrate and PC/PC interactions. The reaching
of a plateau or decreasing in yield has been observed for conven-
tional surfactants and is attributed to the presence of the critical
micellar concentration [13]. In this case, it can be due to a combi-
nation of a critical concentration for the aggregation, intrinsic sol-
ubility, surface reactivity/saturation, and intermolecular forces.
Depending on the PC structure, after the maximum MoS; flakes
surface covering/exfoliation, the increase in the PC in solution can
favor the TMD aggregation as a result of the staking process causing
a decrease of the yield.

To better understand the mechanism behind PC-mediated
exfoliation of TMDs, CT and EA have been selected as case
studies; they have similar molecular weight but different chemical
structures and exfoliating abilities. The amount of PC adsorbed on
the exfoliated TMD was quantified as a function of PC initial con-
centration. Fig. 2 reports the trend of the adsorbed PC expressed as
m? g~! and calculated dividing the surface area of adsorbed PC
molecules (their cross-section was calculated using DataWarrior
software [51]) by the weight of the exfoliated MoS; as a function of
PC concentration used in the exfoliation procedure. The same graph
also shows the MoS; amount changes after exfoliation vs. the PC
concentration used.

It can be observed that EA ( A ) is more efficient in the exfoliation
of MoS; in comparison with CT (e) at the concentration of 1 mg
mL~! (i.e. 3.3 and 3.4 mM for CT and EA, respectively). This behavior
is linked to the preferential adsorption of the planar and rigid
structure of EA that results in a greater intercalation ability [52], in
contrast to the more flexible CT structure, rather than their different
cross-sections (93 A and 100 A? for EA and CT, respectively, as
calculated using DataWarrior [53]).
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Fig. 1. Left: absorbance at 670 nm of MoS, dispersions obtained by LPE assisted by various types of phenolic compounds. Data reported as mean value of n = 3 independent
exfoliations, RSD <7 %. The picture above the bar chart reports the picture of the MoS, dispersions with the acronym of the phenolic compound used for the exfoliation. Right:
Chemical structures of the phenolic compounds used in this study. Catechol (CA), p-coumaric acid (CU), gallic acid (GA), kaempferol (KA), rutin (RU), quercetin (QU), caffeic acid (CF),
myricetin (MY), epigallocatechin (EP), catechin (CT), ellagic acid (EA), morin (MO), oleuropein (OL), and tannic acid (TA). LPE, liquid phase exfoliation.

Further increasing PC concentration up to 10 mM, the amount of
adsorbed polyphenol increases for both molecules. The exfoliation
yield remains constant for CT while significantly decreases in the
case of EA for PC concentrations higher than 8 mM. This observa-
tion suggests preferential polyphenol—polyphenol interactions at
high PC amounts, particularly for EA. This behavior can be attrib-
uted to -7 interactions among EA molecules adsorbed on the
flakes and EA molecules in solution which cause the re-aggregation
of exfoliated flakes and a decrease in MoS; yield. On the contrary,
the less rigid conformation of the catecholic moiety of CT and the
low conjugated structure results in a lower tendency to promote
PC—PC re-staking. A similar trend in the exfoliation yield is
observed at high PC concentration also for OL and MO (Fig. S2),
which possess a structure similar to CT.

The PCs—MoS; dispersions obtained, with the optimal PC con-
centration (i.e. the amount that maximizes the exfoliation yield),
were then characterized using Visible and Raman spectroscopy and
SEM. Fig. 3A reports the visible spectra of the different PCs—MoS,.
In all cases, the spectra show two different peaks denominated as A
and B excitons attributed to the direct excitonic transitions of MoS;
characteristic of the 2H-phase [54,55]. Interestingly, Fig. S3A con-
firms the EA interaction on the MoS; surface; indeed, the EA-MoS;
spectrum exhibits the typical peaks of the exfoliated MoS; and the
characteristic peaks of the EA in solution. Fig. 3B collects the Raman
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spectra of the different MoS, nanomaterials. The spectra clearly
evidence two vibration modes, the in-plane (Eﬁ%) and out-of-plane
(A1g) vibration modes around 380 and 405 cm™ ', respectively [56].
Our data show that the positions for the bulk MoS, are 374.1 cm™!
and 401.8 cm~!, whereas all PCs—MoS, nanosheets exhibit a blue
shift of both Ajg and E}g vibration modes. This shift has been
attributed to the suppression of atom vibration induced by the
intermolecular force and Coulombic force caused by the chemical
groups absorbed on the MoS; nanosheets [57].

Fig. 4 shows the SEM micrographs of the bulk-MoS,, and the
exfoliated CT-MoS,, EA-MoS,, MO-MoS,, OL-MoS,, and TA-MoS,.

SEM micrographs reveal that the PC-assisted exfoliated flakes
result significantly smaller than the bulk MoS; as a result of a
successful exfoliation. The co-presence of structures with
morphology not ascribable to the classical flakes’ arrangement of
TMD materials (i.e. globular or necklace structures) can be the
result of the polymerization of PCs induced by the sonication
treatment as already reported in the literature [58—60]. To further
characterize the colloidal properties and dimensions of the
PCs—MoS; nanosheets, z-potential and dynamic light scattering
measurements were carried out (Fig. S4). The surface z-potential
for each nanosheet were —36 + 1 mV CI-MoS,, -52 + 1 mV EA-
MoS,, -45 + 1 mV MO-MoS;, -48 + 2 mV OL-MoS,, and -41 + 1 mV
TA-MoS;. The difference among materials reflects the different
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Fig. 2. Adsorbed PC expressed as m? g~' calculated considering the cross-section of the adsorbed molecule divided by the weight of the exfoliated MoS; (red) and the MoS, amount
as a function of the initial concentration of PC used in the exfoliation procedure (blu). Data reported as mean value of n = 3 independent exfoliations. Legend: A = EA-MoS;;
@ = CT-MoS;. Right panel: pictures of the MoS, dispersions obtained with increasing amounts of EA and CT.
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Fig. 3. (a) Visible absorption and (b) Raman spectra of MoS, exfoliated by LPE employing the optimal concentration of the phenolic compounds able to act as stabilizing agents. LPE,

liquid phase exfoliation.

surface charges due to the adsorbed PCs. Dynamic Light Scattering
analysis gave size values as 153 + 2 nm for CT-MoS5, 165 + 3 nm for
EA-MoS,, 144 + 2 nm for MO-MoS,, 158 + 1 nm for OL-MoS; and
125 + 2 nm for TA-MoS,. The size was quite similar among the
different PCs being the smallest size obtained with the TA-MoS,.

3.3. Electrochemistry of MoS;. Influence of the employed natural
phenol and catalytic properties

The influence of the PCs-assisted exfoliation in the electro-
chemistry of MoS; nanosheets was first studied by modifying by
drop-casting a GCE with the different PCs—MoS, dispersions first
brought to the same concentration (0.2 mg/mL). The electrodes
were immersed in PB (pH = 7) and the inherent electrochemical
signals of the electrode were recorded. As can be seen in Fig. 5, each
material exhibits a different pattern in the voltammogram which is
related to the different surface composition. To have further insight
into the electrochemical process, the signal is compared to the
corresponding polyphenol in solution recorded at a bare GC
electrode.

Interestingly, the electrochemical signal of the PCs—MoS; is
characterized by a shoulder in the proximity of the anodic peak of
the respective PC; the slight anodic shift of the shoulder can be
attributed to the formation of an adduct on the MoS,. These results
demonstrate that the proposed exfoliated method can transfer the
inherent electrochemistry of the PC used in the assisted LPE to the

exfoliated material. This behavior has not been observed for the OL-
MoS,. While for the EA-MoS,, it is interesting to note that the
chemistry of the EA observed in solution is practically totally
maintained even after adhesion on the MoS; flakes. This suggests
that the EA adhered to the nanoflakes does not undergo significant
structural changes, preserving the redox-active moieties. Finally,
the ultrasound treatment effect on the PC in solution was studied;
to this aim, EA in solution was subjected to exfoliation treatment in
the absence of bulk-MoS,. In Fig. S3B, it is possible to observe how
the sonochemical treatment does not affect the EA electrochem-
istry, suggesting that the molecule does not undergo significant
structural changes.

To further explore the interfacial electrochemical properties of
the PCs—MoS, nanosheets, [Fe(CN)g]*~/>- was used as inner sphere
redox probe. CV and EIS were used as characterization techniques
and the results are collected in Fig. S5.

As shown in Figs. S5A and B, the EA-MoS; nanosheets exhibit
the worst electrochemical behavior having the lowest heteroge-
neous electron transfer rate k° corresponding to 2.78 x 10~
(+1.16 x 107%) cm s~ Similar k° were found for TA-MoS,, MO-
MoS, and CT-MoS; with values of 3.26 x 107° (+6.27 x 1077),
3.29 x 1078 (+5.11 x 1077), and 3.45 x 1076 (+1.09 x 107 %) cm s},
respectively. Heterogeneous electron transfer was the highest for
OL-MoS; with a value of 4.00 x 107® (+9.16 x 1077) cm s~ . A
similar trend with the electrochemical performance is observed in
the EIS data. The charge transfer resistance value (Rcr) at the

Fig. 4. SEM micrographs of the native MoS, (bulk-MoS,) and the MoS; exfoliated with different phenolic compounds, i.e. catechin (CT-MoS,), ellagic acid (EA-MoS,), morin (MO-
MoS,), oleuropein (OL-MoS;), and tannic acid (TA-MoS;) at the same magnification (100 kX). SEM, scanning electron microscopy.
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Fig. 5. Dashed lines: cyclic voltammograms of 100 uM PC (i.e. CT, EA, MO, OL, and TA) in phosphate buffer (pH = 7) using GC electrode. Solid lines: cyclic voltammograms of the GC
electrodes modified with the same amount of PCs—MoS, dispersion (i.e. CT-MoS,, EA-MoS,, MO-MoS;, OL-MoS,, and TA-MoS;), in phosphate buffer (pH = 7). All the CVs were
conducted at a scan rate of 25 mV s~. CT, catechin; CV, cyclic voltammetry; EA, ellagic acid; GC, glassy carbon; MO, morin; OL, oleuropein; TA, tannic acid.

electrode surface was extracted from the EIS spectra by fitting the
experimental data to the classical Randles equivalent circuit. The
obtained values were 9.04 + 145, 6.87 + 170, 5.63 + 0.95,
421 + 0.37, and 4.10 + 0.62 kQ for EA-MoS;, MO-MoS,, TA-MoS,,
CT-MoS,, and OL-MoS,. From these data, we can conclude that EA-
MoS; exhibits the poorest performance and OL-MoS; shows the
best performance while a similar performance is obtained for MO-
MoS;, TA-MoS,, and CT-MoS;. Interestingly, the data fit well with
the intensity of the signal due to the inherent electrochemistry of
the PCs—MoS; electrodes, where the highest signal is obtained by
the EA residues in EA-MoS;; whereas in the OL-MoS,, there is not
a visible faradaic process. For the MO-MoS;, TA-MoS; and CT-MoS,
residual current is still visible but with lower intensity than EA-
MoS;. The highest inherent electrochemical signal indicates a
higher coverage of the material, which hinders the electronic
transfer of the inner sphere redox probe; it is widely known that
food polyphenols are able to cause fouling of electrode surfaces
[61-66].

To confirm the hypothesis an experimental control using
[Ru(NHs)g]>t/>*, an outer sphere redox probe insensitive to the
surface functional groups was carried out [67]. As shown in Fig. S6,
no significant differences in the peak separation were observed
between the different PCs—MoS;, and slight differences in the peak
intensity are observed that can be attributed to small changes in the
area of the electrodes. Thus, electron transfer is similar (same peak
separation) and no significantly different electrochemical surface
area among electrodes was found because of the similar peak
intensity.

As a practical application to the proposed LPE, the nanosheets
were tested for NoH4 oxidation, a reaction known to be electro-
catalyzed by hydroxylic/quinonic groups [68,69]. Hydrazine
oxidation is an important reaction since it is employed in the anode
of direct hydrazine fuel cells. Direct hydrazine fuel cells offer ad-
vantages like the use of liquid-type fuels that facilitate their
transformation, storage, and supply, and zero carbon emission
systems in the electrochemical conditions used [70]. In addition,

hydrazine is a widely known carcinogen agent, and therefore, its
determination at a low concentration level is also a major concern.

Fig. 6 reports the electrochemical signal obtained in PB pH 7 and
in the presence of 5 mM of NyHy.

The pattern of the signals is very different in the case of EA
compared with the other PCs. In the case of EA, a peak in the same
potential region of the EA-MoS, but with much higher current in-
tensity was achieved. This is a classical behavior for mediated
oxidation, suggesting that EA-related compounds rich in hydroxylic
groups present in the surface can mediate the electrochemical
oxidation of NyHg. In contrast, the other PCs exhibit lower currents,
7.5+ 0.5,13.2 £ 0.9,19.4 + 1.5, and 21.1 + 1.3 pA for TA-MoS,, CT-
MoS,, MO-MoS,, and OL-MoS;, respectively, with respect to the
76.3 + 4.3 pA for EA, measured at +0.4 V vs Ag|AgCL. In the case of
non-EA PCs, the electrochemical signal shape is different from the
inherent signal suggesting that the mediated oxidation is negli-
gible. For comparison, the oxidation of N;Hy in a bare GC electrode
is reported and just a very small oxidation current (0.6 + 0.1 pA) is
observed.

The electrochemical characterization performed for the
different PCs—MoS; points to the EA-MoS; as a functional material
with a higher PC coverage, and the ability to mediate the oxidation
of NHg. In addition, even if higher exfoliation yield is obtained
using TA and similar yields are obtained with MO and OL, the
electrochemical performance obtained with EA is significantly su-
perior. Therefore, this PC was selected to further study the exfoli-
ation of other TMDs belonging to group VI of the periodic table. The
EA-MoS; higher performance can be attributed to the EA preserved
electrochemistry, which is maintained also after adhesion to the
MoS; nanoflakes.

3.4. Electrochemistry of group VI TMDs. Electrochemical oxidation
Of N>Hy

EA has been used also to exfoliate the others group VI TMDs.
Good exfoliation performance, comparable to that obtained with
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Fig. 6. CVs of MoS; exfoliated with different PCs in a blank phosphate buffer solution (dashed line) and containing 5 mM of NyH, (solid line). (Scan rate: 25 mV s~ '*pH: 7). CV, cyclic
voltammetry; PC, phenolic compound.
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Fig. 7. SEM micrographs at the same magnification (100 kX) of the native WS, (bulk-WS,), MoSe, (bulk-MoSe,), and WSe, (bulk- WSe,) and the respective EA exfoliated materials:
EA-WS,, EA-MoSe,, and EA-WSe,. The insets report the picture of the respective colloidal solutions. Raman spectra of the exfoliated TMDs against the respective native bulk
materials (before exfoliation). SEM, scanning electron microscopy; TMD, transition metal chalcogenide.
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Fig. 9. (a) Linear sweep voltammetry for the HER reaction on the different electrodes: GC (gray), MoS, (dark green), WS, (light green), WSe, (red), MoSe; (brown) and Pt (navy). (b)
Overpotentials required to obtain a geometrical current density of 10 mA cm~2. Data reported as mean value of n = 3 repetitions, RSD <6%. (c) Tafel plots for the HER. Conditions:
background electrolyte, H,SO4 (0.5 M) at scan rate, 5 mV s~ . All measurements are performed relative to the Ag/AgCl reference electrode and transformed to reversible hydrogen
electrode potentials. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) HER, hydrogen evolution reaction.

MoS,, was also obtained for WS;, MoSe,, and WSe; as reported in
Fig. S7. The success of the exfoliation process can be observed in the
SEM micrographs in Fig. 7.

In all cases, a remarkable reduction of the lateral size of the
flakes compared to the bulk material was observed, as well as an
increase in the surface roughness is evident. Additionally, the
Raman spectra of the different bulks and exfoliated materials are
reported in Fig. 7. For all the materials, the characteristic vibration
modes are visible; as for MoS;, a blue shift is observed for the
exfoliated materials which can be attributed to the successful
exfoliation of the nanosheets [71].

The electrochemistry of the different group VI TMDs was also
evaluated using the [Fe(CN)g]*/*". Fig. S8 shows the values of k’
and Rer The order of the electrochemical performance is the
following: EA-MoSe, > EA-WSe; > EA-WS,. All the three exfoliated
materials exhibited improved performances in comparison with
the previously discussed EA-MoS,. This difference can be attributed
to the different coverages of EA in the different materials and also,
as previously reported by our group, by the different intrinsic
performances of the TMD compound [72].

The intrinsic electrochemistry of EA was also transferred to the
TMDs as shown in Fig. S9, as well as their ability to electrocatalyze
N,H4 oxidation. For further comparison, the materials were tested
in amperometric mode applying +0.4 V fixed potential (Fig. 8).

The performance in the NyHs oxidation follows the trend
WSe, ~ MoSe; > WS, ~ MoS; in agreement with the data obtained
for the [Fe(CN)g]* > redox probe.

3.5. Electrochemistry of group VI TMDs. Hydrogen evolution
reaction

The HER is the cathodic reaction in electrochemical water
splitting, that, combined with renewable energy sources, leads to a
sustainable source of hydrogen that can be used as an energy vector
to both store energy during peak production and drive fuel cells.
Research into MoS; as HER electrocatalyst has gained much interest
in the last decade due to their good electrochemical performance,
high abundance, and low cost; MoS; is considered a promising

candidate to substitute noble metal-based electrodes [73,74]. The
ability of the different materials obtained with our proposed LPE
EA-assisted method in the HER was tested. Fig. 9A reports the HER
polarization curves of the studied TMDs. A Pt and bare GC elec-
trodes were added as controls.

Fig. 9B collects the overpotentials values obtained at a current
density of 10 mA cm~2 which elect the MoSe; as the most prom-
ising material, exhibiting an overpotential value of 547 + 13 mV
followed by WS, with 757 + 37 mV, WSe, with 707 + 39 mV, and
MoS; with 788 + 42 mV. The same trend is obtained in the Tafel
slopes (Fig. 9C) values being 79 + 4,116 + 9, 156 + 13, and 153 + 11
mV dec! for MoSe,, WS;, WSe, and MoS,, respectively. The GC
electrode exhibits a poorer performance (998 + 8 mV and 157 + 3
mVdec™!') demonstrating the ability of the different materials to
catalyze the HER, whereas the Pt electrode exhibits the highest
performance (104 + 20 mV and 35 + 2 mV dec™!), with values in
agreement with the literature [75]. The values obtained for the
produced materials follow the same trend already reported in the
literature for sodium cholate-assisted LPE [76].

4. Conclusions

In this work, we have systematically studied the ability of nat-
ural PCs to assist the exfoliation of group VI TMDs generating
hybrid redox-active structures with improved electrochemical and
catalytic activity. The changes in the TMDs electrochemistry can be
attributed to the TMDs surface modification given by PCs, able to
bring charges and redox-active moieties. EA results to be the best
performing PC in terms of exfoliation yield and the transfer of
electrochemical properties of PCs to TMDs. EA-based TMDs
demonstrate to be able to electrocatalyze NoH4 oxidation and HER,
with MoSe; as the most promising material paving the way for the
use of these hybrid materials in analytical and energy-related ap-
plications. This work demonstrated for the first time the dual role of
PCs, generally found in food, to act as exfoliating agents and as
redox-active molecules, able to modify the electrocatalytic prop-
erties of the hybrid TMDs in contrast to classical surfactants
employed in LPE. The PC-assisted exfoliation allows boosting the
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electrochemical behavior of TMDs in two relevant electrochemical
reactions: hydrazine oxidation and hydrogen evolution reaction.
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