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An ion-selective crown ether covalently grafted
onto chemically exfoliated MoS, as a biological
fluid sensory
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We describe the basal plane functionalization of chemically exfoliated molybdenum disulfide (ce-MoS,)
nanosheets with a benzo-15-crown-5 ether (B15C5), promoted by the chemistry of diazonium salts en
route to the fabrication and electrochemical assessment of an ion-responsive electrode. The success of
the chemical modification of ce-MoS, nanosheets was investigated by infrared and Raman spectroscopy,
and the amount of the incorporated crown ether was estimated by thermogravimetric analysis. Raman
spatial mapping at on-resonance excitation allowed us to disclose the structural characteristics of the
functionalized B15C5-MoS, nanosheets and the impact of basal plane functionalization to the stabiliz-
ation of the 1T phase of ce-MoS,. Morphological investigation of the B15C5-MoS, hybrid was
implemented by atomic force microscopy and high-resolution transmission electron microscopy.
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Furthermore, fast-Fourier-transform analysis and in situ energy dispersive X-ray spectroscopy revealed
the crystal lattice of the modified nanosheets and the presence of crown-ether addends, respectively.
Finally, B15C5-MoS, electrodes were constructed and evaluated as ion-selective electrodes for sodium
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Introduction

Molybdenum disulfide (MoS,) has a layered crystal structure,
in which the trigonal prismatic (2H) coordination of sulfur (S)
to molybdenum (Mo) atoms results in quasi-2D crystal
nanosheets held together by weak van der Waals interactions
forming bulk 2H-MoS,."> The presence of the interlayer
spacing has been utilized for the exfoliation of the bulk
material towards monolayered nanosheets®® and the prepa-
ration of MoS,-based intercalation compounds,”® advancing
the exploration of exfoliated quasi-2D crystals for a series of
applications.’®"" Treating the bulk semiconducting 2H-MoS,
with n-butyl lithium (n-BuLi) under dry conditions results in
Li,~MoS,, the most common transition metal dichalcogenide
intercalated compound. The violent decomposition of Li,—
MosS, in aqueous media affords stable suspensions of mono-
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jions in aqueous solution and an artificial sweat matrix.

layered nanosheets, in which the Mo atoms are octahedrally
(1T) coordinated, abbreviated as chemically exfoliated MoS,
(ce-M0S,)."*"* Nevertheless, upon drying or annealing of the
ce-MosS, exfoliated layers, an irreversible transformation to the
2H phase occurs.”®'* Notably, the metastable 1T phase of ce-
MoS, emerged as a versatile candidate for the decoration of
the basal plane of the exfoliated nanosheets.'>'® Exposure of
bulk MoS, powders to n-BuLi results in an extended electron
transfer from the organometallic reagent to the inorganic crys-
tals. The as-prepared Li,-MoS, can be thus considered as a
highly reactive nucleophile and is capable to undergo substi-
tution reactions with organic compounds bearing molecular frag-
ments susceptible to nucleophilic substitution reactions. In this
context, the reaction of ce-MoS, nanosheets with organic
halides'” and aryl diazonium salts’®'® proved to facilitate the
decoration of the basal plane with organic addends.

Monitoring of biological fluids drives the rapid expansion
of wearable chemical sensors, which effectively allow the real-
time determination of analytes of diagnostic interest.>
Molybdenum disulfide nanosheets show compatibility for
nanomedicine applications*! and low cytotoxicity,>* while mol-
ybdenum 1is also considered as a biocompatible metal for
implants.>* Moreover, MoS, is processable in liquid media and
can be utilized as water-based inks for printed devices.**
However, as long as ce-MoS, nanosheets lack any regions as
recognition motifs for analytes, their chemical functionali-
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zation may incorporate new functions and specificity. In this
work, we employ the chemistry of diazonium salts to prepare
MoS, nanosheets covalently modified by benzo-15-crown-5
ether (B15C5) as functional organic species with high binding
affinity and selectivity. By taking advantage of the conducting
nature of ce-MoS,, we highlight in a proof-of-concept appli-
cation the preparation of a redox platform establishing the
newly derived B15C5-MoS, as an electrode to selectively recog-
nize and electrochemically sense the level of sodium ions in
artificial sweat.

The very first synthesis of crown ethers by Pedersen
and the later expansion of the family of these molecules pos-
sessing an exploitable cavity for binding, enabled the selective
ligation of cations by macrocyclic polyethers.””?®
Complexation processes mediated by crown ether units have
significantly impacted the field of carbon-based nano-
structures.”® Especially for graphene, embedded crown ether
motifs have been studied by means of theoretical approxi-
mations and experimental observations,’** whereas basal
plane functionalized nanosheets with crown ethers have been
evaluated for their cation permeation efficiency.*® In the field
of transition metal dichalcogenides, to the best of our knowl-
edge, crown ethers have been only utilized as Li ion-containing
intercalants within MoS, exfoliated nanosheets serving as
potential electrochemical switches.>**® The selective reco-
gnition of cations by tuning the size of the oxygen-containing
macrocycles offers the advantage of developing responsive
electrochemical platforms based on the host-guest inter-
actions, arising from the stabilization of the cations within the
macrocyclic polyether tether. Furthermore, it is known that
B15C5 efficiently hosts sodium cations with high binding
affinity.*® The preference of the 5-oxygen macrocyclic cavity for
sodium cations has been also demonstrated for the case of
dibenzo-30-crown-10, where a 1:2 complex is formed - that is
the macrocyclic polyether behaves as a bis(15-crown-5)
system.?” Analogous 1:2 complexes have been also observed
for dibenzo-36-crown-12, which self-organizes into two
15-crown-5 like domains.*® For benzo-15-crown-5 ether, the
ligated sodium cation lies in the center of the macrocyclic
cavity, indicating the optimum matching between the macro-
cyclic host and the ion guest.*®

25,26
b

Results and discussion

The exfoliation of bulk 2H-MoS, via lithium intercalation is a
facile method towards aqueous suspensions containing high
yields of mono- and few-layered ce-MoS, nanosheets. A major
disadvantage of this method is the labile nature of the inter-
mediate Li,-MoS, and the metastable octahedral phase of ce-
MoS,, which irreversibly transforms to the parent 2H-MoS,
upon heating or drying (restacking). However, when stored pro-
tected from light, air and heat, ce-MoS, remains stable for over
a month (ESI, Fig. S11). However, the characteristic A (670 nm)
and B (610 nm) excitons of the 2H-phase start to emerge after
a period of two months in storage. Eventually, suspensions of
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fresh ce-MoS, can be directly used for the basal plane
functionalization of MoS,. Treating bulk MoS, with n-BuLi
results in the transfer of electrons on the basal plane of the
nanosheets, which are stabilized by lithium cations.”®
Therefore, the 1T-polytype can be utilized as a strong nucleo-
phile and reacts with organic compounds bearing good
leaving groups, furnishing covalent S-C bonds."”'® In this
context, we prepared suspensions of ce-MoS, nanosheets and
directly employed them for basal plane decoration with benzo-
15-crown-5 ether via diazonium chemistry (Fig. 1a). We should
note here that the preparation of the aryl diazonium salt,
based on the benzo-15-crown-5 derivative, affects the dispersi-
bility of the ce-MoS, suspensions. More specifically, for the
chemical transformation of the parent arylamine to the corres-
ponding aryl diazonium salt, the use of hydrochloric acid is
necessary, and commonly an excess of HCI is used for the
in situ preparation of the desired aryl diazonium salt. In con-
trast, the pH of a ce-MoS, suspension is strongly basic (pH =
~12) as a result of the partial hydrolysis of the intermediate
Li,~MoS,, producing lithium hydroxide. Consequently, the use
of excess HCI for the in situ formation of the aryl diazonium
salt, towards functionalization with ce-MoS,, reduces the pH
value of the reaction mixture, resulting in MoS, precipitation
when the pH reaches acidic values.*® Hence, in a blank experi-
ment, HCl was added to induce precipitation of MoS,
nanosheets, which were then isolated, washed with distilled
water and re-dispersed in water to monitor the absorption
spectra. As witnessed, the HCl-treated MoS, sheets show
enhanced excitonic absorption features at 405, 448, 610 and
670 nm, suggesting partial transformation of 1T-MoS, to
2H-MoS, (ESI, Fig. S27). A rough estimation of the 1T/2H ratio
can be derived with the aid of UV-Vis from the absorption
intensity ratio at 350 and 410 nm."® Accordingly, for the as-pre-
pared suspension of ce-MoS,, the I350 nm/l110 nm ratio is 1.32,
suggesting an increased octahedral coordination phase, while
for the HCl-treated nanosheets the corresponding value is
1.02, indicating that a partial irreversible transformation to the
2H trigonal prismatic phase occurred. Moreover, the precipi-
tation and restacking of MoS, sheets blocks the basal plane,
making them eventually inaccessible for the diazonium reac-
tion. Consequently, in situ formation of the diazonium salt
should proceed with controlled amounts of HCI, ie. ideally
stoichiometric amounts, ensuring the formation of the diazo-
nium salt and making sure that the pH, upon addition to the
suspension of ce-MoS,, is not acidic.

In our case, the in situ formation of the B15C5 crown ether-
based aryl diazonium salt, from the parent 4’-aminobenzo-15-
crown-5°%*" (Fig. 1a and b, and ESI, Fig. S3 and S4t), was per-
formed both with excess of HCI and stoichiometric HCI (2 eq.)
amounts. The B15C5-functionalized ce-MoS,, derived by the
two approaches, was first studied by Fourier-transform infra-
red spectroscopy (FT-IR). The functionalized MoS, nanosheets
were thoroughly purified by consecutive sonication/centrifu-
gation cycles to ensure the complete removal of the excess of
the diazonium salt and any trapped or physisorbed traces
from the reaction (see experimental details in the ESI}). The
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Fig. 1 (a) Synthetic route towards 4'-aminobenzo-15-crown-5. (b) Schematic illustration of the ce-MoS, functionalization route towards B15C5-

MoS, via in situ generated diazonium salts. (c) UV-Vis spectra of ce-MoS,

(blue) and B15C5-MoS, (red), obtained in deionized water. (d) Normalized

FT-IR (presented as absorbance) spectra for B15C5 crown ether (grey), ce-MoS, (blue) and B15C5-MoS, (red). (e) TGA curves recorded for B15C5
(grey), ce-MoS, (blue) and B15C5-MoS,, obtained under a nitrogen atmosphere. With dashed lines are presented the corresponding curves of the 1%

derivative of weight versus temperature.

purification process was monitored by examining the FT-IR
spectra of each supernatant and continued until no organic
matter was present in the dried supernatant phase.
Accordingly, the purified B15C5-MoS, displayed FT-IR profiles
emerging exclusively from the vibrations of the MoS, lattice
and the covalently grafted crown ether moiety. Interestingly,
the two different approaches resulted in different signal inten-
sities of the vibrations attributed to the covalently grafted
B15C5 within B15C5-MoS, (ESI, Fig. S5at), while thermo-
gravimetric analysis (TGA) also demonstrated different loading
ratios (ESI, Fig. S5b1). In more detail, for the reaction with
excess HCI, upon the dropwise addition of the in situ gener-
ated diazonium salt in the suspension of the ce-MoS,
nanosheets, aggregation and precipitation of the material
within the first few drops occurred, while for the case of
adding stoichiometric HCI the ce-MoS, suspension remained
stable during the course of the reaction. The characteristic IR
vibration bands of the attached B15C5 species were found to
be more intense (ESI, Fig. S5af), and the loading increased
from 17% to 25% w/w, when stoichiometric amounts of HCI
were used for the preparation of the diazonium salt (ESI,
Fig. S5bf). For the subsequent characterization and ion-
binding assays, we discuss the B15C5-MoS, material derived
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by using stoichiometric amounts of HCI for the in situ for-
mation of the diazonium salt and the subsequent basal plane
functionalization of ce-MoS,.

Insights into the stabilization of the 1T-phase during
functionalization were obtained from Raman spectroscopy,
using off-resonance (514 nm) and on-resonance (633 nm) exci-
tation, with respect to the energy of the A exciton.*” The laser
power was adjusted to 0.3 mW cm™>, and short exposure time
(10 s) was used to avoid sample overheating and guarantee the
stability of the samples during spectral acquisition.*® The J;,
J2, J3 peaks located at 151, 221 and 329 cm ™", respectively, are
the signature peaks arising from the 1T octahedral phase of
MoS, and can be detected under both excitation conditions
(ESI, Fig. S61). In more detail, these modes are of high inten-
sity and well resolved for exfoliated ce-MoS, under 514 nm exci-
tation, while still remaining observable in B15C5-MoS,
(Fig. 2a), indicating the stabilization of the octahedral phase of
MoS, via functionalization,’”** in line with the aforemen-
tioned discussion on the UV-Vis spectroscopy findings. The co-
existence of octahedral and trigonal prismatic coordination of
Mo atoms, within ce-MoS,, is validated by the presence of the
E';y mode (~380 cm™'), usually observed in 2H-MoS,, since
the 380 cm™" phonon mode in octahedral coordination of Mo

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Raman spectra recorded for ce-MoS, (blue) and B15C5-MoS,
(red) at (a) off-resonance (514 nm, 0.3 mW cm™2) and (b) on-resonance
(633 nm, 0.3 MW cm™?) excitation. The spectra of bulk MoS; (grey) and
exfoliated 2H-MoS, (black) are also presented for comparison. All
spectra obtained under ambient conditions and normalized to the inten-
sity of the Ajg mode.

atoms is Raman inactive.”> The disorder induced across the
quasi-2D crystals due to the chemical exfoliation and the
phase transition from 2H-to-1T phase is also depicted by the
broadening of the full-width-half-maximum (FWHM) of the
A, mode at 514 nm excitation. For the bulk and exfoliated
2H-Mo0S,,"”> the FWHM values are 3.6 and 4.6 cm™', respect-
ively, whereas for ce-MoS, and functionalized B15C5-MoS, the
registered value is 9.3 cm™". Furthermore, from the frequency
difference of A,4-E',, we calculated a value of 26 cm™ for bulk
2H-MoS,, 22 cm™! for ce-MoS, and 21 cm™* for B15C5-MoS,.
These values represent a decrement in the layer thickness of
the studied samples, and they are close to the value of 19 cm™
of monolayer MoS,.*® Notably, the value of 21 em™" calculated
for B15C5-MoS, demonstrates that the basal plane functionali-
zation protects MoS, from restacking and further supports the
successful incorporation of the B15C5 crown ether on the
quasi-2D crystal lattice. Moving to the on-resonance spectra
(633 nm), we clearly observe the J phonon modes for ce-MoS,,
while for B15C5-MoS, ], is the most intense with J; and J;
being almost indiscernible (Fig. 2b). Under resonance exci-
tation, the intensity of the 2LA mode is strongly enhanced and
is highly energy-dispersive.*>***” In a previous report, it was
proposed that the intensity ratio of A, (404 cm™) to 2LA
(~450 em™") may assist as an evaluation tool for the basal
plane functionalization of chemically exfoliated MoS,."® More
specifically, the A;,/2LA intensity ratio appeared to be
increased as a result of MoS, functionalization. Recently, the
intensity ratio of 2LA/A;, was systematically investigated as a
potential spectroscopic tool for monitoring the degree of

This journal is © The Royal Society of Chemistry 2021
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sulfur vacancies on the basal plane of chemically exfoliated
MoS, during lattice healing with the aid of thiols."® The 2LA/
A, ratio was found to increase as long as sulfur vacancies were
occupied by thiols. Actually, from the recorded spectra shown
in Fig. 2b we observe a slightly smaller A;,/2LA ratio for
B15C5-MoS, as compared to ce-MoS,.

To shed more light on the impact of chemical functionali-
zation on the lattice disorder, instead of using the mean spec-
trum of the collected point-spectra, we performed spatial
Raman mapping in order to probe the A;/2LA ratio in a 20 pm
x 20 pm area of the prepared materials, in order to probe the
uniformity of the samples and the deviation of the intensity of
the Raman modes of interest. Raman maps were constructed
by acquiring and collecting 196 point-spectra for ce-MoS, (ESI,
Fig. S7at) and B15C5-MoS, (ESI, Fig. S7bt). The average A,/
2LA ratio for B15C5-MoS,, ca. 0.90, is around 10% lower
(Fig. 3a) than that for ce-MoS,, ca. 0.98, (Fig. 3b), proving the
enhancement of the local strain due to the chemical
functionalization = and  induced symmetry disorder.
Furthermore, we plotted the A,,/E',, intensity ratio for the two
materials in order to qualitatively evaluate the stability of the
1T symmetry, as long as the E',, was Raman inactive for the
octahedrally coordinated MoS, and A, was active in both poly-
types.'> The A, /E',, intensity ratio decreased by 4%, from
1.23 for ce-MoS, to 1.19 for B15C5-MoS,, indicating partial
structural transformation to 2H symmetry and evolution of the
E';y mode (Fig. 3¢ and d). Along the same lines, the A./J,
(Fig. 3e and f) and E',,/], (Fig. 3g and h) intensity ratios were
found to increase as a result of the functionalization.
Collectively, UV-Vis and Raman spectroscopy showed that
upon functionalization the metastable octahedral symmetry of
Mo atoms within B15C5-MoS; is significantly retained.

The morphology of B15C5-MoS, was analyzed by atomic
force microscopy (AFM) and high-resolution transmission elec-
tron microscopy (HR-TEM). Free-of-aggregation B15C5-MoS,
was obtained by drop casting of aqueous diluted B15C5-MoS,
over a h-BN/SiO, substrate. Based on AFM imaging, B15C5-
MoS, shows a nanoribbon-like structure, typically with dimen-
sions of 10 nm x 80 nm and an average height of 4 nm
(Fig. 4a). Fig. 4b shows a higher magnification low-height
single B15C5-MoS, nanoribbon. This B15C5-MoS, has a height
of 1.3 nm (Fig. 4c), which topically enhances by 1-2 nm by the
presence of single B15C5 species and/or due to interactions
with the h-BN substrate that cause folds and twists of the
MoS,. Additional morphological insight on B15C5-MoS, was
possible by HR-TEM. Specifically, MoS, in B15C5-MoS, shows
random distribution of the edges with low defects on the basal
plane (Fig. 4d). Due to the presence of B15C5 on the surface of
MoS,, dark areas are registered, making it difficult to accu-
rately interpret the atomic structure of B15C5-MoS,. On the
other hand, fast Fourier transform (FFT) analysis of the TEM
image (Fig. 4e) shows a hexagonal pattern, proving the pres-
ence of a highly crystalline single layer of MoS,. Finally, elec-
tron dispersive X-ray (EDX) spectroscopy (Fig. 4f) reveals rela-
tively high amounts of C and O derived from the added B15C5
as well as Mo and S from MoS, at 0.278, 0.521, 2.32 and 2.46

Nanoscale, 2021,13, 8948-8957 | 8951
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Fig. 3 Raman intensity ratio maps from a 20 pm x 20 pm area (3 nm step, 196 points per spectra) of ce-MoS, and B15C5-MoS.. (a, b) Plots of A4/
2LA for ce-MoS, and B15C5-MoS,, respectively. (c, d) Plots of Alg/Elzg for ce-MoS, and B15C5-MoS,, respectively. (e, f) Plots of A;4/J; for ce-MoS,
and B15C5-MoS,, respectively. (g, h) Plots of Eizg/Jz for ce-MoS, and B15C5-MoS,, respectively. All spectra recorded under on-resonance excitation
(633 nm, 0.3 mW cm™2) under ambient conditions. A projection of each map is also given at the bottom for clarity. The spectra acquired for con-

structing the maps are presented in the ESI, Fig. S7.7

keV, respectively, ensuring the covalent functionalization and
formation of B15C5-MoS,. On the other hand, ce-MoS, tends to
form van der Waals aggregates, and extended regions of mono-
layers or bilayers were completely absent as revealed by AFM
imaging. The average AFM height of ce-MoS, was double that of
B15C5-MoS,, ca. 8-9 nm (ESI, Fig. S8a and b¥). Further TEM
analysis of ce-MoS, shows crystalline areas free of holes (ESI,
Fig. S8ct). Apparently, the current covalent functionalization of

8952 | Nanoscale, 2021, 13, 8948-8957

ce-MoS, with B15C5 not only results in further delamination of
MosS, but also blocks aggregation of the exfoliated material.

As comprehensively presented by the UV-Vis and Raman
spectroscopy studies, the structural and electronic character-
istics of B15C5-MoS, resemble those of the octahedral sym-
metry MoS,, while owing a significant amount of a covalently
grafted ion-recognition motif. In this context, B15C5-MoS, was
evaluated as an ion-responsive electrode for monitoring the

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 AFM image of B15C5-MoS; at (a) low and (b) high magnification. (c) 3D-AFM image of B15C5-MoS; at high magnification. The height scale
bar is common in (a—c). (d) TEM micrograph of B15C5-MoS, taken under focus conditions to enhance contrast from MoS,. (e) FFT-TEM, and (f) EDX

from the same region of B15C5-MoS,.

levels of sodium in aqueous media and artificial sweat.
Initially, B15C5-MoS, was deposited on a glassy carbon disk
electrode (GC), in the form of a thin film, for capacitance
studies (ESI, Fig. S9a, ¢ and ef). Cyclic voltammetry (CV)
studies were performed in nitrogen-saturated aqueous 0.5 M
H,S0, in the non-faradaic region (—0.2 to +0.2 V vs. Ag/AgCl),
while GC/ce-MoS, and GC/B15C5 electrodes were also tested
for reference. Chemically exfoliated MoS, has a high surface
area generating high capacitance values.*® Actually, the GC/ce-
MosS, electrode displays a value of 2.77 pF cm™2, which is two
orders of magnitude higher than that of bare GC, i.e. 0.025 pF
em™?, and 47-times higher than that of GC/B15C5-MoS,, ie.
0.059 uF cm™2, (ESI, Fig. S9b, d and ff). The decreased value
registered for GC/B15C5-MoS, is related to the presence of co-
valently grafted B15C5 on the basal plane of MoS,, which
blocks the interactions of the electrolyte and the conductive
lattice. The latter was further probed by CV runs in the pres-
ence of the redox probe [Fe(CN)g]* /[Fe(CN)s]>~ (ESI,
Fig. S10at). For GC/B15C5-MoS,, the recorded signal is sup-
pressed, as compared to the reference GC/ce-MoS, electrode,
since the negatively charged iron complex experiences
difficultly in approaching the also negatively-charged oxygen-
containing crown ether. However, the signal is not totally sup-
pressed, since the counter potassium cations of the [Fe
(CN)6]*"/[Fe(CN)g]>~ probe are possibly weakly coordinated to
the macrocyclic ether, mediating the electronic communi-
cation with the surface of the MoS, lattice. Eventually, CV runs
were performed in the presence of sodium cations, which

This journal is © The Royal Society of Chemistry 2021

strongly coordinate to the B15C5 domain of the GC/B15C5-
MosS, electrode. In the presence of Na' the recorded signal is
enhanced, indicating the attraction of the [Fe(CN)s]*"/[Fe
(CN)6J*~ probe to the electrode surface (ESI, Fig. S10ct), in con-
trast to the non-modified ce-MoS, electrode, in which the
impact of sodium is negligible since no coordination sites are
present (ESI, Fig. S10b?). Coordination of sodium to the crown
ether decreases the negative charge around the macrocyclic
ether and allows for enhanced electrostatic attractive inter-
actions between the coordinated sodium and the redox probe.
Moreover, the intensity of the signal is further increased in the
second run, suggesting that a short incubation time is
required to reach equilibrium.

Given the electrochemical data for the GC/B15C5-MoS, elec-
trode in the presence of sodium ions, we moved forward and
studied the potentiometric response of the nanosheets in the
range of 0.1-100 mM of sodium cations in aqueous media
with the aid of an electrochemical cell equipped with an Ag/
AgCl reference electrode. Recent advances in the fabrication of
potentiometric wearable sensors offer the advantage of utiliz-
ing such reference electrode systems as ink pseudo-reference
electrodes for monitoring the open circuit potential (OCP)
between the layer of the ion-responsive electrode and the refer-
ence electrode.’ Initially, we used distilled water as a medium
for the electrochemical cell, with pH value ca. 5.8 within the
pH range of human sweat, i.e. 4.5-7.0; then sodium chloride
was gradually introduced, and the OCP response of the GC/
B15C5-MoS, electrode was recorded (Fig. 5a). The GC/ce-MoS,
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Fig. 5 (a) Open circuit potential (OCP) response with respect to the
concentration of Na™ (0, 107, 1073, 1072 and 10~ M), and (b) the corres-
ponding OCP versus log[Na*] plots for GC/B15C5-MoS; (red), GC/ce-
MoS, (blue) and GC/B15C5 (grey) electrodes, in an aqueous environ-
ment. (c) OCP response for the GC/B15C5-MoS, (red), GC/ce-MoS,
(blue) and GC/B15C5 (grey) electrodes in the absence of electrolyte and
in the presence of subsequently added 10 mM Na*, 10 mM K*, 10 mM
Li*, 10 mM Mg?* and 10 mM Zn?* in an aqueous environment. (d) OCP
response for the GC/B15C5-MoS, (red), GC/ce-MoS, (blue) and GC/
B15C5 (grey) electrodes at 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 2.0, 4.0, 6.0, 8.0,
10.0, 20.0, 40.0, 60.0, 80.0, 100.0 and 120.0 mM Na™ within an artificial
sweat solution matrix, and (e) the corresponding OCP versus log[Na*]
plots.

electrode was also assessed as a reference system, in which the
ion-selective B15C5 crown ether was absent. Upon incremental
addition of NaCl, the OCP increases as a result of the
increased ionic strength of the aqueous medium, and the OCP
versus log[Na'] plot demonstrates a linear response (R* = 0.990)
of the GC/B15C5-MoS, electrode in the region of Cyac 107*-
10™" M (Fig. 5b). Ideally, assuming that only the analyte is
taken up on the electrode, an ion-selective electrode (ISE) exhi-
bits a Nernstian behavior when the slope of the OCP versus log
[Na*] plot gives a value of 59 mV dec™" of concentration
change, while for sodium cations the charge of the analyte (n)
equals +1. From the slopes of the OCP versus log[Na'] plots in
aqueous solution for the GC/B15C5-MoS, electrode we calcu-
late a value of 22.8 mV dec™" of concentration change with n =
2.58 and excellent linearity (R* = 0.999). In contrast, the refer-
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ence GC/ce-MoS, electrode displays a fairly linear response,
however, with much lower sensitivity (R* = 0.990, 8.2 mV
dec™, n = 7.21), while for the reference GC/B15C5 electrode
the calculated values (R* = 0.990, 15.2 mV dec ™, n = 3.88) are
slightly better than those for GC/ce-MoS,. To further probe the
performance of the GC/B15C5-MoS, electrode, we performed
selectivity tests by injecting competitive analytes, which are
present in human sweat, albeit at much lower concentrations
than that of sodium. Accordingly, we recorded the potentio-
metric response of the GC/B15C5-MoS, electrode by sub-
sequent addition of 10 mM Na', 10 mM K*, 10 mM Li*, 10 mM
Mg>" and 10 mM Zn*>" (Fig. 5c). As expected, the high selecti-
vity of the B15C5 crown ether, within the GC/B15C5-MoS, elec-
trode, towards Na' resulted in a higher potentiometric
response than K', while for the rest of the ions the response
was negligible. Considering that Na', alongside with Cl7, is the
dominant species in human sweat and that the usual concen-
tration range of K' is at least an order of magnitude lower than
Na* while those of other common metal ions (Li*, Mg*", Zn>*
etc.) are on the micromolar and sub-micromolar scales,” the
GC/B15C5-MoS,, electrode could be an ideal future candidate
for monitoring applications. Therefore, we further examined
the sodium-response of B15C5-MoS, in an aqueous matrix of
artificial sweat (6 mM KCI, 0.08 mM MgCl,, 0.18 mM pyruvic
acid, 0.17 mM glucose, 5 mM NH,Cl and 10 mM urea).>?
Notably, the GC/B15C5-MoS, electrode exhibits a linear behav-
ior (R* = 0.999) upon incremental addition of sodium ions,
whereas the reference GC/ce-MoS, and GC/B15C5 electrodes
display lower linearity (R*> = 0.980 and 0.969, respectively)
(Fig. 5d and e). The potentiometric response of the GC/B15C5-
MoS, electrode in the artificial sweat matrix is rather improved,
approaching a quasi-Nernstian behavior, with registered values
of 35.21 mV dec™' of concentration change and n = 1.67.
Evidently, the presence of agonist cation analytes (K", Mg”",
NH,") in the artificial sweat matrix does not block the selectivity
of the covalently grafted B15C5 macrocyclic ether for sodium
cations. These findings support the beneficial role of the co-
valently incorporated B15C5 onto MoS, as an ionophore for
sodium ions and the potential use of GC/B15C5-MoS, as an
ion-selective electrode. The presence of B15C5 macrocycles
within B15C5-MoS, assists the attraction of sodium ions close
to the surface of the electrode. Moreover, we conclude that post-
functionalization engineering of the surface of the GC/B15C5-
MosS, electrode further assists in improving the response and
stability of such hybrid MoS,-based ion-sensing electrodes.

Conclusions

In this work, we took advantage of the facile diazonium chem-
istry for the basal plane functionalization of ce-MoS,
nanosheets with benzo-15-crown-5 ether (B15C5). The newly
synthesized B15C5-MoS, was studied by FT-IR and TGA, and
the successful chemical incorporation of the macrocyclic poly-
ether was validated. UV-Vis and Raman spectroscopy revealed
the stabilization of the octahedral (1T) symmetry within the
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B15C5-MoS, nanosheets in equilibrium to the trigonal pris-
matic (2H). The registered ratio of A;,/2LA intensity from
spatial Raman mapping showed that the incorporation of
B15C5 on the basal plane of MoS, induces a symmetry distor-
tion, however, it prevents the nanosheets against restacking
and stabilizes the metastable 1T phase of the exfoliated quasi-
2D nanocrystals. Cyclic voltammetry assays further supported
the surface functionalization of MoS,, since the calculated
double layer capacitance value was almost 50-times lower than
that of non-modified ce-MoS,, suggesting that the surface of
B15C5-MoS, was blocked by the incorporated B15C5 units.
Finally, B15C5-MoS, electrodes were constructed, and we inves-
tigated the response in the presence of sodium ions. We,
initially, witnessed improved electrochemical signal of the [Fe
(CN)]* /[Fe(CN)]>~ redox probe in the presence of sodium
ions, as a result of the coordination of sodium ions to the
crown ether within B15C5-MoS, enabling the electronic com-
munication between the negatively charged redox complex and
the conductive nanosheets. Then, B15C5-MoS, was evaluated as
a responsive electrode for the potentiometric monitoring of
sodium ions in aqueous media and artificial sweat matrix. As
compared to the non-functionalized ce-MoS, nanosheets, the
B15C5-MoS, electrodes exhibited a linear increase of the
recorded open circuit potential upon incremental addition of
sodium ions, while displaying a quasi-Nernstian behavior. The
crown-ether functionalized MoS, nanosheets showed potential
for sensing sodium ions in liquid samples. It is anticipated that
post-functionalization engineering of their surface may further
improve their electrochemical response, opening avenues for
utilization as ion-selective electrodes in wearable sensors.

Chemicals

MoS, powder (particle size ~6 pm, max. 40 pm), benzo-15-
crown-5 (98%), K,Fe(CN)s, tetrabutylammonium bromide,
nitric acid 70%, hydrazine hydrate 50-60%, Pd/C, n-BuLi (2.5
M in hexanes), NaCl, KCl, MgCl,, pyruvic acid, glucose, NH,Cl,
urea were commercially available and used as received.

Instrumentation

Ultrasonication was performed with the aid of a Bandelin
Sonoplus GM3200 system equipped with a VS 70 T extended
probe at 50% power (75 W, 20 kHz). High-resolution trans-
mission electron microscopy (HR-TEM) was performed on a
JEOL JEM-2100F system equipped with Energy Dispersive
X-Ray (EDX) spectroscopy, working at 80 keV. TEM images
were processed by Gatan DigitalMigrograph and Image].
Atomic force microscopy (AFM) observations were performed
by using the Veeco AFM system (Dimension 3100SPM,
Nanoscope IV) operating at a scanning rate of 1 Hz. The tip
used in AFM was RESPA-300, employing the contact mode
with a strength of 0.3 V. Sample preparation was performed by
dissolving 0.5 mg of B15C5-MoS, in 1 mL of water and sonicat-
ing for 1 h. Then, h-BN/SiO, was submersed in the aqueous
solution. After several hours, B15C5-MoS, attached onto the
h-BN/SiO, substrate, and it was dried by employing a spin
coater MS-A100 at 6000 rpm. Steady-state UV-Vis absorption
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spectra were recorded on a Perkin-Elmer (Lambda 19) UV-vis-
NIR spectrophotometer. FT IR spectra were recorded on a
Bruker Equinox 55 FTIR spectrometer equipped with a Pike
Miracle Ge ATR accessory. Micro-Raman scattering measure-
ments were performed at room temperature in the backscatter-
ing geometry using a RENISHAW inVia Raman microscope
equipped with a CCD camera and a Leica microscope. A 2400
lines per mm grating (for 514 nm) and 2400 lines per mm
grating (for 633 nm) were used, providing a spectral resolution
of +1 em™'. As an excitation source, Ar (514 nm) and He/Ne
lasers (633 nm) were used. Measurements were taken with 10
seconds of exposure times and laser power of ~0.3 mW cm™>
to prevent overheating and damage of the basal plane. The
laser spot was focused on the sample surface using a long
working distance 50x (L50) objective. Raman spectra were
collected on numerous spots on the sample and recorded
with a Peltier cooled CCD camera. The data were collected
and analyzed with Renishaw Wire and Origin software.
Electrochemical measurements were carried out in a standard
three-compartment electrochemical cell using a rotating disk
electrode (RDE) setup from Metrohm Autolab connected to an
AUTOLAB PGSTAT128N potentiostat/galvanostat instrument
connected to a personal computer running the Nova 2.1 soft-
ware. As the counter electrode, a platinum foil was used, and
as the reference an Ag/AgCl (aqueous 3.0 M KCI electrolyte)
electrode was placed into a Luggin capillary. The working
electrode was a glassy carbon (GC) disk (geometric surface
area, 0.071 cm”) without using rotation. The working electrode
was cleaned before each experiment through polishing with
a cloth and 6, 3 and 1 pm diamond pastes. The GC/B15C5-
MoS, and GC/ce-MoS, electrodes were prepared by deposition
of the materials in the form of thin films on top of the GC
surface.

Preparation of ce-MoS,

[Extreme care must be taken when working with n-BulLi, since
it reacts violently with humidity and water and is pyrophoric. A
well-ventilated hood is also required.] Initially, 750 mg
(4.68 mmol) of bulk 2H-MoS, was placed in a furnace at
300 °C for 24 h. Then, the dried powder was placed in a 10 mL
flask with a magnetic stir bar and cooled to room temperature
under a nitrogen atmosphere. Under a nitrogen atmosphere,
7.5 mL (18.75 mmol) of 2.5 M n-BuLi was introduced, and the
mixture was stirred vigorously for 48 h under nitrogen. After
this period, the black suspension was left to settle, the interca-
lated solid Li,-MoS, was precipitated, and the supernatant
n-BuLi solution was pipetted-off under nitrogen. Then 15 mL
of dry hexane was introduced under a nitrogen atmosphere,
and the mixture was vigorously stirred for 10 minutes. Then,
the black suspension was left to settle, the intercalated solid
Li,~MoS, was precipitated, and the supernatant containing the
excess n-BuLi was pipetted-off under nitrogen. This step was
repeated two more times to ensure the removal of excess
n-BuLi from the reaction mixture. The residual black slurry of
Li,—~MoS, was opened in the air and rapidly immersed ina 1 L
flask filled with 750 mL of cold distilled water. Water reacted
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rapidly with the Li,-MoS, evolving gas. The immersed flask
and the stir bar were removed, and the mixture (C = 1 mg
mL™") was ultra-sonicated for 3 h (pulse ON:3 s-OFF:3 s)
keeping the temperature below 30 °C with the aid of an ice
bath. Finally, the suspension was left to settle overnight, and
the top 2/3 was collected and stored in a sealed flask in the
dark and below 30 °C. The concentration of the ce-MoS, sus-
pension was calculated as follows: 3 mL of the suspension was
filtered over a pre-weight PTFE membrane filter under vacuum
and washed with distilled water and ethanol; the filter cake
was dried under vacuum and weighted. Accordingly, the con-
centration of the suspension was calculated to be as high as
0.87 mg mL~". The suspension remained stable without any
precipitation for several weeks. The stability of the 1T phase
and the transformation to the 2H phase were monitored
periodically with UV-Vis spectroscopy, and no well-resolved
peaks were evident for at least 40 days under storage con-
ditions (Fig. S17).

Synthesis of 4'-aminobenzo-15-crown-5 (B15C5-NH,)*®

Step 1: To a mixture of benzo-15-crown-5 (1.5 g, 5.6 mmol),
acetic acid (18 mL) and chloroform (20 mL), nitric acid (5 mL,
70%) was added dropwise over 30 minutes. The mixture was
left to stir at room temperature for 24 h, followed by neutraliz-
ation with saturated aqueous NaHCOj;. The organic layer was
separated, and the aqueous layer was extracted with CHC1;.
The combined organic layers were dried (Na,SO,), filtered and
evaporated to dryness. Recrystallization of the resulting yellow
residue in ethanol then gave 4'-nitrobenzo-15-crown-5 as a
white solid, after being filtered, washed with cold ethanol and
dried under vacuum (1.3 g, 75%). "H NMR (300 MHz, CDCl,):
5 3.76 (m, 8H), 3.93 (m, 4H), 4.20 (m, 4H), 6.86 (d, J = 9 Hz,
1H), 7.71 (s, 1H), 7.88 (d, J = 9 Hz, 1H) ppm.

Step 2: A mixture of 4’-nitrobenzo-15-crown-5 (1.1 g,
3.51 mmol) and 10% Pd/C (0.1 g) in 1,4-dioxane (20 mL) was
heated to reflux. Next, hydrazine hydrate (10 mL, 50-60%) was
added dropwise, and the resulting solution was refluxed for
3 h. After cooling to room temperature, the solution was
passed through Celite and concentrated to dryness to give 4’-
aminobenzo-15-crown-5 (B15C5-NH,) as a light brown viscous
solid (0.9 g, 91%). The product was used without further puri-
fication. '"H NMR (300 MHz, CDCl;): § 3.75 (m, 8H), 3.89 (m,
4H), 4.06 (m, 4H), 6.21 (d, J = 6 Hz, 1H), 6.28 (s, 1H), 6.73 (d, J
=6 Hz, 1H) ppm.

Preparation of the in situ formed B15C5-diazonium salt

In a round bottom flask, 0.5 mmol (141 mg) of B15C5-NH,
were dissolved in 2 mL of EtOH, followed by addition of 3 mL
of distilled H,O and 1.2 mmol (100 pL) of concentrated HCI.
The slight-yellow transparent solution was cooled under stir-
ring in an ice-bath (solution A). Then NaNO, (60 mg,
0.87 mmol) was dissolved in 1 mL of distilled H,O and cooled
in an ice-bath (solution B). The cold solution B was added to
solution A under stirring in an ice-bath. The final mixture was
left under stirring in the cold bath for 30 min, and the color
turned to deep orange indicating the diazotization reaction.
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Preparation of the covalently functionalized B15C5-MoS,

In a round bottom flask, 23 mL (~20 mg) of an aqueous ce-
MosS, suspension were added and cooled in an ice-bath under
nitrogen atmosphere and stirring. The cold solution contain-
ing the in situ prepared diazonium salt was added dropwise,
and the mixture was allowed to reach r.t. overnight. During the
addition of the diazonium salt, bubbles evolved due to the loss
of nitrogen. The mixture was left at r.t. under stirring for
another 24 h to ensure completion of the reaction. Then, the
mixture was centrifuged and washed thoroughly with 1x dis-
tilled H,0, 1x MeOH and acetone (consecutive sonication/cen-
trifugation cycles) until the supernatant was colorless, indicat-
ing the removal of the non-reacted diazonium salt, and no
organic residuals were present (monitored by FT-IR). Finally,
the black solid was dried in vacuum at r.t. The dried black
powder, abbreviated as B15C5-MoS,, was used for further
characterization and studies.

Preparation of thin-film GC/B15C5-MoS,. GC/ce-MoS, and GC/
B15C5 and formation of electrodes

1 mg of B15C5-MoS, was dispersed in distilled water with the
aid of mild ultrasonication, furnishing a dispersion with C =
1 mg mL™". 20 pL of the suspension was deposited on the
surface of the polished GC electrode and dried at r.t. under
vacuum. In an analogous manner, 10 pL of the ce-MoS,
aqueous suspension (C = 0.87 mg mL™') was deposited on the
surface of the polished GC electrode and dried at r.t. under
vacuum. For the preparation of the GC/B15C5 electrode, 10 mg
of B15C5 was dissolved in an isopropanol solution containing
Nafion, and a 20 pL aliquot of the solution was drop-casted on
the surface of the polished GC electrode and dried at r.t. under
vacuum.
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