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1. Introduction

The relentless escalation of industrial 
and agricultural activities due to popula-
tion growth for decades has resulted in a 
dramatic increase in pollutants released 
into the environment worldwide.[1] These 
contaminants, which are chemically very 
diverse and range from micro pollutants[2] 
and distillates[3] to heavy metals[4] and 
endocrine disruptors,[5] represent one of 
the biggest threat for the world’s popu-
lation. Therefore, the development of 
new robust chemical sensors allowing 
the monitoring of the water composi-
tion in an efficient and rapid manner 
is highly sought after. The toxicity of 
heavy metals (e.g., Hg2+, Cd2+, Pb2+, 
Cu2+, Co2+, Cr3+, Mn2+, etc.) arises from 
their water-soluble nature along with 
their nonbiodegradability, prolonged 
half-life and potential of accumulation 
in different parts of living organisms 
including cells, tissues, and organs, even 
upon moderate exposure.[4] To address 
such environmental challenges, it is 

Chemical sensing of water contamination by heavy metal ions is key as 
it represents a most severe environmental problem. Liquid-phase exfoli-
ated two-dimensional (2D) transition metal dichalcogenides (TMDs) are 
suitable candidates for chemical sensing thanks to their high surface-to-
volume ratio, sensitivity, unique electrical characteristics, and scalability. 
However, TMDs lack selectivity due to nonspecific analyte-nanosheet 
interactions. To overcome this drawback, defect engineering enables 
controlled functionalization of 2D TMDs. Here, ultrasensitive and selec-
tive sensors of cobalt(II) ions via the covalent functionalization of defect-
rich MoS2 flakes with a specific receptor, 2,2′:6′,2″-terpyridine-4′-thiol is 
developed. A continuous network is assembled by healing of MoS2 sulfur 
vacancies in a tailored microfluidic approach, enabling high control over 
the assembly of thin and large hybrid films. The Co2+ cations compl-
exation represents a powerful gauge for low concentrations of cationic 
species which can be best monitored in a chemiresisitive ion sensor, 
featuring a 1 pm limit of detection, sensing in a broad concentration range 
(1 pm - 1 µm) and sensitivity as high as 0.308 ± 0.010 lg([Co2+])-1 com-
bined with a high selectivity towards Co2+ over K+, Ca2+, Mn2+, Cu2+, Cr3+, 
and Fe3+ cations. This supramolecular approach based on highly specific 
recognition can be adapted for sensing other analytes through specific 
ad-hoc receptors.
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critical to develop a facile, cheap, and robust technology for 
sensing metal cations in water reservoirs, such as lakes and 
ponds, as well as in waterbodies, namely rivers, and seas. The 
detection of heavy metal ions at low concentrations, i.e., in 
the picomolar regime, requires the use of analytical methods 
including spectroscopic techniques, such as ion chromatog-
raphy and ultraviolet–visible spectroscopy,[6] atomic flame 
atomic absorption spectroscopy,[7] inductively coupled plasma-
mass spectrometry,[8] atomic emission spectrometry,[9] capil-
lary electrophoresis,[10] X-ray fluorescence spectroscopy,[11] 
and microprobes.[12] Although these analytical methods are 
highly sensitive and selective, they require expensive instru-
ments, preconcentration procedures, and professional per-
sonnel. Furthermore, they cannot be used as portable devices 
for on-site detection because of larger size of the equipment. 
On the other hand, chemical sensors have been widely applied 
for on-site detection of multiple heavy metals. In particular, 
nanomaterials-based sensors have shown great promise in the 
detection of heavy metals due to their large surface area, high 
catalytic efficiency, high surface reactivity, and strong adsorp-
tion capacity.[13] Moreover, they meet the current request for 
portable multifunctional devices with an electrical response 
and can be easily integrated into miniaturized devices[14] and 
sensor arrays[15] for lab-on-a-chip applications. Among dif-
ferent nanomaterials, metallic nanoparticles (NPs) have been 
extensively exploited for metals sensing in biological liquids 
and drinking water mostly thanks to their plasmonic proper-
ties.[16] However, NPs and their colloidal dispersions suffer 
from severe aggregation and usually require capping agents 
to enhance their stability.[17] Additionally, the properties of 
the NPs are strongly dependent on their shape, resulting in 
uneven electrical properties. The aforementioned drawbacks 
can be overcome by employing two-dimensional materials 
(2DMs) as platforms for chemical sensing. 2DMs offer high 
mechanical robustness, unique electronic properties, such as 
high electron mobilities, and ease of processability, making 
them the platform of choice for proof-of-concept portable sen-
sors with electrical readout.[18–20] Indeed, 2D nanosheets have 
been used for the detection of a wide variety of inorganic and 
(bio)organic analytes, through their integration into diverse 
sensing devices, including thin film transistors and chemire-
sistors.[13,18,21] Additionally, nanosheet-based devices benefit 
from low power consumption[22] and good nanostructure-
electrode contact in the case of electrical chemosensors.[13] 
Moreover, 2DMs can be easily synthesized by top-down exfo-
liation approaches that yield high quantity, stable and process-
able dispersions.[23] Hitherto, due to its simple preparation 
and processing, (reduced) graphene oxide (rGO) has been 
widely investigated for chemical sensing, both in its pristine 
form and when chemically functionalized.[13] Yet, the pres-
ence of various oxygen-containing groups on their surface 
determines the existence of numerous uncontrolled back-
ground dipole-dipole interactions between GO and charged 
species, jeopardizing the selectivity in the analyte recognition 
process. Conversely, less attention has been paid to 2D transi-
tion metal dichalcogenides (TMDs) for multireadout sensing 
of a wide library of analytes.[24] In its pristine form, molyb-
denum disulfide (MoS2) has been employed for the sensing of 
heavy metals, such as mercury (II) cations,[24] and polycyclic 

aromatic hydrocarbons,[25] in devices with electrical readout. 
Indeed, the semiconducting nature of MoS2 makes it suscep-
tible to subtle electronic variations during the sensing pro-
cess, resulting from doping effect induced by the interaction 
with analytes. Nevertheless, pristine 2DMs suffer from lim-
ited intrinsic selectivity[26] as the analyte-nanosheet interaction 
occurs through nonspecific physisorption, which is mainly 
driven by electrostatic and van der Waals forces.[13,27] To over-
come this problem, MoS2 has been functionalized with ad hoc 
receptors for specific analytes via direct basal plane grafting of 
aryl diazonium salts.[28] However, a general strategy to build 
solution-processed sensing systems based on TMDs with 
enhanced sensitivity and selectivity is still missing. In gen-
eral, structural defects in TMDs nanosheets are considered as 
a major drawback since they significantly lower the electrical 
performances of pristine 2D nanosheets.[29] Nonetheless, 
chalcogen vacancies possess high reactivity and can enable 
the tuning of MoS2 physicochemical properties via covalent 
functionalization with organic supramolecular receptors 
designed to interact with specific analytes.[30,31] Furthermore, 
this approach can be implemented to solution-processable 
TMD inks,[32] enabling scalable production and high compat-
ibility with printing technologies. In general, slow progress 
in the field of chemical sensing with liquid-phase exfoliated 
TMDs can be associated with the processability issues. The 
well-established deposition techniques used with TMDs inks 
include spray-coating, spin-coating, drop-casting, dry transfer, 
and inkjet printing, to name a few. Noteworthy, the films pre-
pared by exploiting these techniques do not exhibit thin and 
even morphologies, limiting the receptor-to-flake ratio in 
hybrid sensing films, thus severely hindering their sensitivity. 
Therefore, to fully exploit the defects in TMDs, mostly located 
at the edges,[32] the implementation of a deposition strategy 
able to maximize the number of nanosheets for further func-
tionalization via defect engineering is needed.

In this work, we develop ultrasensitive chemical sensors for 
the detection of heavy metal ions through the covalent function-
alization of solution-processed MoS2 yielding continuous net-
works. To obtain large and thin hybrid films, we employed for 
the first time a microfluidic-based deposition approach which 
allows generation of uniform MoS2 networks thanks to a con-
trollable laminar flow of liquid-phase exfoliated MoS2 inks. As 
a proof of concept, we have decorated defect-rich, liquid phase 
exfoliated MoS2 nanosheets with 2,2″:6″,2″-terpyridine-4′-thiol 
(TerpySH) ligands, whose thiol functional group guarantees 
their attachment to MoS2 via the healing of sulfur vacancies. 
Terpy derivatives are highly selective towards Co2+,[33] which is 
a toxic water pollutant and can cause severe health conditions, 
such as contact dermatitis, allergic asthma, and lung cancer 
upon overexposure.[34] The fabricated chemiresisitive ion sen-
sors exhibit a state-of-the-art limit of detection (LoD) reaching 
values as low as 1 pm (0.06  ng L−1) of Co2+, sensing within a 
broad concentration range from 1 pm to 1 µm and high selec-
tivity towards Co2+ cation over interfering species such as K+, 
Ca2+, Fe3+, Cu2+, Cr3+, and Mn2+. Our strategy can be extended 
to other 2D materials and finely tuned supramolecular receptor 
combinations, paving the way for the versatile design of highly 
selective chemical sensors with tailored functionalities and 
electrical readout.
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2. Results and Discussion

The functionalized solution-processed MoS2 films onto Si/
SiO2 support prepatterned with interdigitated Au electrodes 
(channel width of 10 µm) (Figure S1, Supporting Information) 
were formed by means of a step-by-step deposition process 
that involves a microfluid strategy to finely control the laminar 
flow of the MoS2 ink and thus generating a large and thin 
MoS2 coating. First, the Si/SiO2 substrate was modified with 
3-(aminopropyl)triethoxysilane (APTES) to adjust its wettability, 
thereby promoting the adhesion of 2DMs nanosheets. The 
film formation was carried out inside a microfluidic chamber 
(Figure S2, Supporting Information) by repeating the subse-
quent deposition of liquid-phase exfoliated MoS2 from its ink 
in isopropanol followed by the covalent functionalization of the 
nanosheets edges with [Zn(TerpySH)2](OTf)2 in chloroform/
acetonitrile 4:1 v/v yielding three-dimensional networks of 
MoS2 bridged by highly selective supramolecular receptors for 
Co2+ cations (Figure 1a,b). As a result, films exhibiting ≈60% 
coverage were generated (Figure S3, Supporting Information). 
It is worth noting that exfoliation of bulk MoS2 by sonication-
assisted methods yields a considerable amount of structural 
defects in the synthesized flakes, such as sulfur vacancies,[30,32] 
which are critical to the assembly of a robust network as 
they are exploited as anchoring sites for the thiolated terpy-
ridine moieties. To impart sensitivity towards Co2+ ions, MoS2-
[Zn(TerpySH)2]2+ films were treated with 1 mm HCl, which 
enables the removal of Zn2+ ions from the [Zn(TerpySH)2]2+ 
units via its decomplexation,[35] giving rise to coordination 
pockets that can be further exploited for the complexation of 
Co2+ cations. Noteworthy, the morphology of MoS2-TerpySH 
hybrid films remains unchanged upon the treatment with HCl, 
which is critical in view of recyclability.

The composition and structural features of the thin films 
were assessed by scanning electron microscopy (SEM), X-ray 
photoelectron spectroscopy (XPS), and Raman spectroscopy. 
The comparison of SEM images (Figure  1c,d) of the pristine 
MoS2 film and the ones of the networks thereof obtained via 
the treatment with the dithiolated ligands demonstrates higher 
coverage for the latter. This result suggests that the dithiolated 
molecules act as a linker thereby bridging adjacent flakes, 
yielding a covalent network. XPS is a powerful technique to 
unveil the defects type and content in MoS2 (Figure S4, Sup-
porting Information). The high-resolution spectra of the 
S2p peak for the pristine and complex-functionalized film 
(Figure  1e,f) feature two main sulfur peaks at ≈162.3 and 
≈163.5  eV, which are ascribed to the S2p3/2 and S2p1/2 com-
ponents, respectively, and a broad component at ≈161.2  eV 
that emerges from the defects of crystal structure.[24,25,32] The 
decrease of the relative area of the defect peak from 8.7% in 
the pristine film to 6.7% in complex-treated one bears witness 
to the efficient defect healing and thus chemical functionaliza-
tion of MoS2 nanosheets. Additionally, XPS provided evidence 
for the complete Zn(II) ion removal upon HCl treatment 
(Figures S5 and S6, Supporting Information). The Raman 
spectra of MoS2 of pristine and functionalized films (Figure 1g) 
feature the E1

2g at ≈381 cm−1 and A1g at ≈407 cm−1 vibrational 
signature, ascribed to in-plane and out-of-plane modes, respec-
tively.[36] Raman analysis revealed identical spectral features 

indicating that the functionalization procedure does not 
damage or modify the flakes and their orientation. Indeed, the 
full width half maximum (FWHM) of both peaks displays no 
significant change (from 4.93 ± 0.19 cm−1 to 5.12 ± 0.17 cm−1 
for E1

2g and from 4.43 ± 0.23 cm−1 to 4.73 ± 0.21 cm−1 for A1g). 
Both components also exhibit a blue shift of ≈1.5 cm−1, which 
confirms the successful functionalization process.[32]

To unravel the sensing performances of the MoS2-TerpySH 
network, electrochemical impedance spectroscopy (EIS) meas-
urements were performed. This technique is based on alter-
nating current (AC) and it is more sensitive to minor changes 
in the interface than its direct current counterpart.[37] An inter-
digitated electrodes design was used to overcome the negative 
effects of film coverage disruptions and enhance the active 
sensing area (Figure 2a and S1a).[38] Ultimately, our system 
was modeled by an equivalent circuit, as shown in the inset of 
Figure 2c, where R1 represents the MoS2-gold contact resistance, 
R2, and CPE1 are attributed to the charge transfer resistance 
(Rct) of the film, and its double-layer capacitance, respectively, 
and R3 and CPE2 correspond to the resistance and capacitance 
of a diffusion boundary layer in bulk solution.[39] In general, Rct 
of a thin 2DMs film  is governed by the interplay of electronic 
inter- and intra-flake charge transfer[32] and the ionic conduc-
tivity of the solution.[40] The sensing mechanism of the MoS2-
TerpySH film relies on the modulation of its Rct, associated 
with the complexation between Co2+ and two neighboring terpy-
ridine units, strongly affecting the inter-flake electron transfer. 
The incorporation of immobilized cations into the functional-
ized film structure induces the redistribution of electron den-
sity, hindering both intra- (decreasing the n-doping effect of 
Terpy moiety)[41] and inter-flake electron transport. Additionally, 
an ionic contribution is present due to a high number of free 
ions in the system,[40] leading to the decrease of Rct. As a result, 
the resistance of the film evolves as a function of the analyte 
(Co2+) concentration (Figure  2b). The EIS spectra comparison 
between the bare device, pristine MoS2 film, and the MoS2-
TerpySH film after exposure to 10−6 m concentration of CoCl2 
is displayed in Figure 2c. As expected, the Nyquist plot of the 
bare device does not feature a semicircle, associated with Rct, 
because of the limited charge transfer. In contrast, the pristine 
and MoS2-TerpySH films exhibit a Rct of 26.8 kOhm and 170 
kOhm, respectively. The higher Rct value in MoS2-TerpySH film 
confirms that detection of Co2+ is successfully achieved through 
the Terpy-cobalt(II) recognition rather than nonspecific electro-
static interactions.

To gain further insight into the device sensing performances, 
a comparative analysis of the sensitivity towards Co2+ in pris-
tine and functionalized MoS2 films was carried out (Figure 2d). 
Remarkably, the device based on functionalized MoS2 yielded 
an average Co2+ sensitivity of 0.308 ± 0.010 lg([Co2+])−1 in the 
linear range from 10−12 m to 10−6 m (R2 = 0.994) with state-of-
the-art ultralow LoD in the picomolar regime as compared 
with previously reported sensors based on electrical readout 
and other techniques (Tables S1 and S2, Supporting Informa-
tion). In contrast, the pristine MoS2 device demonstrated a 
negligible average sensitivity of 0.007 ± 0.020 lg([Co2+])−1. Alter-
natively, drop-casted sensing films were prepared according to 
the previously reported MoS2 functionalization procedure[32] 
with subsequent 1 mm HCl treatment. The fabricated films 
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exhibited irregular morphology and the sensitivity to Co2+ ion 
of 0.055 ± 0.012 lg([Co2+])−1 with a limit of detection of 10−9 m 
(Figure S7, Supporting Information). Thus, the micro fluidic-
assisted approach for sensing films assembly provides a signifi-
cant gain in sensitivity (≈5.6 times) as well as LoD (103 times).

To evaluate the selectivity, the response of the film toward 
potentially interfering cations has been examined. These cations 
are among the most abundant in tap and wastewater, such as 
K+, Ca2+, Cu2+, Cr3+, and Fe3+. To further explore the selectivity 
of our system, we have investigated its sensing towards Fe2+ and 

Small 2023, 2208100

Figure 1. a) Schematic illustration of the healing of sulfur vacancies by thiolated terpyridine complexes. b) Scheme of the step-by-step hybrid film 
formation. c) SEM image of pristine MoS2 film fragment. d) SEM image of functionalized MoS2 film. e) High-resolution XPS spectra of S2p region for 
pristine and f) functionalized MoS2. g) Raman spectra of pristine (red) and functionalized (black) MoS2.
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Mn2+. Mn2+ ion is a neurotoxic heavy metal pollutant[42] com-
parable in size and coordination number with Co2+ (0.080 nm 
and 0.072 nm for Mn2+ and Co2+, respectively).[43] Both Fe2+ and 
Mn2+ form bis-complexes with Terpy derivatives.[44,45] It is worth 
noting that chloride salts were used for all the experiments to 
exclude the influence of the counter-anion. The comparison of 
the functionalized film sensitivities towards the Co2+, Mn2+, K+, 
Ca2+, Fe3+, Cu2+, Cr3+, and Fe2+ cations is shown in Figure 3a 
and Figure S8, Supporting Information. For the Mn2+ cation, 
the average value of sensitivity was 0.147±0.104 lg([Mn2+])−1, 
being two times smaller than that of Co2+, as a result of the 
lower stability constant of Mn2+ bis-complex over Co2+.[45] Large 
error bars for the device sensitivity towards Mn2+ are explained 
by high device-to-device variation as well as the unstable nature 
of its bis-complex with the TerpySH ligand. Similarly, the cali-
bration curve for Fe2+ is characterized by the positive slope of 
0.439 ± 0.034 lg([Fe2+])−1. Indeed, Fe2+ ion is known to readily 
form stable bis-complexes with Terpy derivatives with a signifi-
cantly higher stability constant than that of Co2+ (logK2 = 9.9 for 
Co2+ and 13.8 for Fe2+).[45] Although the sensitivity of the sensor 
to Fe2+ is significant, the sensing of Co2+ in tap or waste water 
is not jeopardized because such water undergoes aeration or 
chlorination prior to use or disposal. As a result, most of the 
Fe2+ is oxidized to insoluble Fe3+ compounds.[46]

In contrast, the average sensitivities for K+ and Cr3+ are 
−0.035 ± 0.031 lg([K+])−1 and −0.069 ± 0.011 lg([Cr3+])−1, respec-
tively, which are one order of magnitude lower than that for 

Co2+. Moreover, the slopes of the calibration curves are nega-
tive, suggesting that the resistance of the film decreases pro-
portionally to the ion concentration. Therefore, a different 
sensing mechanism for K+ and Cr3+ is proposed. As K+ – Terpy 
complexes of any stoichiometry are not formed due to the large 
size (0.141  nm)[43] and coordination number (8) of the metal 
ion, the interactions involved are merely electrostatic. On the 
other hand, Cr3+ has a smaller ionic radius compared to Co2+ 
(0.058 nm for Cr3+).[43] Thus, K+ and Cr3+ ions are not retained 
by the ligands to form a complex but are rather mobile within 
the structure, significantly contributing to the overall ionic con-
ductivity of the film. As expected, Ca2+ and Fe3+ induced negli-
gible output of the sensor with the sensitivities of 0.003 ± 0.010 
lg([Ca2+])−1 and 0.007 ± 0.018 lg([Fe3+])−1. Indeed, the low-affinity 
Ca2+ and Fe3+ to Terpy, explained by the high stability of their 
oxygen-containing aquacomplexes[47] and unsuitable cation 
size for Ca2+ (0.103 nm)[43] and Fe3+ (0.064 nm),[43] respectively, 
leads to reduced Rct output. The sensor response to Cu2+ fea-
tures the calibration curve slope of 0.063±0.011 lg([Cu2+])−1. 
Such moderate sensitivity for Cu2+ is ascribed to the forma-
tion of a 1:1 complex with Terpy ligand, due to suitable cation 
size (0.072  nm)[43] and coordination number 4. Therefore, the 
neighboring Terpy units are not connected through a cation. 
Thus, the contribution of interflake transport does not change 
significantly.

Additionally, to investigate the sensitivity and selectivity of 
our sensor in a bicomponent system, an experiment of sensing 

Small 2023, 2208100

Figure 2. a) Schematic representation of the device architecture. b) EIS signal evolution upon Co2+ concentration increase. c) EIS signal variation for 
bare chip (blue), pristine (black), and functionalized (red) MoS2 upon exposure of 10−6 m solution of CoCl2. Inset: equivalent circuit employed in this 
study. d) Normalized charge transfer resistance response as a function of CoCl2 concentration for pristine (red) and functionalized (black) device. The 
slope of calibration curves defines the sensitivity.
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Co2+ in a 10−6 m KCl solution was carried out (Figure  3b). 
Remarkably, the detection of Co2+ was not compromised by 
the significant excess of another cation in the solution and 
the average sensitivity increased to 0.453 ± 0.071 lg([Co2+])−1. 
Moreover, to adequately assess the selectivity of the device 
and its applicability to the real samples, the sensing of Co2+ in 
tap water environment was evaluated. Tap water is a salt-rich 
matrix that typically contains high concentrations of K+, Na+, 
Ca2+, Cu2+, and traces of other heavy metals.[48] Importantly, the 
device was able to detect Co2+ in a complex multicomponent 
solution with high sensitivity of 0.361 ± 0.061 lg([Co2+])−1, there-
fore, its selectivity towards Co2+ can be concluded. Overall, the 
results suggest that high selectivity towards a specific analyte or 
a family of analytes can be achieved through ad hoc design of 
the supramolecular receptor.

To investigate the recyclability of the device, Rct was evalu-
ated after successive CoCl2 treatment/recovery cycles. Since 

our device operation is governed by reversible supramolecular 
interactions, the recovery was performed through the decompl-
exation of the [Co(TerpySH)2]2+ moieties via 10 mm HCl treat-
ment. The Rct change upon repeated 10−9 m CoCl2 treatment/
recovery is displayed in Figure 3c,d. As shown in Figure 3c, the 
system can be regenerated up to four times. However, the ini-
tial resistance cannot be recovered due to significant baseline 
drift from 23 to 69 kOhm, resulting from Co2+ accumulation 
and mechanical degradation. Nonetheless, the relative change 
of Rct is preserved upon multiple Co2+ exposure (Figure 3d).

3. Conclusion

In this work, we have developed an unprecedented microflu-
idic-assisted strategy for selective sensing of heavy metals based 
on the defect engineering of 2D materials. Sulfur vacancies in 

Small 2023, 2208100

Figure 3. a) Comparison of device sensitivity to the change of concentration for Co2+ and interfering cations. [M] is the concentration of a given cation. 
b) Normalized charge transfer resistance response as a function of CoCl2 concentration with the fixed 10−6 m KCl concentration (red) and in tap water 
(blue). The normalization was performed by the device’s Rct in MQ water. c) Rct change as a function of sensing/washing cycles. d) Normalized charge 
transfer resistance for the detection of Co2+ (red) and baseline variation (black) as a function of number of cycles.
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liquid-phase exfoliated MoS2 have been exploited as anchoring 
sites for thiolated terpyridine building blocks, enabling the 
formation thin MoS2 films. The functionalized MoS2-TerpySH 
supramolecular system has been embedded into a chemire-
sistive sensor for Co2+ detection. Our device exhibits superior 
selectivity towards Co2+ over a number of interfering cations 
including K+, Cr3+, Cu2+, Ca2+, Mn2+, and Fe3+, with sensitivity 
as high as 0.308 lg([Co2+])−1, the ultralow limit of detection of  
1 pm and linearity in the broad range from 1 pm to 1 µm, repre-
senting a state-of-the-art chemical sensor compared to best-per-
forming devices based on the electrical readout. Furthermore, 
the fabricated sensor can be recovered and used multiple (up 
to 4) times. Our approach can be extended to the detection of 
a broad range of analytes, spanning from small ions to (bio)
organic molecules, by simply tuning the receptor chemical 
features. Thus, it provides a solid platform for further devel-
opment of cost-effective and scalable next-generation wearable 
sensors.

4. Experimental Section
Materials: The materials used to carry out this work are commercially 

available. MoS2 powder, hexamethyldisilazane (HMDS), cobalt(II) 
chloride hexahydrate (CoCl2×6H2O), calcium chloride dihydrate 
(CaCl2×2H2O), iron(III) chloride hexahydrate (FeCl3×6H2O), 
manganese(II) chloride tetrahydrate (MnCl2×4H2O), iron(II) chloride 
tetrahydrate (FeCl2×4H2O), chromium(III) chloride hexahydrate 
(CrCl3×6H2O), copper(II) chloride dihydrate (CuCl2×2H2O), precursors 
for 2,2″:6″,2″-Terpyridine-4′-thiol synthesis and standard solvents 
were purchased from Sigma-Aldrich. Potassium chloride (KCl) was 
supplied by Fluka, AZ1505 photoresist and AZ726MIF developer 
from Microchemicals; 3-(aminopropyl)triethoxysilane (APTES) were 
purchased from Alfa Aesar. Zinc (II) trifluoromethanesulfonate 
(Zn(OTf)2) was supplied by TCI. Milli-Q grade water was used in all the 
experiments.

MoS2 Exfoliation: MoS2 ink was synthesized according to the liquid 
phase exfoliation procedure by sonicating the bulk powders in N-Methyl-
2-pyrrolidone (NMP). 80  mL of 20  mg mL−1 MoS2 dispersion was 
sonicated for 1 h using a cuphorn sonicator (Sonics Vibra-cell VCX-750) 
at 60% amplitude. Then, the dispersion was centrifuged at 5500  rpm 
(3218 rcf) for 1 h (Hettich Mikro 220R centrifuge) and the supernatant 
was discarded. The precipitate was redispersed in NMP and sonicated 
for 6  h under the same conditions. To narrow the size and thickness 
distribution of the flakes, centrifugation was performed at 1000  rpm 
(106.4 rcf) for 90 min, followed by a second step at 2000 rpm (425 rcf) 
for 90 min.

Synthesis of 2,2″:6″,2″-Terpyridine-4″-Thiol (Tautomer 
2,2″:6′,2″-Terpyridine-4′(1′H)-Thione, TpySH): The procedure was 
adapted from a previously reported synthesis (Figure S9, Supporting 
Information).[49] A 250 mL two-necked round bottom flask with a reflux 
condenser was flushed with argon and the following was added under an 
inert atmosphere: 4″-chloro-2,2″:6″,2″-terpyridine (0.55  g, 2.06  mmol), 
excess (3.50 g, 14.57 mmol) of sodium hydrosulfide hydrate and 50 mL 
of distilled DMF. The mixture was heated at 140 ⁰C for six hours. Then, 
the suspension was filtered through celite and washed 5 times with 
10  mL aliquots of DMF. Afterward, the solution was transferred to the 
250 mL round bottom flask and the solvent was evaporated. Obtained 
orange-brown solid was dissolved in ca. 10 ml of water and ammonium 
chloride (2.0  g, 3.13  mmol) was added to the mixture. The flask was 
stored in the refrigerator for 1 h and the yellow-orange precipitate was 
formed. The precipitate was filtered, washed with cold diethyl ether, and 
dried in vacuum for 48 h. Yield: 390.8 mg, 1,47 mmol, 71,7%. The solid 
was determined to be 2,2″:6″,2″-terpyridine-4″(1″H)-thione with >97% 
purity as seen by 1H NMR (500 MHz, DMSO-d6, δ): 12.30 (br s, J = 4 Hz, 

1H), 8.84 (d, J = 8 Hz, 2H), δ 8.44 (d, J = 4 Hz, 2H), δ 8.05 (dt, J = 4 Hz, 
2H), δ 7.62 (br t, J = 4 Hz, 2H) (Figure S10, Supporting Information).

[Zn(TpySH)2](OTf )2 Complex Synthesis: This procedure was 
adapted from previously reported methods.[50,51] 5–10  mg of 
2,2″:6″,2″″-terpyridine-4′-thiol was dissolved in chloroform to 
yield 40 mm concentration. Then, 0.5 equivalents of zinc(II) 
trifluoromethanesulfonate (40 mm solution in anhydrous acetonitrile) 
was added dropwise upon gentle stirring. Immediately, the yellow color 
of the TpySH solution becomes transparent, which is an indication of the 
formation of [Zn(TpySH)2](OTf)2 in the 4/1 v/v CHCl3/CH3CN mixture.

Electrodes Fabrication: The electrodes were patterned on a 
n-doped standard Si/SiO2 (oxide thickness: 90  nm thickness, size: 
15 mm × 15 mm) by maskless photolithography (Microtech LW405B laser 
writer) using AZ1505 photoresist and MIF726 developer. The bottom 
contact channel length was L = 10 µm and width W = 10 µm (Figure S1, 
Supporting Information). Then, 3 nm chromium and 40 nm gold were 
consecutively thermally evaporated with high vacuum Plassys MEB 300 
followed by a sonication-assisted lift-off process in acetone. The lift-off 
quality was monitored with the Olympus BX51 optical microscope.

Film Fabrication: The substrate first comprised the SiO2 surface 
activation by UV/ozone treatment (NovaScan, Digital UV/Ozone 
System) for 20  min. Then, it was immersed in 1% APTES solution 
in ethanol for 30  min under mild stirring. This step is necessary to 
functionalize the surface with the amino group of APTES to facilitate the 
attachment of the MoS2 flakes. Then, 0.5 mg mL−1 dispersion of 2H-MoS2 
in isopropanol was prepared and sonicated for 30 mins on an ice bath to 
avoid aggregation processes. The film was deposited via a step-by-step 
strategy using a microfluidic setup, according to a procedure developed 
in our laboratory. First, the silicon chip was placed in the chamber and 
exposed to the MoS2 dispersion for 3 mins to create the first patches of 
2D material attached to the surface. Then, the substrate was immersed 
in ∼20 mm [Zn(TpySH)2](OTf)2 solution in 4/1 v/v CHCl3/CH3CN mixture 
for 15 mins. Afterward, the chip was treated with the MoS2 dispersion 
in the chamber for 10 mins and the treatment with the Zn(II) complex 
was repeated. The alternated depositions of MoS2 and [Zn(TpySH)2]
(OTf)2 complex were repeated 5 times yielding a coverage of ≈60%. The 
chip was washed with IPA for 1  min and dried in N2 stream between 
the steps to remove the extra material. Finally, Zn2+ was removed by 
decomplexation. The film was treated with 1 mm HCl for 15 mins and 
washed with MQ water. The procedure was repeated 3 times to ensure 
the cation removal.

Drop-Casted Film Fabrication: The procedure was adapted from Ref.
[32] The MoS2 ink was drop-casted onto IDE prepatterned Si/SiO2 
substrate and then soaked in 20 mm [Zn(TpySH)2](OTf)2 in the 4/1 v/v 
CHCl3/CH3CN mixture for 24  h. Afterward, the Zn2+ ion was removed 
with 1 mm HCl treatment, that is described above.

Profilometer: To evaluate the thickness of the fabricated films, Alpha-
Step IQ Surface Profiler (KLA) was employed.

Scanning Electron Microscopy (SEM): SEM images were obtained with 
a field emission scanning electron microscope (FEI Quanta 450 FEG), 
operating in high vacuum with accelerating voltages of 30  kV for the 
incident beam.

Raman Spectroscopy: Raman measurements were carried out with a 
Renishaw InVia Reflex spectrometer with high-resolution grating (2400 
grooves cm−1), additional band-pass filter optics, a confocal microscope, 
and a 2D-CCD camera. Laser excitation was performed at 532 nm with a 
100× objective with 0.5% of maximum laser power for 10 seconds.

X-Ray Photoelectron Spectroscopy (XPS): The XPS spectra were 
collected via a Thermo Scientific K-Alpha X-ray photoelectron 
spectrometer with an aluminum X-ray source (energy 1.4866  keV). 
The X-ray spot size was settled at 400 µm. Wide-energy survey spectra 
were collected as an average of 10 separate scans with the pass energy 
of 200  eV. High-resolution spectra were collected as an average of 30 
separate scans with 20 eV pass energy.

Electrical Measurements: The device response was recorded in the 
alternating current regime. Electrochemical impedance spectroscopy 
measurements were carried out using a Metrohm Autolab PGSTAT204 
potentiostat/galvanostat coupled with a mini probe station (Everbeing 

Small 2023, 2208100
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Int’l Corp.). The impedance spectra were collected in the frequency 
range of 0.1 – 105  Hz, swept from high to low frequencies with the 
sine-wave voltage signal amplitude of 10 mV (root-mean-square, 
RMS).

Ion Sensing: All the measurements were performed in the wet state. 
First, the electrodes with the sensing film on top were immersed in 1 mL 
of the aqueous solution of CoCl2/CaCl2/FeCl3/MnCl2/KCl/FeCl2/CrCl3/
CuCl2 (concentrations ranging from 10−15 to 10−6  M) for 15  min. Then, 
the device was carefully rinsed with water and immersed in clean water 
for 5 min to remove the electrostatically attached ions. Then, the device 
was connected to the probe station, the rubber O-ring of appropriate 
size was placed on top of the chip and 100 µL of H2O was drop-casted 
to keep the film wet. Each measurement was repeated 15–20 times to 
stabilize the signal.

Recovery Procedure: The recovery was carried out by exposing the 
sensors to 10 mm HCl (15 mins) under mild stirring for three times. The 
substrate was rinsed with water after each step.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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