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1. Introduction
Among the large family of transition metal dichalcogenides, recently ReS,

has stood out due to its nearly layer-independent optoelectronic and
physicochemical properties related to its 1T distorted octahedral structure.

Transition metal dichalcogenides (TMDCs)
are highly interesting and versatile mate-
rials due to their physicochemical pro-

This structure leads to strong in-plane anisotropy, and the presence of active perties that can be modified by exfoliation
sites at its surface makes ReS; interesting for gas sensing and catalysts into single- or few-layer structures.'™
applications. However, current fabrication methods use chemical or physical Due to quantum confinement and/or
vapor deposition (CVD or PVD) processes that are costly, time-consuming surface effects, such single and few-layer

structures can behave differently from

lex, therefore limiting its large-scal i loitation.
and complex, therefore limiting its large-scale production and exploitation their bulk phase and manifest photolumi-

To address this issue, a colloidal synthesis approach is developed, which nescence,’ catalytically active sites,s or
allows the production of ReS, at temperatures below 360 °C and with reaction strong light-matter coupling.” Moreover,
times shorter than 2h. By combining the solution-based synthesis with surface depending on their composition and struc-
functionalization strategies, the feasibility of colloidal ReS, nanosheet films for ture, they can be semiconductors (e.g.,

MoS,, WS,), metals (e.g., NbS,, VSe,),
or even superconductors (e.g., NbSe,,
TaS,).¥ Among the TMDCs, rhenium

sensing different gases is demonstrated with highly competitive performance
in comparison with devices built with CVD-grown ReS, and MoS,. In addition,

the integration of the ReS, nanosheet films in assemblies together with carbon disulfide (ReS,) has recently emerged as
nanotubes allows to fabricate electrodes for electrocatalysis for H, production an interesting material.®'!) In contrast to
in both acid and alkaline conditions. Results from proof-of-principle devices the well-known group-VIg TMDCs (MoS,
show an electrocatalytic overpotential competitive with devices based on ReS, or WS,), which present a hexagonal crys-

talline structure, ReS, has an unusual dis-

produced by CVD, and even with MoS,, WS,, and MoSe, electrocatalysts. orted octahedral (IT) triclinic structure,
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Scheme 1. Sketches of the distorted 1T crystal structure of the ReS, from different perspectives. Lattice orientations are indicated by the a—b—c axes.
a) A general view of a three-layer system, b) side view of the layers, c) top view of the three layer crystals where the Re, clusters can be identified,
d) enlarged top view indicating the distances between the atoms. To obtain the crystal structure we used the crystallographic data from Murray et al.

and Kelty et al.'2"% and the VESTA v.3.4.6 software.['*]

leading to a strong in-plane anisotropy like black phosphorous
(BP).*19 However, unlike BP, ReS, is stable in air.*'% The ReS,
structure consists of a P1 symmetry with Re atoms forming
Re, clusters, interconnected in zig-zag chains, and distorted S
octahedra that are formed upon cooperative atomic displacement
(Scheme 1).011-13]

Moreover, ReS, exhibits both metal—chalcogen and
metal—metal bonds due to the extra valence electron of Re
atoms, since Re belongs to the group-VII of elements.>!1-13]
This structural anisotropy translates to electrical, optical,
vibrational,l'®! thermal,'® and physicochemical properties
that do not depend significantly on the number of layers.
For example, ReS, is a direct-gap semiconductor (1.4-1.5 eV)
from bulk to monolayer (0.7 nm) thicknesses,' unlike MoS,
or WS, that instead present an indirect to direct bandgap
(Eg) transition when the thickness is reduced from bulk to a
monolayer.”1% The predictability of the physical properties of
ReS, has made it attractive for a large variety of applications,
in which it can be integrated as monolayer or few-layer crys-
tals in polarization-sensitive photodetectors,'’-1% field effect or
heterojunction transistor structures,?*?! and gas sensors, 220l
or as thick nanocrystals or nanocrystal sheets with some
tens up to hundred layers in batteries, 2429 solar cells,’?”] and
electrocatalysts.[28:2]

Despite its favorable properties, the feasibility of ReS, in
technological and economic terms will strongly depend on
the development of a scalable synthesis that can be readily
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integrated with the current device technology, being compat-
ible with economic constrictions. In this regard, there are sev-
eral challenges. First, Re is not an earth-abundant element,
and therefore, its price (around 2800 € kg '13%), determined
by its availability and the market demand, is high in com-
parison to representative TMDCs, such as Mo and W (less
than 30 € kg 'Pl). Moreover, current methods for the pro-
duction of ReS, are mainly based on chemical vapor deposi-
tion[1232-341 (CVD), epitaxial growth,® and the Bridgman
method,? and rely on high process temperatures (from
450 to 1100 °C) for the precursor decomposition (e.g., the
melting points of Re powder 3180 °C; Re-Te eutectoid 430 °C;
ReO; 400 °C).1% Moreover, they also imply the use of hal-
ogen vapor transport in the case of CVD;*% or HF treatments
for cleaning in the Bridgman method?” and as etchant to
delaminate the ReS, from the mica substrate in the epitaxial
growth.’! In addition, the aforementioned methods require
long processing times from several hours for CVDP1% and
epitaxial growth®!% up to several weeks for the Bridgman
method.?192% Solution-based techniques, such as chemical-
intercalation®®! and liquid phase exfoliation (LPE),7®! have
been developed as large-scale routes for the ReS, flakes
production, but in most cases CVD-grown ReS, is used as
starting material, and therefore these methodologies inevi-
tably still rely on expensive and demanding processing. To
face the challenges related to the fabrication of ReS,, colloidal
synthesis can be an alternative method for its large-scale pro-
duction,?-* achieving a compromise between crystal quality
and physical properties that are needed for device applica-
tions. In fact, colloidal synthesis has already been successful
in the development of other TMDCs, such as MoS,,!>*>~]

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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MoSe,, 240471 MoTe,,*81 WS, *1 WSe,,1*0 ZrS,,15% TiS, P and
HfS,.5

Transition metal dichalcogenides have already been explored
as gas sensing materials showing high sensitivity, room tem-
perature operation, facile processing, and high resistance to
degradation, in order to address the main drawbacks of the
materials that are currently used in environmental monitoring
such as metal oxides,! conducting polymers,P!l and carbon
nanotubes.P!l Recently, an interest in the use of ReS, for the
fabrication of gas sensors?22%l has emerged due to its strong
interaction with nonmetal adatoms (H, N, P, O, S, F, etc.). In
transistors built from Scotch-tape exfoliated ReS,,?2l a key role
of the sulfur vacancies and interlayer interactions has been
demonstrated to enhance the gas sensing capabilities, leading,
for example, to better performance than MoS,%2 and gra-
phene-based detectors®® for NH; detection. In addition, ReS,
is also sensitive to other gases such as O, or air, and can be
applied in humidity sensors.2]

The presence of active sites at the surface, promoted by the
stable and distorted 1T structure of the ReS,, can be beneficial
not only for the gas sensing applications but also in electroca-
talysis for the molecular hydrogen (H,) production from elec-
trochemical water splitting,*>3¢>4 an important and growing
field due to the high energy density of =120-140 M] kg!
and sustainability of H,.’>7] Actually, before ReS,, other
TMDCs have been reported as high-performance hydrogen
evolution reaction (HER)-electrocatalysts.[®*-%0 In particular,
the group-VIz TMDCs have reached an advanced stage of
development,[©8-60] exhibiting overpotentials inferior to 0.1 V
at a cathodic current density of 10 mA cm™ (ny) in both
acidl®?l and alkalinel®3-! media. However, only the metallic
edge states of their trigonal prismatic (2H) phase can absorb
H* with a small Gibbs free energy (AGy® = 0.08 eV for MoS,),
acting as active site for HER,[%-%8] while the basal planes are
electrocatalytically inactive.l®’-%°] Recent advances have shown
that the HER activity of group-VIz TMDCs can be significantly
enhanced when the semiconducting 2H phase of MoS, is
converted into metallic 1T (octahedral) phase.”®7! In this con-
text, the stable and distorted 1T structure of the ReS, repre-
sents an interesting electrocatalyst model, which can be advan-
tageous compared to group-VIg TMDCs due to its metal—metal
bonds. These bonds create a superlattice structure of Re
chains that distort the octahedral structure of 1T phase (Cs,
symmetry).'>28 Consequently, the Gibbs free energy of the
hydrogen adsorption (AGy®) on ReS, basal planes can be as
low as =0.1 eV.?8] In fact, recent theoretical and experimental
studies have shown that Re—Re bonds serve as electron reser-
voirs to originate an intrinsic charge distribution regulation,
which tunes the Gibbs free energy of the hydrogen adsorption
(AGy") on ReS, basal planes towards the optimal thermoneutral
value (i.e., 0 €V).5% This value is comparable to that of metallic
edge states of 2H-MoS, (=0.08 eV).#72 However, thanks to
the HER-activity of its basal planes, the ReS, should exhibit
a higher number of active sites than group-Vlz TMDCs.l?8 In
addition, in TMDCs such as MoS, or WS,, the HER-activity
strongly depends on the number of layers due to the depend-
ence with the E,, and the HER-activity weakens by passing
from monolayer to few-layer materials as a consequence of
an inefficient intra-flake electron transport via a hopping
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mechanism.[%%%l In contrast, the nearly layer-independent

properties of ReS, make it a suitable catalyst, either monolayer
or multilayer structures,®! as it has been demonstrated in 3D
structures composed by multilayer (>17L) ReS, flakes.[2829]

In this work, we report a colloidal approach for the synthesis
of ReS, nanosheets, starting from ReCls and elemental sulfur as
precursors. The obtained ReS, sheets are tested as active mate-
rial in gas sensors and HER. For the colloidal synthesis of the
ReS, nanosheets, we use elemental sulfur instead of CS,[*%#%50
or dodecanethiol (DDT)***% that are used as sulfur source for
the colloidal synthesis of other TMDCs.*>#34950] The advantage
of using elemental sulfur relies on the fact that it is much less
hazardous and/or toxic than the aforementioned precursors. We
compare the properties of the colloidal ReS, with their bulk and
LPE counterparts, and find that the colloidal ReS, nanosheets
have a similar composition and E,, but lower crystallinity. We fab-
ricated gas sensors for a variety of agents by electrically contacting
homogenous films of colloidal ReS, nanosheets. With suitable
ligands for the surface functionalization of the colloidal ReS,
nanosheets, we are able to enhance the gas sensor sensitivity to
toxic gases (NH;) and humidity, compared to their nonfunction-
alized counterparts. Sensitivity, recovery and time response of the
functionalized gas sensors based on colloidal ReS, nanosheets
can compete with gas sensors fabricated from CVD-produced
ReS, reported in literature.?’l Concerning the HER activity in
acidic media, a mixture of colloidally synthesized ReS, in com-
bination with carbon nanotubes, resulted in electrodes that can
compete with the state-of-art CVD (KI)-aided ReS,.>

2. Results and Discussion

The colloidal ReS, nanosheets were synthesized from ReCls
and elemental sulfur by a syringe pump method,*>*47-#1 in
which the Re-precursor is added dropwise in a S-oleylamine
(S-OlAm) solution at 350 °C. This procedure follows the use
of chloride metal precursorst*?#55% and the progressive injec-
tion method*>**#7=*] for the colloidal synthesis of TMDCs, but
it introduces elemental S as the sulfur source. The chalcogen
source can play a role in the growth kinetics, in particular in
the formation of H,S. Cheon's group demonstrated that sudden
H,S influx, triggered by CS,, favors the formation of nanodisks,
while continuous H,S formation with DDT leads to flakes."
With elemental sulfur as chalcogen source we obtained
nanosheets, and therefore assume slow H,S kinetics in the
oleylamine medium, with a release of =75% over a 3 h heating
period.”3 For the nucleation and growth of the nanosheets,
we added the ReCls-oleic acid (OA) precursor dropwise, with a
syringe pump, to the hot solution. High-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
images in Figure 1a,b (see also Figure Sla in the Supporting
Information) show the formation of colloidal ReS, nanosheets
(hereafter, c-ReS,) with variable dimensions, formed by indi-
vidual domains with a lateral size of =4 £ 1 nm. Moreover,
some c-ReS, nanosheets are found lying perpendicular to the
support film (Figure 1c,d). From these images a thickness of
~0.4 + 0.1 nm is estimated for individual c-ReS, nanosheets.
This value is lower than the 0.7 nm reported for mechanically
exfoliated monolayers in ReS,.[""! The discrepancy can be

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

www.small-journal.com

Figure 1. Representative HAADF-STEM images of the c-ReS, nanosheets, showing a,b) nanosheets lying mainly parallel to the support film, with
individual domains highlighted in (b). In c,d) the nanosheets lie mainly perpendicular to the carbon support film, as clarified in (d) by arrows pointing
at nanosheets viewed along their side. The inset in (a) shows a photograph of the c-ReS, dispersion in toluene.

attributed to the heavy strain building up in these highly ani-
sotropic colloidal 2D structures, leading to in-plane expansion
of the lattice and contraction along the out-of-plane direction.”*!
The obtained c-ReS; nanosheets are comparable in morphology
to other colloidal TMDC materials such as MoS,,*243%1 WS, 50
or WSe,*! reported in literature. The ReS, sheets prepared
by LPE (hereafter named LPE-ReS,), as control material, do
not show aggregation as demonstrated in Figure S2a,b in the
Supporting Information. Regarding the nanosheet formation,
previous studies on the CVD production of ReS, proved that
there are two growth mechanisms: a fast one in (100) direc-
tion, and a slow one in (020) direction. To obtain nanosheets
with a 1T distorted octahedral structure, the growth rate in
both (100) and (020) directions should be comparable,[”! which
may be achieved by oleic acid, oleylamine and Cl~ (from the
ReCl;) acting as ligands that passivate different crystal facets. In
order to gain insight into the crystal structure, we compare the
selected-area electron diffraction (SAED) patterns from c-ReS,
nanosheets and LPE-ReS, flakes showing comparable 26 values
for Bragg peak positions (see Figure S3 in the Supporting
Information for the TEM-SAED patterns), which correspond to
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the 1T distorted octahedral structure. Furthermore, broader dif-
fraction features characterize the c-ReS, nanosheets, due to the
much smaller size of single-crystal domains (few nm or less in
the colloidal sample vs hundreds of nm for LPE flakes).

The composition of the as-prepared c-ReS, was investi-
gated by X-Ray photoelectron spectroscopy (XPS), as shown in
Figure 2a,b, revealing an atomic stoichiometry Re:S of 1:1.3,
which is estimated from the Re 4f and S 2p spectra. This ratio
is slightly smaller than the one expected from the 1:2 ReS,
stoichiometry. However, also the LPE fabricated samples and
bulk ReS, yield lower Re:S stoichiometric values of around
1:1.6 and 1:1.7, respectively (see also Figure Sle in the Sup-
porting Information for complementary elemental analysis).
It is interesting to note that in the LPE and bulk cases, the
S 2p signal can be decomposed in two different doublets, cor-
responding to two different chemical environments of sulfur.
Similar results have been reported by Dalmatova et al.,”>] and
the two S components have been assigned to ReS, (doublet at
lower binding energy, with S 2p;,, component at =161.4 eV)
and to S atoms that are not connected to Re atoms (doublet at
higher binding energy, with S 2p;,, component at =162.1 eV).

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. a,b) Re 4f and S 2p XPS core-level spectra collected from the c-ReS,, LPE-ReS,, and bulk-ReS, samples, in which the fitting reveals the decon-
voluted peaks. c) Extinction spectra of c-ReS, and LPE-ReS, dispersed in toluene and isopropanol, respectively. An offset was applied to the curves for
clarity. d,e) Representative Raman spectra collected at d) 532 and e) 785 nm excitation wavelength on the c-ReS,, LPE-ReS,, and bulk ReS, samples

on silicon wafers.

However, we cannot discard that the two S components come
from the existence of different Re—S bond lengths in the dis-
torted ReS, structure, as illustrated in Scheme 1d.['>'3! For col-
loidal ReS,, a good fitting of the S 2p profile was obtained by
using two doublets as for the LPE and bulk-counterparts, with
S 2ps,, components at =161.6 and =162.2 eV. Moreover, XPS
peaks in c-ReS, are broader than the ones for the LPE and bulk
materials likely indicating a less crystalline structure in the
colloidal case.l’® To support this statement, we also evaluated
the extinction coefficient and Raman spectra of the materials,
which are plotted in Figure 2c,d,e. As expected for ReS,,[>1077]
the c-ReS, material shows a strong and broad extinction from
300toalmost 1000 nm. However, in contrasttoits LPE equivalent,

Small 2019, 15, 1904670 1904670 (5 of 16)

there is no clear excitonic peak at =810 nm that corresponds
to the E, of the ReS,.””) The E, was obtained from the (athv)
versus hv (Tauc plot) analysis (see Figures S1d and S2c in the
Supporting Information) using the Tauc relation Ahv = Y(hv-
Ep)", in which A is the absorbance, h is Planck’s constant, v is
the photon’s frequency, and Y is a proportionality constant.”®!
The value of the exponent denotes whether it is a direct transi-
tion (n=2) or an indirect one (n = 0.5).7) Since ReS, is a direct
bandgap semiconductor, we applied n = 2, resulting in an E,
of =1.41 eV (colloidal) and =1.43 eV (LPE). Both values are in
agreement with the theoretical (1.41 eV)®% and experimental
values (1.4-1.5 eV) from bulk to monolayer (0.7 nm) thick-
nesses.!””l The analysis of the Raman spectra in Figure 2d,e

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) Sketch showing the chamber used for the gas sensing experiments. b,c) Representative SEM images of the colloidal and LPE-ReS,-
based gas sensors, respectively. The films (=400 nm thickness) were prepared by drop casting the corresponding dispersions on glass substrates.
d) Representative gas-induced time response of the device built with ann-ReS, in two consecutive cycles exposed to NH; (left) and H,O (right). e) Rep-
resentative gas-induced time response of the device built with ann-ReS, exposed to different gases: NH;, H,O (left), EtOH, acetone, and dry air (right).
f) Representative gas-induced time response of the device built with LPE-ReS, exposed in two consecutive cycles to NH; (left) and H,0O (right). In all
the cases, the gas-induced response was determined from the film conductance variation as detailed in the text.

has been performed following the detailed reports on ReS,
carried out by Balicas’ and Terrones’ groups,®# which iden-
tified 18 first-order modes in the 100-450 cm™ range (for
Raman peaks interpretation, see the Supporting Information).
Since in the randomly oriented assembly of the nanosheets
we cannot control the crystal orientation, we performed a
comparative Raman analysis at two different excitation wave-
lengths, i.e., 532 and 785 nm. Independently of the excitation
wavelength and synthesis batch, the Raman peaks from the
colloidal sample are broader than the corresponding ones in
the LPE sample. Such broader linewidth in the Raman signal
of the colloidal sample indicates a lower degree of crystallinity
compared to the LPE one,®3 which can be related to the differ-
ence in the temperature that is needed for their preparation.
Highly crystalline ReS, fabricated by CVD requires a tempera-
ture >600 °C,% while the colloidal synthesis is performed at
350 °C. The low crystallinity of the c-ReS, might also be the
cause for the absence of the excitonic peak in its extinction
spectrum in Figure 2c.

For both colloidal and LPE samples, the following Raman
modes are enhanced at 785 nm excitation compared to
the 532 nm excitation, Ag9 (273 cm™), Ag10 (279 cm™),
Ag'? (305 cm™), A M (322 ecm™), A® (366 cm!), A,V
(373 cm™), A,'® (405 cm™), and A,® (417 cm™), while the A"
(350 cm™) and A,* (440 cm™!) modes disappear, indicating that
the samples are composed by few-layer (2L-4L) ReS; sheets,
in agreement with the data reported by Terrones’ group. In
order to prove that our colloidal synthetic approach can be ver-
satile also for other materials, we fabricated ReSe, using Se
powder as chalcogen source (see Figure S4 in the Supporting
Information for synthesis details and material characterization).
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In order to test the suitability of the ReS, sheets as films for
gas sensing, and to compare the performance of the colloidal
and LPE samples, we prepared their corresponding films on
glass substrates by drop casting (Figure 3a). For the c-ReS,
nanosheets, we used the original dispersion for drop casting,
followed by annealing at 300 °C in a glovebox (3 h) to remove
the organic ligands from synthesis (oleic acid and oleylamine)
with the aim to make the film electrically conductive. Films
from LPE samples were fabricated by drop casting without any
further treatment. In this way, we obtained continuous and
compact films with thickness of =400 nm, as shown in the
scanning electron microscopy (SEM) images in Figure 3b,c (see
the Experimental Section for fabrication details). The devices
were completed by the evaporation of Au electrodes as contacts.
All devices manifest an ohmic behavior (see Figure S5a in the
Supporting Information for conductance measurements under
inert —N)— atmosphere), however the resistance of the devices
made from the c-ReS, is much lower (460 MQ) than the one of
devices fabricated with LPE-ReS, (5.9 GQ). For gas sensing via
the detection of conductance changes of the film, we positioned
the samples inside a chamber with controlled atmosphere
connected to a probe station (see Figure 3a and the Experi-
mental Section for details on the gas filling of the chamber and
measurement protocols). From the gas flow rates we estimate
the filling and purging time of the chamber to be around 1s,
which is shorter than the response times that we measured on
our devices. We tested the response to humidity, to NHj; that
is a toxic agent, and to ethanol (EtOH) and acetone as repre-
sentative volatile organic compounds. Figure 3d-f shows the
representative response (R) for different gases of the devices
obtained via the relative changes of the film conductance

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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(G)PU in the presence of the target gas compared to inert (N,)
atmosphere, R =(Ggs — Ginent)/Ginen. The numerical values are
reported in Table S1 in the Supporting Information, in which
also the response in terms of resistance is given for comparison
with literature.

For NH; and H,O, the response of the gas sensors is posi-
tive, ie., the conductance under the target gas is higher
compared to that under the inert N, atmosphere. This can be
explained by physisorption of the gas molecules that act as
electron donors.?>23°1.848] The higher response for gas sen-
sors based on ReS, under NH; compared to air and O, was
also reported in theoretical studies.??l For NH; detection, the
relative response of the devices built from LPE-ReS, flakes
(hereafter, "LPE devices") (Figure 3f) is much higher compared
to the ones fabricated from annealed c-ReS; (in the following
noted as "colloidal devices"). However, this result is mainly
related to the very low electrical conductivity of the LPE device
under inert atmosphere. In fact, the recovery time of the LPE
devices to the initial currents (i.e., in the nA range) is of the
order of hours, while the recovery time of the colloidal devices
is of the order of seconds (see Table S2 in the Supporting
Information for rise and fall times of conductance response of
the different devices; and Tables S3 and S4 in the Supporting
Information for estimated minimum amounts detectable
with the technique). In practical terms, this means that, for
detection with response times of few seconds, the baseline of
the LPE device is at a value of =1000, and therefore the rela-
tive response to NHj at such time scales is =10, while that of
the colloidal device is =2.5-3. Concerning humidity detection,
the response of the devices made from c-ReS; (R = 1.2; rise
time (7R = 8.7 s); fall time (7 = 0.3 s)) outperforms clearly the
ones based on LPE flakes (R = 8.8; 1, = 5.2 s; 7z = 31 5). In
fact, the recovery time to return to 10% of the response after
the gas flow stopped is one order of magnitude shorter for
c-ReS, compared to the LPE flakes one. For EtOH, acetone
and compressed air the conductance of the devices made from
c-ReS, decreases compared to one achieved in inert N, atmos-
phere (Figure 3e). This result can be rationalized by oxida-
tion of the film due to the incorporation of electron acceptor
molecules.1:38] Furthermore, the relative conductivity change
of the devices made from c-ReS, exposed to EtOH, acetone and

compressed air is much weaker (Ryon = —0.15; Ryceone = —0-12;
and R, = -0.06) and slower in recovery (EtOH: 1z = 5.2 s;
Tz = 25 s; acetone: g = 1 s; 7z = 56 s; and air 1z = 2.3 s;
Tz = 12 s) as compared to their exposure to NH; (R = 2.4;

R=93s;77=13s)or HO (R=1.2; 53 =8.7s; 7 = 0.3 s).
The circumstance that the c-ReS; are passivated by organic
ligands opens the possibility to manipulate the film conduc-
tivity by ligand exchange with other molecules. We therefore
use this approach to improve the performance of the c-ReS,
based sensors, in terms of recovery time and response. In par-
ticular, we performed a ligand exchange process that replaces
the long-chain organic ligands used in the synthesis (oleic acid
and oleylamine, both with a Cyg aliphatic chain) with shorter
molecules that contain C, aliphatic chains with x < 4 or an
aromatic ring (see the Experimental Section for more details).
Shorter ligands lead typically to stronger coupling of the
nanomaterial in a compact film, which increases the charge
carrier mobility.8®87] Moreover, chemical modification of the
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nanomaterial surface by ligand exchange can modify the elec-
tronic properties of the material, as well as its reactivity with
the functional groups of the gas molecules.’1#4 We tested
different short chain molecules in this respect: 3-mercapto-
propionic acid (MPA), 1,4-benzenedithiol (BDT) and 4-amin-
obenzoic acid (ABA), and performed the ligand exchange in
solution. The films from the ligand-exchanged solutions were
prepared by drop-casting, which ensured a compact film with
a thickness of =400 nm (Figure 4a,b, also see Figure S6 in
the Supporting Information for additional characterization).
A larger S contribution in the XPS signal (compared to the
samples before ligand exchange) that results from the thiol
groups of the exchanged molecules confirmed the presence
of MPA and BDT molecules. Concerning the exchange with
ABA, the success of the ligand exchange process can only be
assessed from the increase of the conductivity, since the char-
acteristic N 1s XPS peak (NH,, at 400.5 eV) also originates
from oleylamine. The ligand-exchanged films also show ohmic
conductivity, and their resistance strongly depends on the indi-
vidual ligands (see Figure S5b in the Supporting Information
for conductance measurements under inert —N,— atmosphere).
Here, devices made from MPA-exchanged c-ReS, manifested
the highest conductance (R = 120 MQ), followed by ABA
(R =510 MQ) and BDT (R = 200 MQ). Compared to the orig-
inal device discussed in Figure 3, we achieved an increase in
electrical conductivity by a factor of 4 with the MPA ligands.
We tested the ligand-exchanged films for gas sensing with
the same procedure as described before. Overall, we observe
similar behavior before and after the ligand exchange process,
with an electrical current increase under NH;, H,0, and CO,,
and, instead, decrease under EtOH, acetone and air. Figure 4c
depicts the response of the device built from MPA-exchanged
c-ReS, nanosheets to different gases: NH;, H,0, and CO,
that lead to current increase, and EtOH, acetone and air that
result in a small current decrease. Therefore, we can assume
that in all the cases, colloidal, LPE, and ligand exchange fab-
ricated devices, the sensing mechanism is based on a charge
transfer between the physisorbed gas molecules and the ReS,
structure.’1®] Figure 4d shows the response of the gas sen-
sors made with ligand-exchanged c-ReS; films when exposed
to NH;. In this context, the device made from MPA-exchanged
c-ReS; shows the highest response (R = 31, with a response
time of 3.3 s), followed by the ones built from BDT- and ABA-
exchanged c-ReS,. The functionalization of c-ReS, with BDT
yields a higher sensitivity (R = 24 response for NH; detection)
than ABA (R = 16 response for NH; detection), although the
conductance of ABA (Ragp = 510 MQ vs Rgpy = 200 MQ) is
higher under inert atmosphere. The different results in terms
of sensitivity and responsivity obtained without and with
the functionalization of c-ReS,, and even more, by varying
the molecules used for the functionalization, point to the
importance of: i) possible sites for the binding of gas mole-
cules; ii) the efficiency of charge transfer for the gas sensing
sensitivity, and iii) a good film conductivity, which is benefi-
cial for a fast response and recovery. Here, we can expect a
trade-off between a film with high surface area that is ben-
eficial for interaction with the gas molecules, and a compact
film that results in high conductivity and from which a fast
response can be expected. In particular, the high sensitivity
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Figure 4. a,b) Representative SEM images of the device built from MPA-exchanged c-ReS,. The film (with = 400 nm thickness) was prepared by drop
casting the corresponding dispersion. c) Representative gas-induced response time of the device made from MPA-exchanged c-ReS, under the expo-
sure to different gases: (left) NH;, H,0, and CO,, (right) EtOH, acetone, and dry air. The inset in the left panel shows the CO, data on a magnified
scale. d) Comparison of the device performance in terms of response to NH; exposure for the different ligand molecules used: MPA, ABA, and BDT.
In all the cases, the gas-induced response was determined from the film conductance variation as detailed in the text.

obtained with the BDT and MPA ligand exchange for NH;
(Rgpt = 24 and Rypp = 31, respectively) and H,O (Rppy = 2.4
and Rypa = 4.5, respectively) points to a beneficial role of the
SH groups of MPA and BDT for physisorption of the gas
molecules and the electron transfer towards the ReS, film.
We note that the performance of the device made from MPA-
exchanged c-ReS, is superior to the one built with LPE-ReS,
in Figure 3 in terms of sensitivity and response time (e.g.,
for NH; detection, R = 9.9, with a response time of 5.2 s for
LPE-ReS, and R = 31, with a response time of 3.3 s for MPA-
exchanged c-ReS,).

The gas sensor built from MPA-exchanged c-ReS, outper-
forms, to the best of our knowledge, those reported in litera-
ture fabricated with CVD-grown ReS,.l The humidity sensor
reported by Yang et al.[?)l made by CVD-grown ReS; has a resist-
ance variation of =~60% at a relative humidity of 70%, with a
response time of the order of tens of seconds, while our gas
sensor fabricated with MPA-exchanged c-ReS, reaches a varia-
tion of 80% with much faster response time (4.1 s) and compa-
rable recovery time (1 s). Gas sensing (NH3, O,, air) has been
also reported from phototransistors made from micro-mechani-
cally exfoliated ReS, flakes,??l with a response time in the order
of ms. However, this response time is related to the illumina-
tion of the device and therefore does not directly compare to our
devices that work in dark condition. Concerning the gas sen-
sors for NH; and EtOH based on other 2D materials, we note
that our MPA-functionalized c-ReS, based sensor has a faster
response time and better recovery of the initial conductance
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state than devices that use micro-mechanically exfoliated or
CVD-grown MoS, 888

Finally, we tested c-ReS, films as an electrocatalytic film for
HER (Figure 5a). To make the c-ReS, more electrochemically
active, we isolated the nanosheets from the dispersion by cen-
trifugation and solvent evaporation. The obtained powder was
then treated by thermal annealing (Ar flow, 500 °C) to remove
the organic ligands from synthesis, and thereby expose the cat-
alytically active surface of the nanosheets. After the annealing,
the c-ReS, powder was dispersed in N-methyl-2-pyrrolidone
(NMP) by ultrasonication, and the obtained dispersion was
used for the deposition on glassy carbon (GC) rigid electrodes
and single-walled carbon nanotubes (SWCNTs)-based flexible
papers (i.e., buckypapers) (Figure 5b) (see the Experimental
Section for more details). The choice of the SWCNT-based
paper as support relies on our recent works,[®% in which we
demonstrated a long-range (=1 pm) electrochemical coupling
between HER-active TMDCs and SWCNTs for increasing the
HER-activity of TMDCs.[°1%3 Moreover, the porosity of such
substrate promotes the adhesion of the TMDC films without
the need of ion conducting catalyst binders(®-63:9091 (eg
Nafion in acid solution® and Tokuyama AS-4 in the alkaline
onel®)), which can degrade the electrocatalytic activity of the
catalyst."*9] The GC-based electrodes were obtained by drop
casting the c-ReS, dispersions at a mass loading of 0.13 mg
cm™2. The hybrid SWCNTs/c-ReS, electrodes were produced
through a sequential vacuum filtration deposition of the mate-
rial dispersions onto nylon membranes (material mass loading

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. a) Scheme of the electrochemical setup for measuring the electrocatalysts. b) Sketch of the fabrication of the c-ReS,-based electrodes on
SWCNTs c,d) Top-view and cross-sectional SEM images of SWCNTs/c-ReS,. e) Top-view photograph of SWCNTs/c-ReS, (electrode area: 3.5 cm?).
f) Top-view SEM image of SWCNTs/c-ReS; at higher magnification compared to the one shown in panel (c) (scale bar: 500 pm).

of 1.5 mg cm™ for both SWCNTs and c-ReS, (5 mg of each
material)). Figure 5c,d display top-view and cross-sectional
SEM images of a representative SWCNTs/c-ReS, electrode. The
c-ReS, form a film atop the SWCNTs network, and the elec-
trode shows a bilayer architecture with =20 um thick SWCNT-
based collector and a thin c-ReS,-based active film (thickness
in the order of 1 um). The high-magnification SEM image
(Figure 5c) reveals the presence of lateral c-ReS, aggregates

Small 2019, 15, 1904670 1904670 (9 of 16)

with various dimensions, in the 0.5-10 um range. The
smallest c-ReS, aggregates (lateral size <500 nm) penetrate the
mesoporous SWCNT network (see Figure S9 in the Supporting
Information). For such configuration, SWCNTs increase the
electron accessibility to the HER-active sites of c-ReS,, speeding
up the HER-kinetics compared to flat GC.61909697] Figure 5e
shows a top-view photograph of the as-produced SWCNTs/c-
ReS, (electrode area of =3.5 cm?), in which the presence of

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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ReS, aggregates is visible. Such aggregates are also evident in
SEM images (Figure 5f) with a lateral size ranging from 50 to
200 pum.

The HER-activity of the SWCNTs/c-ReS, was tested in both
in acidic (0.5 M H,SO,) and alkaline (1 m KOH) media. In prin-
ciple, the HER in acidic solution proceeds with an initial dis-
charge of the hydronium ion (H;0%) and the formation of atomic
H adsorbed on the electrocatalyst surface (H,4), in the so-called
Volmer step (H;O" + e- 2 H,y + H,0), followed by either
an electrochemical Heyrovsky step (H,gs + H;O" + e~ 2 H, +
H,0) or a chemical Tafel recombination step (2H.,qs 2 H,).
In alkaline media, the H,q4, is formed by discharging H,0 (H,0
+ e 2 H, + OH"). Then, either a Heyrovsky step (H,O +
H,s + € 2 H; + OHY) or a chemical Tafel recombina-
tion step (2H,qs 2 H,) occurs. Apart from the cathodic cur-
rent density 1,9, the Tafel slope is also an important figure
of merit to assess the HER-activity of an electrode.®
However, a rigorous kinetic analysis of the HER through
the Tafel slope analysis was not carried out for our elec-
trodes, since SWCNTs hold a high surface area that leads
to a remarkable capacitive current density (in the order of
1 mA cm™) even at a low LSV sweep voltage rate (<5 mV s71).
This can be the cause of misleading interpretations of the esti-
mated kinetic parameters.[©39

Figure 6a,b shows the currentresistance (iR)-corrected
polarization curves of GC/c-ReS, and SWCNTs/c-ReS, elec-
trodes in acidic (0.5 m H,SO,) and alkaline (1 m KOH) aqueous
solutions, respectively. The series resistance that arises from

www.small-journal.com

the electrical resistance of the working electrode and the elec-
trolyte resistance, i.e., R, was extrapolated by single frequency
electrochemical impedance spectroscopy (EIS) (see the Experi-
mental Section for further details). The curves measured for
the substrates, i.e., GC and SWCNTs, are also shown as ref-
erences. The curve measured for commercial platinum on
carbon (Pt/C) is reported as benchmark for HER. The c-ReS,-
based electrodes show an enhanced HER-activity compared
to those of the substrates, i.e., GC and SWCNTs. Noteworthy,
the use of SWCNTs as the substrate significantly increases
the cathodic current densities, i.e., the HER-activity, com-
pared to those shown by CG/c-ReS,. Thus, in acidic media,
1o decreases from 0.465 V for the GC/c-ReS, to 0.196 V for
SWCNTs/c-ReS,. In alkaline solutions, GC/c-ReS, electrode
is poorly HER-active (1,0 > 0.7 V). Interestingly, SWCNTs/c-
ReS, electrode exhibits a 1y of 0.299 V, indicating that the
SWCNTs and c-ReS; interact to synergistically enhance the
HER-activity of the electrode. This effect is attributed to the
activity of the SWCNTs for initiating the H,O discharge, thus
accelerating the Volmer reaction on the c-ReS, in alkaline
conditions.!'%! In addition, it is worth noticing that SWCNTs/c-
ReS, displays an HER-activity in acidic media comparable to
the one shown by SWCNTs/LPE-ReS, (159 = 0.192 V), which,
however, shows a better HER-activity in alkaline media
(N10 = 0.238 V). The morphological and electrochemical char-
acterization of SWCNTs/LPE-ReS, electrode is reported in
Figure S10 in the Supporting Information. Electrochemical
impedance spectroscopy measurements do not show any
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Figure 6. a,b) iR-corrected polarization curves measured for GC, SWCNTs,
(1 M KOH) solutions, respectively. c,d) Chronoamperometry measurements
and 1 m KOH solutions. A constant overpotential has been applied in order

Time (h)

CG/c-ReS;, SWCNTs/c-ReS,, and Pt/C in acidic (0.5 m H,SO,4) and alkaline
(current retention vs time) for the SWCNTs/c-ReS; electrode in 0.5 M H,SO,
to give an equal starting cathodic current density of 20 mA cm=2. The inset

panels of (c,d) show the iR-corrected polarization curves after stability tests.
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significant differences between SWCNTs/c-ReS; and SWCNTs/
LPE-ReS, (see Nyquist plot in Figure S11 in the Supporting
Information). Moreover, we estimated the double-layer capaci-
tances (Cg) of c-ReS; and LPE-ReS, films deposited on GC from
cyclic voltammetry (CV) measurements (see for further details,
Figure S12a in the Supporting Information). The calculated Cy
values, =0.162 mF cm™2 for c-ReS, film and =0.110 mF cm™
for LPE-ReS, film, indicate that the electrochemical acces-
sible surface area of c-ReS, film is superior to the one of the
LPE-ReS, film. The larger accessible surface area of c-ReS, (=
4 £ 1 nm determined by TEM), compared to the LPE-ReS,, can
be attributed to the small lateral size of the c-ReS,, as well as
their arrangement relatively to the substrate (see Figure S12b,c
in the Supporting Information).

Beyond the electrocatalytic activity, the durability is another
important criterion for the exploitation of an electrocatalyst.
Figure 6¢,d shows the chronoamperometry measurements
(current retention vs time) for SWCNTs/c-ReS,, in acidic and
alkaline solutions, respectively. A constant overpotential was
applied in order to provide the same starting cathodic current
density of 20 mA cm™ for HER. Glassy carbon rod has been
used as counter-electrode to avoid Pt dissolution/re-deposition
effects altering the HER-activity of working electrode in pres-
ence of Pt-based counter electrodes. In both acidic and alkaline
media, SWCNTs/c-ReS, exhibit a nearly stable behavior over
48 h (current retention of 94.3% and 98.0%, respectively). The
slight fluctuation of the HER-activity can be tentatively attrib-
uted to morphological changes of the electrode film during the
HER process. Similar effects have been previously observed in
electrocatalysts based on metallic TMDCs, such as TaS,%! and
NbS,°192] nanosheets, as well as in other 2D material-based
electrodes, including graphene-based electrocatalysts.'%3 In
fact, the mechanical stresses originated by H, bubbling can
cause a re-orientation/fragmentation of the 2D electrocatalysts,
which, consequently, shows higher electrochemically acces-
sible surface area.[190192104 Moreover, such mechanical stresses
occasionally caused the formation of cracks in the active mate-
rial films, as observed by SEM image analysis of additional
electrodes (Figure S13, Supporting Information). This led to
a significant change of the cathodic current of the electrodes
over time in both acidic and alkaline media. For example, in
acidic media some electrodes reported an increase of the initial
HER-activity over 24 h, achieving a 1, = 0.162 V versus RHE
(see Figure S14a in the Supporting Information). This behavior
might be attributed to the progressive increase of the H* acces-
sibility to the HER-active sites of the electrodes.101102104 1n
alkaline media, the electrodes often displayed an increase of
the electrical resistance (e.g., from 4.4 to 45.9 Q, measured by
single frequency EIS), which caused a decrease of 21.5% of the
initial current density (see Figure S14b, Supporting Informa-
tion). Despite the decrease of the HER-activity of the electrode,
the iR-corrected polarization curves shows an electrochemical
activation of the c-ReS, after 24 h (1, reduced from 0.327 to
0.181 V), similarly to the electrodes tested in acidic media. The
use of electrocatalyst binders, such as sulfonated tetrafluoro-
ethylene-based fluoropolymer copolymers (e.g., Nafion), could
prospectively “freeze” an optimized electrode morphology of
the current electrodes, as well as an increase of the electrode
durability under HER-operation.
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Table 1 summarizes the 1, achieved by our electrode in
comparison with those reported by different literature results
on ReS;-based electrocatalysts, as well as other promising elec-
trocatalysts based on other TMDCs (MoS,,[67:90.105-107] s, [108]
and MoSe,®!)) and phosphides (NiCo,P,).'%! In particular,
in acidic solution, n;y of SWCNTs/ReS, (0.196, 0.162 V after
24 h stability test) approaches the best values obtained by ReS,-
based electrocatalysts (0.147 V),* which come from a defect-
activated monolayer ReS, grown by CVD. These results indi-
cate that there is still room for improvement in our system by
properly optimizing the material surface in future experiments,
as it has also been demonstrated for other TMDCs.['0>110.111]
Additionally, the HER-performance of our electrocatalysts are
comparable or superior to those previously reported for elec-
trocatalysts based on other TMDCs (1, values between 0.170
and 0.372 V), concretely, in absence of either mechanical strain
or doping effects, including the most studied MoS$,,[67-96.105-107]
WS, and MoSe,.[®!l The relevant electrocatalytic proper-
ties of ReS, have been recently attributed to the presence of
metal—metal bonds (not present for group-Vlz TMDCs), 1113l
which are highly HER-active sites in presence of vacancies
causing an intrinsic HER-promoting optimization of the elec-
tronic charge distribution.* Moreover, we reported here also
the HER-activity of ReS,-based electrocatalyst in alkaline con-
ditions, providing new insight for the development of pH-
universal electrocatalysts to be exploited as cathode materials
in current large-scale H, production technologies,"?114 e.g.,
chloro-alkaline systems!!’! or alkaline zero-gap water elec-
trolysis units,[''® and proton exchange membrane (PEM)
electrolysis.[117:118]

3. Conclusions

We report a bottom-up approach for the synthesis of colloidal
ReS; (c-ReS,) nanosheets that relies on low fabrication tem-
peratures (below 360 °C) and process times inferior to 4 h.
We use elemental sulfur as source, which is more accessible
and environmentally friendly than other precursor materials
currently used in the colloidal synthesis of different TMDCs.
Drop-cast c-ReS,-based films are tested as gas sensors for a
variety of agents, achieving highly competitive performance
after annealing or ligand exchange in comparison with devices
built with CVD-ReS, or -MoS,. Furthermore, the colloidal
ReS; nanosheets were tested as HER-electrocatalysts operating
both in alkaline and acidic media. In particular, electrodes
made by c-ReS, films deposited on SWCNT (SWCNTs/c-ReS,)
exhibit overpotentials at a cathodic current density of 10 mA
cm™? (1;0) of 0.196 V in 0.5 M in H,SO, and 0.299 V in 1 m
KOH. In acidic media, the 1,y of SWCNTs/c-ReS, approaches
the best values obtained by CVD-grown defect-activated ReS,-
based electrocatalysts. In comparison with nonoptimized
electrocatalysts based on other group-VIz TMDCs, the ReS,-
based electrocatalysts here developed exhibit similar or even
superior HER-activity. The c-ReS, can therefore present a
promising solution for the fabrication of gas sensors and HER
electrocatalysts, with still considerable room for improve-
ment by exploiting device designs and finely tuned surface
modifications.
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Table 1. Summary of the 1,4 values measured for our electrodes and other ReS,-based electrocatalysts reported in literature in acid and basic condi-
tions. For comparison we also show 1, values measured for electrocatalysts based on MoS,, MoSe,, WS,, and phosphides.

Electrocatalyst Mo [V] Electrolyte Mass loading [mg cm™] Ref.
GC/ReS, 0.465 0.5 u H,S0, ~0.13 This work
0.735 1m KOH
SWCNTs/ReS, 0.195 (0.162 after 24 h) 0.5 m H,SO4 =1.59 This work
0.327 (0.181 after 24 h) 1 m KOH
Chemically exfoliated ReS, nanosheets =0.3% 0.5 m H,SO, Not reported [36]
Defects-activated monolayer ReS, 0.147 0.5 M H,SO, Monolayer [54]
Vertically Oriented Arrays of ReS, Nanosheets =0.3 0.5 M H,SO, =~0.67 [25]
Lithiated Vertically Oriented Arrays of ReS, Nanosheets =0.2 0.5 m H,SO, =0.67 (excluding Li) [25]
ReS; 3D reticulated vitreous carbon foams 0.336% 0.5 m H,SO, Not reported (ReS; grown [28]
onto carbon foam)
One-pot synthetized ReS, >0.35 0.5m H,SO, 0.02 [119]
MosS, >0.35 0.5 m H,SO, Monolayer [105]
MoS, with S vacancies 0.25 0.5 m H,;SO,4
Strained MoS, with S vacancies 0.17 0.5 m H,SO,
Co-doped MoS, 0.159 0.5m H,SO, 0.5 [110]
Reduced graphene oxide:MoS, hybrid on GC =0.15 0.5m H,SO, 0.285 [
Reduced graphene oxide:MoS, hybrid on carbon fibers =0.15 0.5m H,SO, 1
MoS; nanosheets >0.3 0.5 m H,SO, 0.05 [67]
Metallic (1T) MoS, nanosheets =0.20 0.5m H,SO, 0.05
Liquid-phase exfoliated MoS, 0.372 0.5 m H,SO, 0.5 [96]
Graphene/MoS, 0.175 0.5m H,SO, 0.5
Chemically exfoliated metallic (1T)-MoS, 0.235 0.5 m H,SO, 0.5
CVD-grown MoS, monolayer on GC 0.342 0.5 m H,SO, Not reported [106]
Solvothermal produced MoS; on GC 0.252 0.5m H,SO, =0.5 [107]
Liquid-phase exfoliated MoSe, 0.37 0.5 m H,SO, 2 [61]
SWCNTs/MoSe, 0.17 0.5 m H,SO, 2 [61]
WS, nanosheets >150 0.5 m H,SO, 0.35 [108]
NiCo,P, Nanowires 0.104 0.5 M H,SO, 5.9 [109]

3Data not iR-corrected.

4. Experimental Section

Materials: Rhenium (V) chloride (ReCls, 99.9%, Alfa Aesar); sulfur
powder (99%, Strem Chemicals); oleic acid (OA, 90%, Sigma Aldrich,
degassed at 100 °C 2 h); oleylamine (OlAm, 70%, Sigma Aldrich);
1-octadecene (ODE, 90%, Sigma Aldrich, degassed at 150 °C 3 h);
acetone (299.5%, Sigma Aldrich); ethanol (EtOH, (299.8, without
additive, Sigma Aldrich); methanol (MeOH, >99.8%, Sigma Aldrich);
2-propanol (IsOH, 2>99.8%, Sigma Aldrich); 3-mercaptopropionic
acid (MPA, 299%, Sigma Aldrich); 4-aminobenzoic acid (ABA, >99%,
Sigma Aldrich); 1,4-benzenedithiol (BDT, 97%, Alfa Aesar). Au pellets
(99.999%) were purchased from Kurt ). Lesker.

Colloidal Synthesis of ReS, Nanosheets: The general procedure to
obtain c-ReS, consists in the use of two separated precursor solutions:
one in the round-bottom flask and the second one added by syringe
pump method. For the reaction, a metal:chalcogenide molar ratio of 1:6
was used . The dispersion that contained the Re precursor (ReCls 67 mg)
was prepared by sonication in a bath at 60 °C (1 h) with 500 uL OA +
2 mL ODE. This was added by syringe pump (rate 2 mL h™') in a hot
medium under Ar flow (350 °C) of S-OlAm. The synthesis medium itself
was prepared by mixing 35 mg S with 7 mL OlAm and degassing under
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Ar during 2 h at 250 °C in a Schlenk line until a clear orange-brownish
solution was achieved. The reaction temperature was set to 350 °C.
The suspension as obtained from synthesis was purified twice (in air)
by adding toluene, acetone, and isopropanol (15:10:5 mL), followed
by centrifugation (2599 x g, Sigma 3-16P centrifuge, rotor 19776). The
sheets were finally dispersed in toluene using a vortex.

TEM: The morphology of the synthesized c-ReX, nanosheets and
LPE-ReX, (X = S or Se) flakes was evaluated by transmission electron
microscopy in a JEOL JEM-1011 microscope (W filament), operated at
100 kV. Samples were drop cast on carbon-coated copper grids. Selected
area electron diffraction patterns and overview TEM images were also
acquired with a JEOL JEM-1400Plus TEM, with a thermionic source
(LaBg crystal), operated at 120 kV. Selected area electron diffraction
pattern processing (azimuthal integration, background subtraction) was
done using the PASAD plugin for Digital Micrograph.l'? High-angle
annular dark-field scanning TEM and bright-field TEM imaging at higher
magnification of the c-ReX, nanosheets (X = S or Se) samples were
carried out by using a FEI Tecnai G2 F20, with Schottky emitter, operated
at 200 kV. Statistics for the estimation of the lateral size and thickness
were carried out considering 20 individual domains in the nanosheets
for each sample.

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Atomic force microscopy (AFM): AFM images were acquired by using
a Nanowizard Il (JPK Instruments, Germany) mounted on an Axio
Observer D1 (Carl Zeiss, Germany) inverted optical microscope. The
samples were prepared by drop casting c-ReS, flakes dispersion onto
a freshly cleaved mica substrate (G250-1, Agar Scientific Ltd., Essex,
U.K.) and the AFM measurements were carried out by using PPP-NCHR
cantilevers (Nanosensors, USA) with a nominal tip diameter of 10 nm.
Intermittent contact mode AFM images of 5 X 5 um? and 1.5 x 1.5 um?
were collected with 1024 data points per line and the working set point
is kept above 70% of the free oscillation amplitude. The scan rate for
the acquisition of images was 0.9 Hz. Height profiles were processed
by using the JPK Data Processing software (JPK Instruments, Germany)
and the data were analyzed with OriginPro 9.1 software.

XPS: X-ray photoelectron spectroscopy was carried out in a Kratos
Axis UltraDLD spectrometer using a monochromatic Al K a source
(15 kV, 20 mA). High-resolution scans were performed at a constant
pass energy of 10 eV and steps of 0.1 eV. The photo-electrons were
detected at a take-off angle @ = 0° with respect to the surface normal.
The pressure in the analysis chamber was kept below 7 x 107 Torr. The
binding energy scale was internally referenced to the Au 4f7/2 peak at
84 eV. The spectra were analyzed using the CasaXPS software (Version
23.16).

Raman Spectroscopy Characterization: Raman measurements were
performed in a Renishaw inVia micro-Raman microscope equipped
with a 50x (0.75 N.A.) objective with excitation wavelengths of 532
and 785 nm and an incident power <1 mW to avoid heating and
damage of the samples. The samples were prepared by drop casting
the diluted materials dispersion onto a Si wafer covered with 300 nm
thermally grown SiO, (LDB Technologies Ltd.). For each sample, at least
50 spectra were collected.

Fabrication of the Gas Sensors: A ligand exchange procedure in
solution was carried out with the as-prepared OA/OlIAm-capped ReS,
nanosheets dispersed in toluene. The different ligands (MPA, ATP and
BDT) were dissolved in MeOH at a concentration of 1 x 107 m. The
c-ReS, dispersion in toluene (50 mg mL™") and the ligand solution were
mixed in a volume ratio of 1:1 and stirred 2 min in a vortex, following
by centrifugation (5000 rpm) and removal of the supernatant. Then,
procedure was repeated once more, with a subsequent purification
step with toluene: MeOH twice and centrifugation. Finally, the ligand
exchanged ReS, nanosheets were dispersed in isopropanol at a
concentration of 50 mg mL™', and immediately used for the preparation
of the films on cleaned glass slides (=1.5 x 1.5 cm?) by drop casting
(100 pL). Prior to the deposition, the glass substrates were cleaned in
an ultrasonic bath (8 min each step), first with acetone, followed by
isopropanol, dried with a N, flow, and finally cleaned under N, plasma
(100 W, 2 min). For the Au contacts deposition, a shadow mask with
square holes of 1 X 1T mm? area, separated by 100 um, was used. The Au
film with a thickness of 80 nm was evaporated in a Kenosistec e-beam
evaporator at a deposition rate of 0.3 A s and base pressure of about
1.0 107® mbar. The thickness of the different films was measured with a
Veeco Dektak 150 profilometer.

Electrical Characterization of the Gas Sensors: The electrical tests were
carried out in a chamber (see Figure 3a) equipped with two inlets, one
for the N, and the other for the target gases. Side ports allow the access
of micromanipulators connected to a Keithley 2612 source-meter. The
chamber (=643 cm?®) had a transparent top lid, so that positioning of the
tips was possible by eye. A N, line, at a pressure slightly above ambient
pressure (1.2 bar, flow of =667 cm?® s determined with a flowmeter
(Yokogawa)), provided the inert atmosphere used as reference and allows
to fill and purge the chamber in =1 s. A glass bubbler was connected
and used for containing the water (MilliQ), ammonia (2% vol aq.
solution), EtOH and acetone while bubbling with the N, flow used
as carrier to create the saturated atmosphere. To ensure uniform
evaporation of the volatile gases, the bubbler was kept in a warm water
bath (60 °C). For CO, and compressed dry air, reservoirs connected to
the experimental chamber were used. The experiments were performed
according to the following procedure: current was measured as a
function of time, first under N, flux, then the test gas was injected in the
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chamber for 10 s, then the flux was switched back to N, until recovery
of the base current. The procedure was repeated multiple times for each
device to ensure reproducibility.

Fabrication of the Electrocatalyst Electrodes: The solvent was removed
from the as-prepared (c-ReS;) sample by bubbling with nitrogen. The
obtained powder was annealed in a tubular furnace (PSC 12/-/600H,
Lenton, UK, 25 mm inner tube diameter, Ar 100 sccm) at 500 °C for 8 h.
Then, the powder was dispersed in NMP at a concentration of T mg mL™
and sonicated for 7 h. The GC/c-ReS,; electrodes were prepared by drop
casting the c-ReS, NMP dispersion (0.2 mg) on GC substrates (Sigma
Aldrich) with geometrical area of 1 x 1.5 cm? (c-ReS, mass loading
=0.13 mg cm™?). Electrodes of Pt/C were produced as benchmark for
HER by depositing the Pt/C dispersion onto GC substrates. The
Pt/C dispersion was produced by dissolving 4 mg of Pt/C (5 wt% Pt
loading, Sigma Aldrich) and 80 uL of Nafion solution (5 wt%, Sigma
Aldrich) in T mL of 1:4 v/v ethanol/water. The Pt/C mass loading of the
electrodes was 0.262 mg cm™, in agreement with protocols developed
previously.%01%] The SWCNTs/c-ReS, electrodes were fabricated by
sequential vacuum filtrations of 5 mg of SWCNTs (>90%, Cheap Tubes,
sonic-tip de-bundled in NMP at a 0.4 mg mL™" concentrationl®":63) and
5 mg of c-ReS; on nylon filter membranes (0.2 um pore size, 25 mm
diameter from Sigma Aldrich). The as-produced films (geometrical area
= 3.5 cm?, and c-ReS, mass loading =1.59 mg cm2) spontaneously
peeled off the nylon membrane during the drying, resulting in self-
standing electrodes ready to be used. The SWCNTs/LPE-ReS, electrodes
were produced using the same protocols described for SWCNTs/
c-ReS,, except for the use of the as-produced LPE-ReS, dispersion in
isopropanol instead of c-ReS, one. Additional electrodes were produced
by depositing the c-ReS, and LPE-ReS, nanosheet dispersions onto
GC by drop casting method (catalyst mass loading = 0.2 mg cm™2). All
the electrodes were dried overnight at room temperature before their
electrochemical characterization.

Electrochemical Measurements of the Electrodes: Measurements were
carried out at room temperature in a flat-bottom quartz cell under a
three-electrode configuration using an Ivium CompactStat potentiostat/
galvanostat station controlled via IviumSoft. A Pt wire or a GC rod were
used as the counter electrode and a KCl-saturated Ag/AgCl was used as
the reference electrode. As aqueous medium, 200 mL of two aqueous
solutions were used: 0.5 m H,SO, (99.999%, Sigma-Aldrich) and
1 M KOH (90%, Sigma Aldrich). MilliQ water was used to prepare the
solutions. Oxygen was purged from electrolyte solutions by flowing N,
throughout the aqueous medium using a porous frit for 30 min before
starting the measurements. A constant N, flow was kept afterward for
the whole duration of the experiments to avoid re-dissolution of O, in the
electrolyte. The potential difference between the working electrode and
the Ag/AgCl reference electrode was converted to the RHE scale using the
Nernst equation: Egyg = Epg/agci +0.059pH + Egg/Agcl, where Egyg is the
converted potential versus RHE, Eag/aqci is the potential experimentally
measured against the Ag/AgCl reference electrode, and EOAg/qu is the
standard potential of Ag/AgCl at 25 °C (0.1976 V). The LSV curves
were acquired at the scan rate of 5 mV s, Polarization curves were iR-
corrected, in which i is the measured working electrode current and the R
is the series resistance that arises from the working electrode substrate
and electrolyte resistances. R was extrapolated by the real part of the
impedance (Re[Z]) measured by single frequency EIS at open-circuit
potential and at the frequency of 100 kHz. Electrochemical impedance
spectra of the SWCNTs/c-ReS; and SWCNTs/LPE-ReS, were acquired
at open circuit potential at frequencies between 0.1 Hz and 200 kHz.
Stability tests were carried out by chronoamperometry measurements
(j~t curves) by measuring the current in the potentiostatic mode at a
fixed overpotential in order to provide the same starting cathodic current
density of 20 mA cm2 for HER. The Cy of the c-ReS, and LPE-ReS,
films deposited onto GC were estimated by CV measurements in a
non-Faradaic region of potential (i.e., potential between 0.30 and 0.45 V
vs Ag/AgCl) at various potential scan rates (from 20 to 800 mV s7') in
0.5 M H,SO0,.

SEM/EDX Characterization: SEM/EDX measurements were performed
on the sensor devices and electrode samples using a Helios Nanolab
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600 (FEI Company) microscope. SEM measurements were performed
at 5 kV and 0.2 nA. For the cross-section images, the electrodes were
carefully cut with a scalpel and measured in 90° tilted sample holder.
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