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Microwave-Induced Structural Engineering and Pt Trapping
in 6R-TaS, for the Hydrogen Evolution Reaction

Leyla Najafi, Sebastiano Bellani,* Reinier Oropesa-Nufiez, Rosaria Brescia, Mirko Prato,
Lea Pasquale, Cansunur Demirci, Filippo Drago, Beatriz Martin-Garcia, Jan Luxa,

Liberato Manna, Zdenék Sofer, and Francesco Bonaccorso*

The nanoengineering of the structure of transition metal dichalcogenides
(TMDs) is widely pursued to develop viable catalysts for the hydrogen
evolution reaction (HER) alternative to the precious metallic ones. Metallic
group-5 TMDs have been demonstrated to be effective catalysts for the

HER in acidic media, making affordable real proton exchange membrane
water electrolysers. Their key-plus relies on the fact that both their basal
planes and edges are catalytically active for the HER. In this work, the 6R
phase of TaS, is “rediscovered” and engineered. A liquid-phase microwave
treatment is used to modify the structural properties of the 6R-TaS, nanoflakes
produced by liquid-phase exfoliation. The fragmentation of the nanoflakes
and their evolution from monocrystalline to partly polycrystalline structures
improve the HER-activity, lowering the overpotential at cathodic current of

10 mA cm™2 from 0.377 to 0.119 V. Furthermore, 6R-TaS, nanoflakes act as
ideal support to firmly trap Pt species, which achieve a mass activity (MA) up
10 000 A gp, " at overpotential of 50 mV (20 000 A gp,”' at overpotentials of

72 mV), representing a 20-fold increase of the MA of Pt measured for the Pt/C

of using molecular hydrogen (H,) as
carbon-free fuel produced by renewable
energy sources.”! To embrace H, as game
changer, academic research is struggling
to develop advanced electrolysers, while
reducing their investment and operational
costs.’l In this context, proton exchange
membrane (PEM) water electrolysers over-
come several operational drawbacks of
commercial alkaline ones,™ for example,
low maximum achievable current density
(between 200 and 400 mA cm™2), low oper-
ating pressure (<30 bar), inefficient
dynamic operation (acceptable part-load
operation between 10 and 40% of the nom-
inal load), and gas crossover phenomena
(typical gas purity <99.9%).3°! Nonethe-
less, the costs and the scarcity of their
most effective catalysts, for example,
Pt-group elements for the hydrogen evolu-

reference, and approaching the state-of-the-art of the Pt mass activity.

1. Introduction

The design of efficient electrocatalysts for water splitting reac-
tions is crucial to unlock the “Hydrogen economy,”! the vision

tion reactions (HER) at the cathode,®”]
and RuO,/IrO, for the oxygen evolution
reactions at the anode,®®! hinder massive
commercial products.!% To face the cost-related barriers of the
PEM electrolysers, it is mandatory to search for alternative non-
precious catalysts,["2 or at least to reduce the content of pre-
cious metals, while still maintaining the electrochemical
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performance of the electrodes. This means to maximize the
surface catalytic activity and/or surface-to-bulk atomic ratio of
the catalysts.®l Recently, 2D transition metal dichalcogenides
(TMDs) have been investigated as a catalytic model to perform
the HER processes. In particular, first-principle density func-
tional theory (DFT) calculations!™ and experimental
studies!'®' revealed that the unsaturated edges of the semicon-
ducting (2H) phase and the metallic (1T) phase of group-6
TMDs (e.g., MoS, and WS,) are catalytically active for the HER.
However, the inertness of the basal planes of their natural sem-
iconducting phase (2H),® and the susceptibility of the elec-
tronic structure of their catalytic sites to the electrochemical
environment,”” result in insufficient current densities (typi-
cally <100 mA cm™) to be exploited in advanced electrolysers.
Contrary to the group-6 TMDs, the metallic group-5 TMDs
(e.g., TaS, and NDS;) have been predicted to display both edges
and basal planes as catalytic sites in their natural phases.?0-2]
In agreement with these theoretical expectations, chemical
vapor deposition (CVD)-synthetized 2H-TaS, and 2H-NbS, nan-
oplatelets displayed an overpotential at cathodic current density
of 10 mA ecm™ (139) of =50-60 mV with a catalyst loading in the
order of tens pg cm2,?% indicating a per-site HER-activity (or
mass activity—MA—) similar to that of Pt.°7] Similar results
have also been achieved by another metallic polytype group-5
TMDs, namely chemically exfoliated tens nm-thick 3R-NbS,
nanoplateletsi?! and low-pressure CVD synthetized eight-awn
star 3R-TaS,.””} However, the breakthrough performances of
group-5 TMDs are typically reached after electrochemical pre-
conditionings of the electrodes, namely thousands of cyclic vol-
tammetry (CV) cycles or long-term (several hours) chrono/
potentiometric tests.[?%?126 Such in situ electrochemical treat-
ments lead to a progressive fragmentation of the nanoplatelets,
which evolve to even thinner morphologies.?02126] The
thick-to-thin morphology evolution of the nanoplatelets has a
dual effect. Firstly, it facilitates the access of the aqueous pro-
tons (H3;07) to the catalyst films.[202126] Secondly, it reduces the
number of van der Waals gaps between the layers that the elec-
trons need to overcome before reaching the electrode/
electrolyte interface, in which the HER takes place.l?%-21-2] How-
ever, an excessive fragmentation of the catalysts raises doubts
concerning the possible and uncontrollable loss of catalytic
materials or the delamination of the catalytic films from the
electrode substrate. Therefore, the performance reliability of
group-5 TMDs under high-rate H, production is still under
debate.l?8! Recently, 2H-NbS, with an excess of Nb (i.e., Nb; 355,)
has been synthetized by CVD method to eliminate the van der
Waals gap between the layers of the nanoplatelets, increasing
the electrical conductivity of the nanoplatelets themselves (i.e.,
reducing the electron transfer resistance toward the surface,
compared to the 2H-NbS, reference) and conferring a struc-
tural stability.?®) Micro-electrochemical measurements have
shown the possibility to attain a current density over 5 A cm™
at an overpotential of =420 mV, leading to proof-of-concept elec-
trolysers.l?®l Nevertheless, the scalable production of this newly
engineered compound and their integration in nanostructured
electrodes, with industrial relevant mass loading, may be chal-
lenging for its use in real electrolysers. In our recent work, we
have also shown that single-/few-layer 2H-NbS, nanoflakes
with an excess of Nb, produced by the scalable liquid-phase
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exfoliation (LPE) method, can sustain high current densities
(>100 mA cm™?) at overpotentials even lower than those of com-
mercial Pt on carbon (Pt/C), offering a pathway to use group-5
TMDs at industrial-scale.?”! Recently, we have achieved similar
catalytic activities using LPE-produced H-TaS, nanoflakes in
heterogeneous configurations with H-TaSe,.*’l Lastly, theoret-
ical calculations on group-5 TMDs have been theoretically pro-
posed as ideal supports for anchoring single metallic atom
catalysts (e.g., Pt, Pd, and Ni), boosting the utilization efficiency
and the HER-activity of metals®” and acting as scaffold for the
realization of three-functional catalysts for the oxygen reduction
and evolution reactions, and the HER. However, such effects
have been rarely reported in experiments, and just treated as
side-effects (i.e., electrolyte contaminations) to carefully
discriminate for an accurate evaluation of the catalytic perfor-
mance of the group-5 TMDs.[2%212% [n order to provide further
insights on the rational and practical use of 2D metallic group-
S TMDs for the HER, we report the production and the engi-
neering of a “newly discovered" phase of TaS,, namely 6R-TaS,,
through scalable LPE method, which is foreseen for industrial
developments.?l Noteworthy, the 6R-TaS, is commonly mis-
taken with the 2H phase both at lab and commercial levels.?
However, these two phases of TaS, significantly differ from
each other. In fact, the 2H polytype is made of layers with trig-
onal prismatic Ta coordination (similarly to the 3R-TaS,),?**l
while the 6R polytype alternates layers with trigonal prismatic
and octahedral Ta coordination®®! (similarly to 4H,-TaS,).}"]
Therefore, these mixed coordinated polytypes can show proper-
ties resembling to those exhibited by either trigonal prismatic
(2H or 3R) or octahedral (1T) phases,®® stressing the need for
multiple, careful material characterizations for the correct
assignment of their phase. A novel liquid-phase microwave
(MW) treatment is proposed to fragment the 6R-TaS, nano-
flakes, causing the evolution of extended, flat monocrystalline
flakes into crinkled, partly polycrystalline ones. The optimiza-
tion of the MW treatment lowers the 1,9 of our catalytic films
from 0.377 to 0.192 V, suggesting the possibility to structurally
engineer metallic TaS, nanoflakes, without recurring to any
time-consuming in situ electrochemical methods.[?*212¢] Conse-
quently, the MW-treated electrodes reach a MA of the 6R-TaS,
nanoflakes (MAr,g,) of 100 A g™! at an overpotential of 0.239 V.
Lastly, we show a relationship between the structural properties
of the nanoflakes and their activity to trap metal impurities,
namely Pt species resulting by the dissolution of Pt counter
electrodes during the long-term HER operation in acidic media.
As supported by previous theoretical studies,*% the MW-treated
6R-TaS, nanoflakes enhance their HER-activity by trapping the
dissolved Pt species. Consequently, the MA of Pt (MAp,) can
reach values up to 10 000 A gp, ! at overpotential of only 50 mV,
which is =20 times higher than the one measured for Pt nano-
particles in Pt/C (488 A gp' at the same overpotential of
50 mV). Our results clarify fundamental aspects of the catalytic
phases of TaS,, including surface oxidation effects, which are
typically neglected in literature reporting record-high catalytic
performance.?”! Moreover, we prove that the engineered
6R-TaS, nanoflakes can be considered as efficient electrocata-
lysts for the HER, or used as ideal scaffolds to host noble metals
with high MA for the HER, as well as for other electrochemical
reactions.

© 2020 The Authors. Small published by Wiley-VCH GmbH
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Figure 1. Structural, chemical, and morphological characterizations of the as-synthetized 6R-TaS, crystals. a) XRD spectrum of the as-synthesized “6R-TaS,”
crystals. The reference pattern of 6R-TaS, (ICSD-52117) and 2H-TaS, (ICSD-68488) are also shown. The bottom row shows the magnifications of the
XRD spectrum in relevant angle regions for the analysis. b) Crystal structure of the 6R-TaS,, consisting in a stack of layers alternating trigonal prismatic
(7TH) and octahedral (1T) Ta coordination. c) SEM image of the as-synthesized 6R-TaS, crystals and d,e) the corresponding EDS maps for Ta (M line at

1.71 keV, in green) and S (Ka line at 2.31 keV, in violet).

2. Results and Discussion

2.1. Synthesis and Exfoliation of TaS, Crystals

The 6R-TaS, crystals were synthesized by the direct reac-
tion of the atomic elements, using Ta powder and S granules
in quartz glass ampoule (see details in Supporting Informa-
tion, Methods), following the protocols previously reported
for the synthesis of 2H-TaS,.*¥) We point out that when the
material is prepared from Ta foil or wire, 2H-TaS, is typically
obtained.’33¢ Differently, when (partially oxidized) Ta powder
is used as a starting material, 6R-TaS, is synthesized instead
of 2H-Ta$, (which, however, marginally contributed to the final
crystal composition).’%! Generally, at the synthesis tempera-
ture used in our case, 2H-TaS, is promoted in the presence of
highly hydrogenated Ta, while a decrease of its hydrogenation
level can result in the production of the 6R polytype (or even 1T
polytype for dehydrogenated Ta).*! Consequently, the release
of oxygen from the Ta powder may decrease the hydrogen
adsorbed on the Ta, promoting the formation of the 6R-TaS,.
Since 6R- and 2H-TaS, show similar X-ray diffraction (XRD)
patterns (see reference cards, i.e., ICSD-68488 for the 2H-TaS,
and ICSD-52117 for the 6R-TaS,), the 6R polytype has been
easily mistaken for the 2H one. We verify this erroneous inter-
pretation also on commercial product of 2H-Ta$S,,132 for which
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our XRD analysis clearly revealed that the 6R-TaS, is the main
phase of the product (Figure S1, Supporting Information). Sim-
ilarly, 6R-TaS, crystals were produced by our synthesis with a
marginal contribution of the 2H phase, as shown by its XRD
pattern in Figure 1la (no Ta,Os was evidenced by XRD in the
product). Figure 1b shows the crystal structure of the 6R-TaS,,
consisting in a stack of layers alternating trigonal prismatic
(1H) and octahedral (1T) Ta coordination. 333436l

The as-produced 6R-TaS, crystals were further characterized
by scanning electron microscopy (SEM) coupled with energy-
dispersive X-ray spectroscopy (EDS) (Figure lc—e; Figure S2
and Table S1, Supporting Information), showing a S:Ta atomic
ratio of 1.9 + 0.2, which is in agreement with previous studies
on TaS, using similar synthesis processes.?>**# Noteworthy,
the exceeding Ta may intercalate between the TaS, layers, par-
tially eliminating van der Waals gaps, similarly to non-layered
(3D) polytypes of group-5 TMDs (e.g., Nby,,S,, x = 0.35).18
Despite the excess of Ta, the SEM image of the as-synthetized
crystals (Figure 2a) show layered edges, indicating a layered
structure of our 6R-TaS, crystals, which exhibit chalcogen vacan-
cies. Thereafter, 6R-TaS, crystals were successfully exfoliated via
ultrasonication-assisted LPEM* in anhydrous isopropyl alcohol
(an-IPA) followed by a sedimentation-based separation*’! to
remove the un-exfoliated material. In these steps, we have
adapted protocols recently reported by our group for the group-5

© 2020 The Authors. Small published by Wiley-VCH GmbH
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Figure 2. Morphology characterization of the LPE-produced 6R-TaS, nanoflakes before and after the MW treatment. a) High-magnification SEM image of
an edge of a 6R-Ta$, crystal, showing its layered structure. b) BFTEM images of representative nanoflakes in pristine-TaS, (panel i), MW1-TaS, (panel ii),
and MW3-TaS, (panel iii). c) AFM image of nanoflakes in pristine-TaS, (panel i) and a zoom of a region showing single-/few-layer nanoflakes (panel ii).

The height profile of single-/few-layer nanoflakes is also shown. d) AFM image of MW3-Ta$,, showing the presence of aggregates.

TMDs (see additional details in Supporting Information,
Methods).>?) Afterward, the as-produced nanoflake disper-
sions were treated by MWs at 2.45 GHz in a home-like reactor
operating at 560 W. Operatively, the proposed liquid-phase MW
treatment shakes the nanoflake layers and the surrounding
dispersing solvent, causing structural stresses on the mate-
rial itself¥ Actually, 2D TMDs are known to efficiently absorb
MWs through: 1)“dipole polarization” of structural defects (e.g.,
elemental vacancies) and/or edges,** which behave as dipoles
under an alternating electric field; 2) “interfacial polarizations”
(or called Maxwell-Wagner-Sillars—MWS—polarizations)*’ at
multiple interfaces among nanoflakes, which act as capacitor-
like systems;“**] and 3) excitation of metallic phase electrons,
which can move through electrically conductive networks via
the internanoflake electron hopping transport (modeled by
resistance—inductance—capacitance coupled circuits).*>#! More-
over, multiple scattering resulting by high surface nanoflakes
can amplify the MW absorption of the nanoflakes.l*! Lastly,
the dispersing solvent can also create MW-absorbing dipoles at
the interfaces with the nanoflakes, or interact with MWs through
the excitation of the dipole rotation. However, in our case, the
dipole rotation of an-IPA is negligible due to its high rotational
frequencies (>2.45 GHz).) The MW irradiation-induced modifi-
cations of the morphology of the nanoflakes are shown by bright-
field TEM (BFTEM) (Figure 2b). The untreated sample (pristine-
TaS,) consists in nm-thick flakes, displaying wrinkled surfaces
with irregular shapes, but sharp edges (Figure 2b, panel i). The
data of the lateral size of the nanoflakes follow a log-normal
distribution peaked at 24.6 nm (average values = 876 nm; max-
imum value = 751.1 nm) (Figure S3, Supporting Information).
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After 1 min MW irradiation (sample named MW1-TaS,), the
nanoflakes retain their basal plane integrity, displaying lateral
sizes slightly inferior to pristine-TaS, (average value = 64.1 nm;
maximum value = 414.5 nm) (Figure S4, Supporting Informa-
tion). However, their edges are jagged, indicating a perimeter
modification. By further increasing the MW irradiation time up
to 3 min (sample named MW3-Ta$,), the structure of the nano-
flakes evolves toward minced irregular nanostructure having the
tendency to aggregate. Atomic force microscopy (AFM) imaging
shows that pristine-TaS, (Figure 2c) and MW1-TaS, (Figure S5,
Supporting Information) mainly consist of single-layer/few-
layer TaS, nanoflakes (being the AFM thickness of (1H) TaS,
monolayer between 0.4 and 0.9nm, depending on the TaS,/sub-
strate interaction).’%°! Instead, nanostructure aggregates are
mainly observed in MW3-Ta$S, (Figure 2d), in agreement with
TEM analysis. Few aggregates are also observed in MW1-TasS,,
indicating a progressive evolution from the morphology of pris-
tine-TaS, to MW3-TaS, with increasing the MW treatment dura-
tion. The thickness data of the nanoflakes follow a log-normal
distribution for both pristine-Ta$S, (Figure S6, Supporting Infor-
mation) and MW1-TaS, (Figure S7, Supporting Information),
with peaks at 1.7 and 5.0 nm, respectively. The higher thickness
of the nanoflakes in MW1-TaS, compared to pristine-TaS, is
linked with their aggregation, which leads to an overestimation
of the measured thickness values.

The crystallinity of the TaS, nanoflakes was confirmed
by XRD measurements. As shown in Figure S8, Supporting
Information, the XRD patterns of the exfoliated samples still
show the main reflections of the as-synthetized 6R-TaS, crys-
tals. However, the broadening of their XRD peaks impedes

© 2020 The Authors. Small published by Wiley-VCH GmbH
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the reliable distinction of the 6R and 2H phases, which may
coexist in the samples. Raman spectroscopy further confirms
the crystallinity of the exfoliated samples (Figure S9, Sup-
porting Information). Noteworthy, to the best of our knowledge,
no studies reported the Raman characterization of the 6R-TaS,.
Thus, our results, fully detailed in Supporting Information, pro-
vide novel spectroscopic information on such material polytype.
X-ray photoelectron spectroscopy (XPS) measurements were
performed to thoroughly analyse the chemical composition of
the surface of the investigated materials. Although these are not
studies focusing on the XPS characterization of the 6R-TaS,,
it is known that the group-5 TMDs are susceptible to surface
oxidation when exposed to ambient environments.*>% There-
fore, care needs to be taken when these materials are used in
practical applications (although recent works claimed the excel-
lent electrochemical stability of the group-5 TMDs during their
HER operation in acidic media?*212%). In our case, the optimal
fitting of the Ta 4f spectrum of the as-synthetized 6R-TaS, crys-
tals (Figure 3a) requires the use of four doublets. In the high
binding energy side of the investigated range, the doublet with
peaks at (26.5 + 0.2) and (28.4 £ 0.2) eV is assigned to the Ta>*
state in Ta,Os, in agreement with previous literature.’? In the
low binding energy side, two doublets exhibit Ta 4f; , peak posi-
tions at (23.1 £ 0.2) and (23.6 £ 0.2) eV, which are similar to
those reported for the IT phase.’® The presence of the two
doublets in the 1T-TaS, has been ascribed to the periodic atomic
displacements of the room temperature nearly commensurate
charge density wave phase.?**¥ Thus, our data suggest that the
surface of the 6R-TaS, crystals exhibits a CDW behavior similar
to the IT-TaS,. Lastly, the fourth doublet with the Ta 4f;;, peak

www.small-journal.com

centered at (24.4 £ 0.2) eV is attributed to the presence of Ta
sub-oxides.l® The S 2p spectrum of the as-synthetized 6R-TaS,
crystals (Figure 3b) shows a doublet with the S 2p;, component
at (161.4 £ 0.2) eV, which is assigned to the sulphides.”? More
in detail, the peak positions of this S 2p doublet resemble those
reported for the 1T-TaS,,53°% and thus support the assignment
of the Ta 4f doublet peaks shown above. The XPS spectra of the
exfoliated samples are reported in Figure 3c,d for pristine-TaS,,
and in Figure S10, Supporting Information for MW1-TaS, and
MW3-TaS,. Clearly, the samples exhibit similar features to each
other, differing in part from what seen in the as-synthetized 6R-
TaS, crystals. In fact, additional Ta 4f and S 2p doublets with Ta
4f;), peaks at (22.8 + 0.2) and S 2p3; peak at (160.9 * 0.2) eV,
respectively, are needed to achieve the best fit to the experi-
mental data. Similar doublet peak positions have been reported
for the 2H-Ta$S,.1*"53] Therefore, our XPS analysis suggests that
the exfoliation of the 6R-TaS, crystals may expose the 2H phase
as synthesis by-product buried deeper than the sensitivity depth
of the technique in the bulk 6R-TaS, crystals. Alternatively, the
exfoliation of the 6R-Ta$S, crystals into nanoflakes with less than
6 layers (i.e., the minimum number of layer compatible with
the unit cell of the 6R phase structure) can promote a phase
conversion toward the 2H phase. Beyond the emergence of
the 2H phase signatures, the intensities of the Ta,O5 doublet in
the Ta 4f spectra increase in comparison to the as-synthesized
crystals. In particular, Ta,Os is now the most relevant Ta spe-
cies, accounting for =50% of the total Ta content in pristine-
TaS, and MW1-TaS,. In the MW3-TaS,, the Ta,Os accounts
=85-90% of the total Ta content, suggesting that it is mainly
associated to the oxidation of the nanoflake edges. The increase

)

N—

——|6R-Tas, crystal (bulk)|

Intensity (a.u.)

b) [6R-Tas$, crystal (bulk)l—

O
A

Intensity (a.u.)

1 L 1 L 1 e 1 " 1

S2p
r. 1 " 1 " 1 " 1 - " 1 L 1
3 30 27 24 21 18 174 171 168 165 162 159 156
—pristine-TaS, |, d) —|pristine-Tas,
| Tsa I

1 " 1 ) 1 L 1 " 1

33 30 27 21

Binding energy (eV)

18

174 171 168 165 162 159

Binding energy (eV)

156

Figure 3. X-ray photoelectron spectroscopy characterization of the as-synthetized 6R-TaS, crystals and the TaS, nanoflakes. a) Ta 4f and b) S 2p spectra
of the 6R-TaS, crystals (bulk sample). c) Ta 4f and d) S 2p spectra of the pristine-TaS, (exfoliated sample). The deconvolutions of the spectra are also
shown to evidence the bands attributed to the different oxidation states of the elements.
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of the oxidation level is further testified by the presence of a
S 2p doublet with the S 2ps, peak at (169.4 + 0.3) eV associated
to the S in SO} Although the surface oxidation of the
group-5 TMDs is poorly discussed in HER-catalyst studies, it
has also been evidenced by the previous XPS analyses.[239#]
Not rarely (and in relevant literature), the absence of TaS, oxi-
dation has been claimed by erroneously attributing the Ta,Os
or Ta sub-oxide peaks to the TaS, (in such cases, the material
surface was almost totally oxidized).[2%

High-resolution TEM (HRTEM) analyses were performed
to examine in detail the evolution of the exfoliated samples
with the MW treatments, in terms of crystallinity and mor-
phology. Figure 4a shows an elastically filtered BFTEM image
of representative nanoflakes in pristine-TaS,. Figure 4b reports
a HRTEM image of an extended, single-crystalline portion of
the suspended region of the nanoflakes (panels i). The magni-
fication of a portion of this HRTEM image (panel ii) and the
fast Fourier transform (FFT) of the magnified region (panel

MW3-TaS,

e) pristine-TaS,

MW1-TaS,

Edge-etche

polycrystalline
flakes 1 min microwave 3m

flakes
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iii) show a single-crystalline structure, matching with the
2H-TaS, onel’® Given the low statistical significance of
HRTEM analyses, the relatively large uncertainty in the meas-
urement of the lattice spacings (up to 5%°°)) and angles in
HRTEM, and the similarity between the 6R- and 2H-polytypes
of TaS,, a statistical information concerning the more abun-
dant polytype cannot be based on HRTEM analyses. Contrary
to pristine-TaS,, only composed by single-crystal extended
flakes, the HRTEM analysis of MW3-TaS, (Figure 4c,d) shows
the presence of less extended, multiply folded polycrystalline
flakes. Like MW3-TaS,, structured Ta$, flakes are also observed
in MW1-TaS, (Figure S11, Supporting Information). Based on
these results, Figure 4e shows a sketch of the morphological
and structural evolution of the TaS, nanoflakes with increasing
the duration of the MW treatments. An accurate explanation of
the effects induced by MW treatment would need specific time-
resolved atomic-scale imaging coupled with atomistic simula-
tions, which is beyond the goals of this current work. However,

nanocrystal
aggregates

Figure 4. Morphology and structure evolution of the TaS, nanoflakes during the MW treatment. a) Elastically filtered BFTEM image of representative
nanoflakes in pristine-TaS,, partially suspended on a hole in the carbon support film. b) HRTEM image of a portion of the suspended region of a nano-
flake (panel i), its magnified region (panel ii) and the FFT of the area delineated in the magnified image, matching the one of [001]-oriented 2H-TaS,
(panel iii). ) Elastically filtered BFTEM image of representative nanoflakes in MW3-TaS,, some of them partially suspended on the holes in the carbon
support film. d) HRTEM image of a portion of the suspended region of a nanoflake (panel i), its magnified region (panel ii), and the FFT of the area
delineated in the magnified image, matching the polycrystalline 2H-TaS, (panel iii). e) Sketch of the morphological and structural evolution of the Ta$,
nanoflakes with increasing the MW irradiation time.
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we speculate that MWs, once absorbed by TaS, nanoflakes and
converted to thermal energy, can provide sufficient energy to
overcome the energy barrier for the migration of chalcogen-
vacancies, interstitial atoms, and adatoms, as shown for other
TMDs (e.g., MoS,%0-62 WS, 63 and MoSe,®4). The coalescence
of dislocations, as those intrinsically present at the edges, could
form dynamic grain boundariesl®®®l and line defects.[%62
Then, the sliding of grain boundaries can fragment the starting
nanoflakes, while the strain fields of intersected networks of
long line defects can trigger large-scale atomic reconstruction
(i.e., inversion domains).%%4 Overall, these effects can origi-
nate the monocrystalline-to-polycrystalline structure conversion
in our TaS, nanoflakes during the MW irradiation.

2.2. Fabrication and Characterization of TaS,-Based Electrodes

The electrodes were fabricated by depositing the TaS, nano-
flake dispersions (catalyst mass loading = 0.2 mg cm™2) onto
carbon nanotube (CNT)-based papers (i.e., buckypapers)
through vacuum filtration method (see details in Supporting
Information, Methods). The choice of buckypaper as the
support relies on data from our previous works, in which we
showed that the porosity of the CNT tangle promotes the adhe-
sion of the TMDC films without the need of any ion conducting
binders,[%>%] such as sulfonated tetrafluoroethylene-based fluo-
ropolymer copolymers (e.g., Nafion). The surface morphology
of the as-prepared electrodes was characterized by SEM
imaging (Figure S12, Supporting Information). In all the elec-
trodes (hereafter named with the name of the corresponding
catalysts, that is, pristine-TaS,, MW1-TaS, and MW3-TaS,), the
TaS, nanoflakes uniformly cover the CNT tangle. Figure 5a
shows the linear sweep voltammetry (LSV) scans in 0.5 M
H,SO, for the investigated electrodes. The data show that the
MW treatments increase the HER-activity of pristine-TaS,.
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In particular, 1,y decreases from 0.377 V for pristine-TaS, to
0.192 V for MW1-TaS,. By further increasing the duration of the
MW treatments to 3 min, the resulting electrode (MW3-TasS,)
shows a decrease of the HER-activity (1,0 = 0.339 V) compared
to MW1-TaS,. This indicates that an excessive fragmentation of
the basal plane of the nanoflakes is not beneficial for the perfor-
mance of our catalysts. Both the LSV curves of the electrodes
based on MW-treated TaS, nanoflakes show cathodic current
densities starting at positive potential versus RHE and peaked
at =—0.035 V versus RHE (Figure S13, Supporting Information).
Such current densities cannot be attributed to the HER and
might be correlated with a reduction of MW-treated TaS, nano-
flakes, whose reactive edges may lead to a rapid reversible sur-
face oxidation. Alternatively, structural modifications caused by
the release of sulphur in the form of gaseous H,S, as shown for
MoS, catalysts,””) may cause of this cathodic current densities.
Currently, a clear identification of the origin of these reduction
peaks is still needed. To improve further the HER-activity of the
MW-treated TaS, nanoflakes, pristine-TaS, and MW1-TaS, were
electrochemically treated by subsequent CV scans (4000 cycles),
using both graphite rod (electrodes named pristine-TaS,-
CVg and MWI1-TaS,-CV¢) and Pt wire (electrodes named
pristine-TaS,-CVp, and MW1-TaS,-CVp,) as the counter elec-
trodes. In fact, as the HER proceeds, it has been reported that
the group-5 TMDs exhibit an unusual ability to self-optimize
their morphology for an optimal charge transfer and an elevate
accessibility of their active sites.2%212% Figure 5b shows the
LSV curves of the investigated electrodes, evidencing that CV
cycling enhances the HER-activity of the designed electrodes.
The self-optimizing behavior using graphite rod as counter
electrodes confirms the results previously reported in litera-
ture,2%212] for which the Pt contamination of the working elec-
trodes was carefully excluded. Therefore, the electrochemical
treatment further lowered the 1y of the as-produced electrode
to 0.241V for pristine-TaS,-CV¢ and 0.119 V for MW1-TaS,-CV.
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Figure 5. Electrochemical characterization of the TaS,-based electrodes. a) LSV curves measured for pristine-TaS,, MW1-TaS,, and MW3-TaS; in 0.5 m
H,SO,. b) LSV curves measured for the as-produced electrodes (pristine-TaS, and MW-TaS,) and the electrochemically treated electrodes with graphite
rod (pristine-TaS,-CV and MW1-TaS,-CV) or Pt wire (pristine-TaS,-CVp, and MW1-TaS,-CVp,) as the counter electrodes. The LSV curves measured for
the CNTs (electrode substrate) are also shown. The 1y values measured for each electrode are indicated.
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Noteworthy, when the Pt wire was used as the counter electrode,
the strong improvement of the HER-activity of the electrodes
suggest that the electrodes efficiently uptake the Pt species
that are dissolved by the counter electrode. More in detail, this
process is particularly effective for the MW-treated catalysts. In
fact, MW1-TaS,-CVp, exhibits an HER-activity almost identical to
the one of our Pt/C reference (n;9 = 0.026 V). These observa-
tions support the presence of a relationship between the Pt elec-
trochemical deposition on TaS, nanoflakes and the structural
properties of the latter, and the MW treatment can be used to
control the Pt uptake for the fabrication of highly HER-active
electrodes. The presence of Pt on our electrodes after CV cycling
was confirmed by SEM-coupled EDS and XPS measurements
(Figures S14 and S15, Supporting Information, respectively).
Raman spectroscopy and HRTEM analyses (Figures S16 and
S17, Supporting Information, respectively) support that the
TaS, nanoflakes preserve their native structure, in agreement
with previous works. However, XPS measurements revealed an
increase of surface oxides (i.e., Ta,O5 and sulphates) (Figure S18,
Supporting Information). These results contrast with previous
studies, which claimed a perfect (electro)chemical stability of
the TaS,1?%2 and similar group-5 TMD catalysts,?®! during the
HER-operation. However, to support this crucial claim, no thor-
ough XPS analyses were performed after electrochemical tests,
or an erroneous attribution of the XPS peak was presented (in
such cases, the surface of the materials was oxidized).?% To
now, we have two possible explanations for the oxidation of the
surface of the TaS, nanoflakes. The first one is linked with the
oxidation of the TaS, nanoflakes that occurs during the drying
of the electrode following the electrochemical test prior to the
acquisition of their XPS spectra. The second one, instead,
could Dbe related to the oxidation of the TaS, nanoflakes occur-
ring while they catalyze the HER process. In this latter case,
the formed oxides atop the TaS, nanoflakes are not catalytically
active for the HER but can interact with the TaS, nanoflakes to
regulate the HER-activity of the electrodes.

2.3. Analysis of the Intrinsic Catalytic Activity of the
TaS, Nanoflakes

In order to evaluate the intrinsic HER-activity of a catalyst, it
is common practice to analyse both the MA, that is, the mass
loading normalized-activity (MA), and the specific activities (or
real surface area-normalized activities), that is, the electrochemi-
cally accessible/active surface area (ECSA)-normalized activity
(jecsa) or the Brunauer-Emmett—Teller (BET) surface area-nor-
malized activity (jgpr).%®%" In this work, we avoid the evalua-
tion of jgcsa, since the presence of highly porous supports (such
as buckypapers) leads to a significant overestimation of the
ECSA of the catalytic films when traditional ECSA measurement
methods are used (e.g., double-layer capacitance—Cj—measure-
ment by means of CV measurements at different scan rates in a
non-faradaic region).’% In fact, the overestimation of the ECSA
can result in a severe underestimation of the specific activity.
Consequently, our analysis mainly focused on the MA and the
Jeer as relevant activity metrics. By weighting the electrodes
before and after the deposition of the catalytic films, the mass
loading of the TaS, nanoflakes for the as-produced electrodes
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was measured to be =0.20 mg cm™2. The Pt uptake after the
electrochemical tests using the Pt wire as the counter electrode
was estimated through inductively coupled plasma-optical emis-
sion spectrometry (ICP-OES), digesting the samples in HCI
(35%):HNOs3 (65%) (3:1 v/v) and 1:100 diluted HF (40-45%) for
the Pt and the Ta detection, respectively. The S content after the
electrochemical tests was not evaluated due to possible overes-
timation originated by residuals of the acidic electrolyte (i.e.,
0.5 M H,SO,). Thus, we assumed an S:Ta atomic ratio of 1.9, as
measured for the as-synthetized crystals, to measure the Pt weight
content relatively to both S and Ta. Since possible S losses occur-
ring during electrochemical tests were neglected, the real MA
might have been underestimated in this work. This means that
the conclusions that we will show hereafter are likely even more
promising in terms of MA performance for prospective cata-
lyst engineering activities. The estimated Pt mass loading (i.e.,
uptake) after 4000 CV cycles is 2.7 ug cm™ for MW1-TaS,-CVp,.
For pristine-TaS,-CVp,, the amount of Pt is below the detection
limit of our ICP-OES setup. However, ICP-mass spectroscopy
estimated a Pt mass loading of =0.1 ug cm?, which is =27 times
lower than the one measured for MW1-TaS,-CVp,. These results
indicate that the MW treatments enhance the capability of the
TaS, nanoflakes to trap the Pt species during the CV experi-
ments, as supported by the electrochemical characterizations
above discussed (see LSV analysis, Figure 5b). The BET analysis
was carried out on the exfoliated samples, (dried under inert
atmosphere in form of powder) before and after the MW treat-
ment, through physisorption measurements using Kr at 77 K as
the gas carrier. Noteworthy, Kr was preferred to N, because the
quadrupole moment of N, (0.27 A% limits the access of the gas
into micropores, while Kr does not have a quadrupole moment
and can easily access the micropores up to its cross-sectional
area (between 0.11 and 0.22 nm? per atom at 77 K, depending on
possible arrangements of adsorbed species on surface, as well
as appropriate ranges of relative pressure used for BET meas-
urements).”? In addition, the low vapor pressure of Kr at 77 K
enables a precise determination of the number of adsorbed
molecules in presence of microporous materials with small sur-
face areas and samples of low weight (e.g., thin films), in which
the adsorption is typically performed in the 05 to 0.3 p/p0 BET-
range at 77 K. Figure S19, Supporting Information shows the
isotherms and the corresponding BET-isotherms obtained from
the Kr physisorption measurements at 77 K on pristine-TaS, and
MW1-TaS,. The calculated BET specific surface areas (SSAggt)
of the catalysts are 6.0 m? g for pristine-Ta$S, and 29.2 m? g™
for MW1-TaS,. Thus, apart influencing the Pt trapping, the MW
treatment improve the surface area of the electrodes because of
the nanoflake fragmentation, as also proved by the TEM analysis
(see Figure 4). The concomitant increase of both Pt uptaking
and surface area suggests an active role of the “defective” edges
of Ta$S, in trapping Pt species, as recently observed for the case
of other TMDs, for example, 2H-WS,."3]

Figure 6a shows the overpotential of pristine-TaS,, MW1-TaS,,
and MW3-TaS, corresponding to a MA of TaS, (MArs,) of
100 A g %. The most performant electrode (MW1-TaS,) exhibits an
overpotential of 0.239 V. After 4000 CV cycles using graphite rod
as the counter electrode (electrode named MW1-TaS,-CV), the
overpotential decreased to 0.170 V, which is inferior to the values
reported in literature for many group-5 TMDs (see Table S2,

© 2020 The Authors. Small published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

il

www.advancedsciencenews.com

Q
~

o

(4]

0.432 MAr.s, = 100 A g1

o
»

0.291

0.29

o
w

Overpotential (V)
o
o

©
PN

o
=)

4 DY 9% @ 5%
Qg\’f‘)é\'b@'p é\’ > \ébﬂb Q %\\S\ \\OAX\'«’D\\O
R AR Y
c) o g .
— pristine-TaS,
—~  [—MWA-Tas,
&
N -10+
S
(5)
<
£ 20t
| =
5N}
=
30

40 08 06 04 02 00
Potential (V vs. RHE)

www.small-journal.com

b) . . . ;
1200 MW 1-TaS,-CVg i ]
— 1000} L
e J
< 800f P ]
N /
% 600 7 1
/
<§( 400 | 7 1
7
200} ™ ]
0 ] . " ’
0.0 0.1 02 03 04
Overpotential (V)
d) 40000 . ; ; ,
- - - MWA1-TaS,-CVp, y
= ——Pte 3
o y
()] &
< 20000} 1
T .
< 3
=
v ——— ]

0_— i
0.00 002 004 006 008 0.10
Overpotential (V)

Figure 6. Analysis of the intrinsic catalytic activity of the TaS, nanoflakes and TaS,-trapped Pt. a) Overpotential at MAq,s, of 100 A g™ measured for the
investigated electrode using the graphite rod as the counter electrode. b) MAq,s, versus overpotential curve of MW1-TaS,-CV. ) Jget versus potential
curves of pristine-TaS, and MW1-TaS,. d) MAp; versus potential curves of MW1-TaS,-CVp, and Pt/C.

Supporting Information). Figure 6b displays the MAr,g, versus
overpotential plot for MW1-TaS,-CV¢, indicating the possi-
bility to reach a MAr,, above 1000 A g! at overpotential higher
than 0.38 V. Figure 6¢ shows the Jppr versus potential curves
measured for pristine-TaS, and MW1-TaS, (Figure 1d). In such
curves, the difference in the specific activity values between the
two electrodes are significantly reduced compared to the MAr,g,.
Thus, these results support the fact that the MW-induced frag-
mentation of the TaS, nanoflakes causes an increase of the
exposed catalytic surface area of their films, thus increasing the
MAr.s,. Therefore, the effect of the MW treatment resembles
the fragmentation of the catalyst occurring during CV cycling,
which is, however, highly time-consuming and raises doubts
concerning the progressive dissolution of the catalytic materials
when high-mass loading electrodes are used for high-rate H,
production.?®! The downshift of the HER-overpotential of MW1-
TaS, compared to pristine-TaS, may be ascribed to the activity of
the nanoflakes edges in catalyzing the HER. However, at high
current densities (>20 mA cm™2), the HER-activity of the elec-
trodes is still likely dominated by the basal planes of the nano-
flakes, in agreement with previous theoretical and experimental
studies on the group-5 TMDs.[20217426]

In addition to the MAr,g,, the MAs of Pt (MAps) for the elec-
trodes after 4000 CV cycles using the Pt wire as the counter
electrode (i.e., pristine-TaS,-CVp, and MW1-TaS,-CVp,) were also
analyzed together with the one measured for the Pt/C reference.
Noteworthy, the MAp, was estimated by subtracting the MAr,s,
of the electrode cycled with the graphite rod as the counter

electrode (i.e., MW1-TaS,-CV() from the overall MA activity of
the electrode cycled with the Pt wire as the counter electrodes
(i-e., MW1-TaS,-CVp,). Figure 6d shows the MAp, measured for
the MW1-TaS,-CVp, and the Pt/C. The data reveal that the Pt
trapped by TaS; nanoflakes is extremely HER-active in compar-
ison with the Pt nanoparticles in commercial Pt/C. In particular,
MW1-TaS,-CVp, shows a MAp, of 10 000 and 20 000 A gp ! at
overpotentials as low as 50 and 72 mV, respectively.

Figure 7 reports the comparison of MAp, measured for various
single atoms or Pt-based HER catalysts reported in literature. These
values are significantly superior to those recently reported for Pt
trapped by 2D MXene, namely Mo,TiC,T, (MAp, = 8300 A gp, ! at
overpotential = 77 mV),” and similar to the one recently reported
by our group on more complex systems, namely octapod-shaped
CdSe nanocrystals (MAp, =20 000 A gp, ! at overpotential =
50 mV).”®l They are also comparable to the ones achieved by more
complex atomic layer-deposition-based synthesis of N-doped gra-
phene-supported single atom/cluster Pt (MAp, = 10 100 A gp, ! at
overpotential = 50 mV).””} Overall, our data support that the inter-
action between Pt and Ta$S, nanoflakes is effective to maximize the
MAy, toward record-high values, as discussed in the next section.

2.4. Theoretical Commentary on the HER-Activity of Group-5
TMDs and Trapped Metals

The HER-activity of group-5 TMDs has been discussed
in recent works, and it is out of scope to reproduce their
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Figure 7. Catalytic performance of Pt in our electrodes based on Ta$S,
nanoflakes and other single atom and cluster Pt-based catalysts. Compar-
ison between the MAp, of our MW1-TaS,-CVp,; and other Pt-based catalyst
reported in literature. The following nomenclature is used in the figure to
refer to catalyst: Mo,TiC,T,-Pt for single atom Pt immobilized on MXene
nanosheets,”! NGN-Pt for N-doped graphene nanosheets supported
single atom and cluster Pt7l MoS,-Pt for Pt atom-doped, few-layer
MoS, nanosheets,’8l PCM-Pt for Pt atoms in the nitrogen-containing
porous carbon matrix,’?) CdSeOCP-Pt for Pt immobilized on octapod-
shaped CdSe,®l TiO,-Pt for sub-nanometric PtO, clusters uniformly dis-
persed on a TiO, support,® Ni-CoPNT-Pt single Pt atoms on CoP-based
nanotube arrays supported by a Ni foam, 'l CF-Pt for Pt nanoparticles on
carbon foam,® and CFC-WO;-Pt for atom cluster Pt dispersed in carbon
fiber cloth supported WO;.1%3]

theoretical outcomes. Here, we just stress that, contrary to
group-6 TMDs, metallic group-5 TMDs (e.g., TaS, and NDbS,)
theoretically display HER-active basal planes beyond catalytic
edge sites.202426] Consequently, the overall number of the
catalytic sites expressed by both edges and basal plane can be
significantly increased by order of magnitude compared to the
other type of TMDs, including the widely investigated group-6
TMDs in their semiconducting phase (e.g., 2H-MoS;), whose
HER-activity is based on their edges.>223] In our experi-
ments, we show that a liquid-phase MW treatment in a home-
like reactor can be used as alternative to electrochemical ones
(i-e., thousands of CV cycles)2%212] to increase the specific sur-
face area of the TaS, nanoflakes produced by scalable LPE of
native crystals. In particular, similarly to the treatment of the
electrodes with thousands of CV cycles, the proposed MW treat-
ment causes a fragmentation of the TaS, nanoflakes, which
consequently improve their catalytic performance when incor-
porated in electrodes, as discussed in literature.[20-2126]
However, supplementary considerations are needed to
unravel the additional effects, beyond the initial HER-activity,
observed for the TaS, nanoflakes after thousands of CV cycles
using Pt wire as the counter electrode. The effects are summa-
rized as the following: 1) the capability of the TaS, nanoflakes
to efficiently uptake metal species (in particular Pt); 2) the high
MAp, of the Pt electrodeposited onto TaS, nanoflakes. Although
several 2D materials, including graphene,’”) MXenes,”! and
group-6 TMDs (e.g., MoS,* and WS,”%)) have been reported to
efficiently trap highly HER-active metal impurities during both
synthesis and electrochemical testing, we noticed that these
effects are especially relevant for TaS, nanoflakes. In particular,
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in our previous work on group-5 TMDs,?>?] we immediately
observed Pt contamination on the electrodes when Pt counter
electrode were used. In particular, the metal impurities strongly
affected the recorded HER-activity over ten minutes. Based on
our experience, the effects of Pt impurities on the HER-activity
were significantly more pronounced compared to the case of
other group-6 TMDs, forcing the use of graphite rod as the
counter electrode as a best practice to avoid wrong interpretation
of electrochemical data. In addition, the electrolytic solution was
refreshed before each experiment, and possible metal impuri-
ties of the starting electrolyte reagent were analyzed to exclude
other metallic impurities in the starting electrolyte medium.
Meanwhile, a theoretical work screened 48 combinations of
metal atoms anchored on (defective) group-5 and group-6 (2D)
TMDs.B% The DFT calculations revealed that group-10 metal
atoms (i.e., Ni, Pd, and Pt) strongly adsorb on S-deficient TMDs,
much more than group-11 metals (i.e., Cu, Ag, and Au). In
particular, the binding energy (E;) of Pt anchored on TMDs is more
negative than —6 eV.3% The strongest binding occurs between Pt
atoms and Ta-based TMDs, showing E;, of the anchored Pt signifi-
cantly more negative than the experimental cohesive energy (E,p)
of atomic Pt (=—5.8 eV),[®] that is, the energy required to disin-
tegrate Pt crystal into single atoms.%! Figure 8a reproduces the
results obtained for the specific case of 1H-TaS,.13%

These data show that the Pt atoms can be favorably and
stably immobilized on our TaS, nanoflakes, especially in pres-
ence of abundant defects, as those originated by both MW and
electrochemical treatments. In addition to the tendency of 2D
supports to trap metal atoms, the free energy for hydrogen
adsorption (AGy,gs) on such trapped Pt atoms is also a pri-
mary factor determining their catalytic activity.®”! In fact, in
acidic media, the HER proceeds through an initial discharge
of the hydronium ion (H;0%) and the formation of atomic
H adsorbed on the electrocatalyst surface (H,q) (H;O" +
e” 2 H,y + H,0), followed by either an electrochemical Hey-
rovsky step (H.gs + H30' + e 2 H, + H,0) or a chemical
Tafel recombination step (2H,qs 2 H,).®® The optimal balance
between adsorption and desorption steps leads to an efficient
HER, as described by the empirical Sabatier principle exem-
plified by the so-called Volcano plot.’] In brief, a candidate
HER-catalyst must show a AGyy,q, close to 0 eV. The AGyy,q4s for
Pt atoms adsorbed onto the 1H-TaS, layer has been predicted
to be close to zero (=0.1 eV) (Figure 8b).3% The catalytic activity
of Pt atoms trapped by TaS,, as well as the high utilization effi-
ciency in presence of isolated Pt atoms, theoretically support
the ultrahigh MAp, observed for our MW1-TaS,-CVp,.

3. Conclusion

In summary, a liquid-phase MW treatment in a home-like
reactor has been proposed to control the structural and morpho-
logical properties of model-type solution-processed 2D metallic
TMDs, namely TaS, nanoflakes, produced by ultrasonication-
assisted LPE method of “newly discovered” 6R-TaS, crystals. In
particular, the proposed MW treatment fragments the metallic
nanoflakes, which consequently evolve from a monocrystalline to
a polycrystalline structure. The modification of the structural prop-
erties regulates the HER-activity of the TaS, nanoflakes, lowering
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Figure 8. Trapping of Pt atoms by TaS, nanoflakes and resulting HER-
activity. a) Binding energy between metal atoms and 1H-TaS, and cohe-
sive energy for each metal. b) Sketch of a 1H-TaS, layer trapping a Pt atom
in a S-deficient defect. The hybrid system catalyzes the Vomer step of the
HER on Pt centers while maximizes the utilization efficiency of Pt. The
data values have been taken from ref. [30]

the overpotential at a cathodic current of 10 mA cm™ (19) from
0.377 to 0.192 V. The optimized electrodes reach a MA of the
TaS, nanoflakes (MAq,,) of 100 A g™! at an overpotential of
0.239 V, and above 1000 A g™! at overpotentials higher than
0.38 V. The effect of our MW treatment resembles the self-
optimizing fragmentation of the 2D group-5 TMDs occurring
during in situ electrochemical preconditioning of the electrodes.
Such self-optimizing fragmentation has been further utilized
to reduce the 1y of our optimized electrodes to 0.119 V (after
4000 cyclic voltammetry—CV—cycles). Additionally, MW-treated
TaS, nanoflakes are proved to be extremely effective in trap-
ping Pt contaminations, which originate by the dissolution of
Pt counter electrode in acidic media during long-term electro-
chemical tests. Consequently, the Pt-trapped electrodes display
outstanding HER-activities, corresponding to MA of Pt (MAp,)
of 10 000 and 20 000 A gy at overpotentials as low as 50 and
72 mV, respectively. These MAp, values are ten times superior
to the ones measured for Pt/C reference, probably representing
state-of-the-art values. In-depth analysis of theoretical works
supports the occurrence of a strong and stable anchoring of Pt
atoms on defective 1H-TaS,. Such Pt/1H-TaS, interaction can
maximize the utilization efficiency of the Pt, while retaining its
catalytic efficiency. Our results indicate that TaS, nanoflakes can
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be engineered by means of viable processes to act as efficient
HER-catalysts and ideal noble metal-immobilizing 2D scaf-
folds with extreme HER-activities. In addition, our material data
warn researchers on misleading data interpretation during the
characterization of the TaS,- and other group-5 TMDs, since
an ultralow level of metal impurities could drastically enhance
their catalytic performance. Lastly, our spectroscopic and micro-
scopic analyses aim to elucidate essential and unclarified aspects
regarding the phase and surface chemistry of TaS, materials
reported in the field of electrocatalysis.
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