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The impact of the crystalline phase and
morphology of MoS, on the
electrocatalytic reduction of H,0,
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Efficient hydrogen peroxide (H>O,) detection is crucial for electrochemical and colorimetric sensors,
making the hydrogen peroxide reduction reaction (HPRR) a key area of catalysis. In this context,
molybdenum disulfide (MoS,) has emerged as a valuable HPRR catalyst. Here, we report the first
experimental investigation comparing the electrocatalytic properties of MoS, enriched with different
phases (2H and 1T) and showcasing diverse morphologies toward HPRR. We provide unprecedented
parameters (Tafel slope, constant, and exchange current density) describing the materials’ HPRR
performance through state-of-the-art electrochemical techniques, including Tafel plots and EIS. Our
findings reveal that 1T-enriched MoS, outcompetes 2H-MoS,. Moreover, we show that the distinct
morphologies of 1T-MoS,, such as exfoliated nanosheets and hydrothermally synthesized
nanoflowers, strongly influence the kinetics of the catalytic reaction. This study bridges the gap
between MoS, structural properties and its electrocatalytic activity for HPRR, facilitating the selection
of optimal MoS, materials for high-sensitivity hydrogen peroxide sensors.

Hydrogen peroxide (H,O,) is a critical redox metabolite in the human body,
vital for physiological processes like redox regulation, signaling, and
sensing"”. Imbalances in H,O, concentration have been associated with the
progression of various health issues, including tumor metastasis’, neuro-
degenerative diseases”, and dermatologic issues’*. Beyond its endogenous
roles, H,O, is also a byproduct of oxidoreductases, such as lactate oxidase
and glucose oxidase™”'’, which can be used to develop highly selective
enzymatic biosensors''. Due to its significant involvement in various phy-
siological and pathological processes, developing sensing devices for H,O,
remains a very active and important area of research'”™".

Transition metal dichalcogenides (TMDCs) are a vast family of layered
materials whose physical-chemical properties strongly depend on their
crystalline phase'™'® and the number of layers”’. 2D-MoS, is a widely
investigated TMDC that exists mainly in two distinct phases. The metastable
1T phase has an octahedral structure and metallic properties. The ther-
modynamically stable 2H phase possesses a hexagonal lattice and operates
as a semiconductor with a direct band gap of 1.8 eV'*"”. Due to the tunability
ofits chemical, physical, and electronic properties, MoS, is a valid alternative
to noble metals in electrocatalysis. Indeed, this material has been investi-
gated for the electrocatalytic synthesis of green hydrogen (HER)***', and the
nitrogen and oxygen reduction reaction (NRR and ORR)**.

MoS, also exhibits peroxidase-like activity, making it a viable alter-
native to traditional H,O, detection materials like platinum (Pt) and
Prussian blue. It offers significant benefits, being more affordable than Pt
and demonstrating greater stability at neutral and basic pH compared to
Prussian blue. This combination of factors positions MoS, as a promising,
cost-effective, and robust material for developing advanced H,O, sensing
devices. Beyond MoS,, other TMDs exhibit notable electrocatalytic prop-
erties towards H,O, reduction. For instance, Luo et al. reported that plasma-
functionalized MoSe, shows excellent electrocatalytic performance for the
non-enzymatic detection of H,O, across a wide pH range™. Similarly,
Haritha et al. demonstrated that WS, nanosheets function as an effective
non-enzymatic electrocatalyst for H,O, detection™.

In 2013, Wang et al. were the first to report the catalytic activity of
ultrasmall nanoparticles of MoS, toward HPRR®. The authors demon-
strated that the exfoliated MoS, nanoparticles immobilized on a glassy
carbon electrode (GCE), allow the reduction of H,O, at a potential of -0.5 V,
with a size-dependent response. The following year, Lin et al. further studied
the catalytic activity of colloidal MoS, for the colorimetric detection of H,O,
based on 3,3,5,5'-Tetramethylbenzidine (TMB)”. In their study, they
demonstrated that the catalyzed reaction follows a Michaelis-Menten
kinetic and developed an enzymatic assay for glucose. A similar result was
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Fig. 1 | Characterization of the MoS2 samples. a UV-Vis absorption spectra for
2H-MoS, (pink), H1T-MoS, (yellow), and E1T-MoS, (light blue); b Raman spectra
recorded using 633 nm laser excitation wavelength for 2H-MoS, (pink), H1T-MoS,
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obtained in 2015 by Guo et al., who obtained a layered MoS, by a bottom-up
hydrothermal synthesis®™. More recently, Haritha et al. described the
synthesis and application of MoS, microspheres for the precise electro-
chemical detection of H,O,”. Using a hydrothermal approach, the authors
fabricated a sensor operating in the micromolar range with good stability
and reproducibility. MoS,-based materials have also been used to develop
flexible electrodes applied in H,O, detection in living cells®.

A common shortcoming in prior research is the insufficient con-
sideration of MoS, crystalline phase, a characteristic known to significantly
impact its electrocatalytic activity, as evidenced in reactions like HER*' ™.
Conversely, data regarding its influence on HPRR are scarce (Table SI).
Notably, Shu et al. are the sole researchers, to our knowledge, to explicitly
mention the crystalline phase of MoS, used in the sensor development
(Table S1)*, stating that the 1T phase of interlayer-expanded MoS, enhances
the kinetics of H,O, reduction, when compared to non-expanded MoS,.

Beyond Shu et al.’s work, the current understanding of 1T and 2H MoS,
electrocatalytic mechanism for HPRR is primarily theoretical, derived from
density functional theory (DFT) calculations. For instance, Gupta et al.”®
used DFT to model MoS,-H,0O, interaction, revealing that the material’s
catalytic activity originates from a distinct change in the electronic density of
states of molybdenum atoms located at the edges. This altered electronic
structure facilitates the preferred adsorption of H,O, on the Mo atoms on
the edges, leading to dissociation into 2 hydroxyl radicals (-OH). Later, Li
etal.’s DFT calculations suggested that 1 T-MoS,, due to its unique electron-
rich metallic phase, can lower the free energy barriers for the stepwise cat-
alytic decomposition of H,O,, favoring -OH production and enabling more
energetically favorable pathways than its semiconducting 2H counterpart™.

Given the diverse synthetic approaches, morphologies, and crystalline
structures of MoS, (Table S1), a comparative study of its catalytic and elec-
trocatalytic activity for HPRR is crucial for advancing its application in
sensing. To address this gap, we present the first experimental comparison of
MoS;’s electrocatalytic properties across different phases and morphologies

for HPRR. We synthesized 1T-enriched MoS, via both top-down (chemical
exfoliation) and bottom-up (hydrothermal) methods, comparing their
HPRR activity with 2H-MoS,. We also investigated the peroxidase-mimic
activity of these 2D MoS, materials using a TMB-based colorimetric assay.
Crucially, for the first time, we employed state-of-the-art techniques,
including Tafel plots and electrochemical impedance spectroscopy (EIS), to
quantitatively assess their HPRR catalytic performance, providing unprece-
dented parameters (Table S1). Our results reveal a dramatic influence of both
crystalline phase and synthetic approach on MoS, activity. Different synth-
esis methods yield 1T-MoS, flakes with varying morphologies, leading to
significant differences in catalytic activity and overall material applicability.

Results
Characterization of the different crystalline structures and
morphologies of MoS,
To ensure the broadest significance and applicability of our findings, the 1T
and 2H MoS$, used in this comparative study were synthesized using well-
established and widely adopted procedures. 2H-MoS, nanosheets were
obtained by liquid-phase physical exfoliation of bulk MoS,”. This proce-
dure involves the ultrasonication of MoS, in N-methylpyrrolidone (NMP)
and the subsequent isolation by centrifugation and resuspension in aqueous
solution. Both top-down and bottom-up approaches were used to obtain
1T-enriched MoS, with different morphologies. The top-down approach
consisted of a chemical exfoliation involving the intercalation of Lithium
ions and reduction of the bulk phase under an inert atmosphere, followed by
ultrasonic exfoliation (E1T-MoS,)*. The bottom-up consisted of a hydro-
thermal synthesis (200 °C for 16 h) using MoOs and C,HsNS as precursors
(H1T-MoS,)”. In both cases, centrifugation and filtration of PTFE filters
were used for the purification and isolation of final materials, with defined
morphological features.

The MoS, phases were confirmed by employing UV-Vis and Raman
spectroscopies (Fig. 1a, b). Indeed, both the E1T and H1T-MoS, show the
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Fig. 2 | Influence of the MoS, phase and morphology on the self-generation of
hydroxyl radicals. All experiments were performed by incubating MoS, samples

([MoS,] = 0.01 mmol L") and blank sample (ultrapure water) with 1 mmol L™ of
TMB and various concentrations of H,O, in an acetate buffer 0.1 mol L™'. UV-Vis
spectra of TMB registered over 45 min in the presence of 50 mmol L' H,0,, with

[H,0,] (mol L)

2H-MoS,; (a), HIT-MoS, (b), EIT-MoS, (c). d Photograph of the colorimetric
assays in the presence of 50 mmol L' H,0, after 30 min of incubation. e Reaction
rates measured by UV-visible spectroscopy, in the first 300 s for all materials in the
presence of different concentrations of H,O,; f) magnification of graph (e) in the
region at lower H,O, concentration.

characteristic absorption peaks of the 1T phase at 255 nm and 305 nm in the
UV-Vis spectra®, and typical Raman modes J; (154.6 and 151.2cm™), J,
(229.7 and 2253 cm™) and J; (327.8 and 324.6 cm™")"". Instead, the 2H
MoS, shows two distinctive bands at ca. 630 nm and 690 nm in the UV-Vis
spectrum®, and the Raman peaks correlated to the modes E,, (in-plane
vibration, at 377.4 cm™") and A, (out of plane vibration, at 404.2 cm ™).
One more band at 180 cm ™ can be observed in the spectrum of HIT-MoS,,
distinguishing it from E1T-MoS,. This band is associated with the vibration
of LA(M) type phononic defects*, highlighting a more defective nature of
HI1T-MoS, compared with E1T-MoS,, related to the nanoflower mor-
phology. Finally, all the samples present a peak at 634 cm™ in the Raman
spectra that can be attributed to O-Mo-O vibrational modes of molybde-
num oxides**.

X-ray photoelectron spectroscopy (XPS) analysis of the Mo 3d core
levels provided a quantitative assessment of the 1T and 2H phases in each
MoS, sample (Fig. S1). As expected from the literature”, for the ultra-
sonically exfoliated MoS,, the spectrum presents two main components at
229.5 eV and 232.6 €V, which are associated with the 2H crystalline phase,
with no observable traces of the 1T phase. The chemically exfoliated MoS,
exhibited an enrichment in the metallic 1T phase (68.0%), as demonstrated
by the appearance of two components at 227.8 eV and 231.0 eV, alongside a
small percentage of 2H phase (20.9%). Similarly, hydrothermally synthe-
sized MoS, presented a mixed phase composition, enriched with 1T phase
(1T = 60.1%, 2H = 31.1%). All prepared samples showed a minor percentage
of molybdenum oxide (MoO,), ranging between 6% and 11%. (Table S2).

TEM micrographs highlight the different morphologies of the mate-
rials. 2H-MoS, and E1T-MoS, present large 2D flakes with respective
average lateral size of 616 + 285 nm and 874 + 121 nm (Fig. 1¢, d, Fig. S2a, b).
The average thickness of the materials was determined by AFM and resulted
in 1.31 +£0.31 nm for 2H-MoS, and 1.34 + 0.28 nm for E1T-MoS, (Fig. S3a,
b, d, €). These values are consistent with a double layer of MoS,".

Instead, H1T-MoS, (Fig. le) is characterized by a nanoflower structure
with several jagged edges, characteristic of this synthesis™. The average size
of the nanoflowers was determined to be 235+ 53 nm (Fig. S2¢). AFM
micrographs revealed an elevated surface roughness, with height maxima of
5nm (Fig. S3¢, f).

MoS, phase and morphology influence the self-generation of
hydroxyl radicals

Our initial investigation focused on the catalytic activity of the synthesized
MoS, materials in solution and their ability to generate -OH. Indeed, Li et al.
demonstrated that the interaction between multi-layered flower-like MoS,
nanosheets and H,0O, induces the self-generation of reactive oxygen species
(ROS) in solution™. Notably, these authors confirmed the formation of -OH
using electron spin resonance (ESR) spectroscopy. The generation of this
radical intermediate is crucial as it can play a fundamental role in the
electrochemical reduction of H,O, on a MoS, surface, acting as a reactive
intermediate of the reaction.

We compared the ability of the three MoS, samples to produce -OH
radicals using a colorimetric 3,3’,5,5-tetramethylbenzidine (TMB) based
assay. This method is a well-established technique for evaluating the
peroxide-like activity of various nanomaterials, including platinum nano-
particles, which involves the generation of hydroxyl radicals. In this assay,
the chromogenic substrate (TMB) reacts with the formed -OH, producing a
blue species that exhibits strong absorption at 652 nm**™*.

To evaluate their catalytic activity, the three MoS, samples were
incubated with varying H,O, concentrations while maintaining a constant
TMB concentration (1 mmol L™"). The resulting absorption was monitored
over time (Figs. 2a—c, $4). The colorimetric assay revealed that both E1T-
MoS, and HIT-MoS, effectively catalyze the formation of -OH radicals,
exhibiting fast reaction kinetics. In contrast, 2H-MoS, showed negligible
catalytic activity, failing to produce the chromogenic substrate (Figs. 2d, S5).
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Fig. 3 | Electrochemical response to H,O, of GCE modified with the MoS,
samples. a Cyclic voltammograms registered with the bare and modified GCE in the
presence of H,0, 8 mmol L™ at a scan rate of 10 mV s™" in PBS 0.1 mol L™' KCl

Concentration (mM)

0.1 mol L™". b Dose-dependent response of the modified electrodes to H,0,
obtained from chronoamperometric measurements.

These experimental findings are consistent with previous DFT calculations
by Li et al.*’, which predicted that the 1T phase significantly lowers the free
energy barriers for the stepwise catalytic decomposition of H,O, into
reactive oxygen species (ROS) compared to the 2H phase.

Further analysis of the reaction kinetics showed that at low H,0,
concentrations, the absorbance profiles of E1T-MoS, and HIT-MoS, were
not significantly different. However, at concentrations exceeding
10mmol L', the reaction rate for E1T-MoS, ceased to increase sig-
nificantly, indicating saturation of the catalyst’s active sites (Fig. 2e, f).
Notably, HIT-MoS, did not reach saturation within the concentration
range studied. Our experimental data align with DFT calculations by Gupta
etal.”>, which proposed that hydroxyl radical formation is favored at the Mo
atoms on the edges of MoS, where H,O, molecules are adsorbed, and the
0O-0O bond undergoes homolytic cleavage. The superior catalytic activity of
H1T-MoS, compared to E1T-MoS, can thus be attributed to its flower-like,
edge-rich structure, which provides a higher density of catalytic sites.

Evaluation of the electrocatalytic activity and dose-dependent
response in chronoamperometry

The electrocatalytic activity of the materials toward the H,O, reduction was
assessed in the first instance by cyclic voltammetry (CV). For each sample,
we deposited an optimal mass of material (5 ug) on a GCE electrode. This
was achieved using the highest concentration at which the three materials
are colloidally stable (0.5 mg mL™") and the maximum volume that could be
deposited on the GCE in a single drop cast (10 pL). Indeed, in our experi-
ence, depositing more layers of materials leads to poor homogeneity and
reproducibility in the deposition. The electrochemical surface area (ECSA)
was estimated by electrochemical capacitance measurements™. Analyzing
the values reported in Table S3, it is possible to notice that all modified
electrodes exhibited a significantly increased ECSA compared to the bare
electrode, indicating that the modifications enhanced the electroactive
surface. Furthermore, the HIT-MoS, sample shows an ECSA approxi-
mately 2.5 times larger than its exfoliated counterpart (E1T-MoS,), which is
consistent with its distinct flower-like morphology.

CVs were registered in the absence and the presence of 8 mmol L' of
H,O,, scanning the potential between —0.8 and 0.2V in 0.1 mol L™' PBS
and 0.1 mol L' KCl solutions purged from oxygen. Both H1T-Mo$S, and
E1T-MoS, exhibit outstanding electrocatalytic performance with evident
anticipation of the H,O, reduction peak (maxima —0.298 V for E1T-MoS,
and —0.276 V for HIT-MoS;) (Fig. 3a). The comparison with the recorded
voltammogram for 2H-MoS, demonstrates the dramatic impact of the
MosS, crystalline phase on the catalytic properties of the material. Notably,
the H,O, reduction potentials registered with 1T-enriched MoS, samples
are close to those registered with a bulk platinum electrode under the same
conditions (Fig. S6), making this material a cost-effective alternative to the
state-of-the-art catalyst for this reaction. When the currents measured for

both H1T-MoS, and E1T-MoS, are normalized by their respective ECSA
(Fig. S6), the exfoliated material demonstrates a higher current density,
highlighting its superior electrocatalytic activity. However, the current
density of Pt remains higher than that of both MoS, samples. (—215 mV and
—0.964 mA cm % Fig. $6), This is probably due to the higher conductivity of
the material and to the fact that all the Pt atoms participate in the reaction,
providing more catalytically active sites compared to MoS,.

To evaluate the MoS, applicability in electrochemical sensing, the
dose-dependent response of the three materials was assessed by recording
chronoamperometries in the presence of different concentrations of H,0,
(Figs. 3b, S7). The calibration lines obtained from E1T-MoS, and HIT-
MoS, show a linear range between 0.5-8 mmol L™ and sensitivities 54 times
higher than 2H-MoS,. Using the E1T-MoS, allowed us to achieve detection
limits of 40 uM: 14 times lower than the 2H phase. The calibration lines were
performed in triplicate, polishing the GCE and depositing a fresh sample of
MoS, on the electrode. We registered a small percentage relative standard
deviation on the sensitivity (8.7%), demonstrating good reproducibility. The
concentrations were tested in random order, and no memory effect was
observed, demonstrating the stability of the material through the analysis.

Study of electrocatalytic activity and charge-transfer efficiency
through Tafel analysis and electrochemical impedance
spectroscopy

To investigate the origins of the observed electrocatalytic properties and to
better understand the differing performance between H1T-MoS, and E1T-
MoS,, we conducted linear polarization experiments. The resulting Tafel
plots are displayed in Fig. 4a, b for each modified electrode.

In agreement with what was observed in CV, the samples of MoS,
enriched with 1T phase are catalytically more active than the 2H phase, as
the onset potentials for E1T-MoS, and HIT-MoS, (0.185V and 0.113V,
respectively) are less negative compared with the 2H-MoS, onset potential
(—0.232V) (Fig. 4a).

The Tafel plots for the reduction process were obtained by plotting the
overpotential (7) versus the decimal logarithm of the registered current, in
the linear region of the cathodic branch of the polarization curves (Fig. 4b).
Tafel Eq. (1) expresses the correlation between the logarithm of the current
and 7:

1= blog,(j) — ¢ 1)
Where b is the Tafel slope, j is the current density (calculated on the geo-
metric surface area of the electrode), and cis a constant directly proportional
to the logarithm of the exchange current density (¢ = blog,,(j,))™"”". From
Eq. (1) it is possible to extract three important parameters to evaluate the
catalytic efficiency of a material (Fig. S8, Table S4). The first one is the Tafel
slope: a lower value of |b| is typically associated with better electrocatalytic
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Fig. 4 | Electrocatalytic activity and charge-transfer efficiency of the MoS, sam-
ples. Polarization curves (a) and Tafel plots (b) were obtained from linear sweep
voltammetry (recorded in PBS 0.1 mol L ™", KC 0.1 mol L 'at a scan rate of

10 mV s7') in the presence of H,0, 5 mmol L™". ¢ Radar chart resuming the values of
electrocatalytic descriptors (Tafel slope, Tafel constant, exchange current density,

Z'(Q) Z'(Q)

and onset potential) for the three materials. d Nyquist plot of impedance spectra
recorded in 5 mmol L™ solution of [FeCN¢]*/[FeCN¢]* on the bare and modified
GCE; Nyquist plot of impedance spectra recorded in 5 mmol L ™" solution of H,0, on
the GCE modified with E1T-MoS, and H1T-MoS,, at OCP (e) and —0.3 V (f).

performance, as lower overpotentials are required to perform the reaction™.
The second is the Tafel constant, which coincides with the value of # when
Jj=11n;,_; = —blogy,(j,). This parameter represents the overpotential that
must be applied to deliver one unit of current density: lower values of #;_;
indicate better catalytic efficiency™. Finally, the exchange current density
(jo), is a kinetic parameter quantifying the electrode’s readiness to proceed
with the electrochemical reaction. The higher the exchange current, the
faster the kinetics of the catalytic reaction”.

Figure 4c reports a radar chart comparing the Tafel slope, Tafel con-
stant, exchange current density, and onset potential for the three materials
and the bare GCE. E1T-MoS, stands out as the most efficient electrocatalyst,
as it presents the lowest values of Tafel slope (—226 mV dec™") and Tafel
constant (—1.258 V), and a more positive onset potential (0.185 V). H1T-
MoS; has a similar onset potential (0.113 V), but a higher Tafel slope
(=303 mV dec™') and Tafel constant (—1.457 V). On the other hand, the
values of the Tafel slope (—378 mV dec™") and Tafel constant (—1.927 V) for
2H-MoS, point to moderate electrocatalytic activity.

Further insights can be obtained if we compare the exchange current
densities (jy) of EIT-MoS, and HI T-MoS,. Interestingly, H1T-MoS, presents
a value of exchange current density higher by one order of magnitude when
compared with E1T-MoS,. This difference can be attributed to the different
morphology of the two 1T-MoS,. Indeed, it has been previously reported that
in the case of HER, the exchange current density is linearly proportional to the
edge length of MoS,, suggesting that the edge sites of MoS, are more active for
HER electrocatalysis™. The elevated j, and the fast generation rate of -OH
radicals (Fig. 2e) registered for H1T-MoS, nanoflowers, point to a similar
behavior for HPRR. Once again, the experimental evidence supports the DFT
calculation form by Gupta et al.”, which predicts that the preferred O-O
Cleavage active sites are the Mo atoms at the edges of MoS,.

Two further parameters fundamental for an effective electrocatalyst are
the conductivity and the efficiency of the charge transfer. We investigated
these aspects by performing electrochemical impedance spectroscopy (EIS)

in the presence of an electrochemical reversible probe such as [Fe(CN)q]*/
[Fe(CN)g]* at the open circuit potential (OCP) (Fig. $9-S13). In the first
instance, it can be observed how the modification with all the MoS, samples
induces a reduction of the resistance to the charge transfer (Rcr) compared
to the bare electrode (Fig. 4d, Table S5). As expected, the electrode modified
with 1T-MoS, outperforms the 2H-MoS,-modified electrode, due to the
metallic properties of the former. In particular, E1T-MoS, presents such a
low Rer that the mass diffusion (Warburg component) becomes pre-
ponderant already at high frequencies. This means that E1T-MoS, in the
presence of [Fe(CN)4]*/[Fe(CN)4]* is characterized by fast charge transfer
and high conductivity, which can be attributed to its planar and less
defective structure.

Subsequently, EIS measurements were carried out in the presence of
5 mmol L solutions of H,0,, at low and high overpotentials, to study the
charge transfer during the HPRR (Fig. S14, S15). At low potentials (OCP,
0.15V), the HIT-MoS, presents a lower resistance to the charge transfer
(Rer =921 kQ) compared to E1T-MoS, (Rer = 18.00 kQ) (Fig. 4e; Table
S6). This observation is in accordance with the j, values extracted from the
Tafel plot: at low overpotentials, H1T-MoS, presents faster reaction kinetics
and therefore faster charge transfer.

On the other hand, E1T-MoS, shows a marked dependence on the
applied overpotential: the Ry values for this material decrease more rapidly
when higher overpotentials are applied. Indeed, at the maximum reaction
rate potential (—0.3 V) the behavior is reverted, and E1T-MoS, shows a
lower value of Rer (1.31 kQ2) than H1T-MoS, (4.27 kQ) (Fig. 4f; Table S6).

The value of R, at low overpotential can be correlated to j, by Eq. (2)*":

_RT
o nFAR,,

Jo @

Where R is the ideal gas constant (8.31 Jmol ™ K™"), T is the temperature
(298 K), n is the number of electrons involved in the reaction, F is the
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Faraday constant (96,485Cmol™"), A is the surface of the electrode
(0.19635 cm?).

The values of j derived from Eq. 2 for n =1 are comparable with the
values of j, obtained from Tafel analysis (7.26 x 107 A cm ™ for E1T-MoS,
and 1.4 x 10~ for A cm ™ H1T-MoS,).

This equality suggests that the reduction process proceeds through the
one-electron transfer from the MoS, to the -OH, which is spontaneously
generated from the interaction between the MoS, and H,0,.

Discussion

All the experimental evidence reported in this work supports the previously
published DFT simulation’, pointing out that the mechanism of HPRR
on Mo$, is analogous to the one on a Pt surface®. In the initial step, H,O, is
adsorbed onto the Mo atoms of the MoS, edges. The O-O bond of the
adsorbed H,O, is then spontaneously cleaved, which generates two -OH.
These radicals are subsequently reduced via charge transfer from the
modified electrode. Therefore, -OH radicals are a key intermediate in the
H,O0, reduction reaction. Their formation is favored on 1T-MoS,, providing
a reaction pathway that lowers the onset potential and reduces the Tafel
slope, thereby enhancing the overall reaction kinetics.

Within this mechanism, the phase of MoS, plays a fundamental role.
The 1T phase significantly improves the kinetics of the spontaneous cata-
lytic decomposition of H,O, into -OH compared to the 2H phase. Fur-
thermore, the higher conductivity of the 1T phase facilitates the electron
transfer process involving the -OH reduction at the interface of the electrode.
Also, MoS, morphology is a key feature as the catalytically active sites are
located at the edges of the 2D material. Once again, we would like to point
out that, even if 1T enriched MoS, represents a cost-effective alternative to
Pt, this precious metal still represents an unmatched standard for H,0O,
reduction reaction, providing a lower Tafel slope and Tafel constants, and
higher exchange current densities (Table S1; Fig. S16).

This work aims to bridge the gap between MoS, structural properties and
its electrocatalytic activity for HPRR. By applying EIS and Tafel plots analysis,
we provided data never reported in previous electrochemical investigations
(Table S1). The collected data agree with previously published DFT calcula-
tions, demonstrating how the crystalline phase and the morphology of MoS,
are fundamental parameters to consider when using this material as an
electrocatalyst for HPRR. Both electrochemical and colorimetric measure-
ments demonstrate that 1T-MoS, presents outstanding catalytic and elec-
trocatalytic properties. When comparing 1T-MoS, obtained by different
synthetic approaches, further differences arise. E1T-MoS, is characterized by a
planar morphology with a less defective structure. For this reason, this material
presents elevated conductivity, but few active sites that are rapidly saturated at
low overpotentials. On the other hand, HIT-MoS; is characterized by several
defects and numerous jagged edges, which work as catalytic sites but affect the
material’s conductivity. Based on these observations, we can conclude that the
use of E1T-MoS, can be suggested for electrocatalytic applications and elec-
trochemical sensors, where high overpotentials are applied, while H1T-MoS,
is preferable for heterogeneous catalysis and colorimetric sensors.

Methods

Synthesis and characterization

Molybdenum disulfide (MoS,) was exfoliated in its 2H phase (2H-MoS,) by
ultrasonication of bulk MoS, in N-methylpyrrolidone. 150 mg of bulk MoS,
was suspended in 150 mL of NMP (1 mg/mL), and subsequently sonicated
in a sonicator bath for 4 h, at 0 °C. The suspension was centrifuged, and the
supernatant was filtered on a PTFE membrane with 0.45 uM of pore size.
The material was washed with 1L of Milli-Q water and resuspended in
100 mL of Milli-Q water”.

The chemically exfoliated MoS, (E1T-MoS,) was obtained by butyl-
lithium (BuLi) intercalation and exfoliation. 250 mg of MoS, were dried at
100 °Cin a Schlenck tube (with a capacity of 50 mL) for 16 h and then heated
with a heat gun under vacuum to eliminate any trace of water. Under an
inert atmosphere (Ar), 15 mL of dry hexane and 4 mL of BuLi (2.5M in
hexane) were added, and the mixture was heated at 70 °C for 24 h. The

mixture was then cooled with an ice bath, and BuLi was quenched by adding
water drop by drop until the disappearance of bubbling. The crude was
sonicated to disperse the material, then the material was extracted from the
organic phase with Milli-Q water using a separating funnel. The aqueous
phase was washed twice with hexane, sonicated for 1 h, and subsequently
centrifuged at 1000 rpm for 1.5h at 5 °C. The supernatant was filtered on
PTEE filters and washed with Milli-Q water to recover the material, which
was finally resuspended in Milli-Q water™.

The hydrothermally synthesized MoS, (H1T-MoS,) was obtained by
hydrothermal reaction of molybdenum oxide with urea and thioacetamide.
36 mg of MoOs, 360 mg of urea, and 42 mg of thioacetamide were dissolved
in H,O, introduced in an autoclave, and stirred for 4 h at 35 °C. The solu-
tions were then heated at 200 °C for 16 h. After rapid cooling, the material
was recovered by filtration on PTEE filter and washed with 1 L of Milli-Q
water. After resuspending the material in 10 mL of Milli-Q water by soni-
cation for 1 h, the suspensions were centrifuged at 750 rpm for 30 min at
10 °C, and the supernatant was recovered”.

UV-Vis spectra were collected with an Agilent Cary 5000 UV-Vis
spectrophotometer, at room temperature with quartz cuvettes, in a wave-
length range between 200 nm and 800 nm.

Raman spectra were recorded using a Renishaw inVia Raman
microscope. A laser excitation wavelength of 633 nm, lens-based spectro-
meter with 1800 gr mm™' gratings, Peltier-cooled front-illuminated CCD
camera (1024 x 532 px), and a 100x objective were employed. Samples were
prepared by drop-casting MoS, solution on a silicon oxide slide and drying it
under ambient conditions. Each spectrum is derived from the average of at
least 100 spectra recorded in different sample spots for 5 seconds with a laser
power of 1.29 mW. Data were processed using Renishaw WiRE 4 software.

X-ray Photoelectron Spectroscopy (XPS) spectra were registered with
an XPS/UPS - SPECS SAGE HR-100 equipped with a 100 mm radius
PHOIBOS analyser, where 421 Mg Ka X-ray source was used. The samples
were prepared by depositing 0.5 mg on copper tape. The spectra were fitted
using CasaXPS, and calibration was performed using the major component
of the C high-resolution spectrum as a reference at 284.8 eV, which is the
value reported for adventitious and sp> C-C carbon.

AFM images were obtained with a Nanoscope IITa, VEECO Instru-
ments. As a general procedure, AFM analyses were performed using tapping
mode with an HQ:NSC19/ALBS probe (80 kHz; 0.6 N/m) (MikroMasch).
Samples were prepared by drop casting of the aqueous suspension
(5 ug/mL) on exfoliated mica substrates. The obtained AFM images were
analyzed on the software Nanoscope and Gwyddion 2.58. AFM micro-
graphs were collected in tapping mode, with a scan frequency of 0.5 Hz,
collecting 756 sampled points per 756 sampling line.

TEM images were recorded with a Phillips CM200 transmission
electron microscope equipped with a Quemesa camera (Olympus Soft
Imaging Solutions) and RADIUS software for image acquisition. Samples
were prepared by dropcasting the aqueous suspensions (concentration
0.5 mg/mL) on Lacey Carbon 300 mesh copper grids (approx. grid hole size:
63 um), purchased from TED PELLA Inc.

Electrochemical measurements

All electrochemical measurements were performed using an electro-
chemical workstation Autolab MSTAT204 potentiostat/galvanostat
(Metrohm Autolab) interfaced to a PC with Nova 2.1.7 software, at
laboratory room temperature (25 °C). A glassy carbon electrode (GCE,
diameter = 0.5 cm) was used to perform the experiments with MoS,. A
commercial platinum electrode (diameter = 0.2 cm) was used as a standard
to compare the performance of the modified GCE. Before each experiment,
the GCE was polished on alumina 0.2 pm and sonicated in Milli-Q water,
and was then modified by drop casting 10 pL of 0.5 mg/mL suspensions of
the materials. For CA measurements, upon drying of the MoS, suspension,
5 pL of 1% Nafion solution was dropcasted on the modified electrode to
immobilize the catalyst. Ag/AgCl (3 M KCl) and a platinum wire were used,
respectively as reference and counter electrodes. The ECSA was estimated
by electrochemical capacitance measurements™.
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Before each measurement, solutions were degassed by bubbling N, in
the solution for ten minutes. CV was performed by scanning the applied
potential from 0.2V to —0.8 V, with a scan rate of 10 mV/s. Data were
graphed without ulterior manipulation, with Origin software.

CA was carried out at a constant potential of —0.3 V, over 50 s and the
signal was sampled at 15 s. The measurements were conducted with 0.5, 1,
1.5, 2, 4, 6 and 8 mmol L™ solutions of H,O, in PBS 0.1 mol L™!, KCl
0.1 mol L. Data were graphed, analyzed, and fitted with Origin software.

For Tafel analysis, open-circuit potentials were determined to identify
the equilibrium potential for the reaction. Subsequently, the potential range
was selected accordingly, and the potential was scanned with a scan rate of
10mV/s in linear sweep voltammetry. By plotting the logarithm of the
current against the applied potential, the polarization curve was obtained,
which was then centered on the minimum individuating the onset potential
of the reaction and reported against the overpotential applied over the onset
potential (Figure S4a). From the linear fitting of the two branches of the
obtained polarization curve, the exchange current density was determined as
the intersection between the fitted lines. The same curve was then plotted as
overpotential versus logarithm of the current, and the cathodic branch was
isolated and linearly fitted (Fig. S4b). From this linear fitting, the Tafel slope
and the Tafel constant were determined as the slope and the intercept of the
fitted line, respectively. Data were analyzed and fitted using Origin software.

Finally, EIS measurements were conducted at low overpotential
(0.15V) and high overpotential (—0.3 V), with a potential amplitude of
0.01 V, scanning frequencies from 0.1 Hz to 10° Hz, and 10 frequencies per
decade. Data were fitted using NOVA 2.1.6 software from Metrohm and
subsequently graphed with Origin software.

Colorimetric assay

All colorimetric tests were performed in acetate buffer 0.1 M, at pH 3.5. UV-
Vis spectra were collected with an Agilent Cary 5000 UV-Vis spectro-
photometer, at room temperature with plastic cuvettes, in a wavelength
range between 300 nm and 800 nm. In each cuvette, 100 puL of MoS, sus-
pension (0.1 mmol L") were incubated with 100 uL. of TMB solution
(10 mmol L™, in acetate buffer 0.1 mol L") and 50 pL of H,O, (1 mol L")
in 750 uL of acetate buffer 0.1 mol L™/, for a total volume of 1 mL.

The UV-Vis kinetics were registered at 652 nm with a TECAN Infinite
M1000 Pro multiwell plate reader, with plastic flat base 96 multiwell plates
purchased from Sarstedt. In each well, 20 uL of MoS, suspension
(0.1 mmol L") were incubated with 20 uL of TMB solution (10 mmol L/,
in acetate buffer 0.1 mol L") and different concentrations of H,O, (0, 0.1,
0.5,1,2.5, 5, 10, 50, and 200 mmol L™), in acetate buffer 0.1 mol L™" (total
volume of 200 uL). Data from kinetic were subsequently analyzed by Origin
and Excel software.

Data availability

Data for this article are available at the Datarepository Unive (https://
datarepository.unive.it/) at https://doi.org/10.71731/DATA_UNIVE/
AN6VHV.
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