N

N

Unveiling the degradation mechanism of cathodic MoS2/C
electrocatalysts for PEMWE applications
Keyla Teixeira Santos, Luz Adela Zavala Sanchez, Vincent Martin, Francois Guillet,

Kavita Kumar, Xavier Portier, Frédéric Maillard, Laetitia Oliviero, Laetitia Dubau

» To cite this version:

Keyla Teixeira Santos, Luz Adela Zavala Sanchez, Vincent Martin, Francois Guillet, Kavita Kumar, et al..
Unveiling the degradation mechanism of cathodic MoS2/C electrocatalysts for PEMWE applications. Elec-
trochimica Acta, 2024, 507, pp.145195. <10.1016/j.electacta.2024.145195). <hal-04727085)

HAL Id: hal-04727085
https://hal.science/hal-04727085v1

Submitted on 15 Oct 2024

HAL is a multi-disciplinary open access archive L’archive ouverte pluridisciplinaire HAL, est des-
for the deposit and dissemination of scientific re- tinée au dépoét et a la diffusion de documents scien-
search documents, whether they are published or not. tifiques de niveau recherche, publiés ou non, émanant
The documents may come from teaching and research  des établissements d’enseignement et de recherche
institutions in France or abroad, or from public or pri- francais ou étrangers, des laboratoires publics ou
vate research centers. privés.

Au‘to'flizition
HAL Authorization


https://hal.science/hal-04727085v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr

Unveiling the degradation mechanism of cathodic MoS,/C

electrocatalysts for PEMWE applications

Keyla Teixeira Santos?, Luz Adela Zavala Sanchez?, Vincent Martin?, Francois Guillet?,
Kavita Kumar?, Xavier Portier®, Frédéric Maillard?, Laetitia Oliviero®”", Laetitia

Dubau®”

a. Univ. Grenoble Alpes, CNRS, Grenoble INP, Univ. Savoie Mont Blanc, LEPMI, 38000 Grenoble,
France
b. Laboratoire Catalyse et Spectrochimie, Normandie Université, ENSICAEN, UNICAEN, 6, bd du
Maréchal Juin, 14050 Caen, France
c. Centre de Recherche sur les Ions, les Matériaux et la Photonique, Normandie Université, ENSICAEN,

UNICAEN, CNRS, 6, bd du Maréchal Juin, 14050 Caen, France

* Corresponding authors.

E-mail address: laetitia.dubau@grenoble-inp.fr, laetitia.oliviero@ensicaen.fr

KEYWORDS

Proton Exchange Membrane Water Electrolyzer (PEMWE), Non-noble electrocatalyst,
Hydrogen Evolution Reaction (HER), Molybdenum Sulfides, Durability in realistic

conditions, online ICP-MS.

ABSTRACT

Molybdenum dichalcogenides (MoS2) are promising non-noble alternatives to replace
platinum (Pt) for Hydrogen Evolution Reaction (HER) electrocatalysis in Proton
Exchange Membrane Water Electrolyzers (PEMWE). The knowledge acquired on this
class of catalyst for hydrodesulfurization (HDS) reactions has enabled significant
advances in designing active MoS: for HER. However, the stability of MoS:2 in the
dynamic operating conditions of a PEMWE coupled to renewable energy sources is often
overlooked in the literature and is the focus of the present work. Herein, using nano slabs
of 2H MoS: supported on high surface area carbon, we dynamically monitored Mo
dissolution trends both under HER conditions and at more anodic potentials to mimic

start-ups and shut-downs of a PEMWE device. We report minimal Mo dissolution under
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HER conditions but it continuously increased with higher electrode potentials. In
particular, Mo dissolution peaked during the irreversible oxidation from Mo(IV) to
Mo(VI) starting at £ = 0.7 Vrue which in turn fully annihilates HER activity. Since no
change in Mo and S surface composition was observed, the decline in HER activity was
attributed to the continuous exfoliation of the 2D MoS: stacked layers induced by
oxidation/dissolution of Mo. Additionally, our findings indicate that Mo cations can
redeposit onto the cathode catalytic layer, forming a Mo blue film primarily composed of
Mo(VI) species. This redeposition hampers HER performance by blocking catalytic sites
and diminishing the catalyst's overall efficiency. These insights demonstrate the need to
avoid excursions above £ = 0.6 Vrue for the safe use of MoS: cathode catalyst in

PEMWE.

1. Introduction

Hydrogen, hailed as the "fuel of the future," stands at the forefront of the global energy
transition, poised to revolutionize the way we produce, store, and utilize energy. As the
world strives for decarbonization and sustainability, hydrogen emerges as a versatile and
clean energy carrier with the potential to address pressing environmental challenges and
reshape the energy landscape [1,2]. In the quest for sustainable energy solutions, the
widespread adoption of renewable hydrogen production technologies, such as proton
exchange membrane water electrolyzers (PEMWESs) is crucial [3]. Despite their
reliability, the large-scale deployment of PEMWESs is hindered by the scarcity and
consequent high cost of platinum group metals (PGMs), which are utilized as catalysts
for both the oxygen evolution reaction (OER) and the hydrogen evolution reaction (HER).
This challenge has spurred intensive research efforts into the development of alternative
HER catalysts based on earth-abundant non-noble metals, aiming to reduce the reliance
on PGMs in PEMWEs [4,5].

Among various non-PGM catalysts for the HER, nanostructured molybdenum disulfide
(MoS2) stands out as one of the most promising candidates [6—11]. It has been
theoretically and experimentally demonstrated that the active sites are located at its edges,
while the basal planes remain inactive for HER [10,12]. Considerable efforts have been
devoted to improving HER kinetics to approach the performance of carbon-supported

platinum nanoparticles (Pt/C) [11]. This promising HER activity has enabled MoS: to be
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implemented in PEMWE cathodes, paving the way for more cost-effective and
sustainable hydrogen production [13,14]. Studies on catalyst composition and
morphology indicate that the crystalline phases of MoS: critically influence its activity in
the HER [15,16]. MoS2 can adopt various structures, including the semiconducting 2H
phase [17], the metallic 1T phase [18], and the less common 3R phase [19]. Each phase
exhibits distinct Mo-S atomic arrangements and stacking configurations across a long-
range periodic structure. Thermodynamically, the 2H phase is the most stable, and despite
its semiconducting character, it appears to be the best long-term strategy. The 1T phase
has been reported to evolve into the 2H phase upon HER operating conditions [20].

Although the wide comprehensive approach towards the composition and catalyst
activity, the stability of this class of material remains poorly investigated, particularly in
conditions of power shutdowns or simple on-off of the PEMWE in a context of
intermittent power input, characteristic of renewable energy sources as photovoltaic or
wind energy [21]. Among the few studies examining MoS: stability under non-HER
potentials, Ledendecker et al [22] combined operational protocols with in situ approaches
to unveil the degradation phenomena across various material classes in acidic electrolyte,
including MoS:z. They found that the catalyst exhibited high stability during the HER,
even under harsh potential cycling conditions. However, significant corrosion occurred
at open-circuit potential (OCP), a behavior also observed in other non-precious HER
catalysts [23,24]. In another study, Wang et al [25] also evidenced the M0S2’s robustness
under acidic HER conditions using a computed Pourbaix diagram to analyze the stability
of four well-known active non-precious HER catalysts under working conditions,
identifying the origin of the instability at OCP as stemming from the large thermodynamic
decomposition driving force at high potential then at cathodic operation. The stability of
these catalysts was verified by measuring the Mo dissolution rate using Inductively-
Coupled Plasma Mass Spectrometry (ICP-MS). The calculated diagram predicted MoS:2
to be stable up to 0.35 Vrue, which was inconsistent with the experimental results
showing higher Mo dissolution at 0.23 Vrue than under HER conditions. This
discrepancy remains unexplained. Recently, Escalera-Lopez et al. [26] provided valuable
insights into the stability of lamellar-like MoS: and cluster-like amorphous MoS3.x during
HER operation. Using ICP-MS coupled with a scanning flow cell (SFC-ICP-MS) to
monitor the Mo and S dissolution profiles, they found that the stability of MoS2 depends
on the nature of its allotrope. Furthermore, they demonstrated that Mo dissolution is more

significant during O Vrue holds than at HER potentials.



Coupling renewable energy sources with electrolyzers provides an ideal strategy for
achieving hydrogen production as a clean fuel [27]. However, it raises a severe stability
issue as, when integrated with renewable energy sources like solar or wind, a PEMWE
device experiences seasonal power fluctuations, intentional or unintentional power
shutdowns, or routine on-off cycles. In these conditions, the hydrogen and oxygen present
in the stack are chemically consumed and a rise in cathode voltage is observed, which can
degrade the catalyst and reduce the electrochemically active surface area, impacting the
system's efficiency [28,29]. Unlike platinum, which remains stable barring transient oxide
formation/reduction, the durability of earth-abundant materials is likely to be
compromised under these intermittent power conditions [30]. Moreover, if the cathode
catalyst dissolves, the produced metal cations are likely to ion exchange within the
sulfonic acid end groups of the ionomer and/or membrane, leading to reduced ionomer
conductivity, membrane degradation, dehydration, and consequently lower membrane
conductivity [31].

Studies on the stability of non-noble HER catalysts remain underexplored and not fully
understood, hindering their full potential in practical applications such as PEMWEs.
Therefore, investigating the stability of MoS:2 catalysts under realistic operating
conditions is imperative to ensure their reliability and durability in practical PEMWE
devices. In this study, we dynamically monitored the dissolution behavior of MoS2/C
catalysts under different conditions using an online electrochemical flow cell coupled
with an ICP-MS (FC-ICP-MS). Our comprehensive approach combines real-time
monitoring and post-experimental analysis to provide a detailed understanding of the
changes of MoS2/C catalyst under HER conditions as well as at more anodic (£ > 0 VrHE)
potentials, mimicking fluctuating renewable energy input that PEMWE devices
experience. Further, we simulate conditions with a high concentration of dissolved Mo
species to investigate the potential impact of excess of Mo dissolved species on catalyst
performance. These insights can contribute to establishing of guidelines for the safe use

of MoS:z for HER in PEMWE devices.

2. Experimental Section

2.1. Catalyst Synthesis



The MoS: catalyst used in this study was prepared by an aqueous impregnation solutions
method, as previously reported [32,33]. Pre-defined amounts of ammonium
heptamolybdatetetrahydrate ((NH4)sMo07024-4H20, Merck) and citric acid (CA)
(CéHsO7-H20, Prolabo), both without further purification, were dissolved in Ultrapure
MilliQ (Millipore, 18.2 MQ cm, total organic compounds < 3 ppb) water at ambient
temperature to obtain a CA/Mo = 2 and the pH adjusted to 0.01. The solution was
impregnated on a carbon black support (Vulcan XC 72 Cabot Corp.) by stirring for 2h.
To obtain the catalyst in its sulfide form, a sulfidation procedure was performed at 350 °C
at a heating rate of 3 °C min! at 0.1 MPa for 2 h under a 30 cm® min™! flow of 10%
H2S/Hz. The catalytic suspension was prepared by mixing the catalyst powder, a diluted
Nafion solution (5 wt % in a mixture of lower aliphatic alcohols and water), isopropanol,
and ultrapure water (Millipore, 18.2 MQ cm, total organic compounds < 3 ppb). The

catalytic ink was homogeneously dispersed in an ultrasonic bath for 20 min.

2.2. TEM and High-Resolution Scanning Transmission Electron

Microscopy—High Angular Annular Dark Field (HRSTEM-HAADF)

The slab nanostructure and morphology of the catalyst were determined by high
resolution transmission microscopy (HR TEM) and scanning transmission electron
microscopy (HR STEM) with a high angle annular dark field (HAADF) detector. Images
were obtained with a double corrected JEOL ARM 200F cold FEG microscope operated
at 200 kV. The sulfide catalyst was deposited on a 300-mesh copper grid with holey
carbon film. The images were treated by the commercial software GMS3 from GATAN
(DIGITALMICROGRAPH) and free Mesurim software. The acquisition of one image
lasted about 30 s with a resolution of 1024 pixels x 1024 pixels, (30 us of exposure time

for each spot in the scanning mode).

2.3. Electrochemical Measurements

The HER activity measurements were conducted in a four-electrode electrochemical cell
thermostated at 7= 25 °C. The Load Cycle (LC) measurements were performed using a
two-compartment H-cell. In both cases, a glassy carbon rotating disk (area = 0.196 cm?)

was used as substrate for depositing a thin-layer film of catalyst, which served as working



electrode. A polished glassy carbon plate and a daily-prepared reversible hydrogen
electrode (RHE) were used as counter and reference electrodes, respectively.
Additionally, a platinum wire was connected in series with the RHE to filter the electronic
noise. The working electrode was placed in the right compartment of the H-cell along
with the reference electrode and the Pt wire. Separated by a glass frit, the left compartment
contained the counter electrode. Before use, all glassware was cleaned in a 1:1 H2SOa:
H20: solution for at least 12 h, then carefully rinsed and boiled with ultrapure water
(Millipore, 18.2 MQ cm, total organic compounds < 3 ppb). Prior to the experiments, the
0.5 M H2SOs4 electrolyte solution (H2SO4 Suprapur 96%, Merck) was de-aerated with
argon (Ar > 99.999 %, Messer). The electrochemical experiments were performed using
an Autolab PGSTAT 302N potentiostat. The potential was maintained at £ = 0.05 V vs.
RHE) to insert the working electrode in the cell. All electrode potentials are referred to
the RHE. Prior to each LC, 20 cyclic voltammograms (CVs) were conducted, weeping
the electrochemical potential from 0.1 to -0.3 VruE at a scan rate of 10 mV s! in an Ar-
purged 0.5 M H2SOs4 electrolyte with the electrode rotating at 1600 rpm. The overpotential
at a current density of 10 mA cmgeo (110) was used as the metric to evaluate the catalyst’s
activity before and after the LCs. All electrochemical measurements included dynamic
iR-correction, with solution resistance assessed through electrochemical impedance

spectroscopy.

2.4. Inductively-Coupled Plasma Spectrometer (ICP-MS) coupled to an
Electrochemical Flow cell (FC-ICP-MS)

The electrolyte from the working electrode compartment was analyzed with ICP-MS to
quantify the amount of Mo dissolved during the LC experiments. Before analyses, the
ICP-MS instrument (NexION 2000c, PerkinElmer, Inc., Waltham, Massachusetts, USA)
was optimized for maximum elemental sensitivity. Five-point calibration curves were
obtained with freshly prepared calibration solutions of *Mo at concentrations of 0, 5, 10,
20, and 50 pg L'. These solutions were prepared from single-element ICP-MS standard
solutions (Carl Roth GmbH & Co. KG, Germany) and diluted in 0.05 M H2SO4 (Carl
Roth Rotipuran® Ultra, 70% H2SO4 in ultrapure water — MilliQ, 18.2 MQ cm, TOC < 3
ppb).

The stability of the MoS2/C samples was also evaluated in sifu, using an online FC-ICP-

MS setup, as detailed in Ref. [33]. Calibration profiles showed no significant differences
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whether the electrolyte bypassed or flowed through the electrochemical flow cell. For the
FC-ICP-MS measurements, an Autolab potentiostat (PGSTAT302N) was used in a three-
electrode configuration. The electrochemical flow cell comprised a single compartment
made of Teflon® and housed a three-electrode system. The working electrode was a glassy
carbon disk (5 mm diameter) embedded in Teflon, the counter electrode was a glassy
carbon rod (Sigradur®, HTW), and the reference electrode was a commercial miniature
Ag/AgCl/3.4 M CI electrode (ET072, eDAQ). Thin-film of MoS2/C were deposited on
the working electrode by drop-casting 10 pL of an ultrasonically homogenized catalyst
suspension, resulting in a loading of approximately 40 pg Mo cm™geo. The electrolyte,
0.05 M H2SOs4 (Rotipuran Ultra, Carl Roth), was freshly prepared, de-aerated with Ar
(99.999%, Messer), and continuously pumped from a reservoir through the
electrochemical flow cell using the ICP-MS peristaltic pump at a flow rate of 430 pL
min~'. Each FC-ICP-MS measurement was repeated at least twice using independent thin-
film electrodes, with error bars representing the standard deviation of these
measurements. All experiments were conducted at 22 + 2 °C, and all potentials are

reported relative to the reversible hydrogen electrode (RHE).

2.5. X-ray photoelectron spectroscopy (XPS)

Before and after LC measurements, XPS analyses were conducted on the catalyst film
using a Thermo Scientific™ K-Alpha spectrometer equipped with a monochromatized Al
Ko X-ray source (hv = 1486.6 eV) and a spot size of 400 um. Core level spectra were
recorded using a pass energy of 30 eV, while survey spectra were acquired at a pass
energy of 100 eV. To mitigate any positive charge accumulation on the sample surface
during spectra acquisition, an electron flood gun was employed. The Mo 3d and S 2p
regions of the XPS spectra were processed using CasaXPS (version 2.3.25PR1.0)
software. Mo 3d and S 2p spectra were fitted by applying a 3/2 and 2/1 area ratio

constraints on the 3ds/2:32 and 2p3/2:1/2 spin-orbit doublets, respectively.

3. Results and Discussion

3.1 Monitoring MoS,/C dissolution in HER conditions by FC-ICP-MS



2H MoS: polymorph supported on high surface area carbon was synthesized according
to our previous work [33,34]. The addition of citric acid was used to tune the size and
stacking capability of the MoS: slabs, thereby optimizing the density of HER active edge
sites [32,35]. Figure 1a and b show typical low magnification TEM images. Despite the
poor contrast between MoS2 and the carbon support, the crystallinity on MoS2 allows to
distinguish the MoS: slabs surrounding the surface of the carbon aggregates. The number
of stacked layers is comprised between 2 and 5. Figure 1¢ presents atomically resolved
HR-STEM-HAADF image of MoS2/C highlighting the catalyst's morphology. The image
demonstrates the successful synthesis on nanoslabs with an averaged particle size

centered around 1.4 nm [35].

Figure 1d shows the HER polarization curves obtained before and after the break-in
protocol, which consisted of 20 CVs ranging from 0.1 to -0.25 Vrue. The initial
polarization curve features a broad reduction peak at -0.05 Vrue, attributed to the
conversion of MoS3 to MoS:z [36], and/or to the reduction of MoOxSy (partially sulfided
or oxysulfide) species [37]. Following the break-in procedure, the overall HER activity
was maintained, indicating that the catalyst preserved its performance post-activation in

agreement with previous reports [26].
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Figure 1. a) and b) Representative TEM images of MoS2/C ¢) STEM-HAADF
micrographs of 2H-MoS2/C. d) HER polarization curves measured before and after the
break-in protocol. Online FC-ICP-MS measurements obtained during e) the break-in
protocol consisting of 20 CVs from 0.1 to -0.3Vrue at 10 mV s!, f) 3 CVs from 0.1 to -
0.3 Vrue at 2 mV s,

To quantitatively rationalize the decrease in HER activity during the break-in protocol,
we conducted in situ monitoring of Mo dissolution during sequential CVs. The
electrochemical break-in protocol and its associated dissolution profile were recorded

over successive CVs within the HER potential window, as depicted in Figure le.
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Significant Mo dissolution occurred in the first CV cycles stabilizing towards a steady
state in the final 10 cycles of the activation protocol. This behavior is likely due to
oxysulfides formed during incomplete sulfidation in the synthesis process, which are
unstable and prone to rapid dissolution in acidic electrolyte [37].

Figure 1f illustrates the Mo dissolution behavior at a slow scan rate of 2 mV s™! within
the HER potential window (0.1 to -0.3 Vrug). This slower potential scan rate enhances
FC-ICP-MS resolution and provides detailed insights into the dissolution dynamics under
HER conditions. The Mo dissolution signal remains similar at 2 and 10 mV s, albeit
with lower intensity during the slower CV cycles, confirming the predominance of the
stable MoS2 phase. According to the calculated Pourbaix diagram [25], MoS:2 is predicted
to be stable around 0 V rue, hence, the increase in the Mo dissolution rate during the
anodic sweep up to 0.1 Vrue can be attributed to the undercoordinated Mo species
produced under HER potentials which are destabilized at non-cathodic potentials and

prompt to dissolve [26].

3.2 Monitoring MoS,/C dissolution in anodic conditions and impact on HER

activity

As mentioned in the introduction, the cathode catalytic layer is prone to experience
excursions at high anodic potential, especially during stop events such as those
encountered in PEMWE systems coupled with intermittent renewable energy sources
[30]. The cathodic potential can reach 0.8-0.9 Vrue under atmospheric H2 production
conditions, and this is particularly true without circulation of water during the stop events
[38]. Therefore, investigating how the extent of MoS: oxidation impacts the HER activity
and the degree of Mo dissolution is crucial for practical use of MoS:2 in industrial PEMWE
devices.

To gain quantitative insights into the changes in HER activity, we first conducted CVs
with various upper potential limit (UPL) to 0.6, 0.8, 1.05, and 1.23 VruE in a conventional
three-electrode glass cell with 0.5 M H2SOs4 as the electrolyte, as depicted in Figure 2a-
d. The lower potential limit (LPL) was kept constant at -0.3 Vrue to evaluate the impact
of MoS: oxidation on HER activity. While a positive potential excursion at 0.6 Vrue
shows no significant changes, a slight increase in the anodic current began to be observed
at a UPL of 0.8 Vrug, which became progressively more pronounced with higher UPLs.

A distinct oxidation peak appeared at approximately 0.7 Vrug, becoming fully resolved
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when the UPL reached 1.23 Vrue (note that it is highly unlikely for a PEMWE cathode
to reach this potential; it is used to better illustrate the Mo dissolution trend). This peak
corresponds to the irreversible oxidation of Mo(IV) to Mo(VI) and is accompanied by a
pronounced decrease in HER activity, signing the deactivation of the HER active sites.
To better mimic PEMWE operating conditions, the influence of the temperature was
studied with measurements conducted at 40, 60 and 80 °C (Figure S1). The results
indicate faster HER kinetics and show that the MoS: oxidation peak shifts negatively
when the temperature increases. Specifically, irreversible MoS2 oxidation occurs between
150 and 200 mV earlier at 80°C compared to ambient temperature confirming the
significant role temperature plays in the deactivation of MoS2/C catalysts, and suggesting
that the cathode potential should not exceed 0.6 Vrue in a real PEMWE device operating
at 80°C.

According to the irreversible oxidation reaction of MoS: described by [39]:

MoS>+ 3H20 — MoOs+ S2> + 6H' + 4e” (1)

In that scenario, the electrical charge under the oxidation peak corresponds to the
complete oxidation of MoS: initially loaded on the electrode, as per the Faraday law. It is
however important to note that we have considered an extreme case and that other
oxidative reactions involving more electrons are possible. As a result, substantial
oxidation of MoS: coincides with the Mo dissolution trends observed in the FC-ICP-MS
measurements. Figure 2e and f display Mo dissolution signal over a broader potential
range from -0.3 V to 0.8 Vrug, and 1.23 Vrug, respectively. At this potential, the catalyst
is promptly decomposed in MoOs and HSO4". According to the calculated Pourbaix
diagram from Ref. [25], the oxidation of Mo(IV) into MoOs begins at £ = 0.7 VruE,
consistent with the presence of a shoulder on the Mo dissolution signal shown in Figure
2e. Extending the potential range to a higher UPL of 1.23 Vrue (Figure 2f) marks
maximal Mo dissolution during the first cycle, as no Mo dissolution is measured for the
second and third potential sweeps. Furthermore, both the Mo dissolution profile and

current reach their maximum at ca. 1 VRHE.
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and at high UPL of 0.8 and 1.23V, all referenced to RHE.

Figure 2g compares the amount of dissolved Mo and the corresponding percentage with

respect to the initially loaded Mo on the working electrode. The results indicate good
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stability under HER conditions, with less than 0.5% of Mo dissolved. Significant Mo
dissolution (ca. 20% of the total amount of Mo initially loaded onto the working
electrode) occurs at EupL = 0.8 VruE, and the trend is magnified (ca. 70%) at EupL = 1.23
Vrue, coinciding with the irreversible oxidation of MoS2 into MoOs. These results

underscore the vulnerability of this class of catalyst to potential above 0.6 VRHE.

3.3. MoS2/C degradation mechanism during accelerated stress tests (AST)

mimicking PEMWE start-up/shup-down events

The previous section provided crucial insights into potential limits that should be avoided
to maintain the HER performance of MoSz-based catalysts under realistic PEMWE
conditions. Given that the analyses were conducted at a CV scale (short-time scale), it is
interesting to subject the MoS2/C catalyst to accelerated stress tests for a fine tuning of
the UPL.

For this purpose, we designed AST protocols involving 500 square cycles of 3 seconds at
-0.3 Vrug, with various UPLs ranging from 0.1 Vrue to 0.8 Vrue (protocol LC1 to LC6
schematically represented in Figure 3a). In Figure 3b, the electrolyte analyzed by ICP-
MS after these LCs indicates that the amount of dissolved Mo increases with the UPL.
This trend is particularly pronounced for LC6, which has the highest UPL of 0.8VrHE.
This confirms that higher UPLs induce greater dissolution of Mo, likely due to MoO3
formation at elevated potentials and its subsequent dissolution in acidic environment. As
shown in the pink squares in Figure 3b and Table S1, the overpotential at 10 mA cm2geo
(n10) remains similar to that of the freshly conditioned MoS>/C catalyst. Moreover, the
amount of Mo dissolved was also quantified after 1 hour at OCP (0.65 VruE) and also
after three times longer AST, namely 1500 LC3, which reflect this stability up to high
UPL (Table S1). This finding suggests that the MoS2/C catalyst's structural integrity and

active sites are preserved when the potential does not exceed 0.6 VRHE.

In contrast, noticeable degradation in HER performance was observed after LC5 and LC6
protocols, corresponding to EupL of 0.7 Vrue and 0.8 Vruk, respectively consistent with
the onset potential of Mo oxidation/dissolution discussed in the previous section (Figure
2). An increase in HER overpotential (Anio) (also in Figure 3b) of 133 and 818 mV

associated with 56 and 84% of Mo dissolution, respectively, was reported after LC5 and
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LC6 protocol respectively. These results can be attributed to the exfoliation of 2H-MoS:

layers, which progressively reduces the density of edge active sites and HER

activity [10,12].
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LC 1 to 6 protocols ¢) Normalized Mo dissolution for LC6 after 10, 50, 200 and 500

cycles. The right y-axis in a) and b) represents the increase in HER overpotential at
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10 mA cm™geo relative to the initial value after LCs. Error bars are the standard

deviation of at least 3 independent measurements.

Figure 3¢ focuses on the LC 6 protocol (EurL = 0.8VruE) at intermediate ageing stages
states (10, 50, 200 cycles). It is clear from this graph that the HER activity is null after
500 potential cycles. This result highlights that Mo dissolution progresses with cycle
number, revealing time-dependent behavior. Interestingly, the impact of MoS2/C
oxidation on HER activity follows a different trend, showing minimal decline in HER
performance until 200 cycles (despite 70% of Mo dissolved) but a significant drop
thereafter. Hence, the notable Mo dissolution at higher UPLs combined with the mild
impact of 200 potential cycles up to 0.8 Vrue on HER activity, corroborates the hypothesis
of continuous oxidation/dissolution of MoS: stacking sheets at high electrode potentials.
The exfoliation of the MoS:2 layer occurs via MoOx dissolution in acidic media,
progressing over time at high potential. The MoS: layer being in contact with the carbon
support should be more preserved by acidic chemical dissolution. The HER activity
begins to decline when the layers and consequently the density of edge sites decreases
significantly, indicating extensive Mo dissolution affecting the outer layers of MoS: in
contact with the conductive carbon support, herein between 200 and 500 AST cycles.
Interestingly after 500 AST cycles, ICP-MS measurements suggest no remaining Mo onto
the electrode. Concurrently, the substantial increase in overpotential observed after 500
AST cycles (ca. 800 mV) can be attributed solely to HER activity on the carbon support

[39]. Polarization curves before and after LCs protocols can be found in Figure S2.
To delve into the changes in chemistry after the various electrochemical conditions used

in this study, XPS spectra were recorded after the initial CVs break-in and after 10, 50
and 200 LC6, as depicted in Figure 4.
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Figure 4. X-ray photoelectron spectra of MoS2/C catalyst ink deposited on the
glassy carbon electrode, after 20 CVs break-in protocol and after 10, 50 and 200
LC6 protocol of a) Mo 3d and b) S 2p. Relative atomic percentage distribution of ¢)
Mo and d) S species.

As expected, following the initial break-in, the Mo (V) and Mo (VI) species diminish,
while the Mo (IV) species becomes slightly more prominent, suggesting that the less
stable Mo species have been removed, aligning with the FC-ICP-MS results during the
break-in protocol (Figure 1). After 10, 50, and 200 LC6 cycles, Figures 4a reveals no
significant differences in the Mo 3d spectra. This lack of variation suggests that the
structure of the MoS2 powder remaining onto the working electrode is similar to that of
the initial state despite the AST. The absence of significant chemical changes in the Mo
3d spectra supports the hypothesis that exfoliation via Mo oxidation/dissolution is the
main degradation mechanism at high potentials. The process of exfoliation exposes fresh
MoS: sheets with similar surface chemistry then the fresh MoS2/C catalyst, resulting in
consistent XPS spectra despite extensive potential cycling and significant Mo dissolution.
[36]. Figure 4b confirms this stability with the S 2p spectra. The S 2p peak positions and
intensities show minor changes upon cycling (Figure 4d), suggesting that the sulfur
environment, indicative of Mo-S bonding, remained largely unchanged even under the

prolonged LC6 cycling conditions.
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Last, we identified Mo redeposition as possibly detrimental to the HER activity
(polyoxomolybdate cluster deposition may take place at the edge sites of MoS2). Indeed,
in technological PEMWE where the cathode may operate under steam or under water
[40], the accumulation of Mo(V) and Mo (VI) ionic species produced from Mo
dissolution could potentially deactivate the cathode catalyst. In solid electrolyte
configuration, ionic species are more confined and thus more prone to be redeposited.
Further, according to the Mo Pourbaix diagram, Mo cations can be reduced between E =

-0.25 and E = -0.35 VreE in acidic conditions [41].

To mimic the confinement of Mo cations, we conducted CVs with an excess of Mo (VI)
in liquid electrolyte and studied how they impact HER catalyst performance. Typically,
20 mM solution of ammonium heptamolybdate tetrahydrate in 0.5 M H2SO4 was used to
simulate conditions with a high concentration of dissolved Mo (VI) species (Figure 5a).
The rapid formation of a Molybdenum Blue (MB) film was observed as a result of the
reduction of Mo (VI) species to mixed-valence polyoxomolybdate clusters in acidic
conditions [42]. The presence of this film (inset in Figure Sa) could pose a significant
issue in practical PEMWE systems, as it could block the HER active sites, and could lead
to could lead to catalyst deactivation if not properly managed. This result highlights the
importance of developing strategies to mitigate the Mo dissolution in practical PEMWE
systems to maintain consistent HER activity. Mitigation strategies are generally classified
into two categories: material strategies and system strategies. We believe it will be
challenging to implement material strategies for MoS., as we showed that the decline in
HER activity is attributed to the continuous exfoliation of the stacked 2D MoS: layers is
caused by the oxidation and dissolution of Mo atoms at high electrode potentials.
However, there are relevant system strategies in the PEMWE field. For instance, J. Parra
et al. demonstrated that the cathode potential during the shutdown of a PEMWE device
is influenced by whether the pump supplying water to the anode and cathode is
operational. They observed that the cathode potential reaches 0.7 Vrue when the water
remains immobilized during the shutdown of the PEMWE, whereas it stays close to 0

VrHE when water is circulated during the shutdown (see Figure 3.12 in ref [38]).
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Figure 5. (a) Subsequent 10 cyclic voltammograms recorded from 0.3 to -0.3 VruE
at 100 mV s in a 20 mM solution of ammonium heptamolybdate tetrahydrate in 0.5
M H2SOs4. Inset: Image of MB film formed on the MoS2/C catalyst surface. b)
Polarization curves before and after MB film reduction. Spectra of Mo 3d region of
¢) obtained from MoS2/C catalysts after MB film formation and d) after the MB film
was removed by replacing the electrolyte with 0.5 M H2SOa.

Importantly, the MB film was efficiently removed upon replacing the electrolyte with
fresh 0.5 M H2S04, and the MoS: surface was restored, with minimal impact on the HER
activity (Figure 5b). The Mo 3d spectra of the MB film (Figure Sc) indicate a substantial
presence of Mo (VI) on the electrode surface, nearly obscuring the underlying MoS:. This
suggests that the MB film covers the MoS: catalyst, significantly hindering its catalytic
performance. After electrolyte replacement, although the catalyst surface appears fully
restored (Figure 5d); a slight decrease in HER activity is shown in Figure Sb, where a
40 mV drop in niois observed after cycling the catalyst in a high concentrated Mo (VI)

acid solution, indicating that some Mo from MoS:2 was leached along with the MB film.

4. Conclusion
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MoS: electrocatalysts are among the most promising non noble and earth abundant
candidates to replace Pt/C at the cathode of PEMWE devices. Although this catalyst
exhibits high stability in HER conditions, caution has to be taken to avoid high cathode
potentials encountered during PEMWE stop events. In this study, we investigated the
degradation mechanisms of MoS2/C by systematically varying the upper potential limit
to simulate stop events of a PEMWE device. Online ICP-MS measurements indicate that
irreversible oxidation of Mo occurs along with significant dissolution at £ > 0.6 Vruk,
which adversely affects HER activity. Due to the semiconducting nature of MoS2, not all
edge active sites exhibit similar HER activity. Consequently, Mo dissolution and the loss
of HER activity occur at different rates, with the active edge sites in contact with the
carbon support being more preserved towards acidic chemical dissolution. This
hypothesis is supported by XPS results showing that the chemical composition of the
catalyst remaining on the electrode closely resembles that of the initial state. Furthermore,
our results demonstrate that Mo cations can redeposit on the cathode's catalytic layer,
forming a predominantly Mo (VI) species molybdenum blue film. This redeposition
significantly impairs HER performance by obstructing active sites and reducing overall
catalyst efficiency. Our result underscore the importance of carefully managing the stop

event of PEMWE to prevent high potential excursions.
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