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General Introduction

The chemical composition of the atmosphere has a huge impact on Earth’s surface
temperature, and this is not a novelty. In 1896, Arrhenius calculated and published the
influence of carbonic acid, which can be produced from carbon dioxide and water reaction,
atmosphere concentration in world temperaturel. Callendar correlated the artificial
production of carbon dioxide, accrued from fuel combustion, with global warming in 19382.
Despite that, such subject was object of debate during decades, and little has been done to
stop climate change. However, the impacts of climate change have been increasingly
evident and, as result, world leaders have put efforts to promote climate actions.
Undoubtedly, the climate change and the energy sector are strongly correlated. The increase
of industrialization levels and advances in technology resulted in more comfort to people;
nonetheless, the raise of energy demand is the side effect. In addition, the continuous
population growth is another factor that enlarges this demand. The obvious outcome has
been the augmentation of energy consumption recorded during the last decades. The
biggest environmental concern regarding the energy consumption is also related to where
it comes from. Most of energy is still extracted from fossil feedstocks, e.g., petroleum and
coal, due to their low price in comparison to other alternatives. However, it is a common
sense that their use represents a big contribution for global warming. Hence, the remaining
adoption of fossil feedstocks is very onerous for nature.

Energy transition is mandatory and the Sixth Assessment Report (AR6) of
Intergovernmental Panel on Climate Change (IPCC) has made it clear that it is also urgent.
Sunlight and wind emerge as interesting alternative green energy sources since they do not
produce carbon footprint and possess renewable feature. Nonetheless, these sources have
an intermittent character, i.e., they can alternate between periods of high and low, or even
no, energy production without following any determined periodicity. This drawback can
be overcome by applying convenient energy storage strategies.

Solar and wind energy can be used to produce green hydrogen, which plays a role as energy
carrier, in a process called water electrolysis. Basically, in this process, water is split into
hydrogen and oxygen, both containing high purity levels, with the use of electricity3.
Oxygen is evolved in the anode compartment due to water oxidation, in a half-reaction

called oxygen evolution reaction (OER), while water is reduced at the cathode compartment,
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generating hydrogen as result of hydrogen evolution reaction (HER), in another half-
reaction.

It is important to highlight that hydrogen already has a big importance in many chemical
industry sectors, e.g., steel, fertilizers and biorefinery. Nonetheless, most industrial
hydrogen production is based on hydrocarbon reforming and coal gasification processes.
Therefore, as the reactants employed in these processes also compose the group of fossil
feedstocks, the obtained hydrogen contributes for climate change. Thus, these sectors will
need to replace their source of hydrogen to achieve the established decarbonization goals,
and water electrolysis will also be important in this context.

The thermodynamic voltage of water splitting is 1.23 V at 25 °C. However, surplus potential,
also known as overpotential, is required during operation to overcome activation barriers
in the cathode and anode, besides resistances in the system*. The overpotentials related to
the cathodic and anodic reaction can be reduced with the use of electrocatalysts.
Nonetheless, the benchmarking catalysts are noble metal-based materials, which elevates
the cost of the process, besides the concern related to their earth-abundance. For this reason,
an important task pursued by researchers in electrochemistry field is the search for
alternative low-cost and earth-abundant electrocatalysts, containing high activity,
selectivity, and stability for HER and OER, i.e., candidate materials capable of replacing
noble metal ones. This thesis focuses on proposing new materials for HER and, therefore, it
will be the most studied reaction herein.

Profiting from a biomimetic approach, Nerskov group® showed theoretically and
experimentally that MoS; can be a good HER electrocatalyst when nanostructured, due to
high proton reduction activity. It shed light on the potential of molybdenum sulfides to
catalyze this reaction, and it became one of the most promising class of materials to replace
platinum in HER, resulting in the writing of several reviews focused only on the use of these
materials for HER®S.

The HER process can be performed in different pH’s, and this parameter will impact the
ionic conductivity, besides the source of proton. Despite HER is favored at low pH’s, it
hinders the application of some materials due to corrosion issues. Furthermore, HER
represents half-reaction, the other half concerns the sluggish OER, for which the most

representative earth-abundant catalysts are transition metal oxides/hydroxides; these are



not stable in acidic environment. Thus, it exists an increasingly interest in performing the
water electrolysis in alkaline media.

The technological device responsible to perform the reaction at large scale is called
“electrolyzer”, and it is classified according to the material used in the compartments’
separation, which can be a diaphragm, membrane, solid oxide or ceramic®. Furthermore,
these materials are also responsible for the ionic conduction during operation. This thesis
focuses on the implementation of anion exchange membrane water electrolyzer (AEMWE)
technology, which allows the permeation of hydroxyl species through the membrane from
cathode to anode and operate at high pH. However, in alkaline media, an additional step of
water dissociation is necessary to initiate the HER, and molybdenum sulfide is not a good
catalyst for this step; for this reason, its HER activity is reduced in alkaline environment.
Catalyst design strategies must be developed to maintain a good HER activity in
molybdenum-based sulfides at high pH. Hence, the main goal of this thesis involves the
development of molybdenum-based sulfides active for the HER in alkaline media, and their
further implementation in an AEMWE device; this last step has never been reported.

In the first chapter, it is presented the bibliographical study of HER, concerning the
fundamentals of reaction and relevant tools to evaluate the activity of the catalysts. Yet, it is
reported the development of strategies for the synthesis of noble metal-based materials,
besides transition metal sulfides, with special focus to the molybdenum-containing sulfides.
Finally, a brief discussion about the hydrogen storage challenges and instructions
concerning the development earth-abundant and cheap catalysts are provided. Therefore,
this chapter fulfills its informative role concerning water splitting, being a good starting
point for those who are making their debut in the field of water electrolysis and application
of transition metal sulfides in the cathodic reaction, i.e., HER.

The second chapter presents the experimental information. Initially, it is presented, with
details to enable further reproduction, the synthesis methodology employed in the
production of transition metal sulfides reported herein. Subsequently, the characterizations
performed are presented. The characterizations are an extremely important part of the work
because they provide information about catalyst activity/stability and the phenomena
taking place during reaction, besides to aid on the description of the catalyst before and after
reaction. Therefore, the correct choice of characterization allows a quick “assembly of the

puzzle”, in other words, achieve the scientific conclusion, and avoids excessive experiments.
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For this reason, a brief description of the applied characterizations, containing fundamentals
and information that can be obtained from the techniques, was provided in the beginning
of each sub-section; for deeper learning, the readers are encouraged to access the cited
references. Finally, the parameters employed for obtaining the results of next chapters are
presented in this second chapter.

The third chapter discusses the strategy of associate the nanostructured 2H-MoS; phase, a
recognized HER catalyst, with cobalt to boost the water dissociation step required in
alkaline media. A study on the synergy of both metals was performed in three-electrode
cell, and different Co:Mo composition ratios were applied.

Due to the good performance of CoosMo0055«, as verified in third chapter, the fourth chapter
was dedicated to the implementation of this material as cathode in an AEMWE device. It is
important to highlight that, differently from proton exchange membrane water electrolyzer
(PEMWE) applications, the maturity stage of AEMWE still requires the use of liquid support
electrolyte in the system, normally potassium hydroxide solution. However, results in
fourth chapter were obtained with a concentration ten-fold lower than commonly described
in the literature, and CoosMoosS«x presented, to the best of our knowledge, the best
performance among non-noble metals at such low concentration. Additionally, this is the
first report on the application of molybdenum-based sulfide as cathode of AEMWE,
representing then a milestone for the possible replacement of platinum by this class of
electrocatalysts.

In the fifth chapter, the strategy of associating 2H-MoS: to another transition metal-based
phase, as done in Chapter III, was expanded to the use of nickel as second metal once it is
also recognized for its water dissociation ability. Furthermore, a study was performed by
adding different ionomers (specifically, Nafion® and Sustainion® XB-7) to nickel
molybdenum sulfide ink formulation. Although it is known that ionomer plays an
important role on electrochemical behavior, this is a commonly ignored compound during
studies. The fifth chapter makes it clear how huge can be its influence on HER activity and,
consequently, how relevant is its interaction with the catalyst. Finally, as far as we know,
this is the first report on the use of Sustainion® XB-7 ionomer, which was developed
envisaging the application in alkaline environment, for the electrochemical study of

transition metal sulfide catalysts.



Chapter I: Bibliographic Study

This chapter is based on the following publication: “Electrochemical Hydrogen Generation
Technology: Challenges in electrodes materials for a Sustainable Energy”. C.V.M. Inocéncio, Y.

Holade, C. Morais, K.B. Kokoh, T.W. Napporn, Electrochem. Sci. Adv. 2022, e2100206.
https://doi.org/10.1002/ elsa.202100206

Abstract

Foresee advanced and innovative strategies is a key approach and constitutes a cornerstone

for accessing clean, affordable, and reliable energy to satisty
the world's increasing prosperity and economic growth. To
this end, hydrogen energy technologies parade as promising
sustainable solutions to the looming energy crisis at either

the small or large industrial scale, which will enable to

reduce significantly our dependence on conventional energy

sources based on fossil fuels without increasing atmospheric
CO:z levels. Water electrolysis with renewable energy is one of the best solutions to produce
hydrogen without COx (CO and COz) emissions. However, the practical realization of this
elegant opportunity of paramount importance is facing several challenges, among which
are: (i) the efficient design of cathode and anode catalytic materials exhibiting improved
intrinsic and durable activity; (ii) the scale-up of the system for the large-scale hydrogen
production through the electrochemical water splitting. This review puts these
opportunities and challenges into a broad context, discusses the recent research and
technological advances, and finally provides several pathways and guidelines that could
inspire the development of groundbreaking electrochemical devices for hydrogen
production. It also points out the materials design and preparation for the efficient
electrochemical production of the molecular hydrogen in acidic and alkaline environments,
from a simple electrolytic solution to the water splitting reaction, which is also considered
in the process. Furthermore, the main technology keys for designing a reliable

electrochemical system will be noticed.


https://doi.org/10.1002/elsa.202100206

I.1. Water splitting for sustainable hydrogen production: Challenges

The unavoidable increase of the global energy consumption because of the population and
economic growth should be theoretical satisfied, in principle, by fossil energy resources,
particularly coal. However, this global energy situation is undergoing mutation that is
directly correlated to the pollution issues that require the reduction of greenhouse gases °.
Hence, solving the cumulative nature of carbon dioxide (CO) emissions in the atmosphere
requires invention and deployment of alternative strategies for carbon-neutral energy
production °. There is an exciting and elegant alternative that relies on the possibility of
converting chemical energy to electrical energy using a so-called electrochemical generator,
namely fuel cell (FC), in which many fuels can be used. Particularly, molecular hydrogen
(Hz, which has the highest gravimetric energy density among fuels, 122 k] g-1) enables
harvesting a specific energy density of 33 kWh kg™ wversus 1-9 kWh kg7 for
organic/inorganic fuels 10 and produces only non-polluted water during its combustion; for
this reason, it is proposed as the potential and ideal candidate for the future energy supply.
Hence, a proton exchange membrane fuel cell (PEMFC) powered by hydrogen, from secure
and renewable sources, as well as the unlimited oxygen (O2) from air is the ideal solution to
the direct production of electricity for non-polluting devices (vehicles, home). Taken solely,
it is very important to notice that Hz is not energy, but only an energy carrier for storing and
transporting energy. In addition, Hz is a critical chemical feedstock in the modern industry
that is used in the synthesis of ammonia for fertilizer and petroleum refining, metallurgy as
well as many other chemicals. Furthermore, H> does not exist in a free state in the earth's
atmosphere, but combined in different molecules (water, biomass, and hydrocarbons, etc.).
Thereby, it must be produced before it is used. The current processes for its production are
largely based on fossil fuels, and lead to the emission of significant quantities of greenhouse
gases 11. Figure 1.1 shows the current three main pathways for Hz industrial production:
steam methane reforming, coal gasification and water electrolysis. The examination of the
outputs reveals that H> production techniques based on fossil fuels cannot really solve the
pollution and COz emission issues 1. Indeed, in addition to the need of high temperature
reaction between hydrocarbon/coal and water, the steam methane reforming and coal

gasification lead to simultaneous generation of Ha, CO2 and other carbon-based species.
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Then, this carbon-source compounds as greenhouse gases are finally released into the
atmosphere. As a matter, the approach apparently violates our original intention of
reducing air pollution and global warming by the employment of hydrogen power. Hence,
these two production routes not only aggravate the consumption of fossil fuels, but also
contribute to the global CO2 emission 1213. Therefore, seeking a clean, renewable, and

efficient strategy for H> production is urgently needed.

Technology Process Governing reaction
Inputs — Outputs
SMR Methane —>/ /\ \—> H,
Steam Methane [ A0\ ) CH, +2H,0 —>4H,+CO;,
Reforming Steam —> A /—» CO,
CG Coal —’, / ’,"/N\\\ e H2
Cisii (. / \ ) C +2H,0 —> 2H,+CO,
Gasification Siaam > J/ —>Co,
WE Water il \—> H,
Water (S \dl|
_ W W 2H,0 —> 2H,+0
Electrolysis Electricity —» ' “———— /—» 0, 2 B

Figure 1.1. The three main pathways for hydrogen industrial production. Reprinted and adapted with
permission from Ref. 14; Copyright 2015, The Royal Society of Chemistry.

This problem has intensified interest in various sources such as solar, wind, hydro and other
renewable electricity from electrolysis. Hence, H> can be cheaply produced by water
splitting using solar-to-hydrogen conversion strategy and based on photochemical and
photoelectrochemical methods 15-17.

The water splitting by electrolysis (with electricity provided by solar-, wind- or other
renewable resources) is one of the promising approaches. A classic electrolyzer has three
component parts: an electrolyte, a cathode, and an anode. When a driving force is applied
to the electrodes through an external voltage, H.O are decomposed into Hz and Oz. It should
be noticed that Hz can be stored for fuel and Oz released into the atmosphere (or recovered
for medical applications). Thus, the water splitting reaction can be divided into two half-

reactions: the water oxidation reaction also referred as OER, and the water reduction
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reaction known as HER. Depending on the media in which water splitting takes place, the
reaction can be expressed chemically in different ways (potentials are quoted against the
Standard Hydrogen Electrode [SHE]).

In acidic medium, water is oxidized at the anode and protons are reduced at the cathode:

Anode: 2 H2O (1) — O2(g) + 4 H*(aq) + 4 e, E0=1.23 V vs. SHE (25 °C) (Eq. L.1)
Cathode: 4 H*(aq) + 4 e~ — 2 Ha2(g), E0 = 0 V vs. SHE (25 °C) (Eq. 1.2)
Overall: 2 HoO(l) —» 2 Ha(g) + O2(g), AEO=1.23 V at 25 °C (Eq. 1.3)

with AG? = +237.2 k] per mole of H».

In alkaline solutions, hydroxides are oxidized at the anode and water is reduced at the

cathode:

Anode: 4 OH (aq) — O2(g) + 2 HO (1) + 4 e, E?=0.40 V vs. SHE (25 °C) (Eq. 1.4)
Cathode: 4 HO () + 4 e — 2 Ha (g) +4 OH~ (aq), E° =-0.83 V vs. SHE (25°C)  (Eq. L5)
Overall: 2 H>O (1) - 2 H2(g) + O2(g), AE?=1.23 V at 25 °C (Eq. 1.6)

with AG? = +237 k] per mole of Ho.

The overall reaction indicates that whatever the media in which water splitting takes place,
the water electrolysis needs energy to proceed. In other words, energy (through cell voltage)
must be applied to achieve the electrochemical water splitting. The minimal value
corresponds to the thermodynamic voltage of water oxidation that is 1.23 V at 25 °C and 1
bar. This reaction is endothermic 286 k] per mol and 163 ] per mol K of enthalpy and entropy
change for Hb, respectively. It is important to notice that this value is temperature-
dependent and can thereafter be manipulated by increasing or decreasing the electrolytic
temperature, and 1.48 V at 25 °C of thermoneutral voltage, which is the standard to evaluate
energy efficiency. However, because of the resistance losses in the cell, applied voltages
must be higher than the thermodynamic potential value to achieve electrochemical water
splitting. The surplus of potential is known as overpotential (77) and it represents the voltage
required to surmount especially the intrinsic activation barriers from the anode (7.) and
cathode (7), as well as some other polarizations (7jther) such as electrolyte and contact

resistances. Thus, the practical operational voltage (Eop) can be described as
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Eop = AE +17, +17, +7ope 8. Practically, 7jother can be minimized by optimizing the design of

the electrolytic cell, whereas na and nc have to be minimized by highly active OER and HER
catalysts, respectively 4. Thus, it becomes obvious that the reduction of the overpotentials
by using suitable robust and low-cost catalysts for both reactions is the central question to
make the water splitting reaction energy-efficient and economic. Herein, the focus will be
dedicated to the most important recent results on catalyst and electrode designs used for
the electrochemical HER and OER. Prior to that, special attention will be drawn to key
points for understanding the fundamentals of both reactions in acidic and alkaline

environments from a simple electrolytic solution to the testing requirements.

I.2. Hydrogen production from the electrochemical HER

1.2.1. Electrocatalysis of HER in aqueous medium: Fundamentals

This introduction section to HER in aqueous medium provides key learning points about
the basic principles of electrochemical HER and evaluation approaches of electrocatalysts.
We focus on: (i) reactions (in acidic and neutral/alkaline medium), (ii) HER as a multistep
reaction process involving different mechanisms and Tafel slopes, (iii) activity descriptors
in both media. HER is described with Eq. I.7 in acidic environment (protons are reduced,
EO(H*/H2)=0V vs. SHE at 25 °C) and Eq. 1.8 in alkaline media (water molecules are reduced,
EO(H2O/Hz) = -0.83 V vs. SHE at 25 °C). At the boundary of chemical reduction of H* or
H>O, Prz/ P° =1. In literature, most of potentials are quoted against the Reversible Hydrogen
Electrode (RHE), i.e., the apparent standard potential of the H*/Ho> couple at the given pH.
The potential of RHE is defined as EruE (V vs. SHE)= -0.059 pH. Thus, potentials measured
versus any reference electrode (RE) can be converted versus the RHE value by using Eq. 1.9.

Hence, in aqueous medium, HER is expected to start at 0 V vs. RHE.

2 H*(aq) +2 e~ — Hx(g), E(V vs. SHE) = -0.059pH (Eq.1.7)
2HO (1) +2 e~ — Ha2(g) +2 OH (aq), E(V vs. SHE) = -0.827 + 0.059(14 - pH) (Eq. 1.8)
E(vs. RHE) = E(vs. RE) + E%g(vs. SHE) + 0.059pH (Eq. 1.9)

Basically, HER is a multistep reaction process. While the HER mechanism in alkaline media

is still ambiguous and lead to debates, two different mechanisms involving three possible
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reactions (also called steps) have been clearly identified and accepted by the electrochemists
community in acidic medium. The dominant reaction mechanism in the HER process can
be theoretically indicated by a Tafel slope, which can be obtained from experimental data
and relates the rate of an electrochemical reaction to the overpotential (dependence of
steady-state current densities on a variety of overpotentials) 1314 19, In acidic media, the first
step is the so-called Volmer step (also known as the discharge process) and concerns the
reaction of an electron with a proton forming an intermediate state of an adsorbed hydrogen
atom (Hads) on the active site of the catalytic surface, as drawn by Eq. 1.10. The corresponding

Tafel slope is given by Eq. I.11.

H*(aq) + e~ — Hads (Step 1, Volmer reaction) (Eq. 1.10)
h, = 2.303x103% (Eq. I.11)

In this equation, by is the Tafel slope (mV dec™), ais the symmetry coefficient (typically, o
~ 0.5), F is the Faraday constant (96 485 C mol™), R is the ideal gas constant (8.314 ] K1
mol1), and T is the absolute temperature (K). Hence, the Volmer reaction is characterized
by a Tafel slope of by = 116.2, 118.2 and 120.2 mV dec™! at 20, 25 and 30 °C, respectively.
Thus, the temperature significantly affects the value of by.

After forming Hads, HER can proceed by two other steps that are radically opposed (Faradaic
and non-Faradaic reactions) to generate the final product that is H>. The first scenario
happens when the Hads coverage is low, so that the adsorbed hydrogen atom prefers to
couple with a new electron and another proton in the electrolyte to evolve H». This step
(electrochemical desorption) constitutes the first mechanism and is named Heyrovsky

reaction, Eq. .12. The corresponding Tafel slope is given by Eq. 1.13.

Hads + H*(aq) + e~ — H2(g) (Step 2, Heyrovsky reaction) (Eq. 1.12)

RT
l+a)F

b,, = 2.303x10° (Eq. 1.13)

Hence, the Heyrovsky reaction is characterized by a Tafel slope of by = 38.7, 39.4 and 40.1

mV dec™! at 20, 25 and 30 °C, respectively.
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However, at a relatively high Hads coverage, the recombination between the adjacent
adsorbed hydrogen atoms is dominant, which is called as Tafel reaction, also known as the
chemical desorption step (Eq. 1.14). The corresponding Tafel slope is given by Eq. 1.15: the
absence of the symmetry coefficient (o) is simply related to the fact that this step does not

involve any adsorption process of an aqueous species.

Hads + H (ads) = H2 (g) (Step 3, Tafel reaction) (Eq. 1.14)

OSE

b, =2.303x1 (Eq. 1.15)

Hence, the Tafel reaction is characterized by a Tafel slope of br=29.1,29.5 and 30.0 mV dec!
at 20, 25 and 30 °C, respectively. It can be concluded that the impact of the temperature on
br and br values is less important. It is worth of nothing that the Tafel slope is the intrinsic
property of an electrocatalyst. The Tafel equation that gives this value was first deduced
experimentally before being later shown to have a theoretical justification. In practice, it is
obtained from the slope of the linear part of Tafel plots (see Section 1.2.2). For the above
calculations, if the experimental Tafel slope of an electrocatalyst is around 29 mV dec™, it is
suggested that the Tafel reaction (chemical desorption step) is the rate determining step,
and the HER catalyzed by this electrocatalyst proceeds via the Volmer-Heyrovsky
mechanism (Egs. 1.10 and 1.14). However, for an experimental value around 39 mV dec?,
the Volmer reaction (electrochemical desorption step) is the rate determining step, and the
HER catalyzed by this electrocatalyst proceeds through the Volmer-Heyrovsky mechanism
(Egs. .10 and 1.12). In practice, mix mechanisms are obtained. Regardless of the routes by
which HER occurs, Hads is always involved. Thus, the free energy of hydrogen adsorption
(AGn) is widely accepted to be a descriptor for a hydrogen-evolving material. Basically,
using the acidic solution as model, the interaction of H* species with the catalyst surface
should not be neither too weak (no adsorption via Volmer reaction, Step 1) nor too strong
(no desorption via Heyrovsky (Step 2) or Tafel (Step 3) reaction, leading to the accumulation
of the reaction intermediates: the active sites on the catalytic surface are always occupied by
Hads, hence poisoning the catalyst. The state-of-the-art HER catalyst is platinum (Pt) and its
corresponding AGy is roughly zero. For a large and negative AGy, Hads is bound strongly
with the electrode surface, making the initial Volmer step easy, but the subsequent Tafel or

Heyrovsky steps difficult (chemical or electrochemical desorption will not happen).
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Contrariwise, a large and positive AGn means that Hads has a weak interaction with the
electrode surface, resulting in a slow Volmer step that limits the overall turnover rate.
Therefore, an optimal non-Pt HER catalyst should provide appropriate surface properties
and have a nearly zero AGu (not too negative nor too positive). The Volcano-plot
construction is a quantitative relationship between a catalyst surface adsorbing property
and its apparent catalytic activity (known as activity-adsorption Volcano plot), in which the
abscissa is the calculated adsorption free energy (AGh) as the activity descriptor and the
ordinate is the experimentally measured catalytic activity (herein, it can be the exchange
current density, the overpotential, or the turnover frequency) 1214 20-21. The theoretical
maximal activity of HER is given at the peak of the volcano, which is accompanied by the

most-moderate intermediate AGH.

L.2.2. Experimental tools for testing, characterizing, and validating a HER
electrocatalyst

The key learning points developed within this section answer the simple question: “how to
know whether the material I just come to make is suitable for HER?”. Henceforth, the most
relevant parameters that are required to be measured/ calculated step-by-step and carefully
are (i) electrode activity and overpotential, (ii) Tafel plot, (iii) Faradaic efficiency, (iv)

turnover frequency, (iii) stability / durability.

1.2.2.1. Electrode activity, onset potential and overpotential

The electrochemical HER tests are currently performed in three-electrode cell having a
working electrode (where any catalytic ink is coated), a reference electrode (which enables
applying a potential to the working electrode) and a counter/auxiliary electrode (for the
current flow). The most widely used technique is the linear sweep voltammetry (LSV) even
if the electrode activity can also be generally estimated by performing cyclic voltammetry
(CV). The working electrode potential (E) is scanned from the high value (slightly greater
than 0 V vs. RHE) to the lower one (the fixed value depends on the nature of the catalyst
and electrolyte). Scan rates of 1-50 mV s™! are usually employed. In International Union of

Pure and Applied Chemistry (IUPAC) convention, the recorded current is negative
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(reduction). The obtained current is normalized by superficial geometric electrode area to
get the current density (j). Occasionally, the measured currents can be normalized by the
sample amount to achieve the activity per unit mass. These directly recorded j vs. E curves
also contain significant contribution of non-Faradaic capacitive current, especially for
supported catalysts. To precisely determine the catalytic activity of a material, the
measurement of steady-state currents at various applied potentials with a dwell-time of at
least 5 min (short-term chronoamperometry) is suggested 4. Other strategies to substrate
the contribution of the supporting material is to run the control test (experiment in the
absence of the active component of the catalyst). As matter of fact, the best elegant way to
minimize the non-Faradaic contribution, is the choice of a relatively slow scan rate, lesser
than 5mV s71 (1 mV s should be good, but is time consuming). The absolute value of the
difference between E’ and the electrode potential E is called overpotential: 7 =| E-E?|. Note
that for HER, E° is greater than E. To compare the activities between different
electrocatalysts, two special overpotentials in HER (used as metrics) are often employed 4.
The first is the so-called ““onset overpotential, 7jonset”’, Which is directly linked to the notion
of onset potential (Eonset). For an electrocatalytic process, the onset potential is defined as the
value of the electrode potential at which commences the Faradaic current characterizing the
considered reaction. For HER, the notion of Eonset is a poorly defined term for the simple
reason that there is no defined maximum threshold; the current continues increasing
exponentially. Indeed, the electrochemical kinetics of a reaction having an electron transfer
as rds is algebraically described by the classic Butler-Volmer (BV) relationship (Eq. 1.16) 2>
24 For the case of HER, the anodic branch from hydrogen oxidation is negligible. Thereby,
the BV model of HER is described by Eq. .17, which can be written in semi-logarithmic form

as Tafel equation.

. a,nF _ s _ﬁ — Eq. 1.16
J {Jova exp|: RT (E Eeq ):|}anodic {JOVC expli RT (E Eeq ):l}cathodic ( q )
o a.nF RT 0 RT i j
_— exp{_RT(E ~ Eeq)j| SE-E, - nF [|n“0‘]_ o F [Inm]: a—blog|j| (Eq. 1.17)

By showing j vs. E polarization curves in |j| range not exceeding 0.5-2 mA cm™, it is

possible to estimate Eonset. The most used relevant overpotential is defined as the value
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corresponding to current density of |j| =10 mA cm2 42526, Furthermore, during HER or
water electrolysis, lots of bubbles are generated on the electrode surface and simultaneously
some of them do not get away from the electrode immediately. This directly decreases the
effective active area, and thus increases the 7. Such bubbles can also cause a noise in the
polarization curves and should not be ignored. The utilization of a rotating electrode is a
relevant manner to promptly remove Hz bubbles. There is another kind of overpotential
known as resistance overpotential (or junction overpotential), which is due to the material
morphology. Indeed, the resistance (R) across materials structure will cause extra potential
drop, making the measured overpotential of the electrode larger than the true value.
Experimentally, this kind of overpotential is eliminated by the so-called “iR compensation”
that enables getting accurate overpotential. In a conventional three-electrode measurement,
the resistance between the reference electrode and the surface of the working electrode is
the main source. Many electrochemical workstations can measure R directly and proceed to
the correcting of the polarization curves automatically. Alternatively, R can be determined
separately using the electrochemical impedance spectroscopy (EIS) experiments (at the

intersection between the Nyquist curve and X-axis at high frequencies).

1.2.2.2. Tafel slope and exchange current density

As shown with Eq. 1.17, by re-plotting the classic polarization curves (j vs. E) into Tafel plots
(nvs.log|j|), the linear portion can be fitted by the Tafel equation: 7 =a + blog(|j|). From
that, two important parameters can be easily assessed, Tafel slope (b) and exchange current
density (jo). It is assumed that b is related to the catalytic mechanism of the electrode reaction
(see Section 1), whereas jo, which is obtained when 7 is assumed to be zero, describes the
intrinsic catalytic activity of the electrode material under equilibrium conditions 1314,
Practically, a catalytic material having a high jo and a small b is desirable. Indeed, the smaller
value of the Tafel slope means that increasing the same current density requires smaller
overpotential, implying faster charge transfer kinetics 13-14. Since jo (depending only on the
catalyst material, electrolyte and temperature) reflects the ability of electron transfer and the
difficulty of an electrode reaction 13, larger exchange current density implies less driving
force, i.e., smaller electrode current density is needed to conduct the reaction (see Eq. 1.11).

In acidic medium, the state-of-the-art HER Pt electrocatalyst has the best jo of ca. 1072 A cm™2,
14



which is highly larger than other HER electrocatalysts such as Pd or Rh (10™* A cm™2), Au or
Fe (10 A cm™2), Ni, Ag or Cu (1077 A cm™2), Sn or Al (10719 A cm™2), Zn (10711 A cm™2) and
Hg (10713 A cm™) 2.

It is important to highlight that obtaining the Tafel slope from polarization curves presents
some limitations. Undoubtedly, this calculation presents some personal factor once the
value can vary with overpotential range and ohmic drop compensation chosen by the
experimentalist 28. Additionally, when it comes to non-conductive catalysts it is not possible
to isolate the catalyst resistance contribution 2. In 2013, Hu's group ?° proposed a new
methodology to obtain Tafel slopes in HER by applying EIS technique at different
overpotentials. Thus, by plotting log(1/Rc) vs. n, the obtained Tafel slope is purely

associated with the charge-transfer kinetics.

1.2.2.3. Faradaic efficiency

In general, the so-called Faradaic efficiency (also known as Faradaic yield, coulombic
efficiency, or current efficiency) refers to the efficiency with which charge (electrons) is
transferred in an electrochemical system, facilitating an oxidation or reduction reaction. It
reflects the efficiency by which the electrons provided by external circuit are transferred to
drive a Faradaic reaction in which Faradaic losses occur in the form of heat or byproducts
of the electrode reaction. To evaluate the faradaic efficiency, both the theoretical and
experimental H> produced amounts are needed. The theoretical H> production can be
calculated from galvanostatic (constant current) or potentiostatic (constant potential)
electrolysis by integration. Meanwhile, the experimental H; production can be measured by
a gas chromatography or water-gas displacing method. Thereafter, the ratio between the
practical and theoretical hydrogen production is the Faradaic efficiency. Of course, high

efficiency close to 100% is highly desired.

1.2.2.4. Turnover frequency and turnover number

Taken solely or together, the concepts of turnover frequency (TOF, s71) and turnover
number (TON, no unit), which are often used in catalysis research are still not well-defined
and leads to confusion/debate 30-31. TOF (=TON/reaction time) is defined as the number of
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reactant that a catalyst can convert to a desired product per catalytic site per unit of time,
which can exhibit the intrinsic activity of each catalytic site 14. It is very difficult to get a
precise TOF value for many solid-state catalytic materials, such as HER nanocatalysts that
generally possess easily accessible surface atoms/catalytic groups as well as some
inaccessible internal atoms/catalytic species 4. For HER, TOF can be described as the
number of protons being reduced per unit time and per active surface atom; the
electrochemical version 253234 is expressed by Eq. 1.18, which indicates that both TOF and
TON are potential-dependent. Thus, their determination at the current density of j =-10 mA
cm2 should be a good metric in addition to the overpotential at this value. Since the number
of the active sites cannot be precisely and rigorously determined, there is no consensus
about the reported TOFs (then TONSs) since they are based (i) solely on the surface atoms
(or the easily accessible catalytic sites) or (ii) on the total catalytic species present in the
materials (no matter whether they are all accessible, not equally accessible, or some even
not accessible at all 14). Hence, depending of the used approach, it is obvious that the results
will be grossly under/over estimated compared with the real values of the active sites,
because it is almost impossible to have every atom in a material like nanoparticles to be

catalytically active or equally accessible 14.

N, ]
NxFxN;  nxexN

TOF = and  TON=TOFxt (Eq. 1.18)

TOF is the turnover frequency (molecule site™! s71), j is the current density (mA cm™2), n is
the number of electrons involved (number of electrons produced by reduction of H* (acidic)
or H>O (alkaline medium) to produce 1 mol Hy, n = 2), Na is the Avogadro constant (6.02
102 mol), Fis the Faraday constant (96485 C mol-1), Ns the number of active surface atoms

(sites cm™2), 1 is the reaction time (s) and TON is the turnover number (molecule site™).

1.2.2.5. Stability /Durability

The stability is another indicator of performance (if not the most important) because of the
economic impact. Currently, there are two ways to evaluate the stability: either by CV/LSV
or galvanostatic/potentiostatic electrolysis. In CV or LSV approaches, potential cycles

should be repeated in the region including Eonset for hundreds or thousands of times to get
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accurate idea about the stability of the tested material. Practically, after several cycles, minor
shift of the electrode potential (or overpotential) for the same current density means better
stability of the electrocatalyst. In galvanostatic measurement, it is advised to use a current
density of 10 mA cm2. The potentiostatic method that consists of setting the potential at a
fixed value and recording the current is random and unregulated in literature for the simple
fact that the electrode potential window where HER is run depends exclusively on the
nature of the electrocatalyst. Nevertheless, the value should not be too far from E? because
it means “waste of energy” or excessive driving force. The duration can last from several to
dozens/hundreds/thousands of hours, and as universal law, longer duration means better

stability and durability of the system.

;_Z.')I’_I g%nthesis and catalytic properties of noble metal-based electrocatalysts
or

The experimental high-throughput screening of electrocatalytic materials for HER relies
almost exclusively on a thorough understanding of the reaction mechanisms. To minimize
the experimental conditions, the computational calculations have been widely utilized to
assist and elucidate the nature of the reaction intermediate, as well as the correlation
between reaction kinetics and metal surface properties. Within the last fifteen years, the
combination of density functional theory (DFT) calculations and experimental data
demonstrates that the HER kinetics in terms of jo in both low- and high-pH regimes correlate
to DFT-calculated hydrogen binding energies via a Volcano relationship, indicating that
hydrogen binding energy can be used as the reaction descriptor 2224 27 This strategy has
assisted to synthesize many types of efficient electrocatalysts including noble metal-based
alloys, transition metal phosphides, chalcogenides, carbides, and even metal-free catalysts.
Figure I.2a shows the so-called volcano plot translating the relationship between the
experimental jo (in log-scale), for hydrogen evolution over different monometallic material
surfaces and the calculated hydrogen chemisorption energy per atom, AEn (top axis) or
energy for hydrogen adsorption, AGu+ = AEg + 0.24 eV (bottom). The active metals are on
the left “leg” of the volcano (low coverage of Hads) and the non-active ones, Cu, Ag, and Au,
are on the right (high coverage of strongly adsorbed hydrogen). As explained above, if the

intermediates bind too weakly, it is difficult for the surface to activate them; but if they bind
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too strongly, they will occupy all available surface sites and poison the reaction. Hence,
intermediate binding energies permit a compromise between these extremes, which
correspond to high exchange current densities. Since the best performing HER electrode
material requires an optimum interaction, many strategies have been developed to tune the
oxophilicity (the tendency of certain to form oxides by hydrolysis or abstraction of oxygen).
Figure 1.2b displays the trend shown as a function of the 3d transition elements M (M = Nj,
Co, Fe, Mn) in overpotential for HER for the threshold fixed current density of 5 mA cm™2.
The histograms indicate that the overpotential can be much lowered by introducing
hydr(oxy)oxide species. The inset plots showing a comparison of polarization curves for
Pt(111) and Au(111) with 40% Co(OH)2 for the HER demonstrate that the Au(111)/oxide
surface is significantly less active than the Pt(111) counterpart. This essentially establishes
the role played by the Pt-Hupa descriptor. On fixing this interaction and by using Pt(111) as
the main substrate, Markovic et al. 3> focused on the “pseudo” mono-functional reaction with
the OHaa™-M2*® (OHaq means “adsorbed” OH) interaction as the main descriptor. According
to the scheme (Figure 1.2b, bottom panel), water from the bulk of the electrolyte
dissociatively adsorbs on the oxide cluster, forming OHaq intermediate along with forming
Hag intermediate formed on the Pt substrate. Had groups re-combine to form H,. Depending
on the OHag"-M2* strength, the OHaq is either stabilized (for Mn2*, Fe2*%) or destabilized
(Ni%*, Co?*) on the oxide clusters, which is found to dictate the TOFs for these catalysts 33.
Hence, under alkaline environments, the overall catalytic activity for HER using Pt-based
3d-M hydr(oxy)oxides is a function of OH-M2*® bond strength (0 < 8§ < 1.5), used as a
descriptor. This relationship exhibits trends in reactivity Mn < Fe < Co < Ni, which is
governed by the strength of the OH-M?2*® energetic (Ni < Co < Fe < Mn).

Summarily, as the main HER descriptors have been identified to be either M-H or HO-Mn+,
the synthesis procedures should be guided in order to provide these suitable species at low
electrode potential. The common electrocatalysts preparation methods can be used to
synthesize HER catalysts. Norskov et al. 2* reported computational high-throughput
screening of surface alloys to identify new electrocatalysts for HER by examining the
theoretical activity of over 700 binary surface alloys (that can be formed from 16 metals Fe,
Co, Ni, Cu, As, Ru, Rh, Pd, Ag, Cd, Sb, Re, Ir, Pt, Au and Bi), as well as the estimation of the
stability of each alloy in electrochemical environments. These alloys, composed of a pure

metal substrate with a solute element alloyed into the surface layer (Figures 1.3a-d), can
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exhibit surface properties that are vastly different from the properties of the bulk alloy. The
calculated free energies of hydrogen adsorption on a subset of these surface alloys (1/3
monolayer (ML)) of solute in the surface layer clearly demonstrates that a number of binary
surface alloys have high predicted activity for HER 24. From these predictions, it turns out
that BiPt surface alloy has a predicted activity comparable to, or even better than, pure Pt,
the archetypical HER catalyst. Accordingly, they developed a method to synthesize a typical
BiPt surface alloy (electrodeposition of an initial Pt film onto an inert support, spontaneous
deposition of a sub-monolayer of irreversibly adsorbed Bi (Biir) by Bi underpotential
deposition and annealing of the Pt-Biir precursor to form a BiPt surface alloy) and showed
experimentally that its activity is superior to that of Pt, the state-of-the-art HER catalyst 24.
Figure 1.3e depicts the plot of experimentally measured HER exchange current densities
against AGp values calculated using DFT, suggesting that an optimum in the measured HER
exchange current densities is found for DFT-derived AGn values very close to zero and the
bimetallic alloys exhibit better HER performance than the polycrystalline or single-crystals

pure metals.
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Figure 1.2. (a) Top: Experimentally measured exchange current, log(jo), for hydrogen evolution over
different metal surfaces plotted as a function of the calculated hydrogen chemisorption energy per
atom, AEn (top axis). Single crystal data are indicated by open symbols. Bottom: The result of the
simple kinetic model now plotted as a function of the free energy for hydrogen adsorption, AGp+ =
AEp +0.24 eV. (b) Trend in overpotential for HER shown as a function of the 3d transition elements.
Top inset: a comparison of polarization curves for Pt(111) and Au(111) with 40% Co(OH): for the

HER. Bottom inset: a schematic showing the HER. Note: the * denotes a site on the surface; thus, an
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* by itself denotes a free site and H* denotes a hydrogen atom adsorbed on the surface. (a) Reprinted
and adapted from Ref.?”; Copyright 2005, The Electrochemical Society. (b) Reprinted and adapted
from Ref. 35; Copyright 2012, Macmillan Publishers Ltd.
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Figure 1.3. (a-d) Schematic diagrams of surface alloys at the solute coverage for which calculations
are carried out. The solute atoms are shown in white, and the host (substrate) atoms are indicated in
dark green; all solute atoms are embedded in the surface layer of the corresponding host metal: a pure
metal (a), a surface alloy with solute coverage = 1/3 ML (b), a surface alloy with solute coverage =
2/3 ML (c), one ML of solute atoms, forming an overlayer (d). (e) Volcano plot for the HER for various
pure metals and metal over-layers: AGn values calculated at 1 bar of Hz (298 K) and at a surface
hydrogen coverage of either 1/4 or 1/3 ML, and experimental data are compiled in refs. 273637, The
two curved lines correspond to the activity predictions of simple mean-field, microkinetic models,
assuming transfer coefficients () of 0.5 and 1.0, respectively. Reprinted and adapted from Ref. 24;
Copyright 2006, Macmillan Publishers Ltd.

Since noble metals seem unavoidable elements in HER catalysts, the promising strategy for
preparing such electrode materials consists of introducing an earth-abundant element that
could reduce the cost without impacting the performance. Within such goals, Yoon and co-
workers introduced the synthesis of hollow rhodium sulfide nanoparticles with well-
defined crystalline facets, which show very high activity and excellent durability toward
HER 38. Figure 1.4a illustrates the experimental procedure of such hollow nanoparticles via
one-step formation of core-shell nanoparticles followed by selective etching of the core.
Basically, the co-decomposition of Cu and Rh precursors yields to size and facet-controlled,

core-shell structured Cu1.94S@Rh;S3 nanoparticles, which are generated by the fast formation
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of Cu1.94S nanoprisms, followed by the growth of the Rh2S; phase. In a typical synthesis of
hollow Rh;S; nanoprisms, CuSCN and Rh(acac); in oleylamine is prepared in a 100 mL
Schlenk tube and placed under vacuum at 100 °C for 10 min (1 atm Ar gas). Then, after
heating the Schlenk tube in a hot oil bath at 240 °C for 30 min, the reaction mixture is cooled
down to room temperature, washed several times with toluene and methanol, followed by
centrifugal separation to give Cu1.94S@RhyS; nanoprisms. This is followed by the
nanoprisms etching in a solution containing 1 mL of HCl, 3 mL of ethanol, and 3 mL of
toluene for 3 hours with a magnetic stirring to give the final targeted products of hollow
Rh;S; nanoprisms. Representative transmission electron microscopy (TEM) and high-
resolution TEM (HRTEM) images with fast Fourier transformation (FFT) patterns of Rh2S3
nanoprisms are shown in Figures 1.4b-c. The average sizes measured from diagonal point
to point of hexagonal Cu1.94S@Rh>S; nanoprisms and hollow Rh2S; nanoprisms are 88.0 +
4.1 nm and 84.1 + 4.0 nm, respectively, which indicates that after the etching process, the

size of the final product (hollow Rh2Ss nanoprisms) is slightly reduced from that of pristine

material. The hexagonal faces of orthorhombic Rh>S; nanoprisms are enclosed by (110)

facets. The six sides of hexagonal nanoprisms are found to be (211) and (211) planes as
verified by the HRTEM image and the FFT pattern. To better evaluate the electrochemical
performances towards HER in acidic medium (0.5 M H2S04), three RhxSs hollow
nanoprisms, namely, ThinHNP, MedHNP, ThickHNP, were prepared by using 8:1, 8:2, 8:4
ratios of CuSCN:Rh(acac)s, respectively with different cavity thickness of 0.79 nm, 2.2 nm,
and 3.7 nm for the same sequence. This tight control of the size and thickness of the
nanocrystals enable to investigate the relationship between the morphology and catalytic
activity. For this purpose, the three Rh2S; nanoprisms were supported on carbon black
(Vulcan) with a nominal loading of 13 wt.% (namely HNP/C). The electrocatalytic activities
of C1uS@RhyS3_ThickNP/C, 20 wt.% Pt/C, and carbon black were used for better
comparison, as gathered in Figure 1.4d, which shows the polarization curves after the
correction for iR and normalization of the current with the geometric surface area of the
electrode (0.1257 cm?). At the benchmark current density (cathodic) of -10 mA cm™2, the
driving force in terms of overpotential for ThickHNP/C is 1 = 122 mV, whereas the
C1.45@RhyS3_ThickNP/C, MedHNP/C and ThinHNP/C required larger overpotentials
(higher driving force) of 175 mV, 175 mV, and 300 mV, respectively. Firstly, the comparison
between ThickHHNP/C and Cu1.9sS@Rh;S;_ThickNP/C highlights the importance of hollow
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morphology that leads to superior HER performance. Secondly, since the non-etched
sample (Cu1.94$S@Rh2Ss_ThickNP/C) showed considerably high HER activity, which is
similar to that of MedHNP/C, and even higher than that of ThinHNP/C samples, the active
surface sites in the hollow Rh;S; nanostructures originate from not only inside but also
outside the hollow structure. According to the authors, the unusual shape of the
polarization curve of ThinHNP/C electrode material could be attributed to the limited mass
transport due to the relatively smaller void volume of ThinHNP compared to other hollow
structure 38. The results emphasize the importance of a relatively wide cavity for facilitating
mass transport along with the enhanced catalytic active sites. The determined Tafel slope
from the linear portion of Tafel plot was 30 mV dec™! for 20 wt.% Pt/C indicating a Volmer-
Tafel mechanism. The Tafel slopes of ThickHNP/C, MedHNP/C, and ThinHNP/C were
approximately 44, 49, and 65 mV dec™, respectively. The relatively small Tafel slope of
ThickHNP/C indicates faster kinetics for HER at this electrode material and substantiates
the previous results derived from the overpotentials. All the Tafel slopes of 44-65 mV dec™!
for Rh2S3/C may suggest the Volmer-Heyrovsky HER mechanism where the limiting step
is the Heyrovsky reaction (electrochemical desorption step) characterized by low Hads
coverage, so that Hads prefers to couple with a new electron and H* in the electrolyte to
evolve Ha. This determined Tafel slope of 44 mV dec™! for ThickHNP is smaller than those
of most metal sulfide-based HER catalysts, i.e., requires less driving force to perform HER.
The long-term stability of the best performing ThickHHNP/C electrocatalyst investigated by
conducting consecutive potential cycles between 0.1 and -0.3 V vs. RHE at a sweep rate of
50 mV s71 showed that after 10 000 cycles, the overpotential needed to reach a current
density of -10 mA c¢cm™ was considerably reduced from 137 mV to 117 mV (without iR
compensation). Such drastic and unexpected improvement of the electrocatalytic activity
was explained by the removal of the inactive Cu impurities (dissolution) from the hollow
RhySs nanoprisms during the electrode potential cycling, which would increase the number
of active Rh-based catalytic sites 38. The authors observed experimentally the Cu leaching
by measuring the content of Cu in the electrolyte before and after 10 000 potential cycles
using inductively coupled plasma optical emission spectrometry (ICP-OES). Before cycling
test, 0.000 mg L1 was recorded and after cycling test, the Cu amount rises to 0.003 mg L
confirming the leakage. The above assumption is strengthened by the fact that the TEM

images after potential cyclings revealed that the pristine structure of Rh,Ss nanoparticles is

22



well preserved and the nanoprisms are still uniformly distributed on the carbon support

without agglomeration.
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Figure 1.4. (a) Schematic illustration of the formation process of facet-controlled hollow rhodium
sulfide nanoprisms. HRTEM images of hexagonal facet of a nanoprism (b) and side of vertically
standing nanoprisms (c), respectively; the enlarged views of image in the red square and the
corresponding FFT patterns are shown below each figure. (d) iR-corrected HER polarization curves
for RhzS3_HNP/C, Cu1.94S@Rh>S5_NP/C, 20 wt.% Pt/C, and carbon black in 0.5 M H2SO4 with a
scan rate of 2 mV s~1. Reprinted and adapted with permission from Ref. 38; Copyright 2016, Royal
Society of Chemistry.

In recent study, Dessources et al. 3 adopted similar strategy to reduce the costly precious Pt
amount in the electrode materials by designing Pt«Niix/C materials, employing the so-
called bromide anion exchange (BAE) method 4, a convenient and surfactant-free approach.
Figure 1.5a shows the typical TEM image of Pt/ C nanocatalyst, composed of spherical-like
particles of 2-10 nm (Figure 1.5b). Figure 1.5c highlights that the replacement of noble Pt
metal by a cheaper and earth-abundant Ni element is not accompanied by a significant
decrease of performance. The drawing of 100 amps per gram of Pt requires overpotentials
of n=155,102, 115,121 mV for Pt/ C, Pto7Nio3/C, PtosNios/C and PtosNio7/ C, respectively,
which means less energy for Pto7Nios/C. The exchange current density is jo = 3.6x1075,
2.2x107%, 1.9x107> and 1.3x107> A cm™? for the same sequence. Importantly, the evaluated
kinetic parameters indicate that the bimetallic material Pto7Nios/C (b = 160 mV dec™!) and
Pt/C (b = 157 mV dec™!) have quite the same Tafel slopes. This indicates the excellent
performance of Pto7Nios/C despite the reduced Pt amount within its composition. These

results demonstrated that Pt amount can be reduced up to 30 at. % without any significant
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loss of performance in alkaline medium. The main driving force that is responsible for the
enhanced ability of the Pto7Nio3/C catalyst is attributed to the heterogeneous character of
the material itself (composed of Pt-enriched surface) that may prove optimal environment
for the H2O molecules splitting into Hads and free hydroxyl ions (with particular affinity

with nickel surface) 39.
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Figure 1.5. (a) TEM micrograph of Pt/C (20 wt.% metal loading) nanomaterial synthesized by the
BAE method. (b) The corresponding histogram for the particle size distribution. (c) Polarization
curves (no iR-correction) for HER on Pt:Ni1/C catalysts, recorded in a N>-saturated 0.1 mol L1
NaOH solution at 2 mV s™1 and 21 °C. Reprinted and adapted with permission from Ref. 3% 2016
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

L.2.4. Designing heterogeneous non-precious metal electrocatalysts for HER

The primary argument in favor of transitioning from noble metal-based catalysts to earth-
abundant electrocatalysts is indeed quite self-compelling: the scarcity of platinum group
metals (PGMs) associated with their high price makes them impractical for global-scale
hydrogen production applications. Therefore, the development of low-cost and high-
performance alternative electrode materials that are suitable for HER is of paramount

importance. One of the logical solutions to decrease the overpotential during HER is to
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employ biological catalysts such as enzymes that have the unique specificity to perform
most of the catalytic reactions without supplement of energy. For instance, hydrogenases
(enzymes inter-converting hydrogen and water) and nitrogenases (enzymes performing the
reduction of Nz in the presence of H* into NH3 and H») are effective biocatalysts for HER
even though the catalytic active site of these enzymes contains non-noble metals such as
iron (Fe), nickel (Ni), molybdenum (Mo) and vanadium (V). The dark side of these
biocatalysts is their inherent property to operate only under specific conditions of pH and
temperature. In other words, they cannot work under extreme conditions of pH (acidic or
alkaline) and temperature. Furthermore, the immobilization of the enzymes at the electrode
adds a layer of complexity and most enzymes within the resulting bio-electrodes are
catalytically inactive. In addition, their production in the active form can hardly be scaled
up to meet large-scale technological demand. Hence, it is quite impossible that enzyme-
based devices will make a significant contribution to high-level hydrogen generation to
satisfy the demand 41-43. Thus, the elegant solution to overcome the aforementioned issues
is to develop functional bio-inspired catalysts, which will constitute an important advance
to bridge the gap towards good performance and large-scale sustainable hydrogen
production. Hence, inspired by the structure/composition of nitrogenase and hydrogenase,
researchers have exploited a series of heterogeneous metallic catalysts. This constitutes a
profound achievement in the field of noble metal-free HER electrocatalysts. To date, various
classes of heterogeneous metallic materials are investigated for HER: sulfides, selenides,
carbides, nitrides, phosphides, borides, tellurides..., and heteroatom-doped nanocarbons.
Indeed, monometallic catalysts based on molybdenum (Mo), tungsten (W), nickel (Ni),
cobalt (Co), phosphorus (P), nitrogen (N), sulfur (S), etc. show poor HER activity as
displayed in Figures 1.2a and I.3e. However, it was successfully demonstrated that by
designing heterogeneous materials including two or three non-PGM elements, their ability
towards HER can be much improved. A few successful examples are MoS; 4445, MoSe; 4546,
WS, 47, WSez 46, Mo2C 23, MoWP 48, NiMoNy, Ni2P 4°, CopsMo1.4N2 %0, CoS; 31, BCN 52, For
instance, Figure I.6a shows that the addition of S to Mo to form MoS: leads to a significant

decrease of the free energy barrier, thus promoting HER.

1.2.4.1. Metal sulfides as heterogeneous catalysts for HER
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Molybdenum disulfide, MoSz, which is one of the widely investigated alternative of PGMs
for HER during the last fifteen years had been suggested as an inactive HER catalyst since
early works on the electrochemistry of bulk natural MoS; crystals of Tributsch and Bennett,

in the 1970s 2. However, in 2005, Norskov and co-workers found that sulfur species in the

(1010) Mo-edge structure of MoS; (Figures 1.6b, 1.6c) had a close resemblance to the sulfur

active sites of nitrogenase, enzyme that is an effective hydrogen producing catalyst 5. Their

calculations, using DFT showed that the sulfided Mo( 1010) edge of MoS, possesses a
hydrogen binding energy of approximately 0.1 eV at a hydrogen coverage above 25%, very
close to the optimum value of 0 eV and which is similar to that observed on active precious
metal catalysts, including Pt. Therefore, MoS; may be an active electrocatalyst for HER, but
such activity comes from the edges, while the basal plane is inert. This assumption was
confirmed by Jaramillo et al. % through a study with MoS,/ Au materials synthesized in
ultra-high vacuum (UHV), with different proportions of basal and edge sites. It was shown
that exchange current density values increased linearly with the quantity of edge sites, but
the same linearity was not detected when related to total number of sites. It is worth

mentioning that all synthesized MoS2/ Au composites exposed preferentially the sulfided

Mo(lOiO) edge on the edge structure.

After these works promoted by Chorkendorff and Nerskov’'s group 4%, a trend has
emerged. Many researchers devoted efforts on the development of syntheses to obtain MoSz
structures with preferential exposition of edge sites. Their studies have shown that
nanostructuring MoS; materials could significantly enhance HER activity 4 5458, Given the
unique layered crystal structure of MoS; (Figure 1.6b), the nanosheets morphology
dominates the whole synthesized MoS; 2 4457,59-63, Many experimental approaches such as
ball-milling %4, sonication 56, hydro(solvo)thermal %567 and chemical vapor deposition (CVD)
68-69 have been proven to be effective tools to prepare highly active MoSz nanosheets.
Additionally, given the semi-conductive nature of MoS; that impacts its HER performance,
the electronic conductivity engineering (doping suitable heteroatoms into the lattice of MoS;
and coupling MoS; with conductive species, such as carbon nanotubes and graphene)“ is

another strategy widely explored for improving its catalytic activity.
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Figure 1.6. (a) Calculated free energy diagram for HER relative to the SHE at pH = 0. (b) Structure
of the 2H, 3R, and 1T poly-types of MoSz. (c) Top view of the Mo edge and S edge of a bulk MoS:
crystal. (a) Reprinted and adapted with permission from Ref. °4; Copyright 2005, American Chemical
Society. (b,c) Reprinted and adapted with permission from Ref. 2>; Copyright 2014, American
Chemical Society.

Due to the many similarities between WSz and MoS;, as morphology, possibility of phases,
activity towards different reactions, electronic environment, etc., many researchers also
drived their efforts to investigate the activity and behavior of tungsten sulfide-based
materials in HER 46, 70-73,

Undoubtedly, Mo- and W-based sulfides are the most explored transition metal sulfides
(TMS) for HER. They have been developed with different morphologies and using various
strategies, as preferential edge exposition, exfoliation, doping, supporting, etc., to improve
their electrocatalytic activity.

Most MoS; and WS; materials are composed of flat S-Mo(W)-S atomic sheets which may
stack and form a structure similar to graphite, resulting in materials containing several
layers of MoS; or WS,. Furthermore, while in the same layer strong covalent bonds exist,
different layers are connected by weak Van der Waals interactions, which results in a strong
anisotropy of physical and chemical properties of the material. Resistivity is 2200 times
larger between layers than along a same layer, for example 4445 62,7477 The integration of

sulfide materials on conductive substrates, generally carbon-based materials, is another
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strategy which has been extensively explored to optimize charge-transfer resistance.
Furthermore, the substrate may provide nucleation sites for the sulfide nanomaterials and
avoid their agglomeration. This leads to materials containing higher surface areas and,
consequently, higher accessibility to active sites 78-80.

Chorkendorff’s group synthesized multi-walled MoS; nanotubes coated on multi-walled
carbon nanotubes (MWCNT@MWMOoS,) ¢2. This material showed Nonset = 150-200 mV for
HER in 0.1 M HCIO4 at 20 mV s and Tafel slope of ~109 mV dec! was calculated, which
may be result of low electrical conductivity from outer to inner MoS; layers. The pristine
material was annealed at 800 °C in Ar during 2 and 8 h which led to more parallel aligned
MoS; sheets, in relation to MWCNT axial axis, and thicker walls, according to HRTEM.
Consequently, reduced activities were verified due to lower exposition of edge sites for
these annealed materials. It means that the MoS; sheets alignment has a great impact on
material performance, therefore, a methodology which promotes a perpendicular alignment
of MoS; sheets in relation to axial axis of MWCNT may result in the enhancement of activity.
Interestingly, after cycling the annealed material for 8 h in oxidizing potentials region
(around 1.0 V vs RHE), HER activity improved after the 2nd and 3rd cycles. This behavior
was associated with possible etching in pyramidal structures or pits on the basal planes,
besides etching that may be started from edges.

In another core@shell morphology proposal, Jaramillo’s group nanoengineered a
MoOs@MoS; material through sulfidation of vertically aligned MoOs nanowires
synthesized according to hot-wire chemical vapor deposition (HWCVD) method 74. The
sulfidation step proceeded with the reaction between MoO3; and H>S, which resulted in a
substoichiometric MoOs core nanowire structure covered by MoS: layers. Different
sulfidation temperatures, using a 10 % H>S/Ha stream, were tested and showed to play a
key role in material activity towards HER in 0.5 M H2SO4 at 5 mV s-1. The material obtained
at lowest temperature, 150 °C, showed the best onset potential, but it was also the least stable
material as a consequence of incomplete sulfidation of surface MoOs nanowires, which
promotes both a higher density of exposed MoS; edge sites and higher exposition of MoOs
to acidic environment, leading to its corrosion. Sulfidation at 300 °C or higher leads to low
HER activity materials due to conductivity loss of FTO, the substrate used for MoOs
synthesis; promoted by the chemical changes in sulfidation environment at high

temperatures.
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According to XPS analyses, when submitted to 200 °C sulfidation, besides the formation of
MoS; layer, Mo®* species of MoOs phase reduced partially to +5 or +4 charges, enhancing
the electrical conductivity of the oxide. That was shown to be the optimum temperature of
sulfidation. No occurrence of MoOs3 corrosion, fonset = 150-200 mV, similarly to that reported
by Chorkendorff’s group 92, and Tafel slope equal 50-60 mV dec! were verified. The catalyst
also showed to be stable after 10000 cycles at 50 mV s-.. In line with Chorkendorff and
coworkers” paper 2, a slightly increase of activity was noted in the beginning of stability
test, assigned to the removal of contaminants at surface or slight removal of basal plane sites
by oxidation 74. This possible etching reported by both 62 74 results in the improvement of
edge sites exposition and may be further utilized as a methodology to improve HER activity
of MoS;-based materials.

Finally, despite the promotion in material surface area obtained from the core-shell
nanotube array, TEM analyses showed that most of MoS; basal planes were parallel aligned
to axial axis of MoOs nanotubes, as also verified for MWCNT@MWMOo0S; ¢2, which
diminished the exposition of active edge sites.

It is also known that (nano)porous materials provide high surface area that leads to a greater
contact area with reactants and sufficient transport of reactants and products. As a
consequence, in order to synthesize a molybdenum sulfide which preferentially exposes
active sites, Jaramillo’s group reported the successful synthesis of a highly-ordered MoS;
bicontinuous network containing a double-gyroid (DG) morphology and nanopores size of
about 3 nm 4. Molybdenum was electrodeposited in a previously synthesized silica double-
gyroid template which covered an FTO electrode. Sulfidation, silica etching and another
sulfidation step was sequentially applied, resulting in the MoS>-DG, as resumed in the work
of Kibsgaard et al 4. Due to the curvature of the MoS; structure resulting from the constraint
of the DG morphology, the as-prepared mesoporous MoS; material has a larger layer-to-
layer spacing of 6.60 A compared to the bulk MoS; (6.15 A).

Different electrodeposition times were tested (10 s, 20 s and 60 s) and evaluated towards
HER reaction in 0.5 M H2SO4 at 50 mV s-1. As expected, the higher was deposition time, the
thicker was the MoS; film. As consequence, the film deposited in 1 min was the most active,
whereas the one deposited in 10 s was the least. However, when current densities were
normalized by the capacitance of materials this order inverted. It may be a result of the

resistance contribution of MoS;-DG, as pointed out by EIS analysis. Despite that, onset
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overpotential and Tafel slope of 150-200 mV and ~50 mV dec], respectively, were obtained
for all MoS:-DG.

After iR compensation, MoS;-DG (1 min of electrodeposition) presented higher activity than
MoOs3-MoS; 74. The density of active sites per surface area of MoSz-DG film was estimated
as 3.9 times higher than that of MoOs3-MoSy; which may be the reason of the higher activity.
On the other hand, the release of bubbles occurred easier in nanowire morphology than on
double-gyroid one. Hence, the double-gyroid may be more impacted by mass transport
limitation at high current densities.

Molybdenum sulfide with preferential orientation was also reported by Cui’s group, which
synthesized MoS; film with vertically aligned layers®. For that, a substrate material
containing deposited Mo film was placed in the center of horizontal tube furnace, whereas
a recipient filled with S powder was placed at the upstream side of the furnace. The tube
furnace was pumped down to 100 mTorr and then flushed with Ar prior to the reaction.
Finally, with Ar being fed into the reactor at 100 mL min-!, substrate was heated until 550
°C in 20 min, and S powder was maintained at, approximately, 220 °C. The reactor was set
at these temperatures for 10 min and then cooled down naturally. Transmission electron
microscopy tomography was undertaken and showed that most of MoS; layers were
perpendicularly aligned to the substrate. Authors reported that at high temperatures the
conversion occurs faster than the diffusion of sulfur, so the latter is the rate-limiting process.
Additionally, it is expected that diffusion occurs more quickly along the layers than across
them, therefore, the layers tend to orient perpendicularly to the film.

This material deposited on glassy carbon electrode (GCE) was evaluated for the HER in 0.5
M HxSOs at 2 mV s. An excellent jo = 2.2 x 10® A cm? was calculated, probably as
consequence of the high exposition of active edge sites. Despite that, Tafel slopes in the
range 105-120 mV dec! were obtained, although EIS revealed negligible ohmic resistance,
lower than 4 Q, even at 0 V vs RHE. Yet, activity of material was evaluated before and after
being cycled 1000 times until - 0.4 V vs RHE at 50 mV s-1; no relevant activity loss was
verified.

Hu et al. also investigated the effect of MoS; layers preferential orientation on HER activity
in acidic media (0.5 M H2SO4) 8. Syntheses were performed via hydrothermal route at 200
°C employing NaMoOs and thioacetamide as Mo and S sources, respectively, besides to soak

carbon fiber paper (CFP) into reactant mixture so that it is the substrate of the resultant MoS;
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material. Three materials were produced only adjusting some synthesis parameters;
hydrothermal process during 2 h in a regular oven (r-MoSy), hydrothermal process in a
microwave system for the same time (se-MoS;) and also employing the microwave
technique but maintaining only 50 min in final temperature (fe-MoSz). The resultant
mixtures were cooled down to room temperature at 20 °C min-l. Flower-like, circle-like
nanotube and flat-floor morphologies were verified by TEM for r-MoS;. On the other hand,
materials obtained by microwave technique showed perpendicular orientation of layers in
relation to CFP, as expected. The microwave radiation interacts directly with chemical
species which promotes faster and more homogeneous heating. As result, microwave-aided
heating favors continuous and uniform seed layers covering CFP structure, which is
important for the growth of perpendicular layers. Additionally, the faster heating promoted
by the microwave system induces a rapid sulfurization, then sulfur diffusion becomes the
rate-determining step. Once sulfur diffusion is faster along the layers than across them, the
perpendicular growth is promoted in fe-MoS; and se-MoS; materials. The authors also
verified that reaction time affects the morphology of the resultant material. After 40 min of
reaction, MoS; nanosheets already exist, but molybdenum suboxide seeds are also still
present. At 50 min of reaction (fe-MoS), only vertically aligned MoS; nanosheets exhibiting
a flat edge surface are seen. A slight etching effect in the edges was verified by increasing
reaction time to 90 min. Further etching occurred at 120 min of reaction (se-MoSz), which
resulted in well-defined stepped-edge surfaces. XRD, XPS, Raman and TEM confirmed the
existence of 2H-MoS; in all samples.

The catalysts were tested towards HER at 5 mV s and the activity order verified was se-
MoS; > fe-MoS; > r-MoS;. Although fe-MoS; presented an excellent nio = 142 mV, it was
further improved as result of the stepped configuration (ni0 = 104 mV). According to
theoretical calculations performed by the authors, the stepped morphology resulted in more
thermoneutral adsorption than the flat one. Additionally, se-MoS; presented a Tafel slope
of about 59 mV dec?, jo = 0.20 mA cm?, Rt = 2.7 Q at 1 = 200 mV and ~100 % of faradaic
efficiency. Finally, no loss of activity was verified in chronopotentiometric analysis at - 20
mA cm-2.

WS, nanosheets (WSz NSs) synthesis from a non-conventional method was reported 82.
Initially, WO3 and S were mixed and ball-milled at 400 rpm in argon atmosphere for 24 h.

Then, one boat containing this mixture and another containing additional S were placed in
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a hot zone of an oven at 600 °C fed by argon. After 2 h, the oven was cooled down to room
temperature and WS; powder was collected. Ball-milling step is important because, besides
breaking WOs3 in smaller pieces and promoting higher surface exposition, it aids S to cover
WOs3 homogeneously. During annealing, slow sulfurization of WO3 surface occurs resulting
in WS; layer that is peeled off and generates nanosheets. Then, additional S evaporates and
covers again WO; particles repeating the previous mechanism until all WOs3 is consumed.
A representative scheme of this synthesis is presented in Figure 1.7a. TEM analysis showed
that WS; individual NSs are, approximately, 5 nm thick. Besides that, SAED revealed a
hexagonal 2H-WS; structure.

This catalyst was evaluated in the HER in 0.5 M H2SOs4 at 2 mV s and showed a current
density of 9.66 mA cm at 150 mV overpotential, besides a Tafel slope of 72 mV s, as seen
in Figure L.7b,c. A negligible cathode current loss was noticed even after 1 000 cycles.
Therefore, this WSz nanosheets electrocatalyst presented higher activity than many
aforementioned MoSy-based electrode materials 44-45 62,74,

By varying annealing temperature, it was possible to verify that at 500 °C, the reaction rate
was very slow, and most of WO3 was not consumed. Above 800 °C, reaction rate was fast
enough to generate a WS; stable shell, limiting WO3 consumption (Figure 1.7a). At 700 °C,
the sulfurization step works as well as at 600 °C. It was also found that, at least 30 min was
necessary at 600 °C to have all WO; reacted.

Dai’s group reported WSz nanoflakes synthesis by solvothermal method, which employed
WCls and elemental S as metal and sulfur sources, respectively, besides a mixture of
oleylamine (OM) and 1-octadecene as solvent 72. EDS and XPS suggested the formation of
WS species, while XRD confirmed the existence of a 2H-WS; phase. Additionally, TEM
analysis showed that lateral size of nanoflakes measured 5-20 nm.

Before deposition on a GCE and evaluation towards HER in 0.5 M H>SO4 at 10 mV s, WS,
nanoflakes were physically mixed with Ketjen carbon black, a conductivity additive. A Tafel
slope of about 48 mV dec! and nonset = 100 mV were measured. Authors also pointed-out
the importance of an annealing step at 500 °C for the WS, nanoflakes after the synthesis.
Without this step, the material showed a much lower performance assigned to the
passivation of sulfide surface by organic molecules, which is likely the responsible of the
inhibition of restacking too. WS, nanoflakes were submitted to 10 000 continuous cycles and

presented loss of activity during the first 6 000 cycles. Despite that, an increase of only 10
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mV in overpotential value was observed for the catalyst in its HER activity curve after

stability test.
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Figure 1.7. (a) Schematic illustration of the formation processes of WS, NSs and fullerene
nanostructures. (b) Polarization performance curves obtained in 0.5 M HzSOs for various
electrocatalysts. (c) Tafel plots derived for various electrocatalysts. Reprinted and adapted with
permission from Ref. 82; Copyright 2012, Elsevier.

A MoS,/rGO catalyst was solvothermally synthesized by reacting (NHi)2MoSs, hydrazine
and graphene oxide (GO) in DMF at 200 °C for 10 h 83. Nanosized Mo$S; flat particles of 3-10
layers deposited on rGO, with residual oxygen atomic percentage below 4 %, were obtained.
When synthesized in the absence of GO, MoSz coalesced and presented a wide range of size.
DMF was also important to guarantee a good coupling between MoS; and rGO, since its
replacement by water resulted in two separate phases, MoS; particles and rGO sheets.

Liu’s group produced composites of MoS; with mesoporous carbon nanospheres
(MoS2/MCNs) 8 and mesoporous graphene foams (MoSz/ MGF) 7° using the methodology
proposed by Dai et al. 83, but replacing the GO by each carbon substrate and applying a

heating time of 12 h. Both mesoporous substrates presented high specific surface areas, 719
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and 819 m? g1 for MCNs and MGF, respectively; that guarantee an enormous surface for
high MoS; dispersion. On the other hand, mesoporous size of MGF (~25 nm) was much
bigger than that of MCNs (~3 nm). TEM analysis identified MoS; particles with,
approximately, 2 nm in MoS;/MGF composite.

The effect of Mo/ C molar ratio employed in the synthesis of MoS>/MCNs was investigated.
The HER activity order according to this ratio was 0.05 > 0.075 >> 0.1 > 0.025. TEM images
revealed that lower molar ratios resulted in homogeneous growth of molybdenum sulfide,
but when increasing them, aggregation initiates, therefore, tuning the sulfide/carbon ratio
is extremely important 84.

HER activity of MoSz/rGO, MoSz/MCNs and MoS,/MGF was evaluated in 0.5 M H2SO;4 at
2 mV s'l. All of them presented an onset overpotential of about 100 mV and a Tafel slope
around 41 mV dec, which suggests that reactions proceeded by the Volmer-Heyrovsky
mechanism. Despite that, when compared at an overpotential of 200 mV, MoS>/MGF
performed much better than other materials; achieving a current density of about 100 mA
cm2, while MoS;/rGO and MoS;/MCNs showed values in the range of 30-40 mA cm2. It
must be taken into consideration that these values were obtained by an electrode geometric
area normalization; the area available for reaction may be higher though. Additionally, both
MoS,/rGO and MoS:/MGF presented negligible loss of cathodic current after 1 000
polarization cycles, operated at 100 mV s-! for the first one and 10 mV s-! for the second one.
MoS2/MCNss also showed good stability, although it operated only 100 successive scans.
The excellent catalytic activity of these materials was attributed to chemical and electronic
coupling of the phases. The first is responsible for the high dispersion of MoS; in the
substrates and the second results in rapid electron transport 7% 83-84,

GO also performs well as a support for WS, species. One-pot hydrothermal synthesis of
WS,/rGO was done by heating, at 265 °C for 24 h, a mixture containing WCle, thioacetamide
(TAA) and graphene oxide in water 85. H>S, which was produced by the reaction between
TAA and H:O, reacts with WCle to originate WS,. GO worked as nucleation substrate for
the sulfide and it was also reduced during the heating. At the end, the sample was freeze-
dried and annealed at 300 °C. A sample synthesized without annealing step performed
much worse on HER than the annealed one; it suggests the importance of crystallinity on
WS; catalytic activity. Selected-area electron diffraction (SAED), TEM images, XRD, Raman

spectroscopy and XPS suggested a 2H configuration for WSz nanosheets, with a number of
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layers varying between 4 and 12. Additionally, even when using water as solvent, the
integration of WS, and rGO was verified by microscopy. The same did not occur between
MoS; and RGO in the synthesis methodology reported by Dai’s group . The material was
deposited onto GCE and tested for HER in 0.5 M H,SO4 at 5 mV s1. A Tafel slope of 58 mV
dec! and 1onset = 150-200 mV were obtained for the hybrid material. These are good results,
although they are still inferior to results reported by Dai’s group 8 for MoS;/RGO. When
WS; was synthesized in the absence of rGO, material’s activity decreased to 350 mV of fonset
and a Tafel slope equal 140 mV dec! was calculated. Actually, the interconnection between
WS; and rGO promoted a better electron transport.

Benchakar and coworkers reported the topotactic synthesis of MoS2 onto M0o2CTx MXene
substrate by one-pot approach 8. Elemental sulfur powder (Ss) was mixed to Mo>CTx in 1:1
weight ratio followed by the addition of acetone; the mixture was grounded until the
evaporation of organic solvent. The final mixture was placed into a tube furnace which was
heated at 500 °C (5 °C min) for 1 h under argon atmosphere. XRD and Raman spectroscopy
confirmed the existence of 2H-MoS, besides residual sulfur (Sg). Such residual sulfur may
be result of the weight ratio between sulfur and MXene applied in the synthesis. By
combining XPS and ICP analyses, it was possible to observe that the molar ratio of
Mo2CTx/MoS/S is equal 1/2.46/1.32. Additionally, MoS2/Mo2CTx showed a capacitance
four-fold higher than Mo,CTx. HER activity of the material was tested by LSV
measurements in a Np-saturated 1 M KOH solution at 5 mV s and 1600 rpm. The
MoS2/Mo2CTx material exhibited a n10 = 150 mV and Tafel slope of about 70 mV decl. By
applying a current density of 10 mA cm2 during 30 h, the catalyst also showed to be stable
in the alkaline environment. Finally, the authors reported that MoS2/Mo2CT« preserves its
catalytic performance even after being stored one month inside a vacuum chamber.

On Norskov’s group work promoting the discovery of new active sites for HER %,
nitrogenase and hydrogenase enzymes were used as examples of active compounds
without noble metals in their composition. The similarity between these enzymes and the
edge active site of MoS; materials consists of the existence of unsaturated sulfur species 8.
Based on this assumption, a molecular Mo-based electrocatalyst approach, also containing
these unsaturated sites, was investigated by Jaramillo et al. 8. The authors synthesized
incomplete cubane-type [Mo3Ss]4* molecules by the reduction of (NH4)2MoSs or [M02025; ¢
6 H>OJ?* in the presence of NaBHj; this material was deposited in carbon Vulcan XC-72 by
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wet-impregnation. The creation of gas diffusion electrode (GDE) containing [Mo3Ss]4*
occurred by deposition of [M03Ss]#*/C in a graphite paper disk. Finally, the membrane
electrode assembly (MEA) was obtained by pressing GDE containing [Mo3S4]** with a 117
Nafion membrane and commercial Pt GDE at 130 °C and 32 bar for 5 min. The MEA was
coupled to a fuel cell test setup, which operated with a flow rate of 20 mL min?! of
prehumidified H> in both electrode and scan rate of 5 mV s 8. CV analysis showed the
presence of a reversible peak around 0.73 V vs NHE, which was correlated to desorption or
readsorption of [MosSs]**. The reversible characteristics is result of low diffusion of
[Mo3Ss]** on the Nafion membrane. Onset overpotential registered in LSV was,
approximately, 150 mV, besides that, current density curve also showed similar results to
previously reported MoS; materials 54%5. Furthermore, current densities at high
overpotentials decreased after every sweep, may be due to dissolution or agglomeration of
clusters, though onset potential was maintained. The authors also prepared a
[Mo3S4]4*/HOPG electrode by dropcast method, which had its activity investigated in a
three-electrode cell filled with a deaerated 0.5 M H2SOs solution #”. According to STM, sub-
monolayer of independent molecules was obtained. CV measurements at 5 mV s were
performed and showed Tonset = 200 mV, besides a high Tafel slope of 120 mV dec.
Calculation of turnover frequency per [Mo3Ss]** compound exhibited a value of 0.07 s1. A
cathodic peak, which has its intensity decreased after every sweep, was also detected; its
occurrence was suggested to be related to desorption of [Mo3Ss]**. XPS analysis after CV’s
showed a great decrease in Mo3d and S2p peaks, which is in-line with the aforementioned
suggestion.

Amorphous Mo-based sulfides have also been receiving increasing attention due to their
great activity towards HER. Hu's group presented great contributions for the investigation
of these materials 8-90. In an exploratory study, amorphous MoSx« films were synthesized by
the electrochemical deposit of them in fluorine-doped tin oxide (FTO), indium tin oxide
(ITO) and glassy carbon (GC)38. For materials preparation, electrode substrates were
immersed in 2 mM (NH4)2MoSs aqueous solution containing NaClOs4 (0.1 M) and submitted
to different electrochemical treatments, which impacted in final material. Two films were
prepared by electrolysis, at anodic (0.5 V vs SHE) and cathodic (- 1.1 V vs SHE) potentials
during 70 and 160 s, respectively. The authors stated that amorphous MoSs formation is

favored at anodic potentials, whereas amorphous MoS; is preferentially grown on cathodic
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potentials. Thus, they were labeled as MoS3;-AE and MoS;-CE. Other two films were
prepared applying cyclic voltammetry (CV) between - 0.8 and 0.3 V vs SHE at 50 mV s-..
One of them started and finished at 0.3 V (Mo0S3-CV), while the other at - 0.8 V (Mo0S:-CV).
As expected, XPS analyses of MoSs;-AE and MoS,-CE proved the formation of MoS; and
MoS;, respectively. For materials synthesized by CV, MoS;-CV resulted in MoS;, and MoSz-
CV resulted in MoSs, which highlights the influence of starting/ending potential. All
materials presented activity towards HER, however, on first polarization curves of MoSs-
AE, MoS;-CV and Mo0S;-CV, a reduction peak was detected before HER occurs, albeit this
peak presented lower intensity on MoS>-CV. This characteristic peak was assigned to the
reduction of MoSs to MoS; species. All these three materials presented similar behavior for
HER in the subsequent polarizations, which supports the idea of an activation mechanism.
XPS analysis was performed on MoS3;-CV after several polarization measurements, and
confirmed the transformation of MoSs into MoS,, at least on surface. In addition, M0S,-CV
and MoS3-CV pre-catalysts presented highest activity and stability, with no evident
difference. On the other hand, despite similar activity to aforementioned materials, MoSs-
AE presented a loss of activity due to re-dissolving of some MoSs species at cathodic
potentials to generate [M0S4]? soluble species. MoS;-CE presented the lowest activity, much
lower than the others.

The M0S3-CV pre-catalyst was further investigated. It was shown that its thickness could be
controlled by the number of cycles employed and [MoSs]* concentration. Thickness of film
is increased with more cycles until saturate at the 35th cycle. Similarly, the higher the [MoSa4]*
concentration, the higher the thickness of film. Films with thickness varying between 40 and
150 nm were synthesized. HER activity of MoS;-CV synthesized by different number of
cycles and, consequently, different thickness values, were tested. Thicker films showed
higher activities, thus, this is a key parameter, although it is related to the number of active
sites. Finally, MoSs;-CV synthesized on GCE by 25 cycles showed 14 mA cm2 at 200 mV
overpotential and a Tafel slope of 40 mV dec! for HER in 1 M H2SO4 at 2 mV s and rotation
rate of 4 500 rpm. These results are superior to those reported by Jaramillo’s group for MoS2-
DG (~4 mA cm? at a same overpotential and ~50 mV s1) 44, It highlights the great potential
of amorphous MoSx as HER catalysts.

Hu’s group also proposed a chemical route to synthesize amorphous MoSs and evaluated

its deposition onto different substrates (FTO, GCE and carbon paste) by several methods .
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Initially, MoOs; was added to an aqueous solution containing NaxS ([Na2S]/[MoOs] = 5),
which has then been acidified with a 6 M HCl solution until pH = 4 was achieved. After the
solution being boiled for 30 min and cooled down to room temperature, a dark paste was
obtained and transferred to a recipient which was filled with 1 L of acetone. This solution
was used for drop-casting and spray-casting application since it had been previously stirred
and sonicated. To obtain a powder, the dark paste was dried at 80 °C for 12 h. Subsequently,
the solid was grounded to originate the MoS; powder. The material presented no
crystallinity and S to Mo ratio equal 3, according to TEM and XPS analyses.

Electrodes were produced by drop-casting and spray-casting of MoSs onto FTO and glassy
carbon substrates. Besides that, carbon-paste electrodes were also produced by pressing
MoSs onto home-made carbon-paste electrode surface. All catalysts were tested towards
HER in a 1 M H2SOy4 solution at 5 mV s1. The modified carbon-paste electrode showed a
good catalytic activity. Due to its production technique, it was not possible to calculate the
quantity of MoSs on a mass basis for this electrode. For the other deposition methods,
different loadings of MoS; were tested and an optimum value was always obtained.
Noteworthy, glassy carbon performed better than FTO for drop-casting and spray-casting
methods, probably due to its lower resistance. Additionally, MoS; films produced by spray-
casting were more uniform than those produced by drop-casting. Consequently, the
optimum loadings for the former ones are higher than for latter. Hence, spray-casted
electrodes showed higher geometrical normalized current density (mA c¢m-2). Nevertheless,
unexpectedly, drop-casted electrode presented better mass normalized current densities
(mA pglsurside). Yet, Tafel slope for all films obtained by spray-casting technique were about
40 mV dec!, while for drop-casting technique the higher was the MoSs loading, the higher
was Tafel slope in a range of 41-63 mV dec’l. It was suggested that loading increase had a
negative effect on electron and proton transfer, resulting in a higher Tafel slope. To prove
this assumption, MWCNT was added to the drop-casting solution to act as a conducting
additive. As result, higher current densities were achieved and Tafel slope maintained the
value of 40 mV dec! even in higher loadings of MoSs. No gain of performance was verified
when MWCNT was added to the spray-casting solution.

The comparison made by Hu's group, shows the current densities obtained at 150 and 200

mV overpotential for best electrodes produced in any category. Current densities recorded
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for the best catalysts are similar to that reported for MoS;-DG 44, albeit they are still lower
than observed for electrochemical deposited MoS; catalyst 88.

The activity of MoSs-modified electrodes has raised during the first six polarization curves
and, especially in the first polarization, a cathodic peak appeared in more positive potential
than those required for HER, as also reported by Hu et al.88. XPS analyses were performed
after 8 polarization scans until - 0.3 V vs RHE and also after electrolysis performed during
5 and 10 min. XPS spectra were similar, albeit different from the spectra of MoSs synthesized
by electropolymerization 8, in which MoS; was reduced to MoS; species. It corroborates the
idea that MoSs is, in fact, a “pre-catalyst” and the active phase is produced by its reduction®.
For chemically synthesized MoSs %, no reduction of Mo was detected and S»> species were
not completely vanished; it was suggested that MoS; became MoSx (3 > x > 2). By the
annealing of amorphous MoS; material for 1 h, crystalline MoSx catalysts were also
prepared. According to XPS and electron diffraction patterns, when amorphous MoSs (a-
MoS;) was annealed at 350 °C, a polycrystalline MoSs catalyst (Mo0S3-350) was generated. At
650 °C, it resulted in single crystalline MoS; (M0S2-650) phase. The activity towards HER
followed the order a-MoSs > Mo0S3-350 > Mo0S;-650. This order may be explained by
materials’ crystallinity. Unsaturated sulfur atoms play a key role in the discharge step of
HER by the hydrogen adsorption to originate a S-H bond. The quantity of these sulfur atoms
in surface increase as particle size and crystallinity decrease.

Jaramillo’s group also reported a simple wet chemical method to synthesize amorphous
MoS; with no need of heating or potential application’’. A solution containing
(NH4)6Mo07024 and H25O4 was mixed to another solution containing NasS; resulting in a fast
formation of nanoparticles which were later recovered by centrifugation. The absence of
crystallinity was verified by TEM and XRD. Surface composition, investigated by XPS,
confirmed the MoS; formation. As expected, the “pre-catalyst” material behaved differently
in the first reductive cycle as compared to subsequent ones. Additionally, material showed
to resemble to MoS; on XPS analysis after reductive cycles, albeit distinctive A1g and Elag
Raman spectroscopy peaks remained undetectable; it suggests that resultant MoS; still has
amorphous characteristic. A Tafel slope of about 60 mV dec?! and nonset ® 150 mV were
obtained for this material at 5 mV s in a 0.5 M H2SOs solution. Furthermore, 110 200 mV
was obtained, showing better activity than MoSs catalyst synthesized by chemical route by

Hu’s group . After 10 000 reductive cycles, the overpotential to achieve the same 10 mA
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cm? was increased of 57 mV. It was verified by SEM, after stability testing, that delamination
occurred and was one of reasons for its activity loss.

Chen et al. 7! developed a comparative study between the activity of MoSz and WS; on the
HER in 0.5 M HSOs electrolyte, in which carbon cloth (CC) served as substrate. For the
synthesis, CC was immersed in a solution of (NH4)2Mo0Ss or (NH4)2WSs, according to the
desired sulfide, and then heated at 100 °C for 10 min. The coated substrate was then
submitted to a heat treatment at different temperatures (between 200 and 1 000 °C) in a 20
% Hz/ Ar atmosphere flowing at 100 mL min-l. SEM analyses showed that pristine CC fibers
presented a smooth surface which became rough after the introduction of sulfide species.
Noteworthy, the roughness of these fibers increase as the temperature in heat treatment is
higher due to crystallinity of resulted sulfides. From XRD analyses, the MoS; diffraction line
was just detected for the sample heated at 1 000 °C, none was detected for the 200, 300 and
500 °C. In the case of WS;, samples heated at 200 and 400 °C already presented the main
diffraction line, but the increase of temperature to 800 and 1 000 °C led to a higher
crystallinity of samples and other lines were also detected. However, these samples
obtained at higher temperatures also exposed a line of WO3 on XRD analysis. In contrast,
no trace of oxidation was verified for MoS, samples. Raman spectra analyses were also
performed, and results agreed with XRD. Other WS; samples were prepared by heating at
1 000 °C in air and Ar atmosphere. According to Raman and XPS analyses, only WO3 was
detected in the sample heated in air, whereas only WS, was detected for sample heated in
Ar. For samples synthesized in 20 % Hz/Ar at 200 and 1 000 °C, tungsten was found with
oxidations of +4, +5 and +6 and sulfur was found as S2 and S22, which indicates the presence
of crystalline and amorphous WS, besides WOs. But the content of WOs increase in higher
temperature. Besides that, sulfone specie was also identified at 1 000 °C. In the case of MoS;
samples, it was verified that Mo*> was detected in materials synthesized at low temperature,
above 300 °C only Mo** was detected. No considerable peak corresponding to MoO3s was
detected.

From HER analysis at 5 mV s, it was verified that the activity of MoS, decreased with the
increase of the temperature in the heating treatment. Therefore, amorphous MoS, seemed
to be more active than the crystalline one. The contrary trend was observed for WS,. The
WS, materials, synthesized in air and Ar atmosphere, were also tested and they exhibited

the worst and best activity, respectively. It can be concluded that WOs is not active for the
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HER and, consequently, crystalline WS; is more active than amorphous one. Finally, WS;
prepared at 1 000 °C showed to be stable when a potential of -0.3 V vs RHE was applied for
3 h. A current density of about 2.2 mA cm-? was achieved with no relevant variations.

Xu et al. 22 reported the synthesis, and high activity towards HER in both acidic and alkaline
media, of an unsaturated sulfur-enriched MoS; embedded into carbon nanohybrid material
(SD-MoS;@C). Initially, positively charged carbon cloth, obtained from its treatment with n-
methyl-2-pyrrolidone (NMP), was immersed in a negatively charged polystyrene
nanosphere aqueous solution containing glucose and ammonium thiomolybdate. After
calcination at 700 °C for 2 h under Ar atmosphere, it was produced a MoS;@C deposited
onto carbon cloth (CC) electrocatalyst. To enrich the electrocatalyst with unsaturated sulfur,
MoS,@C was used as working electrode in a sodium-ion half battery, which was charged
and discharged within a window of 0.25-3.0 V at 1.0 A g'! for only one cycle. In this process,
Mo-S linkage is broken and generate unbound sulfur which further creates a bond with
unbroken Mo-S, producing then more unsaturated sulfur sites. As result, the SD-MoS,@C
deposited onto CC electrocatalyst with a mass loading of 1.0 mg cm-2 was obtained and 45.3
% of this mass corresponded to carbon as suggested by TG results. SEM and TEM
techniques indicated the formation of a hybrid material containing macroporous of about
200 nm and wall thickness of, approximately, 15 nm. MoS; nanocrystals, identified as 2H
phase (also confirmed by XRD), embedded into amorphous carbon framework presented 1-
3 layers with lateral dimensions in the range of 5-10 nm. Wettability of electrocatalyst
surface is a parameter of paramount importance in HER, and it was shown that a droplet
takes 0.05 s to be absorbed by SD-Mo0S@C, whereas a contact angle of 77° was registered for
MoS;@C. As evidenced by FTIR, CH-groups were found in MoS@C and none was detected
for SD-MoS,@C material, therefore, the sodiation/desodiation treatment also removed
hydrophobic species; it surely contributed to the enhanced activity of SD-MoS@C.
Additionally, conductivity of S-MoS,@C is 130 % higher, according to four-point probe
technology. XPS spectra confirmed the increase of S»> species, associated with unsaturated
sulfur, after sodiation/desodiation treatment. Yet, the presence of C-S was verified,
evidencing the strong sulfide-carbon interaction. When evaluated on HER in 0.5 M H2SO4
at 2 mV s, SD-MoS;@C achieved nio = 136 mV and showed Tafel slope of 78 mV dec. On
the other hand, Mo0S;@C presented 110 = 176 mV Tafel slope about 99 mV dec-. Specifically
at an overpotential of 200 mV, SD-MoS;@C exhibited a current density of 76 mA cm??,
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approximately, four-fold the value obtained by MoS,@C. Additionally, according to EIS
measurements, SD-MoS;@C showed a charge transfer resistance 3.4 times lower. Even after
replacing the aforementioned electrolyte by 1 M KOH, SD-MoS;@C showed excellent HER
activity, although acidic environment results are better. It was achieved a 10 = 155 mV, 34
mV lower than for MoS;@C. Moreover, SD-MoS;@C showed a Tafel slope about 99 mV dec-
I and enhanced charge transfer, in comparison to MoS;@C, in alkaline media, albeit only 1.4
times lower. The SD-MoS;@C electrocatalyst was evaluated by chronopotentiometry at 10
mA cm? for 24 h, and also by submitting it to 10 000 consecutive LSV cycles, in acidic and
alkaline environments; activity loss was negligible in all tests. In addition, the electrode was
soaked in a 0.5 M H2504 or 1 M KOH solution at 60 °C for 12 h, and then evaluated again by
LSV. The curves were not altered with these thermal treatments too. Finally, DFT
calculations were performed to verify the AGH values in each model site of SD-MoS;@C. As
expected, the best value was obtained for the unsaturated S-edge (0.52 eV) followed by Mo-
edge (- 0.94 eV), S-edge (0.97 eV) and S-basal plane (7.17 eV) sites. Therefore, this work
performed by Xu and coworkers®? presents an interesting and promising strategy to increase
the quantity of active unsaturated sulfur edge sites of 2D sulfide materials.

Generally, MoS;-based materials present a layered morphology, and each layer consists of
three covalently bonded atomic sheets, S-Mo-5% 81. In addition, as aforementioned, the
electrical conductivity is not favored between the layers of two-dimensional sulfides. Once
the transfer of electrons is mandatory on electrochemical reactions, it is desired to produce
MoS; with a number of layers as low as possible. One strategy to achieve it is the exfoliation
of the molybdenum sulfide layers. Chemical exfoliation is a methodology commonly
adopted, generally through the Li intercalation of the layers”. Li is placed between the
layers of the material and then removed by the excess of water, resulting in a few-layered
material.

In addition, different arrangements of the S-Mo-S layers may originate three MoS; phases’.
Figure 1.6b shows the identified three phases of the bulk MoS; that is a hexagonally packed
layered structure, similar to graphite, with a 6.15 A Van der Waals gap separating each sheet
%5, The most common is the 2H phase which can be found naturally, since it is favored
thermodynamically. Therefore, every time that no prefix is added to MoS; in this text, it is
associated with the 2H phase, unless specified. The structure of the 2H phase is a series of

S-Mo-S layers composed of edge-shared MoSe trigonal prisms and it has a semiconductor
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behavior; whereas the 1T phase is a single S-Mo-S layer built from edge-sharing MoSe
octahedra ?>. Because of its metallic character (i.e., better electrical conductivity) and more
available active sites that are mainly located in the basal plane, the 1T polymorph of MoS;
outperform the other phases in terms of HER activities ¢ 77. Indeed, in 0.5 M H2SO4, the iR-
corrected Tafel slopes are of 43 and 110 mV /decade for 1T-MoS; chemically exfoliated and
2H-MoS;, respectively. And j = -10 mA cm™2 at E = -187 mV vs. RHE for 1T-MoS; electrode
(E > -200 mV vs. RHE for 2H-MoS,). However, the 1T phase is not naturally found in bulk
MoS; and because it is a metastable phase, even after being generated, it can be easily
converted to 2H. It also exists the 3R phase that, similarly to 2H, present a trigonal
coordination. They differ by the quantity of layers per unit cell, three layers for 3R phase
whereas two layers are present in the 2H phase. The 3R phase is generally not applied for
catalytic purposes 77-%. The conversion of 2H to 1T phase is usually a consequence of the Li
intercalation technique, because it occurs electron transfer from Li, which destabilizes 2H-
MoS; structure, whereas favors 1T-MoS; one 73,77,

Chemical exfoliation of bulk MoS; by the lithium intercalation method that consists of the
intercalating of lithium compounds (e.g., methyllithium (Me-Li), n -butyllithium (n-Bu-Li)
and tert-butyllithium (t-Bu-Li)) between MoS; layers followed by a exfoliation of Li-
intercalated compounds via reacting with water is a widely used approach to obtain single-
or few-layered MoS; . Pumera’s group found that, in 0.5 M H2SOs, the Tafel slope of bulk
MoS; is 151 mV dec™!, while the exfoliated materials gave lower Tafel slopes of 102, 96 and
94 mV dec! for MoS; exfoliated with Me-Li, n-Bu-Li and t-Bu-Li, respectively.
Mechanistically, the experimental Tafel slope values for the exfoliated MoS; are situated
between the Volmer mechanism (120 mV dec™) and the Heyrovsky mechanism (40 mV
dec™!). Thus, the rds for the HER on the MoS; exfoliated samples is the mix Volmer-
Heyrovsky mechanism. It can be concluded that the efficiency of the chemical exfoliation of
MoS; through Li intercalation follows Me- Li < n-Bu-Li < t-Bu-Li. According to the authors,
this disparity can be explained by the stability of the generated anion R~ which size follows
the order n-Bu-Li > t-Bu-Li > Me-Li as well as the basicity of the formed carbon anion (t-Bu-
Li is one of the strongest commercially available organic base with pKa ~ 53). Hence, more
stable anions provide more available Li* leading to a more efficient intercalation.

Through the chemical vapor deposition (CVD) method, Lukowski’” et al. initially

synthesized a flower-like MoS; nanostructure which was further exfoliated by Li
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intercalation method. TEM, XRD and Raman spectroscopy were performed and the as-
synthesized MoS;, before exfoliation, was identified as a semiconducting 2H-MoS; phase
containing, approximately, 12 layers per flake. This material was soaked in n-butyllithium
solution at 60 °C for 48 h and exfoliated with addition of water in excess. New XRD analyses
presented the disappearance of (00l) diffraction lines which was attributed to a monolayer
structure by the authors. Besides that, Raman spectroscopy indicated a transformation from
2H-MoS; to 1T-MoS; phase.

Graphite electrode supported as-grown 2H-MoS; and its chemically exfoliated form (1T-
MoS), synthesized by Lukowski et al. 77, were tested on HER in 0.5 M H2SOs electrolyte at
3 mV s and 2 000 rpm. 2H-MoS; presented nonset = 200 mV, 1o = 320 mV and Tafel slope
about 110 mV dec, after iR correction. The onset potential has shifted to a more positive
potential on 1T-Mo$S; catalyst, besides that, 10 = 187 mV and Tafel slope of, approximately,
43 mV dec! were obtained, after iR correction. It was revealed that phase transformation
from 2H to 1T increased the density of active site in more than 10-fold and decreased charge-
transfer resistance in 58-fold.

During stability test, 1T-MoSz nanosheets showed a loss lower than 15 % in cathodic current
density after 1 000 continuous cycles, which was followed by a slight increase in charge-
transfer resistance, according to EIS. Yet, to maintain a current density of 10 mA c¢cm, an
increase of 10 mV in overpotential was requested after 9 h of operation. The authors
attributed this effect to a slow return of 1T to 2H phase. This assumption was based on the
loss of activity and the rise of charge-transfer resistance with the aging of 1T-MoS; sample.
To fully confirm it, post-reaction characterizations (XRD, Raman, etc.) should be performed.
This exfoliation strategy is also effective for tungsten sulfide materials. Lukowski et al. %4
applied the same methodology to a previously synthesized flower-like WS;, although the
n-butyllithium solution used was maintained at 80 °C; such temperature increase was done
to favor the intercalation, which is harder for WS, than MoS,. In addition, the oxidation is
more favorable in WS, nanosheets than MoS; ones. Aiming to deal with this issue, the
authors also reported the development of a shorter exfoliation method (20 min instead of 48
h) employing a microwave device. These exfoliated materials were tested towards HER in
0.5 M H2SO4 at 3 mV s1 using RDE operating at 2 000 rpm. Similar results were obtained for
materials exfoliated by both methods (conventional and microwave-assisted). Both

presented a Tafel slope about 70 mV dec!, while 1o = 142 and 151 mV were obtained for
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conventional and microwave-assisted methods, respectively. On the other hand, 2H-WS;
pristine material presented a Tafel slope about 85 mV dec! and did not achieve 10 mA cm2
until -0.33 V vs RHE. According to EIS measurements, the exfoliation also reduced about 40
times the Rc, as expected. The authors also showed evidence to state the importance of
pristine material for the exfoliation process. Both processes were performed simultaneously
to the CVD synthesized material (flower-like WS; containing ~10 layers and presenting well
defined crystallinity) and commercial WS, bulk powder (larger particle sizes and irregular
morphology). Materials exfoliated after CVD method performed much better for HER.
Despite that, Voiry et al.#” chemically exfoliated a commercially available WS, powder
through Li intercalation method. It originated a highly distorted 1T-WS; structure with no
Li impurity detected by Rutherford backscattering spectroscopy (RBS). Likewise MoS, 1T-
WS is a metastable structure and its annealing may result in relaxation of structure leading
to its reconversion toward 2H-WS; phase, calculations suggest that the energy barrier for
this transition is, approximately, 0.95 eV though. Voiry et al.#” reported that even after 200
storing days at laboratory, 1T phase remained constant. The 1T-WS; nanosheets were
evaluated towards HER in Ar-purged 0.5 M H2SO4 at 5 mV s and presented 1onset = 80-100
mV and Tafel slope of ~55 mV dec, after iR correction. To evaluate the stability of this
catalyst, 10 000 cycles were run monitoring the current density in a continuous operation at
-0.3 V vs RHE for 120 h; a fluctuation of current density was observed, although a maximum
cathodic current loss of about 10 % was calculated during all operation. Noteworthy, DFT
calculations suggested that tensile strains provoked by distortion on 1T phase led to a better
adjust on GHC (closer to zero). Better structure towards hydrogen adsorption occurs when
strain percentage is between 2-3 %. Yet, it was suggested that only tensile strain improve
the activity, nanosheets in compression are not active. Additionally, calculations evidenced
that the strain has no influence on 2H phase. Therefore, the superior activity of these WS>
nanosheets came from 1T phase, as already expected, but also from the highly strain feature
of the material, which showed to be an important parameter to 1T-WS;-based materials.

Contrary of what was reported by Voiry et al. 47 for 2H-WS,, Tan et al. showed that out-of-
plane strain may enhance the activity of 2H-MoS; for HER%. The authors synthesized a
continuous MoS; monolayer on the internal surface of nanoporous gold (NPG), which
contains curves. Applying Raman spectroscopy measurements, they also reported that the

number of layers of MoS; could be controlled by adjusting the CVD time and distance
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between MoOs and NPG substrate, besides to confirm the homogeneity of the films. Aided
by STEM analyses, the authors could verify the existence of out-of-plane strains on curved
regions of NPG, resulting in the increase of S-Mo-S bonding angle (a), and the absence of
morphological characteristics related to the presence of uncoordinated sulfur species. This
MoS:/NPG composite was tested towards HER at 0.5 M H250O4 and showed a nonset = 118
mV and Tafel slope about 46 mV decl. DFT calculations proposed by the authors suggest
that the activity is result of a increasing. It was reported that when a > 140° (a = 120° for a
non-distorted regular MoSy) the band gap of 2H-MoS; becomes closer to zero. Additionally,
it was reported that at bent regions, charge density of sulfur becomes similar to edge sulfur
atoms. Therefore, this work provides evidences of out-of-plane strain effect on 2H-MoS;
materials.

Several authors reported the development of methods which resulted in materials
containing many features responsible for enhancing catalyst activity. An extensive study on
the effect of crystalline phase (1T or 2H) and quantity of edge and vacancy sites in MoS»-
based material’s activity was performed by Yin et al.%. A liquid-ammonia-assisted lithiation
method was applied to bulk MoS; to generate mesoporous 1T-MoS: (MP-1T-MoS;), the
annealing of this sample at 550 °C originated mesoporous 2H-MoS; (MP-2H-MoS;) material,
part of this was further placed in the downstream of an oven, while sulfur powder was
placed in the upstream. Oven temperature was set at 550 °C and it led to the production of
sulfur-compensated mesoporous 2H-MoS; (MP-2H-Mo5:+S). 2H-MoS; and 1T-MoS;
materials were also synthesized by liquid-exfoliation in N-methylpyrrolidone (NMP) and
Li-exfoliation, respectively, of MoS; bulk powder. All materials presented nanosheets
morphology and similar thickness of, approximately, 1-2 layers, which is important for the
comparisons. MP-1T-MoS; materials synthesized from different Li:MoS; ratios were studied
by TEM, and their porosity increased as this ratio rises. STEM images also revealed that
thermal treatment, applied to produce MP-2H-MoS;-based materials, does not affect the
porosity when compared to the pristine MP-1T-MoS;. Additionally, TEM, Raman and XPS
analyses confirmed the existence of 1T phase in MP-1T-MoS; and 1T-MoS,, approximately,
80 %.

All materials were deposited in a rotating GCE and tested for HER in 0.5 M H2SO4 at 5 mV
s and 2,000 rpm. The activity order registered was MP-1T-MoS; > 1T-MoS; > MP-2H-MoS;
> MP-2H-MoS5;+S > 2H-MoS;, exactly the same for several parameters (110, jo, Tafel slope,
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ECSA and Rci). Therefore, increasing the number of edge and vacancy sites, besides the
proportion of 1T phase, has a huge impact in availability of active sites for HER, enhancing
then the electrocatalyst’s activity. Besides that, looking deeper to EIS analysis, one may see
that 1T-based material present charge-transfer resistance of one order of magnitude lower
than 2H-analogous-based material, which comes from the metallic property of 1T phase,
while 2H phase shows semiconductor feature. The number of S-vacancies of material was
quantified by positron annihilation lifetime spectroscopy (PALS), and it was revealed that
MP-1T-MoS; and MP-2H-MoS; possess similar quantity of S-vacancies, therefore, the
difference of activity is associated with the difference of phase. Additionally, MP-2H-MoS;
exhibited more S-vacancies than MP-2H-Mo5;+S, as expected, thus, since they present the
same phase and similar quantities of edge sites, it shows the positive influence of S-
vacancies on HER. Finally, the best electrocatalyst, MP-1T-MoS; exhibited 10 = 154 mV, jo
= 15.8 pA cm?, Rt = 16 Q at 250 mV and Tafel slope about 43 mV dec’l. This good
performance is result of its crystalline phase, mainly, but also mesoporosity and S-vacancies.
Finally, this electrocatalyst presented a loss of activity of 7 and 15 %, approximately, when
submitted to 1 000 cycles and chronoamperometric analysis at 180 mV (initial current
density of ~15 mA cm?) of overpotential for 20 000 s (~5.5 h), respectively.

Shin’s group presented a unique synthesis method capable of producing MoS; containing
several features used as strategy to enhance its activity towards HER, such as:
transformation towards 1T phase, creation of defects and vacancy and expansion of
interlayer distance 7. Initially, phosphomolybdic acid (PMo12) reacted with melamine (MA)
at 90 °C and produced a monobasic MA-PMo12 complex which was subsequent reacted with
thiourea at 180 °C for 20 h. During this step, an excess of ammonia is generated and part of
this is lodged between the layers of MoS;, resulting them in an ammonia-intercalated
molybdenum sulfide (NH3-MoSz) material. According to SEM, NHi-MoS; presents a
nanoflower-like morphology with sharped edges formed by the aggregation of nanosheets.
XRD, TEM and XPS revealed the coexistence of 2H- and 1T-phases in the material, 71 % of
1T metallic phase, with an interlayer distance equal to 8.40 A, much higher than the standard
(6.15 A). The existence of defects and NHz/NH,4* species was also verified by TEM and XPS,
respectively. The NH3;-MoS; material was reduced under H; atmosphere at 500 °C for 3 h,
leading to the removal of NH3, despite not totally, and S species, which resulted in the

decrease of interlayer spacing to about 6.85 A, creation of S vacancies and reduction of 1T-
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phase proportion to 34 %. However, the same morphology was verified by SEM and TEM
images, albeit increased crystallinity, larger flake size and smaller holes were result of
thermal treatment. Reduction temperatures of 400 and 600 °C were also tested but it resulted
in less active materials.

The use of monobasic MA-PMo12 complex as molybdenum source is of paramount
importance because the generation of octahedral structure, typical of 1T-MoS; phase, likely
comes from the octahedral array of MoOj3 units present in PMoz2. In addition, melamine acts
as nitrogen source to generate ammonia, responsible for interlayer expansion. MoS; was
also synthesized in the absence of melamine and resulted in nanosheets with interlayers
distance of 6.34 A. The materials were drop-casted in a GCE and evaluated for HER in 1M
KOH solution at 5 mV s and 1 600 rpm. The reduced catalyst (R-MoSz) showed the best
activity achieving 10 mA cm? with an overpotential of 111 mV, 118 mV lower than for NH3-
MoS, besides nonset = 20 mV, about 8 times lower than registered for NH3-MoS; catalyst.
Even in a mass basis, R-MoS; catalyst was the most active and needed only 103 mV
overpotential to achieve 10 A g-1. On the other hand, NH3-MoS; showed a much lower Tafel
slope than R-MoS; (66 vs 105 mV dec!) which is likely due to rapid electron transport in 1T
metallic phase, more present in NH3-MoS,. When it comes to exchange current densities,
once again R-MoS; shows better result than NH3-MoS; (0.876 vs 0.004 mA cm-2); it evidences
higher intrinsic activity of reduced sample. R-MoS; was also tested for HER in 0.5 M H2SO4
and needed an overpotential equal to 184 mV to generate a 10 mA cm=2 current density,
noteworthy, higher than in alkaline environment.

Other materials aiming the integration of R-MoS; to N-doped graphene (R-MoS:@NG) or
nickel foam (R-MoS;@NF) were produced. While NG only slightly increased R-MoS;
activity, a great improvement was verified with NF integration, exhibiting Nonset =5 mV and
nio = 71 mV. Although R-MoS;@NF showed, approximately, the same Tafel slope than R-
MoS,, the calculated jo increased to 2.27 mA cm?, closer to the value obtained for the
benchmark Pt/ C catalyst (2.65 mA cm™2). In fact, R-Mo0S;@NF performed better than Pt/C
at high currents; to achieve 40 mA cm-, Pt/ C requested an overpotential of 156 mV, while
only 105 mV was necessary for R-MoS;@NF. Additionally, while R-MoS; showed an ECSA
equal to 178.5 cm?, R-Mo0S:@NF exhibited 4325.3 cm? and, therefore, ECSA is a very
important parameter to justify the catalytic enhancement provided by NF integration.

Stability tests were performed for R-MoS;@NF and R-MoS; electrocatalysts. R-MoS;@NF
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showed negligible loss of performance when submitted to 5 000 successive CV cycles at 100
mV s1 and chronoamperometry analysis at 100 mV overpotential for 22 h. On the other
hand, R-MoS; showed a small loss activity in the chronoamperometric test at 100 mV for 10
h, probably due to bubble formation and loss of catalyst. Interestingly, after 5 000 successive
CV cycles at 100 mV s, R-MoS; has its activity improved. XPS post-reaction analyses
showed a reduction on N 1s spectrum, therefore, such improvement is likely due to
elimination of weekly bonded nitrogen species which remained even after reduction
process.

Shaijumon’s group developed a sonication-assisted synthetic method to make a hybrid
nanostructure of 1 nm-sized quantum dots interspersed in few-layered MoS; nanosheets.
The resulting hybrid nanomaterial (loaded on an Au electrode) showed excellent HER
activity with a relatively low Tafel slope of ~74 mV dec™! and a large jo of 3.2 x 1075 A cm™2,
probably due to the enhanced edge-to-basal plane ratio resulting from the unique
morphology of the material.

The hybridization of sulfides with other metallic-based materials was also explored and
reported. The decoration of MoS; and WS; materials with gold nanoparticles was reported
as a methodology to promote the catalytic activity %. Although the gold addition raises
material price, if it is added in very small quantities and provides a relevant improvement,
its use may be justified. The decoration of chemically exfoliated nanosheets of MoS; and
WS, by Au nanoparticles was realized by the simple addition of HAuCls in an aqueous
dispersion of these sulfides. Chemical exfoliation promotes more defects on nanosheets
when compared to physical exfoliation; this is an advantage once edges and defects are
preferred places to deposit Au nanoparticles. Additionally, exfoliation method adopted
resulted in partial phase transition from 2H to 1T in both MoS; and WS, materials. Quantity
and size of gold particles could be increased with the increase of HAuCls concentration.
Gold decorated sulfides by different concentrations of HAuCls were tested towards the HER
in 0.5 M H2SO4 at 5 mV s1. Current densities increased while Tafel slope decreased with
HAuCls concentration increase for both catalysts, although the effect was more pronounced
for WS,. It was probably a consequence of the harder formation of 1T phase for WS; than
for MoSy, thus, as Au nanoparticles act on the boosting of charge transfer, it became more
evident for WS, nanosheets. However, excessive addition of Au may block catalytic active

site, and consequently diminishes current densities, as could be seen for WS, nanosheets.
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A one-pot synthesis methodology for the production of Ni35-MoS; heterostructure
supported on nickel foam (NF) was proposed by Yang et al *. To accomplish it, NF was
solvothermally reacted with thioacetamide (TAA) and ammonium heptamolybdate (AHM)
in the presence of urea for 24 h at 240 °C. The AHM/NF mass ratio showed impact on
material morphology; it varied from nanorods to nanoparticles as this ratio increased. The
best catalyst was obtained from the optimal ratio AHM/NF = 0.07. From EDS results,
authors reported the atomic ratios of Ni/S and Ni/Mo of 1.46 and 34.48, respectively.
Therefore, the structure is composed predominantly of NisS; decorated by MoS; species.
Yet, according to XPS analysis, the interaction between Ni3S; and MoS; led to a
redistribution of charge, specifically an electron density reduction around Ni, which
enhances the binding of H atom. Additionally, binding energies associated to S2>" and SO42-
, related to unsaturated-sulfur and oxidation by air, respectively, were also verified.

The Ni3S>-MoSz/NF catalyst was tested for HER at 1 M KOH environment. After iR-drop
correction, the values of 1onset = 31 mV, nio = 98 mV, 1100 = 191 mV and Tafel slope about 61
mV dec! were obtained. Its stability was tested and compared to commercial Pt/C by
performing 10 000 continuous cycles and chronoamperometry analysis. Although Pt/C is
more active, it suffers an activity loss, while negligible loss is verified for Ni3S;-MoS;/NF.
Li and coworkers 1% developed a synthesis for highly active porous amorphous nickel-
cobalt hydrazine complexes hybridized with 1T-MoS; (NCH-1T-MoS) materials. For that,
Ni-Co hydroxides nanosheets with about 4 nm and 30-150 nm of thickness and diameter,
respectively, containing a circular shape were reacted with (NH4)>Mo0Ss in DMF containing
hydrazine hydrate (HZH); the influence of HZH on the synthesis was evaluated by the
addition of different amounts. All the materials, synthesized by the addition of 0, 0.05, 1 and
2.5 mL of HZH (resulting in 0-NCH-1T-MoS;, 0.05-NCH-1T-MoS,, 1-NCH-1T-MoS; and 2.5-
NCH-1T-MoS;, respectively), showed to maintain the nanosheet morphology. TEM analysis
evidenced that the quantity and size of porous increased as more HZH was added to the
synthesis, it occurred because hydrazine may decompose at high temperatures to produce
N2 and NHj3 gases which create porous during their release. As result, 2.5-NCH-1T-MoS:
presented a specific surface area equal 91 m? g1, the highest among materials. Addition of
3 and 5 mL of HZH during the synthesis was also tested but it did not result in differences
when compared to 2.5-NCH-1T-MoS,. Additionally, TEM, XRD, XPS and XANES analyses

evidenced that hydrazine interacted with nickel and cobalt resulting in amorphous
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complexes, although small quantities of KOH were also added during the synthesis to
guarantee the gases release by hydrazine decomposition as aforementioned. Besides that,
bigger amounts of HZH (at least 1 mL) promoted the synthesis of 1T-MoS; as unique phase;
in lower quantities, 1T- and 2H-MoS; coexisted. The transition from 2H to 1T phase depends
on the existence of an electron donor, which would be the hydrazine in this case. However,
the synthesis procedure was repeated without the addition of nickel and cobalt hydroxides
and the resultant MoS; material did not present a pure 1T phase. It means that Ni-Co
complexes have an important role for 1T phase stabilization.

The active materials were mixed with carbon Vulcan XC72 in a mass ratio equal 5:1,
respectively, to produce the catalytic ink and deposit it onto GCE surface before being
evaluated towards HER in 1 M KOH solution at 5 mV s and 1 600 rpm. The 110 for 0-NCH-
1T-MoS;, 0.05-NCH-1T-MoSz, 1-NCH-1T-MoS; and 2.5-NCH-1T-MoS; was 87, 148, 128 and
70 mV, respectively. It shows that the tuning of HZH is of paramount importance once the
material synthesized in the absence of this compound showed the second-best performance.
It may be associated with crystallinity of Ni, since it appears in amorphous phase for all
materials, except 0-NCH-1T-MoS;. The best performance was obtained for 2.5-NCH-1T-
MoS; which showed a very low nonset, Tafel slope about 38 mV dec! and lower reaction
resistance. The stability of this catalyst was assessed by chronoamperometric analysis at an
overpotential of 130 mV (initial current density of ~30 mA cm2) for 24 h. In the first 3 h, a
degradation of current was verified and the current increased in the subsequent hours. The
ECSA of materials was calculated and, as expected, 2.5-NCH-1T-MoS; exhibited higher
ECSA than 0-NCH-1T-MoS; (807.5 vs 502.5 cm?). Authors also proposed an alternative
intramolecular mechanism for HER. In this mechanism, Ni(Ill)- and Co(Ill)-hydrazine
complexes would receive 2 e-, resulting to the transition from trivalent to monovalent metal.
In the sequence, protons from water molecule react with monovalent metal and the amine
in the second coordination sphere, it originates back the trivalent metal and NH3* specie
and, finally, these hydrogen species combine between themselves to produce and release
Hb, besides to regenerate the initial complex. This mechanism is better described below on

Scheme 1.
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Scheme 1.1. (a) and (b) Possible mechanism of intramolecular proton transfer in hydrazine
coordinated Ni and Co complexes. Reprinted with permission from Ref. 190; Copyright 2017, Springer

Nature.

The doping of transition metal sulfides is a technique already employed with success in
industrial hydrotreating catalysts 191. Most used dopants for these sulfides are nickel and
cobalt. Once both hydrotreating and HER catalysts need an optimum hydrogen adsorption,
this methodology is also widely tested for HER catalysts.

Bonde et al. 70 synthesized several MoS; and WS; materials exhibiting the same structure -
Co-promoted and without promoter, besides CoSx - all supported in Toray carbon paper.
All catalysts were analyzed by CV in a 0.5 M H2SO4 solution purged with N2 and presented
an irreversible oxidation in higher anodic potentials, which drives to loss of activity in the
subsequent cathodic sweeps. Mo0Sz/C presented the oxidation peak at 0.98 V vs NHE,
approximately. While, in WS,/ C, it appeared at 1 V vs NHE, approximately. All materials
presenting cobalt (CoSx/C, Co-MoS;/C and Co-WS;/C) showed oxidation peaks at,
approximately, 1.1 V vs NHE. Polarization curves were performed from 0.1 to -0.4 V vs NHE
at 5 mV s1. On CoSx/C material was noticed that HER activity decreased in successive
sweeps due to instability of material in sulfuric acid, which may drive to dissolution or
cathodic desorption of CoSx. Same behavior was seen to cobalt-promoted materials,
however, their current density stabilized in higher values than no promoted materials,
which indicates that although there was the presence of CoSx species on them, there was
also Co specie acting as promoter.

Finally, authors also investigated how Co promoter acts by calculating AGu? for the sites of
both molybdenum- and tungsten-based catalysts. In the absence of Co, HER at MoS; is
favored in Mo-edge (AGH® = 0.08 eV) instead of S-edge (AGr? = 0.18 eV). On the other hand,
for WS, material both edge-sites are equally favored (AGu® = 0.22 eV). According to the

authors, the incorporation of cobalt occurs only in the S-edges, and free energy of hydrogen
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adsorption for these sites in MoS; and WS, becomes 0.10 eV and 0.07 eV, respectively.
Therefore, while in MoS; the cobalt promoter acts increasing the number of active sites, in
WS; it creates sites with higher activity than sites found on pristine material. It is important
to highlight that, for the DFT calculations performed by Bonde et al. 70, hydrogen adsorption
occurs always in S-sites, even in the metallic-terminated edges, therefore, W- or Mo-edges
are, in fact, sulfided W- or Mo-edges, differently of the Mo-edge model used in the
calculations of Xu et al. 2. Doped tungsten sulfides were also studied elsewhere 102,

Mukherji and coworkers 19 published an extensive study on the HER activity of Co1.yMoySx-
based materials. Initially, several CoosMoos5« materials were synthesized by four different
methodologies and varying some parameters. In the first methodology, a SBA-15 template
was submitted to an incipient wetness impregnation with a solution containing Co and Mo
precursors and calcined. This calcined material was solvothermally sulfided with
thioacetamide (TAA) at 160 °C for 24 h and the resultant material was treated in alkaline
medium to remove the SBA-15 template. The catalyst obtained was then labeled as
“Co0050M00505x-SBA”. In the second methodology, an ammonium thiomolybdate (ATM)
aqueous solution was dropwised to another aqueous solution containing Co(NO3)2 * 6 H2O
and polyvinylpyrrolidone (PVP) and then hydrothermally heated at 200 °C. Hydrothermal
step was tested at 6, 24 and 48 h and, consequently, catalyst synthesized were named as
“C00.50M00.50Sx-ATM-6", “Co0050M00.505x-ATM-24" and “C00.50M0050S5x-ATM-48",
respectively. The third methodology started with the addition of a sulfidation agent,
thiourea (TU) or L-cysteine (Cys), to an aqueous solution of Mo and Co precursors. After
guarantee a good dispersion of species, the resultant solution was hydrothermally heated
at 200 °C for 24 or 48 h. Catalyst samples were named according to sulfur source used and
heating time, therefore, they were called “Coo50Mo00.505x-TU-24", “Co050M00.505x-TU-48",
“C00.50M00.505x-Cys-24" and “Co0.50M00505x-Cys-48”. The fourth method was similar to the
third one. Cobalt and molybdenum precursors were added to water with pH adjusted to 6
by HCl addition. An ethanolic solution containing 2-amino-thiophenol was dropwised to
the previously mentioned solution. Resultant solution was then solvothermally heated at
200 °C for 24 °C and this synthesized catalyst was labeled as “Coo.50Mo00505x-ATM”.

All catalysts were deposited in a glassy carbon rotating disk electrode (0.2 mg cm?) and
tested for HER in 1 M NaOH solution at 10 mV s and 1 000 rpm. It was verified a correlation

between activity and crystallinity. Materials containing amorphous character (synthesized
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by first, second and fourth methods described earlier) performed worse, albeit
Co0050M00505x-ATM-6"s activity surpassed Coo.50Mo00505x-TU-48’s one at high overpotentials
(higher than 600 mV). It is also important to highlight that carbon may be formed in the
surface of Coo.50Mo0050Sx-ATM-series of catalysts by PVP hydrothermal treatment 1%, which
may result in a negative impact on HER performance. The Coo50M00505x-Cys-48, exactly the
catalyst which presented higher intensity of MoS; diffraction lines in XRD analyses, showed
the highest activity towards HER among these catalysts, followed by Coo.50Mo0.505x-TU-24.
As one may see, different heating times resulted in best catalysts in each class of material, 6,
24 and 48 h for ATM, TU and Cys, respectively. Authors attributed these differences for
each sulfur source to their degradation kinetics.

Once Co00.50M00.505x-Cys-48 was found as the most active catalyst, its synthetic method was
used to produce a new series of materials only varying the Co:Mo molar ratio. Co1.yMoyS«
materials (y =0, 0.25, 0.40, 0.50, 0.60, 0.75 or 1) were obtained and evaluated in HER reaction
at the same aforementioned conditions. Between monometallic compounds, CoSz showed a
better activity (110 = 444 mV) than MoS; catalyst (110 = 558 mV). All bimetallic compounds
showed a cathodic peak prior hydrogen evolution, which authors associated to the water
dissociation in Volmer step. The Coo.40Mo00.0Sx catalyst showed the best activity with nio =
188 mV and calculated Tafel slope about 87 mV decl. Interestingly, although CoS; was more
active than MoS;, which uses to be the contrary on acidic environments, a material
containing higher quantities of Mo atoms than Co ones was the most active in the bimetallic
series. It is possible that Co species play a key role on H>O dissociation during Volmer step,
a mandatory event on alkaline medium, but irrelevant in acidic one. However, the
confirmation of this assumption requires further characterizations.

The stability of Coo40Mo00.60Sx was tested on a chronoamperometry (CA) analysis performed
for 10 hat - 0.34 V vs RHE (~80 mA cm-2), which showed a very small loss of current density.
Additionally, EIS analysis at the same potential was done and showed a lower charge
transfer resistance for Co0.40M00.60Sx when compared to CoS; and MoS,. XRD, TEM and XPS
analyses evidenced the coexistence of 2H- and 1T-MoS2 phases on Co00.40Moo.60Sx.
Additionally, the existence of both Co-S and Co-O linkages was confirmed by XPS. This
oxidation detected is likely due to the use of water as solvent for the sulfidation step.

A third series of materials was studied by replacing Co species on Coo.40Mo00.60Sx by Fe or Ni

species, then originating Feo05C00.35M00.60Sx, Fe0.10C0030M00.60Sx, Nio.0sC00.35M00.605x and
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Feo.10C00.30Mo00.60Sx materials. All these replacements resulted in loss of activity compared to
the bimetallic sulfide and Ni doping resulted in a still more negative effect than Fe one.
Hu's group presented a study on the doping effect of M species (M = Co, Fe, Ni, Mn, Cu or
Zn) on amorphous MoS; film aiming the HER at pH = 0 and 7 #. Synthesis methodology
adopted was the same as already reported in Ref. 8, the only difference consisted in the
addition of MCl> aqueous solution containing 0.1 M HCIOs to the deposit bath. A
(NH4)2MoSs/MCl molar ratio equal 3 was applied during synthesis for all doping metals.
When tested towards HER in a 1 M H>SOs4 solution at 1 mV s, Co and Fe showed to enhance
MoS; activity. Fe?* was the best promoting since Fe-MoS; achieved 24.9 mA cm at 200 mV
overpotential, approximately two-fold the current density of MoSs. Tafel analysis showed
very similar Tafel slopes in the range of 39-43 mV dec! for all materials. On the other hand,
addition of Co?*, Fe?* and Ni?* increased considerably the exchange current density of the
MoSs; film; approximately, 320, 130 and 70 % after Co, Ni and Fe addition, respectively.
When 1 M H2SO4 electrolyte solution was replaced by a standard phosphate buffer (pH =
7), the doping effect became even more evident. Ni, Co, and Fe enhanced the MoSs film
activity towards HER in this condition. Co?* ion showed to be the best dopant, which
exhibited a current of 1.05 mA cm2 at 200 mV of overpotential, five-fold higher than MoS;
film alone. Tafel slopes were calculated in the range of 86-96 mV dec! and, once more, an
increase in exchange current density after Co, Ni and Fe addition was verified. But at this
case, approximately, 1140, 1020 and 440 % of rising was detected, respectively.

SEM analyses indicated that the incorporation of the three aforementioned species increased
the thickness and porosity of the MoSs film. Unpromoted, Mn-, Zn- and Cu-promoted MoS;
films had thickness in the range 100-150 nm, even when more than 25 CV cycles were
applied. In contrast, Co-, Fe- and Ni-MoSs contained a thickness equal 400-500, 200-300 and
150-190 nm, respectively. Elemental analysis provided by XPS showed that less than 5 % of
doping metal was detected for Mn-, Zn- and Cu-MoSs, whereas coherent values were found
to other promoted materials. ICP-OES analysis reinforced that those metals were not well
incorporated in the films and, for this reason, did not present relevant promoting effects.
Using calculations based on Ca of the films, it was shown that the ECSA of Co-, Fe- and Ni-
MoSs increased together with their thickness, as expected.

The use of Ni as doping for MoS, materials was also studied by Miao et al. 1%. The authors

synthesized Ni-Mo-S/C, besides MoS, and NiSx, HER catalysts using carbon fiber cloth
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(single fiber diameter about 10 pm) as substrate and applying the hydrothermal method at
200 °C for 24 h. L-Cysteine, NaxMoOs and NiSOs were used as S, Mo, and Ni sources,
respectively. For the bimetallic compounds the Ni:Mo molar ratios employed in the
synthesis were 3:1, 1:1 and 1:3. SEM analyses showed that this molar ratio play a key role in
the morphology of the materials. The Ni?* ions inhibit MoS; crystal growth along the basal
plane, which avoids nanosheets stacking. But the insertion of huge quantity of Ni?* in the
system results in bad growth of MoS; onto the carbon fibers. Therefore, according to SEM,
the 1:1 molar ratio is the optimum one since a uniform film consisting of 8-10 nm thickness
nanosheets was obtained. Additionally, EDS analyses showed that the films synthesized
from 3:1, 1:1 and 1:3 Ni:Mo molar ratio present, in fact, 1:4.5, 1:8.3 and 1:11.3, therefore, they
are always rich in Mo and may be considered Ni-incorporated MoSx. According to TEM
analyses, the introduction of Ni (1:1 molar ratio) resulted in a flower-like morphology,
although a decreasing of crystallinity was verified when compared to MoS;. Besides that,
such insertion resulted in the increase of interlayer distance from 0.63 to 0.92 nm. Besides to
aid in the identification of 2H-MoS,, XRD analysis also confirmed the enlargement of the
interlayer distance, ~0.94 nm according to this technique. Authors attributed it to the
weakening in layers interaction with Ni addition. Raman spectra suggested that 1:1 Ni-Mo-
S/ C contained low layers stacking and the presence of defects. Molybdenum in +6 oxidation
state was identified by XPS, which suggests that the reduction was not complete in
hydrothermal reaction.

The catalytic materials were tested for HER in neutral solution (phosphate buffer). All
bimetallic materials presented onset overpotentials in the range 130-150 mV, lower than for
MoS,/ C (approximately, 200 mV). The Ni-Mo-S (1:1) showed the best activity with nji0 = 200
mV, Tafel slope about 85 mV dec?! and jo = 4.89 x 102 mA cm?2. Additionally, MoS,/C
presented an ECSA higher than three-fold of 1:1 Ni-Mo-5/C, it suggests that the last one
possesses more edge sites, probably coming from defects created, than former one. Finally,
1:1 Ni-Mo-S/ C presented a faradaic efficiency of 98.2 % when HER was performed at -0.2 V
vs RHE.

Non-metal doping is a strategy that has also been implemented with success to enhance
electrocatalytic activity of MoS; materials. Liu et al. 1% synthesized phosphorus-doped
molybdenum disulfide (P-MoS;) nanosheets by a simple one-pot reaction method. A

mixture containing sodium molybdate dihydrate (NazMoOs ¢ 2 H>O), thioacetamide
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(CH3CSNH?) and ammonium dihydrogen phosphate (NH4H2POs) in water was stirred for
1 h, and then heated at 200 °C for 24 h. Different quantities of NHsH>PO4 were added in the
synthesis, resulting in materials containing different atomic percentages of phosphorus (0,
1.7, 3.4 and 5.0 %). A trend was verified, the higher was the quantity of phosphorus, the
more active in HER was the catalyst. SEM analysis showed a nanoflower-like morphology
for all materials, although the P-doping resulted in an enlarged interlayer spacing in (002)
plane of 2H-MoS; phase; while 9.1 A was measured for the most doped MoS; (5P-Mo0S,), a
distance of 6.5 A was verified for pure MoSy, according to TEM and XRD results. In the S 2p
spectrum obtained by XPS was verified that a peak related to 1T-MoS; phase appears and
becomes more intense with increasing the quantity of P.

The materials were tested for HER in Ar-saturated 0.5 M H2SO4 at 2 mV s2 after the working
electrode being fabricated by drop-casting a mixture containing equal mass ratio of active
material and Carbon Vulcan XC72 in a GCE. The 5P-MoS; electrocatalyst showed the best
performance with Nonset = 15 mV, 110 = 43 mV, jo = 0.49 mA cm? and Tafel slope about 34
mV decl. The material also showed a good catalytic stability after being submitted to 5 000
CV cycles at 100 mV s or 20 h of electrolysis at 100 mV of overpotential (~96 mA cm-2).
Further electrochemical characterizations elucidate that P-doping diminishes Ret of the
material and increase Cgqj, resulting, therefore, in higher active ECSA. These features have a
positive impact on HER performance.

In order to better elucidate the effects of P addition on MoSz, DFT were performed by the
authors 1%, As result of that, it was possible to verify that the P-doping introduce electronic
states around the Fermi level, which did not exist in pure MoSg, besides to promote strong
hybridization of P and S p orbitals and d orbital of Mo, enhancing then charge transfer in
basal plane. Hydrogen adsorption energy was also calculated for different sites and showed
that for P-neighbor basal plane S sites, AGn? is equal 0.43 eV, instead of 2.2 eV for non-doped
S sites in basal plane. In addition, the P sites show a AGH? equal 0.04 eV. The expansion of
(002) plane interlayer distance also reflects a positive effect on hydrogen adsorption in MoSz
because the AGn® about - 0.36 eV calculated for a material containing an interlayer distance
of 6.5 A, becomes - 0.11 eV when the distance is expanded to 9.1 A. Therefore, the P dopant
provide a better tuning on MoS; electronic state, create new active sites, and enhance the

hydrogen adsorption on already existing active sites.

57



Iron, nickel and cobalt were first presented as possible transition metals in the formation of
catalytic active sulfides for HER by Cui’s group 197. FeS;, CoS;, NiSz, NiossCo003252 and
Feo.43Co0.5752 were synthesized, deposited onto a GCE, and evaluated towards HER in a N>
deaerated 0.5 M H2SOs solution at 2 mV s-1. All of them showed to be active and achieved 4
mA cm? by applying 190-270 mV of overpotential, besides to present a Tafel slope in the
range 40-70 mV dec. They also had their stability tested by measuring their activities before
and after the application of 1 000 CV cycles at 50 mV s-1. Ni-based sulfides presented loss of
cathodic current, whereas the others presented good stability. The Fep43Co057S; was the
most active material achieving 10 mA cm2 at less than 200 mV of overpotential and
presenting a Tafel slope of ~56 mV dec-l. CoS; was the second most active by presenting the
same current density at, approximately, 250 mV overpotential, besides a Tafel slope of about
45 mV dec.

Li et al 198 studied the activity of pyrite FeS; on the HER in N»z-saturated 1 M KOH solution.
Material was synthesized by hydrothermal reaction at 240 °C for 12 h, using iron (III)
chloride hexahydrate (FeCls ¢ 6 HxO) and sodium diethyldithiocarbamate trihydrate
(CsHioNS:Na ¢ 3 HxO) as iron and sulfur source, respectively. Sodium
diethyldithiocarbamate is decomposed and release HS, responsible to reduce Fe3* species
to originate FeS; compound. The synthesis of pyrite FeS; material was confirmed by XRD
and XPS measurements. The last technique also detected binding energies related to SO4?-
and Fe(Ill)-S species, which were attributed to the occurrence of oxidation of surface
material when exposed to air. A heterogeneity of particle size (50-750 nm) was verified by
TEM.

For catalytic evaluation of material, a catalytic ink was produced by mixing FeS,,
commercial carbon powder and a water/ethanol mixture containing low amount of
Nafion®; this ink was deposited in Ni foam (NF) by drop-casting method. LSV curves were
performed at 5 mV s and FeS;-C/NF exhibited nj10 = 202 mV, Tafel slope of, approximately,
98 mV dec! and negligible loss of current after being cycled 1,000 times. A FeS;/NF
electrode, obtained from catalytic ink produced without carbon powder, was also evaluated
and needed an overpotential 30 mV higher to achieve the same 10 mA cm2. It shows the
importance of carbon addition on catalyst performance, however, if carbon was added in
the hydrothermal synthesis step, it could act as nucleation substrate and inhibit the

agglomeration of FeS; particles. A more homogeneous particle size distribution would be
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expected, much lower than 750 nm, and, consequently, enhanced catalytic activity since
more active sites would be exposed.

Hybridization has also been showed to be an interesting alternative to enhance the catalytic
activity of CoSx-based electrocatalysts. A material containing core-shell nanoparticles, Co
core and CoS; shell, located inside sulfur- and nitrogen-doped carbon nanotubes, named as
“S,N-CNTs/CoS,@Co” by authors, was synthesized and showed excellent activity towards
HER in alkaline medium 1%. Initially, Co(NO3)2 ¢ 6 H20O, melamine and glucose were
grinded together to ensure a better contact between them and submitted to a calcination
step at 800 °C for 2 h under N2 atmosphere; it originated N-CNTs/Co material and cobalt
was the responsible to catalyze the growth of carbon nanotubes. The as-synthesized material
was then added to a boat which was placed inside an oven containing another boat filled
with thiourea and the second thermal treatment at 500 °C for 3 h under N> atmosphere was
performed; it resulted in the desired S,N-CNTs/CoS,@Co material. Figure 1.8a presents a
representative illustration of the synthetic methodology adopted. Using SEM, TEM, XRD
and XPS techniques, it was possible to confirm that carbon nanotubes encapsulated core-
shell nanoparticles containing the metallic Co in the nucleus and outer layers of CoSo.
Furthermore, EDX suggested the incorporation of sulfur and nitrogen in the carbon
nanotube framework which was confirmed by XPS spectra of material. Nitrogen
physisorption was performed and material showed a BET specific surface area equal 149 m?
g

The HER activity of S,N-CNTs/Co0S@Co catalyst was evaluated performing LSV analysis
in1 M KOH at 10 mV s1. The material was deposited in a GCE containing 0.2 mg cm-2. The
electrocatalyst showed fonset = 81 mV, 110 = 112 mV and Tafel slope about 105 mV dec.
Additionally, as one may see in Figure 1.8b, it was showed that to achieve very high current
densities, about more than 175 mA cm?, lower overpotential is required for SN-
CNTs/CoS:@Co when compared to Pt/ C electrode, the HER benchmark electrocatalyst. To
verify the catalyst stability, HER activity was evaluated before and after 1 000 CV cycles. It
was noticed that to achieve 50 mA cm?, it was necessary an increase of 20 mV of
overpotential after the CV cycles, whereas increase of 25 mV was necessary for Pt/C; it
demonstrates that S,N-CNTs/CoS@Co is also more stable than Pt/C. Authors attributed
the excellent performance of this catalyst to several factors. According to them, the existence

of Co?* species promotes the water dissociation by its combination with OH-. Doping of
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CNT’s with S and N summed up to the creation of metal/semiconductor interface enhanced
material’s conductivity. Finally, the CNT-encapsulating effect collaborated to the catalyst
stability.

Another hybrid CoSx-based electrocatalyst was evaluated by Wu et al.110, a NF-supported
Nis3Sz2 nanosheets containing NixCo3.xSs nanoparticles (NixCosxSs/NisSz/NF). Its synthesis
proceeded by two simple steps; firstly, NF was added to an aqueous solution containing
thiourea and heated at 150 °C for 5 h, producing then the Ni3S2/NF electrocatalyst. At the
second step, this as-synthesized electrocatalyst was immersed into a solution of cobaltous
acetate in ethylene glycol and heated at 200 °C for 12 h, resulting in the NixCo03.xS4/Ni3Sz2/NF
material. Further cationic exchange could be performed by increasing the heating time and,
for comparison purposes, an additional NixCosxSs/ NF material was synthesized by letting
the second step occur for 72 h; the two possibilities of cationic exchange extent according to
the time of reaction are illustrated in Figure I.8c.

According to SEM and TEM characterization techniques, all materials showed a three-
dimensional macroporous foam-like framework, due to the presence of NF, in which the
surface was covered by vertically-aligned nanosheets. Specifically for NixCo3xSs/NizS>/NF
material, it was verified the presence of NixCo3xS4 nanoparticles, with size varying between
3 and 5 nm, onto surface of Ni3S; nanosheets with an average thickness of 20 nm. XRD
analysis showed the presence of metallic nickel and NisS; in the NixCo3«Ss/NisSz/NF
material, NixCos.xSs was probably not identified because of its very small nanoparticles size.
However, its presence, besides the other aforementioned species, was confirmed by
selected-area diffraction pattern (SAED). Additionally, Raman spectrum of NixCos.
xS1/NizS2/NF showed weak bands associated to NixCosxSs and NisSy. Finally, it was
verified that NixCos.xSs/ NF resembles the composition of Nio05C029554/ NF, therefore, it is
a nickel-doped Co3Ss-based material.

The activity of materials towards HER was tested in 1 M KOH at 0.1 mV s-! and can be seen
in Figure 1.8d. The NixCo03xSs/NisS2/NF showed the best activity, if all of them are
compared at 500 mV of overpotential, NixCo3+Ss/NizS:/NF’s activity is about 6 and 2.5
times better than Ni3S;/NF and NixCos«Ss/NF, respectively. A Tafel slope of,
approximately, 107 mV dec! and mio = 136 mV were verified for NixCo3xSs/NizS;/NF
electrocatalyst. Additionally, this catalyst presented the smallest Ret (26.1 £2), according to
EIS, and highest ECSA (350 cm?), approximately, double of the other materials. A good
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stability was also noticed, even at high current densities (as 900 mA cm-?) and applying an
overpotential of 136 mV (resulting in ~10 mA cm-?) for 50 h. Yet, DFT calculation were
performed and elucidated important features. According to calculations, CosSs presents a
AGHO closer to 0 than NisS;. Furthermore, an even more thermoneutral hydrogen adsorption
was verified on Ni-doped Co3Ss and Co3Ss/NisS; interface sites, the former one presents the

best value; it justifies the enhanced activity of NixCo3.xSs/NisS2/NF electrocatalyst.
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Figure 1.8. (a) Growth schematic of core-shell structure S,N-CNTs/CoS:@Co. (b) LSV curves for
HER extracted from 199. (c) Schematic illustration of the synthesis of NixCosxS4/Ni3S;/NF and
NixCo3+S4/NF by cation exchange reaction between Ni3Sy/NF and Co(ll) ions. (d) Steady-state
current density as a function of applied potential during HER in 1 M KOH solution over NF,
Ni352/NF, NixCo3S4/NF, NixCos.xS4/ Ni3Ss/NF and Pt/C (20 wt. %). (a-b) Reprinted and adapted
with permission from Ref. 199; Copyright 2018, Elsevier. (c-d) Reprinted and adapted with permission
from Ref. 119; Copyright 2017, Elsevier.

As aforementioned for MoS; material, P-doping showed to be also an interesting
methodology to enhance CoS; performance, in this case due to stability improvement.

Hybrid material consisting of cobalt phosphosulfide nanoparticles grown on carbon
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nanotubes (CoS |P/CNT) was reported by Liu et al. 1 as a very active and stable catalyst
for HER in acidic environment; the synthesis is divided into three steps. In first one, Co3Os
nanoparticles are growth onto mildly oxidized multi-walled carbon nanotubes, previously
submitted to a modified Hummers method, by hydrolysis of cobalt acetate at 80 °C. An
ethanol/water solvent mixture and aqueous ammonia were used to reduce hydrolysis rate
and, consequently, control the size of cobalt oxide particles. According to SEM, TEM and
XRD, Co304 nanoparticles with 5-10 nm of size were obtained. In the second step,
Co0304/ CNT was converted to CoSz/CNT by hydrothermal reaction with thioacetamide at
200 °C for 6 h. SEM, TEM and XRD evidenced a pyrite-structured CoS; nanoparticles with
sizes between 10 and 20 nm. In third step, S atoms were replaced by P atoms during reaction
of CoS; with PH3 produced from thermal decomposition of NaH2PO» ¢ H>O at 400 °C for 1
h. SEM, TEM, XRD and Raman suggested that P atoms only replaced S ones and no
considerable change in CoS; structure or production of cobalt phosphide was verified. TEM
and XPS also revealed a S:P atomic ratio about 1.0.

CoS | P/CNT presented high performance towards HER in 0.5 M H2SO4 at 5 mV s, since it
presented negligible onset overpotential, 110 = 48 mV, Tafel slope about 55 mV dec! and jo
= 1.14 mA cm? Noteworthy, CoSz/CNT electrocatalyst was as active as CoS|P/CNT,
although CoS,/CNT presents low stability in the acidic electrolyte and in contact with air.
Therefore, the P acts enhancing material stability, inhibiting the formation of sulfate groups.
Finally, CoS|P/CNT showed to be stable in chronoamperometric analysis (~ 45 mA cm2)
for 24 h and also after 2 000 CV’s. The HER performance of CoS;, FeS; and NiS; was also

reported elsewherel07 112,

I.3. New trends and challenges

1.3.1. From hydrogen to system: Storage challenges

Owing to its extremely high energy density of 123 kJ g1 (highest of all fuels) it is suggested
that H> can effectively replace gasoline for NOx- and COz-free clean energy generation.
However, no matter Hy is obtained from native biomass electrolysis!!® or water splitting!14-
115, the use of hydrogen as a fuel for transportation and stationary applications is receiving
much attention as a technical and policy issues. If the safety of hydrogen relies on its high
volatility and non-toxicity, a compact, light, safe and affordable containment is mandatory
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for non-board energy storage such as vehicles. A simple calculation indicates that, at room
temperature and atmospheric pressure, a huge balloon of 2 m diameter is needed to store 2
kg of hydrogen (which occupies a volume of ca. 22 m3), which is hardly a practical solution
for transportation. Hence, we must therefore find little storage facilities with high security.
Existing methods to store hydrogen can be divided in three main categories such as
conventional hydrogen storage (using classical high-pressure tanks), hydrogen adsorption
on solids of large surface area (depending on the applied pressure and the temperature) and
hydrogen storage by metal hydrides (exploiting the reversible absorbing capability of
metals and alloys) 116-117_ [t should be noted that the hydrogenation and dehydrogenation of
some aromatics such as toluene (CH3-CeHg), which reversibly adsorbs 3 hydrogen
molecules leading to methyl-cyclohexane (CHs- C¢Hzz) 118119, also emerge as an alternative
and is used in numerous chemical plants under steady-state conditions, but the on-board
process under variable conditions is another matter and challenge. Recently, a decisive
advance has been made in this field when Mitsushima and co-workers reported on the
electrocatalytic hydrogenation of xylene in a PEM reactor for hydrogen storage 1%0.
Compared to hydrogen adsorption on solid materials (carbon-based materials: nanotubes,
fibers, etc.), the hydrides option (metals, complexes, chemicals) is the most promising and
is currently attracting much attention because of the flexibility in the choice of primary
materials 116-117,121-123_ Basjcally, the molecular hydrogen is dissociated at the surface before
absorption into two H atoms. Then, the two H atoms recombine during the desorption
process to give Hz. The thermodynamic aspects of hydride formation from gaseous
hydrogen are described by pressure-composition isotherms and are a key parameter for
understanding and optimizing the process 116 123127 For transportable applications, the
critical properties of the hydrogen storage materials should be evaluated by: (i) light weight,
(ii) cost and availability, (iii) high volumetric and gravimetric density of hydrogen (>6.0
wt.%), (iv) fast kinetics, (v) ease of activation, (vi) low temperature of dissociation or
decomposition (operate below 100 °C for H» delivery), (vii) appropriate thermodynamic
properties (30-55 k] mol-! H»), (viii) long-term cycling stability, and (ix) high degree of
reversibility (about 1 000 cycles) 117.
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L.3.2. Instruction for designing new generation of robust and low cost
electrocatalysts

Water splitting by electrochemical or photochemical approach, could in principle,
conveniently provide clean hydrogen fuel and avoid the greenhouse gases. However,
existing catalytic materials are too inefficient in practice: either weak binding interactions
between the reaction intermediates and the catalyst give rise to high overpotentials
(requiring more energy to make the reaction), or slow electron transfer kinetics result in low
exchange current densities (poor kinetics for drawing high current densities). Fundamental
multidisciplinary investigations demonstrated that both metrics depend not only on the
intrinsic electronic properties of the catalyst, but also on the solvent and the catalyst
morphology. Thus, the success in water electrolysis for large-scale production of hydrogen
fuel from renewable energy sources will require materials that are highly active, cost-
effective, and durable with facile/affordable synthesis scaling up capability. Two main
reactions (HER and OER) simultaneously occur during the electrochemical water splitting,
so-called water electrolysis. The first instruction is to pursue the search of both activity and
stability descriptors in aqueous medium. Then, particular attention should be paid to
replacing expensive and rare noble metal electrocatalysts with inexpensive and earth-
abundant ones. To this end, more options for robust catalysts that work at varying pHs
should be promoted to provide more springiness in terms of cost. Furthermore, efforts
should be allocated to the scalability of the synthesis processes for the large-scale production
of catalysts. To mimic practical applications in industrial plants, the glassy carbon electrode
that is an excellent support for testing catalyst should be gradually replaced by suitable
convenient supports which are able to afford high current density of amps per square
centimeter. Finally, the search for innovative materials with high hydrogen-storage capacity
should have a primordial attention. It is worth noting that the standardization of testing
conditions, i.e., establishing standardized testing to compare different materials obtained
by different researchers, and to screen the optimal catalysts is very mandatory. Concretely,
researchers should provide as much information as possible so that the results comparison
with each other is easy, reliable, and really trustworthy. Should be provided: (i) electrode
performance (Tafel slope, exchange current density, catalytic activities normalized by both
mass and electrode area, overpotential at specific activity of 10 milliamps per square
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centimeter, Faradaic efficiency, potentiostatic and galvanostatic stabilities, both pristine and
iR-corrected polarization curves), and (ii) testing conditions (electrolyte, temperature,
electrochemical methods, loading amount of catalyst, electrode surface: extremely small
electrode area and metal loading should be avoided since they do not reflect the reality and

practicability at all).

I.4. Conclusions and Outlooks

Up to now, most real systems to produce hydrogen do not employ the elegant
electrochemical water splitting. The integration of electrochemical method is confronted to
poor and conflicting understanding of fundamental processes that occur during the
operation. That is why the twofold target exposed within this review was to provide tips
for the analysis of the electrochemical hydrogen and oxygen evolution reactions by the
assessment of the entire fundamental parameters and discuss the recent advances that have
been made in these fields within the last ten years. The identified main reaction performance
(activity and stability) descriptors from the so-called volcano relations ultimately reflect the
Sabatier principle, which accounts for optimal surfaces as ones that exhibit moderate
binding energies of reaction intermediates, hydrogen adsorption in the case of the hydrogen
evolution reaction (mostly in acidic medium) and adsorbed hydroxyl in the case of the
oxygen evolution reaction. Since noble and rare-earth metals are economically and
strategically inaccessible, an ideal material for either the electrochemical hydrogen
evolution reaction or oxygen evolution reaction electrocatalyst should meet several
standards: (1) high efficiency similar to that of the state-of-the-art material; (2) good
durability over a period of at least several cycles; (3) high chemical/catalytic stability over
a wide pH (even at all pH values) and temperature ranges; (4) low cost to ensure
inexpensive hydrogen production; and (5) scalability of the catalysts preparation methods
to ensure a wide range of commercial uses. Based on theoretical predictions and
experimental data, the designed and synthesized earth-abundant noble metal free materials
based on nitrogen, phosphorus, molybdenum, sulfur, iron, nickel, manganese, carbon, etc.
electrocatalysts for the sustainable and efficient water splitting half-cell reactions lead to the
conclusion that these heteroatoms affect the valence orbital energy levels each other to
induce a synergistically enhanced electrocatalytic performance. Efforts in this direction as

well as the development of advanced materials for hydrogen storage should be pursued.
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Chapter II: Experimental Part

This chapter presents the methodology for the synthesis of electrocatalysts studied herein,
besides the fundamentals and protocols applied in their physicochemical and

electrochemical characterizations.

II.1. Electrocatalysts preparation

Transition metal sulfide (TMS) catalysts were prepared according to the hydrothermal
method reported by Li et al.19% with modifications. Initially, an aqueous solution of the
metallic precursor was prepared and let stirring. The cobalt, nickel and molybdenum
precursors employed herein were cobalt chloride hexahydrate (CoClz - 6 H2O, Alfa Aesar,
99.9 % metals basis), nickel chloride hexahydrate (NiClz - 6 H2O, Sigma-Aldrich, 99.999 %
trace metals basis) and ammonium heptamolybdate tetrahydrate ((NHs)eMo07O24 - 4 H2O,
Alfa Aesar, 99 %), respectively. Simultaneously, sodium diethyldithiocarbamate trihydrate
(CsHioNNa$S; - 3 H20, Alfa Aesar, 98 %) was added to 20 mL of ultrapure water (Milli-Q,
18.2 MQ cm at 20 °C) and the solution was stirred until the complete dissolution of the sulfur
precursor. In the sequence, the sulfur precursor solution was slowly dripped (about one
droplet per second) into the metallic one, which was under vigorous stirring. During this
dripping, solids started emerging in the metallic solution. For CoSx and NiSx syntheses, it
was evidenced the appearance of green solids, while for MoSx yellow solids were seen
initially, but it started becoming orange as more droplets were added. The final mixture,
containing ca. 60 mL, was then transferred to a 100 mL Teflon-lined stainless-steel autoclave
which was posteriorly heated at 240 °C during 24 h. It is noteworthy that the autoclave was
always introduced in the oven already at 240 °C. Afterwards, the autoclave was let cooling
down naturally before opening until a temperature close to ambient one was achieved; this
step used to take around 1.5 h. The material was collected after various centrifugation (six
times applying 9000 rpm during 20 min) and washing steps. The first centrifugation step
was done with the mixture resulting from hydrothermal reaction. The two subsequent steps
and last three ones were performed after ultrapure water and absolute ethanol (VWR
Chemicals) washing, respectively. Centrifugation was performed in the Hettich Universal
320 R centrifuge set up at 5 °C with the use of 85 mL Thermo Scientific™ Nalgene™ Oak

Ridge High-Speed Polycarbonate centrifuges tubes. To avoid catalyst loss during washing,
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one centrifuge tube was filled with the catalyst and respective solvents of each washing step,
while a second tube was filled only with the same solvent. This second tube was filled until
have a similar solvent volume verified in the tube containing the catalyst and it served to
equilibrate the mass on the centrifuge system. Hence, the second tube was positioned
diametrically opposite to the first tube in the centrifuge equipment. Resultant solids from
centrifugation were then dried at 50 °C in vacuum (50-200 mbar) overnight. Finally, they
were collected and stocked, inside a desiccator under vacuum, to be applied in the
characterizations thereafter. Particularly, during the bimetallic sulfides syntheses, the
metallic solution was prepared by the direct addition of cobalt/nickel chloride solution to
ammonium heptamolybdate (AHM) solution, followed by vigorous stirring. Once the
solution containing the sulfur precursor was dripped into the metallic solution containing
both metals, green solids started appearing as well as in CoSx and NiSx syntheses. The
precursor amounts and volumes applied in the synthesis of monometallic and equimolar
bimetallic transition metal sulfides (i.e., CoosMoo55« and NipsMoos5x) are evidenced in

Table I1.1.

Table I1.1. Quantities of precursors and volumes applied in the synthesis of unsupported

monometallic and equimolar bimetallic transition metal sulfides.

Catalyst CoSx  NiSx  MoSy  Co0sMoosSx NiosMoosSx

ncc (mmol) 2.00 0 0 1.00 0

nnc (mmol) 0 2.00 0 0 1.00

naum (mmol) 0 0 0.28 0.14 0.14

nspeprc (mmol) 2.00  2.00 2.00 2.00 2.00
Vcc (mL) 40 0 0 20 0
Vnc (mL) 0 40 0 0 20
Vanm (mL) 0 0 40 20 20
Vspeprc (mL) 20 20 20 20 20

*nx = quantity of compound “X”, Vx = volume of solution “X”, CC = cobalt chloride, NC = nickel chloride,

AHM = ammonium heptamolybdate and SDEDTC = sodium diethyldithiocarbamate.
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Furthermore, precursor amounts, and volumes used in the synthesis of cobalt molybdenum
sulfides, CoyMo1.ySx (y = 0.15, 0.25, 0.40, 0.50 and 0.75), aiming the verification of the better
Co:Mo ratio in Chapter IlI, are shown in Table II.2.

Table I1.2. Quantities of precursors and volumes applied in the synthesis of the unsupported

bimetallic cobalt molybdenum metal sulfides.

Catalyst C0015M0085Sx  C0025M00.755x  C004M006Sx  C005M00sSx  C00.75M00.255x
ncc (mmol) 0.30 0.50 0.80 1.00 1.50
nauMm (mmol) 0.24 0.21 0.17 0.14 0.07
nspeprc (mmol) 2.00 2.00 2.00 2.00 2.00
Vee (mL) 6 10 16 20 30
Vany (mL) 34 30 2% 20 10
Vspeprc (mL) 20 20 20 20 20

*nx = quantity of compound “X”, Vx = volume of solution “X”, CC = cobalt chloride, AHM = ammonium

heptamolybdate and SDEDTC = sodium diethyldithiocarbamate.

II.2. Physicochemical characterizations

I1.2.1. Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES)

The inductively coupled plasma optical emission spectrometry (ICP-OES) is a technique
applied in many catalysis laboratories, including IC2MP, with the goal of detecting and
quantifying different elements. However, samples can only be directly injected in the
equipment at liquid or gas states. Therefore, when the matrix analysis consists of solid
sample, e.g., catalyst powders, a pretreatment is mandatory. Acid digestion is commonly
applied to release the analytes (elements of interest in the analyses) to the final solution.18
In addition, liquid samples need to pass through a device called “nebulizer”, which is
responsible to convert them into an aerosol; this one is further transported to the plasma.
The production of plasma occurs because of the collision of argon atoms, flowing through a
torch, with ions and electrons generated in argon gas by a spark produced from Tesla coil,
which is radiofrequency (RF) powered. The plasma is kept with the continuous addition of

energy provided by RF-induced collisions, achieving 10 000 K in its core. This plasma
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sustaining methodology is known as “inductive coupling” and originates the terminology
“1CP” 128

The aerosol is instantaneously dried when it comes into contact in with the plasma, then the
particles go into the gaseous state; decomposition can also take place. Finally, atoms are
generated and subsequently excited and ionized. The relaxation of excited electrons to
ground states release photons that contain characteristic energies. With the use of optical
instruments, these photons are focused on the entrance aperture of a wavelength selection
device.1?8 As the number of photons is proportional to the quantity of analyte, a calibration
curve of an element can be constructed by using a standard sample. Such curve must present
a linear profile and can be used for quantification analyses.

ICP-OES analyses were performed with an Agilent 5110 VDV device. Catalyst powder was
first submitted to a mineralization procedure, which consisted in the addition of 5 mL of
HNO; solution (> 68 %) and 3 mL of HCI solution (34-37 %), and further heating in an
Anton-Paar Multiwave PRO microwave reaction system. Ultrapure water was added to the
resultant solution until a final volume of 50 mL was achieved. The final solution was

sampled five times to be used in the analysis to obtain a good precision of the results.

11.2.2. X-ray Diffraction (XRD)

The X-ray diffraction (XRD) is a technique widely applied in material science to study
materials containing crystalline phases. A crystal is derived from a periodic repetition of
unit cells, which is the smallest cell containing all structural and chemical information
necessary to describe it. Normally, if an X-ray beam achieves a sample, scattering in all
directions takes place. However, in the presence of diffraction effect, the scattered waves
are aligned into specific directions. For the occurrence of such diffraction some conditions
are necessary. Firstly, the incident beam must have wavelength in the same order of
magnitude of interatomic distances (i.e., order of Angstroms), and the second condition is
the arising of constructive interference of waves. In brief, the electric field of X-ray wave
interacts with electrons present in an atom, which will then emit a wave with the same
wavelength of incident one. Hence, the intensity of diffraction peaks in the diffractograms
has a strong relation with the atomic number (Z) of the atom associated to the diffraction

phenomenon; light elements scatters less than heavy elements. Considering two parallel
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planes, a constructive interference occurs when the difference of the sums of paths taken by
incident and emitted waves that interacted with an atom present in the upper plane and
bottom planes is equal an integer multiple of the wavelength; it describes the Bragg’s law

(Eq. 11.1)129-130,
n X A=2 xdXxsin(0) (Eq. IL.1)
In which:
e n corresponds to diffraction order;
e A corresponds to X-ray wavelength;
e dis the interplanar distance;

e 0is the angle between the plane and incident X-ray wave, also known as Bragg angle.

The previous statement concerning the Bragg’s law is illustrated in Figure IL.1.

Figure I1.1. Illustration of Bragg’s law. Reprinted with permission from Ref.139; Copyright 2004,
Springer Nature.
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The variable “ai” corresponds to the additional path of incident wave, while “ay”
corresponds to the additional path of emitted wave. Using simple geometry concepts, one
may deduce that a1 = a2 = d x sin (0).

Despite that, for small crystals in particular, a constructive interference, at some extent, can
also occurs for small deviations of Bragg angle. The same doesn’t take place for big crystals
because at some position will be originated a wave with a phase delay of A/2, which
originates a destructive interference. On the other hand, the bigger is the crystal, more unit
cells it contains and, consequently, the diffraction intensity will be higher for a given Bragg
angle. Thus, samples containing high crystallinity exhibit sharp peaks in the diffractograms,
while the peaks for low crystallinity samples are broadened!30. Additionally, it is important
to bear in mind that Figure II.1 shows a very simple representation of a crystal. In more
complex structures, the phase delay between waves scattered from atoms at different
positions can originate interferences. Hence, the diffraction peaks present different relative
intensities which depends on crystal structure and are very useful for identification of
phases.

The characteristics of X-ray source also plays a role in the analysis result. X-rays containing
lower wavelength, also known as hard X-ray, are less susceptible to interference and
absorption, therefore, results with the sources show high intensity of signal. However, their
use leads to loss of Bragg angle resolution, mainly in lower interplanar distances, once 20
axis is contracted in the diffractogram. For this reason, most laboratories use a Cu ka
radiation (A = 1.542 angstroms), since it shows a good compromise between loss of intensity
and Bragg angle resolution. Nonetheless, its interaction with some atoms may originate a
fluorescence effect, responsible to increase the baseline of diffractogram which difficult the
analyses. Nowadays, there are devices that can be added to the diffractometer to reduce, or
even eliminate, this effect.

X-ray diffraction (XRD) analyses were performed with the use of a diffractometer
EMPYREAN from MALVERN PANalytical equipped with Cu K radiation source (45 kV
and 40 mA) and the linear detector PIXcellD which works with energy discrimination; it
allows not only eliminate the fluorescence effect but also delete the K-beta contribution
without the use of a nickel filter. The device was operated with divergence slit and primary

anti-scatter slit sizes of 1/16° and 1/8° respectively, and the detector was used at its
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maximum aperture (i.e., 3.35°). Additionally, it was applied a step size of 0.078° and time

per step of 600 seconds.

I1.2.3. Vibrational Raman Spectroscopy

Raman spectroscopy is a technique of interest to study the structure of materials. It consists
of the incidence of a monochromatic light with known characteristics (near infrared, visible
or ultraviolet) that when interacting with a sample leads to changes in its vibrational energy
levels, which originates inelastic scattered light. When hit by a photon, the sample in an
initial vibrational energy level accesses an intermediate virtual state and then goes to the

final vibrational energy levell3l; this is illustrated in Figure II.2.
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Figure 11.2. Possibilities of energy transition in vibrational Raman spectroscopy. Reprinted with

permission from Ref.131; Copyright 2012, John Wiley and Sons.

For elastic scattering, i.e,, when initial and final energy of photon are the same, the
phenomenon is called Rayleigh scattering. On the contrary, when an inelastic scattering
takes place, the phenomenon is called Raman scattering and photon initial and final energy
are different (Raman shift). Raman spectroscopy can also be classified as Stokes or anti-
Stokes. The former one involves a light scattered with lower energy than the incident one,
while the second one is related to the scattering of light with higher energy. Although
Raman scattering is much rarer than Rayleigh one since only, approximately, 1 out of 108
photons are Raman scattered, Raman spectroscopy can give valuable information about

vibrational modes of materiall31.
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Raman spectroscopy measurements of catalyst powders were carried out at room
temperature using a HORIBA JOBIN YVON Labram HR800UV Raman confocal
microscope, specifically an Olympus BXM confocal microscope which enabled the
operation in backscattering mode, equipped with a CCD detector cooled by the Peltier
effect. For all measurements, it was applied the excitation wavelength of 532 nm, supplied
by a diode-pumped solid state (DPSS) green laser from Oxxius, and the laser power
delivered to the samples was 0.2 mW, aided by an optical density filter. In addition, 600
grooves mm-! grating and the confocal pinhole diameter of 200 um were used, resulting in
a spectral resolution of 1.5 cml. Finally, the spectrometer was calibrated with a silicon
standard and the LabSpec v.5 software was used for the acquisition and treatment of data.
Raman spectroscopy measurements of GDE materials, which results are present in Chapter
IV, were obtained with the same parameters, in general. The exception was the application
of 1 800 grooves mm-! grating, resulting in a spectral resolution of 0.5 cm1. To perform the
analysis, the MEA samples were directly placed under the microscope objective, which
focused to a spot size corresponding to 2 pm? of the sample, and many spectra were
registered at different points of cathode GDE surface.

Finally, the spectrometer was calibrated with a silicon standard and the LabSpec v.5

software was used for the acquisition and treatment of data.

11.2.4. X-ray Photoelectron Spectroscopy (XPS)

The X-ray photoelectron spectroscopy (XPS) is a technique based on the photoelectric effect.
It consists in the emission of low-energy electrons, called photoelectrons, when an
electromagnetic radiation hits a material. In the XPS analysis, the electromagnetic radiation
comes from an X-ray source with known energy. It hits the material, which emits
photoelectrons that have their kinetic energy further measured in the equipment. For solid
materials, e.g., catalyst powders, the contact between the sample and the spectrometer leads
their Fermi level to equalize and their vacuum levels to become different. Therefore, to
guarantee the energy balance of the system, the work function of spectrometer needs to be
considered. The correction with this function is unnecessary when the object of analysis is
in gas phase!32. Figure I1.3 illustrated the energies involved in the XPS analysis.

The meanings of the variables are as follow:
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e hvis the incident photon energy;
e Epis the binding energy of electron;
e FEuin is the kinetic energy of the photoelectron;

o  E@spec is the work function of spectrometer, which can be calibrated.
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Figure 11.3. Energies involved in the XPS analysis. Reprinted and adapted with permission from
Ref.132; Copyright 2012, John Wiley and Sons.

Therefore, Eq. I1.2 is obtained by applying an energy balance to the system.

Eg =hv — Eyn — €Pspec (Eq. I1.2)

Contrary to kinetic energy, the binding energy is an intrinsic property of the electron, and
its value can give information concerning the emitting element, ionized level, and oxidation
state; depending on the situation, data related to coordination of the element can also be
extracted. Since the photoelectrons have a strong interaction with matter, only the electrons
of atoms near to the surface can leave the sample without suffering inelastic collisions.
Hence, XPS analysis must be performed in ultra-high vacuum (UHV) and is restricted to
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probe the surface of materials!32. This is not necessarily a drawback since the study of
materials’ surface is of paramount importance in many fields as catalysis. The
aforementioned inelastic collisions also influence spectra backgrounds.

During analysis, material’s surface can be positively charged, mainly for non-conductive
samples, which results in the shift of kinetic energy. Since this is the measurable variable,
miscalculation of binding energy is a consequence. Such problem may be identified using
an internal standard and circumvented by the injection of low-energy electrons, aided by
flood-gun device. The C 1s line coming from adventitious carbon is commonly applied as
internal standard in many laboratories. Therefore, C 1s spectrum is generally acquired in
the beginning and final of analyzes to verify their positions; if they don’t match, the surface
was charged during analysis.

Except for electrons from orbitals s, photoemission lines are doublets due to the coupling
between angular momentum and spin'32. The difference in binding energy and intensity of
doublets are typical of the atom and orbital, respectively; it doesn’'t depend on chemical
states. Such differences are very important for data treatment.

Although XPS has become the most common technique for surface analysis due to its very
sensitive character, many details can influence result spectra. Therefore, thorough data
treatment is necessary to avoid misinterpretations'®. If the goal is to analyze complex
samples, it is very recommended to perform the analysis also for simpler similar samples
which can serve as standards and aid in result interpretation. Furthermore, it is
recommended to have some previous knowledge of the sample before analysis. Hence,
information obtained from other characterizations can be valuable. Nonetheless, one must
ever remember that XPS result is restricted to surface, which may not be the case for another
technique. Thus, a perfect match shouldn’t be pursued blindly.

X-ray photoelectron spectroscopy (XPS) analyses were carried out with a Kratos Axis Ultra
DLD spectrometer using a monochromatic Al Ka source (1486.6 eV) operating at 180 W (12
mA, 15 kV). The device was operated at 9 x 108 Pa and the charge neutralizer system was
applied to all samples containing an isolating feature. High-resolution spectra were
recorded using an analysis area of 300 um x 700 pm, step size of 0.1 eV and 40 eV pass
energy, which corresponds to Ag 3ds,2 full width at half maximum (FWHM) of 0.55 eV. The

binding energy was calibrated using C 1s binding energy fixed at 284.8 eV as an internal
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reference. Data were treated with Casa XPS software (version 2.3.24) applying Gaussian-

Lorentzian profiles (Lorentzian 30%).

I1.2.5. Electron Microscopy

Electrons are elementary particles that exhibit wave-particle duality and present strong
interaction with matter, even higher than X-rays. Due to their lower wavelengths, in
comparison to optical light, more details and higher resolutions of material’s structure can
be assessed by using electron microscopy instead of light microscopy. Additionally, the
generation of electrons beam is an easy task, and their wavelengths can be tuned by only
varying the beam acceleration voltage. Figure I1.4 shows the electromagnetic spectrum
comparing wavelengths of electrons used in SEM and TEM with other electromagnetic

radiations!34-135,

SEM TEM
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Figure I1.4. Wavelengths of typical electromagnetic radiations. Reprinted with permission from
Ref.134; Copyright 2018, Springer Nature.

When the electron hits the analyzed sample, various phenomena occur leading to the

generation of many signals'® as illustrated in Figure II.5.
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Figure I1.5. Main signals generated in the interaction of electron beam with analyzed sample.

Reprinted with permission from Ref.135; Copyright 2012, John Wiley and Sons.

The backscattered and secondary electrons are the most common signals for imaging
reconstruction in scanning electron microscopy (SEM), while the signals crossing the
samples are the ones applied for imaging reconstruction in transmission electron
microscopy (TEM) and scanning transmission electron microscopy (STEM). The X-ray
photons detected are used for chemical analysis by energy dispersive X-ray spectroscopy

(EDS). Further details of these mentioned techniques are given below.

I1.2.5.1. Scanning Electron Microscopy (SEM)

This technique allows to acquire surface, or near surface, information about structure,
composition, and defects of materials. The electron beam penetrates fairly the sample (only
few micrometers), interact with it, and generate different signals which are detected and
further processed to generate images and chemical composition of the samplel34.

During analysis different detectors may be chosen to favor the detection of a desired signal.
Most of signal coming from the sample accrues from backscattered electrons (BSE). This
group is originally composed of electrons coming from incident electron beam which
suffered elastic scattering after interacting with the sample. As said in the section 11.2.2,
heavy elements scatters better than light ones. It also impacts the BSE signal, therefore, the

higher the atomic number of an element, the higher will be the BSE signal collected. For this
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reason, images collected in BSE mode present the so-called “Z contrast”, since the brightness
of some region of the sample will depend on the atomic number of elements involved in
such region; brighter regions contain heavier elements34.

The most common analyzed signal in SEM comes from secondary electrons (SE). These are
electrons from the outer shell of atoms in sample’s surface, which once hit by the incident
electron beam suffer an inelastic scattering but have enough energy to leave the sample;
these SE are characteristically low-energy electrons. This inelastic scattering has no
influence of atom’s atomic number; hence, no Z-contrast is obtained by SE mode. On the
other hand, since SE electrons are originated from material’s surface, it provides topography
contrast. Therefore, the use of BSE or SE signal depends on the sample analyzed and,
mainly, the desired information’34.

Moreover, by the interaction of the electron beam with sample, X-rays containing
characteristic energy related to each atom are released and collected by a detector operating
very close to the sample. Besides the proximity, the detector also contains a collimator in its
front end; both features are responsible to eliminate X-ray signals emanating from other
parts of analysis environment. Thus, elements can be identified and quantified in specific
spots, and this is the so-called EDS technique. This technique can be applied to numerous
spots and, with the spectra of each spot, reconstruct images based on the presence or
absence of elements (quantities also influence the final image), this type of image is called
“elemental mapping”. EDS is very useful to identify heterogeneities and segregations’34.
Field emission gun scanning electron microscopy (FEG-SEM) analyzes were performed in a
JEOL 7900F microscope, equipped with Brucker QUANTAX FlatQUAD energy dispersive
X-ray spectroscopy (EDS) microanalysis system. Samples were directly observed in the

microscope without any particular preparation.

I1.2.5.2. Transmission Electron Microscopy (TEM) and Scanning Transmission
Electron Microscopy (STEM)

To obtain images in transmission mode, samples must have low thickness, therefore, some
samples that can be directed analyzed by SEM must follow some special preparation for
TEM/STEM applications. In addition, electron beam must be formed by electrons
containing higher energy than the ones for SEM (Figure I11.4). Hence, some materials can

suffer damage in long analysis time due to elevated radiation doses. TEM/STEM analyses
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give access to information related morphology, size, and spatial distribution of the
samplel3.

The differences between TEM and STEM are mainly attributed to illumination strategy,
incident beam geometry and detection approach, as evidenced in Figure IL.6.

Both TEM and STEM allow to obtain image in bright-field (BF) mode, in which the signal
accrues from the central unscattered beam. It generated a mass thickness contrast. On the
contrary, dark-field (DF) images, collected only by STEM, comes from electrons scattered to
specific regions. For example, when the microscopy is adjusted to analyze only electrons
that suffered high scattering effect, the analysis is called HAADF-STEM (“HAADF” = high-

angle annular dark-field). The contrast obtained in DF mode is based on diffraction effects.
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Figure 11.6. Main differences of TEM and STEM techniques. Reprinted with permission from Ref.13;
Copyright 2012, John Wiley and Sons.

Transmission electron microscopy (TEM) analyses were performed in a JEOL JEM-2100

device, operated in bright field mode at 200 kV with a LaB¢ source, coupled with an energy-
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dispersive X-ray spectrometer containing a JEOL JED-2200 detector (30 mm? SiLi), enabling
then the application of energy-dispersive X-ray spectroscopy (EDS) analysis. STEM
characterization was performed with the use of a JEOL STEM operated at 200 kV. Images
were collected with a nano probe (between 0.5 and 2.4 nm) and using an annular dark field
(ADF) detector in high-angle annular dark field (HAADF) camera length, which allowed to
collect mostly high-angles diffracted electrons. To prepare the sample for analysis, the
catalyst powder was dispersed in ethanol aided by an ultrasound equipment. Subsequently,
few drops of the dispersion were immediately drop-casted on a carbon-coated, holey

carbon, copper TEM grid (300 mesh) and dried under vacuum.

I1.3. Electrochemical characterizations

11.3.1. Types of electrochemical measurements

I1.3.1.1. Linear Sweep Voltammetry (LSV) and Cyclic Voltammetry (CV)

In three-electrode configuration, both linear sweep voltammetry (LSV) and cyclic
voltammetry (CV) are techniques in which potential values applied to the working electrode
are varied by a constant rate, called “scan rate”. The applied potential is controlled by
voltage application between the working and reference electrodes, the last one must be very
stable in the electrochemical environment. As result, the current flowing between working
and counter electrode is measured and plot in function of the applied potential to working
electrode. Noteworthy, current is always positive, however, it can have different sense. To
simply elucidate the sense, signals are added to the current value. As standard, when a
cathodic process occurs in the working electrode, it receives a negative value while positive
values are attributed to anodic processes. In electrolyzer configuration, reference electrode
does not exist, therefore, the controlled variable in the LSV measurement is the voltage
between the anode and cathode.

While in the LSV the potential is uniformly swept between two potentials in only one
direction, in the CV potentials are swept in both directions, forward and reverse, as much

as desired. Generally, CV provides more information about the electrochemical processes
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involved in an analysis. It is possible to distinguish between capacitive or faradaic process,

its reversibility feature, etc.

I1.3.1.2. Chronoamperometry (CA)

Chronoamperometry (CA) is a method in which voltage is also applied and the generated
current in function of time is registered. However, this is not a voltametric method, but a
step-potential method. In other words, instead of sweeping the voltage, it is instantaneously
changed. Due to possible abrupt voltage change, as typical in transient processes, some
electrochemical processes may occur in short time. Initially, double-layer charging takes
place followed by convection phenomena before a new steady-state is achieved. As a matter
of fact, this steady-state is, in fact, a “quasi steady-state” since processes are continuously
happening and variations related to blockage of active sites, electrocatalyst degradation and
so on, are unavoidable; they may occur to a small extent or be reversible though.

Chronoamperometry is very useful to evaluate the stability of an electrochemical system?3°.

I1.3.1.3. Electrochemical Impedance Spectroscopy (EIS)

In the electrochemical impedance spectroscopy (EIS), potential or current containing small
amplitude sinusoidal behavior is applied the working electrode and the resultant current or
potential, not the controlled variable, is measured. Generally, many frequencies for the
sinusoidal signal are evaluated. The main goal of this technique is to measure the link
between potential and current in the frequency domain'¥. The impedance value for each

frequency is obtained by Eq. I1.3.
E .
Z(f) = T (Equation 11.3)
In which:

e Z(f) corresponds to the impedance value and depends on the frequency;

e Eis the potential applied/ measured;
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e lis the current applied/measured.

Therefore, the impedance is calculated according to the amplitude ratio and phase lag
between potential and current. By obtaining a set of impedance values according to the
frequencies employed, the transfer function related to independent and dependent
variables (E and I) may be estimated and its deeper analysis can provide interesting
information about the electrochemical system, such as phenomena involved, values of
capacitances and/ or resistances, diffusion coefficients, chemical reaction rates, etc.13”

Undoubtedly, EIS is a powerful tool to understand electrochemical systems, nonetheless,
some conditions must be attended to guarantee meaningful results in this technique. First,
the system must be stable because otherwise changes with time, containing no relation with
applied variable, will be erroneously taken into consideration for impedance calculation.
Second, perturbation must be linear and, hence, small amplitudes are applied in this
technique; such feature can be confirmed by the Lissajous plot. Third, it must exist a
causality relation between potential and current, i.e., the variation of measured variable

must be result of controlled variable only and no other external factor37-138,

11.3.2. Adopted electrochemical methodology

I1.3.2.1. Three-electrode system

Potentiostat device (Autolab, PGSTAT 302N) was connected to a homemade three-electrode
cell composed of Kel-F® material and containing a PTFE top (Figure I1.7), due to the use of
alkaline electrolyte. Glassy carbon slab and Hg/HgO (RE-61AP Reference electrode, ALS
Co., Ltd) filled with 1 M KOH (Sigma-Aldrich, reagent grade, 90 %, flakes) solution, were
applied as counter- and reference electrodes, respectively. The working electrode was
composed of a commercial rotating disk electrode (RDE) system (Metrohm Autolab)
containing 5 mm diameter glassy carbon as substrate, which served as surface for the
deposition of the evaluated electrocatalysts.

The materials were attached to the electrode by preparing a catalytic ink, which was
deposited onto the glassy carbon substrate and let drying for some minutes, while the

electrode was stirred at 700 rpm. For the inks prepared by implementing Nafion® as
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ionomer, the composition consisted of 475 pL of ultrapure water, 475 pL of isopropanol
(VWR Chemicals, HiPerSolv. CHROMANORM® for HPLC), 50 pL of Nafion®
perfluorinated resin suspension (5 wt. % in lower aliphatic alcohols and water, containing
15-20 % water, Sigma-Aldrich) and 14 mg of the catalyst (or physical mixture) analyzed,
except for the commercial 40 % Pt/C (Sigma-Aldrich); in this case, 8 mg was added. For the
inks prepared with Dioxide Materials™ Sustainion® XB-7 (5 % in ethanol) as ionomer
(Chapter V), a variation of ink compositions was tested, the added catalyst amount was the
same of the aforementioned Nafion® application though. Despite that, Eq. I1.4, in which
V0, Viso and Viono correspond, respectively, to the volumes (in pL) of water, isopropanol
and ionomer suspension, was respected in all ink preparations. More importantly, it was
introduced the variable Rsow, evidenced in Eq. IL.5, which brings the information about

water/isopropanol volume ratio.

V20 + Viso + Viono = 1000 (Eq. I1.4)
— VH20
Risol Viso (Eq H5)

Figure 11.7. Electrochemical cell designed with Kel-F and PTFE top.
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As methodology adopted to the ink production, initially, only water, isopropanol and
ionomer suspension were added to a sample vial, which was ultrasonicated in a bath for 15
min. Subsequently, the solid material was added to the produced suspension, which was
further put in ultrasound bath once more until the homogenization of the ink was achieved
(approximately, 30 min). To perform the electrochemical analyses, 7 uL of ink was added to
the glassy carbon substrate, therefore, the theoretical mass loading of 40 % Pt/C used in the
present study was 0.28 mg cm2, while 0.50 mg cm? was applied for all other materials.
Noteworthy, these values consider the geometrical surface area of the electrode.

Although all measurements were performed with Hg/HgO reference electrode, the
potential values reported in this document are referenced to reversible hydrogen electrode
(RHE); to do so, a methodology to calibrate the Hg/HgO electrode was performed. Initially,
40% Pt/C was deposited on the working electrode glassy carbon substrate with a mass
loading of 0.28 mg cm-2. Then CV analysis was performed between -0.93 and 0.40 V vs
Hg/HgO in H-saturated 1 M KOH at 100 mV s until a reproducible profile in current
density vs potential plot was achieved. Consecutively, a new CV analysis was performed
between -1.03 and -0.83 V vs Hg/HgO at 10 mV s7; the result is presented in Figure II.8.
The average of potentials in which the curve crosses the value of 0 mA ¢cm2 in both anodic
and cathodic directions was considered the theoretical potential of HOR/HER (0 V vs RHE).
Based on this analysis, it was stated that for the reference electrode used during three-
electrode cell measurements, -0.940 V vs Hg/HgO is equivalent to 0 V vs RHE. Therefore,

such value was used for all potential conversions towards V vs RHE unit.
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I /0Vvs RHE =-0.940 V vs Hg/HgO
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Figure I1.8. CV of 40% Pt/C in Hy-saturated 1 M KOH at 10 mV s in a potential window of
HER/HOR.

Linear sweep voltammetry (LSV) analyses were performed in 1 M KOH by scanning the
potential between 0.14 V and -0.56 V vs RHE at 10 mV s, besides applying a rotation speed
of 1600 rpm in the working electrode. Before any LSV measurement, electrochemical
impedance spectroscopy (EIS) was performed at open-circuit potential (OCP) to obtain the
solution resistance (Rs) value, which was used when ohmic drop compensation was applied.
The Tafel plots were constructed with the same data obtained from LSV analyses, but only
selecting the interval in which a linear behavior relationship between overpotential (1)) and
the logarithm of absolute value of current density (log |j|) was verified, besides to be the
data associated with the beginning of the hydrogen evolution reaction (HER). The resultant
curve could be fitted with the Tafel equation: = a + b log |j|. The variable “b” corresponds

to the Tafel slope, and the exchange current density (jo) corresponds to the value of “j” when

1) is assumed to be zero.
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EIS analyses in the region of HER were performed at various DC potentials with an AC
perturbation of 10 mV amplitude in frequency range between 100 kHz and 1,10 or 100 Hz
(according to the linearity verified by potential and current in Lissajous diagram) and
applying 10 points per decade. Finally, all previous reported electrochemical
measurements, including reference electrode calibration, were performed at room

temperature.

I1.3.2.2. Anion Exchange Membrane Water Electrolyzer (AEMWE) system

A BioLogic VSP Potentiostat (20 V/4 A) was connected to a single AEMWE cell composed
of two titanium-based polar plates containing three parallel straight channels each (length,
width, and depth equal 15, 2 and 2 mm, respectively), two porous titanium, which plays a
role as porous transport layer (PTL) and was applied in both anodic and cathodic
compartments, besides the membrane electrode assembly (MEA). This last one comprised
a Sustainion® X37-50 Grade RT (Dioxide Material™) membrane sandwiched by two gas
diffusion electrodes (GDE) of 1.8 cm?, which were directly assembled in the cell. However,
before being inserted in the cell, the membrane was soaked in 1 M KOH overnight and the
electrodes were soaked in 0.1 M KOH for 1 h, followed by vigorous rinsing. The anode GDE
was obtained by depositing 2 mg cm? of commercial Iridium black (Sigma-Aldrich) onto
Bekaert Bekipor® ST 40 BL3 stainless steel (alloy: 316 L, thickness = 0.23 mm, and porosity
= 84 %), while each cathode GDE was obtained by depositing the transition metal sulfide
onto AvCarb® MGL370 (thickness = 0.37 mm, and porosity = 78 %) carbon paper with a
mass loading target of 3.5 mg cm-2. All catalysts were in a powder form and, therefore, to
deposit them on the gas diffusion layers (GDL) by spray-coating method, catalytic inks were
prepared. Inks were produced by mixing the catalyst with Sustainion® XB-7 ionomer and
solvent (50 % v/v ethanol in water). The homogenization was obtained by the application
of pulsed sonication, i.e., 1 s of sonication followed by 4 s of ultrasound absence repeated
during 5 min, with an ultrasonic probe (power = 280 W) from Qsonica. When it came to the
anode, a proportion of 97 and 3 wt.% of Ir black and XB-7, respectively was respected, while
for the cathodes such proportion was altered to 90 and 10 wt. %; the catalyst was maintained

as major component though. As previously mentioned, the mass loading target was 3.5 mg
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cm? for each TMS, however, real mass loading, presented in Table I1.3, was obtained by the

mass difference of AvCarb® MGL370 before and after catalysts deposition.

Table I1.3. Mass loading obtained for each GDE cathode.

Catalyst Mass loading (mg cm-2)
CoSx 3.6
MoSx 3.4
C00.5M 00,55« 3.9*% / 3.4+

Mass loadings in the activity* (represented by Figure IV.2) and stability# (represented by Figures
IV.3 and B3) tests.

During analysis, the cell, maintained at 50 °C, was fed only in the anodic compartment by 2
mL min- of 0.1 M KOH solution, also stocked at 50 °C, in a closed loop. Figure I1.9 presents
images of AEMWE setup. For performance tests, the LSV curves were registered at 10 mV
s1. The stability test was divided in many steps. Initially, a LSV was recorded at 5 mV s
between OCV and 2 V, then the cell was maintained at 2 V during 10 h. Thereafter, it was

repeated three more times until achieve 40 h of chronoamperometry analysis.




Figure 11.9. Anion exchange membrane water electrolysis setup used for the obtained results reported
herein. a) Image of complete setup comprising 1) oil bath with temperature controlled by thermostat
for electrolyte heating, 2) pump for electrolyte recirculation and 3) AEMWE cell. b) Cell gaskets and
c) MEA images.

In addition, the value of specific energy consumption is given by Eq. IL.6.

2xF
3600 X Vi, (m3 mol~1) x 103

e (kWh Nm™3) =

x U() (Eq. IL.6)

Assuming that H> behaves as ideal gas, Vm can be calculated by Eq. I1.7.

(Eq. IL7)

Therefore, by combining Eqs. II.6 and IL.7, the Eq. IL.8, which was used to plot curves of
Figure IV.2, was obtained.

2XFxP )
x U
3600 X R X T x 103 0)

¢ (kWh Nm™3) = (Eq.1L8)
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For the calculations, voltage unit adopted was Volt. Furthermore, all parameters” values

applied are presented below.

e F=96,485C moll;

e P=101,325Pa;

e R =28.314 Pa m? mol! K7;
e T=32315K.

The calculation of reversible current decay, irreversible current decay, and current decay

rate were done according to the Egs. I1.9, I1.10 and I1.11, respectively.

:n+1 1

Reversible current decay of n'* interval (%) = % X 100
bt
Irreversible current decay of n'® interval (%) = l;n—"}n x 100
bt

n J'{,I—J'? 100
1 Xi=1 il XTo
h™) =

n

Current decay rate (%

For the calculations, the meaning of the variables is presented below.

e jcorresponds to current density;

e n corresponds to the number of the interval;

(Eq. I1.9)

(Eq. I1.10)

(Eq. IL11)

e b corresponds to the beginning of the interval, i.e., first value in the interval;

e f corresponds to the final of the interval, i.e., last value in the interval.
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Chapter III: Taking Advantage of Teamwork: Unsupported Cobalt
Molybdenum Sulfide as an Active HER Electrocatalyst in Alkaline Media

This chapter is based on the following publication: “Taking Advantage of Teamwork:
Unsupported Cobalt Molybdenum Sulfide as an Active HER Electrocatalyst in Alkaline Media”.
C.V.M. Inocéncio, ]. Rosseau, N. Guignard, C. Canaff, S. Morisset, C. Comminges, C. Morais,

K.B. Kokoh, J. Electrochem. Soc. 2022, 169, 054524.
https://doi.org/10.1149/1945-7111/ac6b59

Abstract

A bimetallic cobalt molybdenum sulfide (CoosMo0.55«) material was studied as candidate

[Hzo

electrocatalyst to replace

platinum-based cathode for HER
reaction in alkaline media. The
Coos5Moo5Sxwas obtained from a

hydrothermal synthesis

’ '°-3é'?6 ;/;d&Hé:;) ot methodology employing sodium

diethyldithiocarbamate as
sulfurizing agent, a non-conventional compound. The recovered sulfide material was
physicochemically characterized by XRD, Raman spectroscopy, TEM and XPS
measurements. Analogous monometallic sulfides were also synthesized to compare their
HER activities to that of Coo5Mo0055x. Such electrochemical characterization was performed
by the application of polarization and EIS analyzes in 1 M KOH. An evident synergistic
effect emerged in the bimetallic sulfide and it was associated with the design of a catalyst
less susceptible to air-oxidation added to the roles performed by cobalt- and molybdenum-
based species in the HER mechanism. Finally, a physical mixture of CoosMo0055x and Carbon
Vulcan was prepared aiming to enhance the electronic conductivity of the electrode. As
result, an overpotential of 131 mV was requested to achieve —10 mA cm™. In addition, to
achieve —200 mA cm?, this electrode only needed an overpotential 66 mV higher than the

one necessary for the benchmarking 40% Pt/ C electrocatalyst.
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II1.1. Introduction

Hydrogen already plays a key role in many industrial processes and the interest in this
compound has recently increased since it is pointed-out as a promising future energy
carrier. Besides to present a high energy yield, no greenhouse gas is produced during its
oxidation'®. However, most of current hydrogen production still comes from fossil
feedstock and, due to environmental concerns, methods aiming the renewable, cleaner, and
economically suitable production of hydrogen are being developed!! 140,

Hydrogen production from water, in the so-called “water electrolysis” process, has been
receiving great attention because if it is coupled to a renewable energy source, it results in
zero carbon emission!4l. In this process, water is split to originate two gases, hydrogen (H>)
at the cathode and oxygen (O2) at the anode, both containing high purity. The reactions
responsible for their production in each half-cell are called hydrogen evolution reaction
(HER) and oxygen evolution reaction (OER), respectively* 142,

To minimize the overpotential of aforementioned reactions and, consequently, increase
process efficiency, the utilization of active catalysts is required!4?-144, Noble metal-based
materials, mainly Pt, Ru and Ir, remain state-of-the-art catalysts of these reactions, but their
high-cost and scarcity are responsible for limiting their application in large scale¥>. These
concerns can be overcome with the development and design of new candidate catalysts
which should not only be active, stable and selective, but also cheap and earth-abundant.
Molybdenum (MoS;) and cobalt (CoSz) sulfides have been extensively investigated as HER
active materials*5 9,109, 146-149 Besides they are arousing much interest owing to their low
cost, these metal sulfides are representative of transition metal dichalcogenides for the water
reduction. Moreover, some authors stated that CoS; exhibits in acidic environment evident
advantages over layered metal sulfides such as MoS; and WS, due to its intrinsically metallic
or conductive features'®-151. Alkaline HER medium brings an additional step of water
dissociation which provides the adsorbed hydrogen species required for the HER to
proceed; such step may increase energy consumption of reaction. Furthermore, lower
binding energy of water compared to hydronium and the interaction of hydroxyl groups,
abundant in high pH’s, with the catalytic sites may play a key role in catalysts” activity. As

result, the mechanism of HER in alkaline electrolyte is more complex. Despite that, the
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alkaline environment allows the application of wider range of materials, including non-
noble metal-based ones, in HER and OER?®7.152153_ This, summed up to new developments
in alkaline exchange membranes'4155, makes it worth to search for materials that may be
applied in alkaline exchange membrane water electrolyzers (AEMWE). Once it has been
described elsewherel%, 152 that cobalt-based species perform well the water dissociation, our
strategy was to synthesize bimetallic cobalt molybdenum sulfide (CoosMoo55x) catalyst to
take advantage of both cobalt and molybdenum sulfide species characteristics and,

consequently, obtain a synergistic effect.

IT1.2. Results and Discussion

111.2.1. Physicochemical characterizations

The synthesized materials were analyzed by the XRD technique and results are presented
in Figure III.1a. The CoSx sample presented well-defined peaks in the same positions of
CoS; pattern (ICSD collection code: 624848) and other peaks of low intensity, still apparent
though, in Bragg angles corresponding to the CoSOs - H2O phase (PDF: 01-074-1330).
Therefore, cobalt sulfide was successfully synthesized, though part of it was oxidized to
sulfate, probably due to the contact of CoS; with air. Both MoSx and CoosMoo.55« showed
diffraction peaks that can be associated with hexagonal MoS: phase (ICSD collection code:
601647), also known as 2H-MoS;. The peak shift towards lower angles in (002) line, present
in both MoSx and Coos5Mo05Sx, is generally associated with enlargement of the MoS>
interlayer distance!®®. For the 2H-MoS; pattern, (002) line appears at 20 = 14.4° and the
standard interlayer distance of the material is 6.15 A. On the other hand, (002) line is
observed at 13.9° for MoSx and CoosMoo55«x. By applying the Bragg equation, it is expected
MoS; sheets with interlayer distance (d(002)) of about 6.36 A. Another feature verified for
MoSx and CoosMoosSx is the absence of peaks corresponding to (103) and (105)
crystallographic planes of MoS: and the existence of broad bands in those regions instead.
Since the (002) line exists for both samples, such feature is associated to turbostratic
disorder!57-158, In addition, the broadening of peaks associated to (100) and (110) planes, seen

in MoSx and Coo5Mo0.55«, mainly the first one, had been reported elsewhere as characteristic
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of MoS; defect-rich structure!®. In order to compare, Figure Al shows the XRD profile of
commercial MoSy, in which the aforementioned deviations from the MoS: pattern do not
exist. Thus, disordered and defect-rich 2H-MoS; phase is likely to be present in the herein
synthesized Mo-based catalysts. Additional peaks, others than related to MoS; phase, were
verified for CoosMo0055«. The peaks present at 20, nearly 30.9°, 35.4°, 46.9° and 55.0° are
indexed respectively to (010), (011), (012) and (110) planes of CoS pattern (ICSD collection
code: 624857). Consequently, XRD unveiled that, besides MoS,, hexagonal CoS specie is also
present in the composition of CoosMoo.55x.

Raman spectroscopy analyses were also performed to further characterize the materials and
the obtained spectra are plotted in Figure IIL.1b. As stated previously, XRD results
evidenced the existence of pyrite CoS; phase in CoSx. In this structure sulfur atoms are
presented as S ion forming a dumbbell-shape arrangement and the peaks present in 250-
450 cm! range of CoSx Raman spectrum are related to the vibration modes of these sulfur
atoms in the dumbbells!'®. The most intense peak at 391 cm is the result of in-phase
stretching vibration, (Ag). The peak at 414 cm! also comes from pure stretching vibration
mode, out-of-phase though (Tg(2)). Differently, the peak at 287 cm! is derived from pure
librational vibration mode (Eg), while the peak at 315 cm is related to the combination of
several librational and stretching vibration modes (Tg(1))'0. Another peak at 1025 cm is
also observed for CoSx and it can be related to v1 symmetric stretching vibration mode of
sulfate group. To the best of our knowledge, there are no records of Raman spectrum of
CoSOys - H20O, the phase encountered by XRD (Figure III1.1a), in the literature. Nevertheless,
this v1 mode of sulfate group has been reported at 1024 cm™ in CoSOy - 7 H2O samplel®l.
Thus, it is believed that the peak at 1025 cm! is associated with the sulfate groups, although
we are aware that the vicinity of sulfate may influence the Raman shift and further analyses
would be necessary to confirm such assumption. So, the obtained Raman spectrum

corroborates the XRD result found for CoSx.

93



—
[V

~

—~
O

) 403 937,

C0,y sM0, 5S, 377 946
[1 010°
C00 SMOO.SSx 815 874 1700
) )
= = 407
3 3 MoS =
o] [2 10 * Q 175 377 I
1000
o © Mos, 783 829 904
= =
‘® CoS, ]
8 [20 10° " 5 391
£ £
oS, Izooo
287
‘ ‘ ‘ I CoS 315 414 COSX 1024
! L I ‘i 11 J Ll 1 b L ol ol I 1 1 L 1
10 15 20 25 30 35 40 45 50 55 60 65 200 400 600 800 1000
20 ©°) Raman shift (cm™)
© ? e N
o g2
O
) O Mos, 50
> 2
2 Spot 2 o)
) 407 2
c =
- 377{ Tr000 11 00
carbon COSX
/‘\J‘J Spot 3 ’—‘—’
200 400 600 800 1000 1200 1400 1600 1200 1300 1400 1500 1600
Raman shift (cm™) Raman shift (cm™)

Figure I11.1. XRD (a) and Raman spectroscopy (b) results of CoSx, MoSx and CoosMoo.5Sx materials.
(c) Profiles obtained from the application of Raman spectroscopy analysis to different spots of the
synthesized MoSx catalyst. (d) Raman spectra of the synthesized transition metal sulfides in the

region related to vibration modes of carbonaceous materials.

In the MoSx Raman spectrum presented in Figure IIL.1b, three peaks are present in the range
750-950 cml. These three peaks, summed up to the one at 175 cm-, resemble the most
intense peaks of n-Mo04O11, as reported by Zoller et al.192 and Pham et al.163, and are associated
with the vibration modes of linkages between molybdenum and oxygenl®4. Since
heptamolybdate ((NH4)sM07024) was used as Mo precursor at this work, it is believed that
those peaks in MoSx spectrum reveal the incomplete consumption of molybdates during the
synthesis. Noteworthy, the Raman spectroscopy analysis was performed in different spots
of MoSx sample to verify the homogeneity of the material. Figure IIl.1c shows three
representative spectra and evidence that the Mo-O linkages are not throughout the material,

which confirms that they correspond to a residue of synthesis. On the other hand, the peaks
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verified at 377 and 407 cm, related to the well-known in-plane (El2g) and out-of-plane (Alg)
Mo-S phonon modes of MoS; materiall®, respectively, were detected throughout the
material.

The aforementioned El>g and Alg Raman active modes of MoS; were also detected in
Co005Mo0055« spectrum at 377 and 403 cm, respectively, confirming the existence of
molybdenum disulfide as already stated by XRD (Figure IIL.1a). An additional ensemble of
peaks appeared at 352, 815, 874, 937 and 946 cm-!, which can be assigned to CoMoSs Raman
profilel®®. This compound cannot be identified by XRD due to its amorphous character¢¢-
167,

Noteworthy, for CoSx and Coo5Mo0055x, Raman spectra were also taken in different spots of
the materials, similar profiles were obtained though. Therefore, it is believed that the
kinetics of sulfide synthesis is slower in the absence of cobalt, hence, MoSx lacks
homogeneity, probably, due to incomplete reaction in 24 h. Furthermore, in some spots of
all synthesized sulfides reported here, it was evidenced the presence of carbon-based
compounds, as shown in Figure III.1d. This carbon is likely a residue of sulfur precursor
(sodium diethyldithiocarbamate) employed in the synthesis. Li et al.1% also showed the
presence of carbon in CoS;-FeS; nanosheets synthesized hydrothermally when using the
same sulfur precursor as the one used in this work and a very similar synthesis
methodology.

Figure III.2 depicts the electron microscopy images of synthesized materials. Figure III.2a
is an image derived from high-angle annular dark-field scanning transmission electron
microscopy (HAADE-STEM) technique applied to the CoSx catalyst. One can see two
patterns of particles, bigger and brighter ones and smaller particles containing less
brightness. This technique is well-known to evidence Z-contrast in the samples, i.e., the
intensity of signal increases with the atomic number of each atom (I a Zv, 1.6 < v < 1.9)16.
Once XRD and Raman spectroscopy results unveiled the existence of cobalt sulfide and
cobalt sulfate species, it is assumed that the big particles correspond to the cobalt sulfide
phase since it is richer in cobalt, while the smaller particles are related to cobalt sulfate. Such
assumption is further corroborated by EDS, which detected oxygen in the small particles
but not in the big ones, as can be seen in the elemental mapping presented in Figure IIL.3.
TEM images of the MoSx sample are shown in Figures IIL.2b-d. The presence of

agglomerated sheets, a morphology typical of MoS, materials, containing different patterns
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of lateral size and dispersion can be seen in Figure III.2b. There are some zones of MoSx
which contain large sheets and many stacked layers, as observed in Figure III.2¢c, while in
other zones few-layers nanosheets are noticed in Figure III.2d. This last pattern is generally
the goal for HER applications because the active sites reside in the edges of 2H-Mo0S;14°.

Besides that, the resistivity between the layers is much higher than along the same layer4%

165,

c———— 300 nm CoSx ———300 nm Co K C———— 300 nm SK C————300 nm 0K

Figure 111.3. Elemental mapping constructed from the application of EDS in a HAADF-STEM image
of CoSs.

TEM images of CoosMoo.55«x sample are depicted in Figures II1.2e-h. Similarly to MoSyx, when
a lower magnification is applied for CoosMo05Sx, as in Figure I11.2e, two patterns of sheets

are found in the image. There are zones containing high degrees of agglomeration, darker
96



zones in the image, where larger and more stacked sheets are present, see Figure II1.2f, but
there are also zones containing more dispersed and shorter few-layer nanosheets, as shown
in Figure II1.2g. Additionally, crystallized nanoparticles with sizes between 5 and 10 nm are
observed in CoosMo0055« as verified in the Figure III.2h. By performing EDS analyses, whose
results are shown in Table IIL.1, it was noticed that such nanoparticles are rich in Co and S,
therefore, after also considering the XRD result of Coo5Mo0055x, these nanoparticles are likely
cobalt sulfide species. Interestingly, EDS results (Table IIL1) also revealed that the zones
containing the few-layer nanosheets are richer in Co than the zones containing more stacked
sheets. In addition, Tang et al.170 reported that CoS; may serve as backbone for MoS; growth
on hydrothermal reaction. Therefore, it can be assumed herein that Co may also play a role

on the growth of molybdenum sulfide nanosheets in the synthesis.

Table 111.1. Co/Mo atomic ratio obtained by EDS applied to different zones of CoosMoo.5Sx catalyst
analyzed by TEM.

Zone Characteristic* Co/Mo atomic ratio
1 F 0.54
2 F 1.00
3 F 0.98
4 S 0.26
5 S 0.22
6 S 0.27
7 F+P 3.02
8 F+P 4.26

#F = few-layer nanosheets, S = stacked nanosheets, P = nanoparticles rich in Co and S.

The XPS analysis was performed for CoSx, MoSx and CoosMo0o55« aiming to better
understand the chemical state at their surfaces; results are presented in Figure II1.4. Based
on the Co 2p spectrum of CoSx (Figure IIl.4a), it is evident that most of Co species are
associated to oxidized species as cobalt sulfate and cobalt oxide, although a small amount
is still identified as CoS,. The S 2p spectrum of CoSx is also presented in Figure IIl.4e and
the sulfur species are also mostly present in oxidized form, in this case as sulfate. These
results are in line with those of HAADF-STEM, which showed that the bigger particles
corresponded to the cobalt sulfide phase, while smaller particles were related to cobalt
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sulfate. Although, XRD and Raman showed that CoSx is composed mostly of CoS;, it is
necessary to consider that the XPS is a technique to probe the surface of the material, even
lower depth than Raman analysis. Therefore, due to dispersion issues the surface of cobalt
sulfate becomes more representative than the cobalt sulfide one.

In Figure II1.4c four peaks are shown, the one between 224 and 228 eV is, in fact, related to
the S 2s contribution, while the other three are associated with the Mo 3d spectrum of the
MoSx catalyst. These three peaks can be decomposed in three doublets containing the Mo
3ds/2 and Mo 3ds/2 contributions of molybdenum species involving oxidation states equal
to +4, +5 and +6. The Mo#* contribution, the most present for MoS;, is associated with the
MoS; phase identified by XRD and Raman analyses. Mo>* and Mo®%* states, present in similar
quantities, are related to oxidized species as MoSyOx and MoQOs, respectively. The first one
is reported as an intermediate phase between molybdenum oxide and molybdenum sulfide.
Therefore, it can be associated with a residue of the synthesis or even with a light oxidation
of MoS; at the surface due to the contact with air. On the other hand, MoOj is likely to be
result of the oxidation of MoS; at the surface due to the contact with air. In fact, the detection
of these Mo®* and Mo®* chemical states by XPS for molybdenum sulfides, related to oxidized
phases, is a common feature that has been reported by many authors®!- 171172, Noteworthy,
the same commercial MoS; material, supplied by Sigma-Aldrich, reported in Figure Al was
analyzed by XPS, and the result also showed the existence of Mo®* species. The S 2p
spectrum of MoSx (Figure II1.4f) showed mostly the contribution of MoS: doublet, although
some contributions of other sulfur-based species as bridging S5;?- ligands were also revealed.
Finally, although detected, this sample exhibited very low intensity of peaks related to

sulfate species.
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Figure 111.4. Co 2p spectra of (a) CoSx and (b) Coo.sMoo.55x, Mo 3d of (c) MoSx and (d) Coo.5Mo00.55x
and S 2p spectra of (e) CoSx, (f) MoSx and (g) Coo.5Mo00.55x.
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The Co 2p spectrum of CoosMoosSx (Figure II1.4b) shows an intense peak associated with
cobalt in the structure of a tertiary sulfide, i.e., cobalt molybdenum sulfide. In addition, a
smaller peak related to cobalt sulfide specie is revealed, which showed the existence of a
segregation of cobalt from the bimetallic sulfide structure. The Mo 3d spectrum for
Co005Mo0055« (Figure I11.4d) evidenced the existence of molybdenum in three oxidation states
(+4, +5 and +6). The Mo** is the most representative one and it is related to the molybdenum
sulfide (MoS) species. The Mo¢* was found in smaller amounts and can be associated to the
CoMoS; structure verified by Raman, although the presence of MoOs due to oxidation of
molybdenum sulfide in presence of air should not be discarded. In even lower quantities
can be found Mo®*, which is probably a result of molybdenum surrounded by oxysulfidic
species, commonly reported as intermediates in the transition of molybdenum oxide to
molybdenum sulfide!”3.

On the S 2p spectrum of CoSx (Figure I11.4e) can be verified that most of sulfur is associated
with sulfate species, which is in line with the Co 2p spectrum of the same material (Figure
III.4a). Only a small amount of sulfur is associated with sulfide in its surface. On the other
hand, based on S 2p spectrum for CoosMoo 55« (Figure II1.4g), very low amount of sulfur is
related to the sulfate species; in fact, sulfur is present almost totally as S?. Additionally, a
small contribution related to bridging S;* ligands, generally present in molybdenum
sulfides containing low degree of crystallinity, is also present in CoosMoo55x. Once XRD
result of CoosMoo55« (Figure IIl.1a) evidenced a MoS; structure containing defects, such
ligands were already expected to be present in the catalyst.

XPS results suggest that in the monometallic cobalt sulfide (CoSx), the surface is highly
oxidized resulting in the formation of cobalt sulfate and cobalt oxide structures. The same
is not verified for the bimetallic sulfide (CoosMo005Sx), in this case cobalt is mostly
incorporated to the structure of tertiary sulfide, i.e., cobalt molybdenum sulfide, although
part of cobalt also segregates in a cobalt sulfide structure. For MoSy, the sulfate contribution
is even lower, although it was evidenced the existence of MoO3; and MoSyOx phases, which
is a common feature for molybdenum sulfide. These species were also present in
Co05Mo05Sx, in much less quantity though. Therefore, the use of Co and Mo on the design
of a bimetallic sulfide leads to a more stable surface that is not easily oxidized, preserving

then the sulfide species at the catalyst surface. Besides that, the tertiary sulfide structure
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may enhance the activity towards HER, once a better interaction between cobalt and

molybdenum is expected and a synergistic effect can be derived.

II11.2.2. Electrochemical characterizations

The monometallic and bimetallic sulfides were tested towards the HER by applying the
linear sweep voltammetry (LSV) technique in 1 M KOH at 10 mV s and results are shown
in Figure IIL.5a; while the main graph presents uncompensated polarization curves
recorded before any voltammetric cycling in wide range of current density, the inset graph
shows iR-drop compensated polarization curves at small values of current density (|jgeo | <
13 mA cm?). The bare glassy carbon electrode (GCE) used as substrate for the deposition of
catalytic inks was also evaluated and it can be easily seen that it does not present any HER
activity, even at -0.5 V vs. RHE. Thus, it is confirmed that it only plays a role as inert
electrode substrate and the HER activities verified in the polarization curves are the result
of catalysts” activity. On the contrary, MoSx and CoSx showed to be active for the reaction,
presenting values of overpotential to achieve -10 mA c¢cm (110) equal to 285 and 372 mV,
respectively, after iR-compensation. The CoosMo055« catalyst also presented a better HER
activity than the monometallic sulfides, since a current density of -10 mA cm was obtained
at an overpotential of 172 mV, lower than the value of 241 mV reported by Mukherji et al.193
for CoosMoo55« material synthesized in 48 h of hydrothermal reaction applying L-cysteine
as sulfur precursor; these differences on the choice of the sulfur precursor and time of
reaction may certainly affect the characteristics of the obtained materials and, consequently,
their activities. Other authors have also reported the enhancement of HER activity by the
coexistence of cobalt and molybdenum in sulfide-based materials®. 193, It has been known
for over ten years that edge sites of MoS; are very active for the Ha production by reduction
of proton species> 149, but when it comes to the HER applied at alkaline media, the
availability of protons is extremely reduced. Hence, the additional step of water dissociation
becomes relevant for the reaction mechanism at this condition. Cobalt-based species are
reported as good catalysts for this additional step!%; therefore, their presence leads to an
acceleration of the Volmer step and their coexistence with molybdenum sulfide results in a
synergistic effect as the one verified herein. In the insets of Figs II1.5a and IIL.5b, one can

observe a cathode current above 0 V vs. RHE which is most likely due to the capacitance of
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a such material (for CoosMo0055x a value 22 puF cm2 is obtained). A cyclic voltammogram of
Co005Mo0055« is presented in Figure A2. Figure II1.5b presents polarization curves obtained
with a physical mixture of CoSx and MoSx (50 wt.% of each) and it shows a better activity
than both monometallic sulfides. It corroborates therefore the idea that each one plays a role
in the reaction and together a synergistic effect is obtained. But the Coo5Mo0055x still
performs better than the physical mixture of CoSx and MoSx, which is likely in reason of a
better interaction between cobalt sulfide and molybdenum sulfide species in the bimetallic
compound; a possible electronic effect cannot be discarded though. It can be noticed that
the activity trend does not change whatever the normalization of the current densities with
mass loading or geometric surface (Figures IIL.5b and A3). An additional investigation of
Co/Mo ratio effect, based on the quantity of precursors added in the synthesis, on cobalt
molybdenum sulfide HER activity was performed. As verified in Figure A4, the best result
was obtained for equimolar quantities of the metals, i.e., Co05M00.55x.

A commercial 40% Pt/C catalyst was also tested in the same conditions to compare the
activity of the synthesized sulfides with a benchmarking material for HER. It showed to be
much more active than all synthesized materials. For example, as reported in Table II1.2, to
achieve -100 mA cm-2, CoosMo0o55x needed an overpotential 168 mV higher than 40% Pt/C.
In addition, this last one only needed an overpotential of 46 mV to achieve -10 mA cm-2.
Tafel plot curves, shown in Figure III.5¢, were constructed by using the same data presented
in the inset graph of Figure I11.5a. It is possible to verify that, although MoS« presents a Tafel
slope lower than Co-containing sulfides, all synthesized transition metal sulfides (TMS)
show Tafel slope values much higher than 40% Pt/C. The Tafel slope is a well-established
tool to evaluate the kinetics of electrochemical reactions. However, it is important to
consider that when the Tafel plot is constructed from LSV data, it is impossible to isolate the
influence of charge-transfer kinetics from catalyst resistance issues?. There are several
works reporting MoS; with good electronic conductivity, specifically the 1T-MoS; phase®l:

174, however, TMS materials contain commonly semiconductive naturel%, 175,
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Figure I11.5. (a) Ohmic drop uncompensated HER LSV curves in 1 M KOH at 10 mV s and 1600

rpm. Inset: Curves after iR-compensation at low current densities window. (b) Polarization curves

of monometallic, bimetallic and physical mixed sulfides in 1 M KOH at 10 mV s-1 and 1600 rpm

without iR-drop correction (c) Tafel plot derived from iR-compensated polarization curves.

Table 111.2. Parameters* values obtained from LSV analyses in HER region.

Catalyst CoSx  MoSx  Co0sMoosSx CoosMoosSx + XC72R - 40% Pt/C
N1 (mV) 372 285 172 131 46
N100 (mV) - - 456 392 288
1200 (mV) - - - 547 481
b (mV decl) 146 131 147 75 37
jomA cm?) 003 0.07 0.43 0.19 0.95

*10, b and jo were obtained after iR-compensation, while 1100 and 1200 are related to non-compensated

results.
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Based on this information, a physical mixture of CoosMo0055« and Carbon Vulcan XC72R,
mass ratio of 1:1, was prepared during the catalytic ink formulation and such ink was
deposited onto the GCE to be evaluated towards the HER. The total mass loading was
maintained, the mass loading of Coo5Mo0055«x was halved when compared to this material
used in absence of Carbon Vulcan though. From Figure III.5a, one can see that the physical
mixture shows onset overpotential similar to CoosMoosSx, but the increase of cathodic
current promoted by the reduction of potential is more relevant in the presence of Carbon
Vulcan; thus, the physical mixture presents higher activity than CoosMoo.55x. Carbon Vulcan
XC72R was also evaluated alone as HER catalyst and showed negligible activity, which
discarded any possibility of the activity enhancement, verified by coupling CoosMo0055«x and
XC72R, be result of a superior catalytic activity coming from the carbon. By evaluating the
Tafel plot (Figure III.5¢c), it can be observed that the Tafel slope calculated for CoosMo0.55x
(~147 mV dec?) significantly decreases with the addition of Carbon Vulcan (~75 mV dec).
Therefore, we assume that Carbon Vulcan plays a role as conductive additive by enhancing
the electron transport in the electrode. This strategy of adding a carbon-based material into
the catalytic ink formulation has already been reported elsewhere® 100108, To achieve a
current density of -10 mA cm?, the physical mixture only requested an overpotential of 131
mV after iR-drop compensation. So, this electrocatalyst generated by the deposition of the
physical mixture, comprising CoosMoosSx and XC72R, onto GCE is, at least, very
competitive with other non-noble-metal-based electrocatalysts, mainly when it comes to
unsupported materials and by applying GCE as substrate instead of three-dimensional
substrates, e.g., nickel foam and carbon cloth. Although the physical mixture is still less
active than 40% Pt/ C, the difference of overpotential to achieve -100 (A n100) and -200 (An200)
mA cm? is 104 and 66 mV, respectively. Bearing in mind the cost and, mainly, the earth-
abundance factors, the physical mixture appears as a promising candidate to replace Pt-
based materials as cathode of anion exchange membrane water electrolyzers (AEMWE),
once the Ar at elevated current densities is small.

Table III.2 reports the values of exchange current densities (jo) calculated from Tafel plot.
At first, it is seen that MoSx shows a higher exchange current density than CoSx.
Additionally, one may verify that jo of both aforementioned catalysts is one order of
magnitude lower than for CoosMoo55x. This result further confirms the synergistic effect of

the existence of both cobalt and molybdenum given that it is known that jo is related to the
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intrinsic activity of the catalyst. When Carbon Vulcan is added in the CoosMoo55x catalytic
ink preparation, jo decreases from 0.43 to 0.19 mA cm™2. This decrease to about half of value
is coherent because the exchange current density varies linearly with the number of active
sites!49, and the mass loading of Coo5Mo0055« in the GCE containing the physical mixture is
half than on the GCE containing only CoosMo0055«. It is important to highlight that the
previously mentioned linearity accrues from the use of geometrical surface area to
normalize the exchange current density. If the surface of active sites would be used instead,
no variation of jo with mass loading should be expected. Yet, it is interesting to highlight
that jo calculated for Coo5Mo0055« is in the same order of magnitude than 40% Pt/C, which
reinforces the potential of Coo5Mo0055« for future applications in AEMWE.

EIS analysis at HER potential (-0.3 V vs RHE) was applied to all sulfide-based
electrocatalysts, besides the benchmarking 40% Pt/C, to have deeper comprehension of
their activities towards the reaction; such results are present in Figure III.6a-c. At first, based
on impedance (|Z|) values at high frequencies, where the phase angle is about 0°, the
solution resistance (Rs) is lower than 1 Q cm? for all materials reported herein. The Nyquist
plot (Figure III.6a) evidences an obvious semi-circle shape, which can be associated with
hydrogen evolution reaction, for the curves of 40% Pt/C and the physical mixture
containing CoosMoo55« and Carbon Vulcan XC72R. According to the diameter of the semi-
circles, their charge-transfer resistances (Rct) at 1 = 300 mV are, approximately, 0.4 and 3.2
Q cm? respectively. Additionally, for the physical mixture this value decays to,
approximately, 1.2 Q cm? when 400 mV of overpotential is applied (Figure II1.6d). Although
not complete, it is possible to notice the semi-circle trend for the curve related to CoSx. The
Rctfor CoSx at =300 mV cannot be directly inferred from the curve, but by an extrapolation
it is expected a value much higher than the one obtained for the physical mixture of cobalt
molybdenum sulfide and Carbon Vulcan XC72R. According to the Bode plot (Figures
II1.6b,c), while the maximum of the peak related to HER in the phase angle curve for 40%
Pt/ C takes place between 100 Hz and 1 kHz, for both CoSx and the physical mixture it only
appears around 10 Hz. However, for the MoSx electrocatalyst, a noise arises in the EIS
measurement around 10 Hz, which may prevent the appearance of the semi-circle trend.
This noise also appears around 10 Hz when the EIS is applied at -0.4 V vs RHE (Figure
II1.6d-f), however, due to the shift of the phase angle peak to higher frequencies as result of

overpotential increase, at such potential the semi-circle behavior is verified for MoSx.

105



m Co, Mo, S, + XC72R v
20 |-® Co,ysMo, S,
* 40% PUC -
A MoS,
15 v cos, v
g .
N 10 v
! v
v 5" LN |
5¢ gl Y G L
L]
y i
0 ul 1 1 1
0 5 10 15 20
Z'(Q)
(d)
125 ® CoosMogsS, + XCT2R
e Co,sMo, S,
100+ 4 MoS,
v CoS,
g 75}
N
50 B
v
\
25} V jgpae e,
v L ]
| 1Y
0.0, . : ) A )
0.0 25 50 75 10.0 125
Z'(Q)
(9)
0omVv
125 "
e 100 mV
A 200 mVv
100F . 300mv
- ¢ 400 mV
S 75} m
N
Y 5ol 1
v
25} Maad L T
0.0 C1 1 L 1

00 25 50 7.5 100 125
Z'(Q)

251 = Co,sMo, S, + XC72R
* Co, Mo, S,
. b2 * 40%PYC
20 """, 4 Mos,
. . v CoS,
=15 . ¥
o oy
=A v
10+ ':A" '..
.
g Wi
5 %
1 10 100 1000 10000 100000
Frequency (Hz)
(e)
. = CoysMo, S, + XCT2R
121 o * CoysMo, S,
: B 4 MoS,
gt P CoS;
10 Aw .
S .
e A% *e
=2 .
N . .
a AAlv ..
A
lx .
iy ¢
6 # ““ H
4004 e
i “"0'000.0..."
10 100 1000 10000 100000
Frequency (Hz)
. = 0mVv
125 - * 100mV
sl A 200 mV
s . v 300mV
100} * o e * 400 mV
~ . v e
= i, oo
R ===':h -
75 Seelag,y
H !I]lxl i
L
50t '!!'.
otennss
10 100 1000 10000 100000

Frequency (Hz)

(€)

()

()

12| (2)

(i)

©0)

50+

40}

30 |

30

20

Co, sMo, S, + XC72R
Co, Mo, S,

40% PUC

MoS,

Y v CoS,

.
>e o

10000

10 100 1000
Frequency (Hz)

100000

o Co, sMo, S, + XC72R
C0,5M0y 55,

MoS,

v CoS,

« > o

v
vy

1000 10000 100000

Frequency (Hz)

100

s« o
[}
1=
S
3
<

- .
A A .
. Adaasdlale
. 5
Sanapgne??

1000 10000 100000

Frequency (Hz)

100

Figure 111.6. (a) Nyquist and (b,c) Bode plots obtained from EIS analysis of the electrocatalysts at -

0.3 V vs RHE applying an amplitude of 10 mV and probing 10 points per decade. (d) Nyquist and
(e,f) Bode plots obtained by the application of 400 mV of overpotential towards the HER in 1 M KOH

with an amplitude of 10 mV and 10 points per decade. (g) Nyquist and (h,i) Bode plots obtained for

Co0.5Moo.55x catalyst at different overpotentials towards the HER in 1 M KOH with an amplitude of

10 mV and 10 points per decade.

At first sight, one may believe that the small semi-circle at high-frequencies of Nyquist plot

(Figure III.6a) and its correspondent phase angle peak between 1 and 10 kHz of Bode plot

(Figures II1.6b,c) for CoosMoos5x can be associated with the HER. However, such charge-
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transfer process may be verified at various applied DC potentials, including the ones in
which HER do not take place, e.g., 0 V vs RHE (Figure IIL.6g-i). Therefore, it is certainly
consequence of another process. We suggest that this process is related to the water
adsorption and further dissociation, favored by the existence of Co?* species!'®?, which
results in the generation of hydrogen adsorbed intermediate species in the catalyst, mainly
in the molybdenum sulfide sites. Such process seems to be more evident in the coexistence
of cobalt and molybdenum, which reinforces the bifunctionality of CoosMoos5x. The charge
transfer process related to HER for Coo5Mo0055x may not be seen in Figure IIl.6a-c because
the points at frequencies lower than 100 Hz do not present a good linearity between current
and potential according to their Lissajous diagrams. As seen in Figure II1.6g-i, at n = 400
mV the HER process becomes evident even at frequencies higher than 100 Hz, although it

appears superimposed with the aforementioned process.

II1.3. Conclusion

Monometallic (CoSx and MoSx) and bimetallic (Coo5Mo0055«) sulfides were hydrothermally
synthesized by using sodium diethyldithiocarbamate as sulfurizing agent, a non-
conventional precursor. Disulfides, i.e., CoS; and MoS;, were the major phases obtained for
each monometallic catalyst, in accordance with the stoichiometry applied in the syntheses.
Although, the XRD analysis showed the presence of MoS; and CoS phases for the
Co05Mo0055Sx, XPS results revealed the existence of a tertiary cobalt molybdenum sulfide at
the surface. Besides that, MoSx and CoSx showed to be more easily oxidized than
Co005Mo0055x, therefore, the interaction of cobalt- and molybdenum-based phases resulted in
the prevention of material’s oxidation. The monometallic sulfides showed to be active for
the HER, but the use of both metals led to a superior activity as result of a synergistic effect,
as evidenced by the exchange current density calculated values. EIS results exposed a
faradaic process for CoosMo0055x which was absent for CoSx and MoSx. This process is likely
the responsible for accelerating the HER, and we attributed it to the water dissociation step.
Carbon Vulcan (XC72R) was physically mixed to CoosMoo55« in an attempt of enhancing

the electronic conductivity. Polarization analysis showed the increase of HER kinetics with
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this strategy obtaining nio = 131 mV and reducing the Tafel slope in half of value.
Noteworthy, in order to achieve a current density of 200 mA cm, the physical mixture only
requested an overpotential 66 mV higher than a commercial 40% Pt/ C catalyst. Considering
the earth-abundance and cost features of both materials, the aforementioned physical

mixture emerges as an interesting candidate to be tested as cathode catalyst in an AEMWE.
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Appendix A. Supporting Information Chapter III

MoS, (Sigma-Aldrich)
[42]
2 60 10°
-]
@)
o
e MoS, pattern [ICSD: 601647]
<
L. |||.l|.l.|..||]..
5 10 15 20 25 30 35 40 45 50 55 60 65

20 (°)

Figure A1. X-ray diffractogram of a commercial MoS; powder supplied by Sigma-Aldrich.
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Figure A2. Cyclic voltammetry registered for Coo5Moo5Sx (0.5 mg cm2) in 1 M KOH at 10 mV s,

It can be noticed an important variation between the first cycle and the following ones. This
modification, which is probably due to the surface modification through the faradaic contribution
(first cycle), affects the capacitive properties of electrode material. The capacitance was found to be 22

uF cm2 after surface stabilization (third cycle).
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Figure A3. Polarization curves of monometallic, bimetallic, and physical mixed sulfides in 1 M KOH
at 10 mV s without iR-drop correction normalized with mass loading. Inset: Ohmic-drop
compensated curves at lower cathodic current density region.
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Figure A4. Uncompensated polarization curves of cobalt molybdenum sulfides containing different

Co:Mo compositions in 1 M KOH at 10 mV s'L.

111



Chapter IV. A Step Forward: Hydrogen Production on Cobalt Molybdenum
Sulfide Electrocatalyst in Anion Exchange Membrane Water Electrolyzer

This chapter is based on the following publication: “A Step Forward: Hydrogen Production on
Cobalt Molybdenum Sulfide Electrocatalyst in Anion Exchange Membrane Water Electrolyzer”.
C.V.M. Inocéncio, F. Fouda-Onana, J. Rosseau, N. Guignard, T. Napporn, C. Morais, K.B.

Kokoh, ACS Appl. Energy Mater. 2022, 5, 10396.
https:/ /doi.org/10.1021/acsaem.2c02270

ABSTRACT
Cobalt molybdenum sulfide (CoosMoo55«) was evaluated, as an alternative cathode catalyst

for hydrogen large scale production in an anion exchange
membrane water electrolyzer (AEMWE). Performance testing in a
Co005Mo0055«/ /Ir single cell fed with 0.1 mol L= KOH exhibited the

best activity reported to date for transition metal sulfide cathodes

s in alkaline media. The aforementioned cell presented good
| Electrolyzer A
Three Electrode cell || stability during 40 h of operation at 2 V; in addition, it had most of

its current density degradation recovered in the beginning of the subsequent 10 h interval.

112



Hydrogen (H>) is expected to play an important role to enable the energy transition to clean
energy since its oxidation leads to the release of energy and only generates water as a
byproduct*. In contrast, most of industrial hydrogen production still utilizes fossil sources
as feedstock!! 140, Therefore, to really achieve the goal of a carbon footprint decrease, while
hydrogen acts as energy carrier, alternative processes for its production must be further
developed. Water electrolysis emerges as the most promising process for this purpose once
it demands energy, which can be derived from renewable sources, e.g., wind and solar, to
split water toward high purity hydrogen and oxygen in the cathode and anode
compartments, respectively* 141-142. Water electrolyzers may exist in several configurations.
Specifically, the one known as the anion exchange membrane water electrolyzer (AEMWE),
though still in research stages, has the potential to operate at high current densities; in
addition, it avoids the use of platinum-group metal (PGM) catalysts!’¢. These are both very
relevant features. Hence, the goal of this work is to propose new electrocatalysts to be
applied as cathodes in AEMWEs.

It was reported, by theoretical calculations and experimental studies, that transition metal
sulfides (TMS) are effective catalysts for the hydrogen evolution reaction (HER) when the
sulfur atoms are present at the edge of the structure®. Hence this group, (Mo, Co)-based
sulfides, was synthesized by a methodology described recently?””.

The results obtained for monometallic and bimetallic cobalt- and molybdenum-based
sulfides are presented herein. The main phases obtained for monometallic catalysts were
disulfides, i.e., CoSz and 2H-MoS;, which is in accordance with the stoichiometry applied
during their syntheses. The bimetallic sulfide consisted mostly of CoS and MoS; hexagonal
phases, though its surface characterization also unveiled the existence of a sulfide structure
containing both cobalt and molybdenum. Furthermore, it was noticed that both
molybdenum disulfide phases for the referenced Mo-containing catalysts were defect-rich;
this feature was revealed to be very relevant for the enhancement of MoS; activity toward
the hydrogen evolution reaction (HER)%”. A deeper investigation, aided by XRD, Raman
spectroscopy, TEM, HAADF-STEM, and XPS, and interpretation of the physicochemical
nature of the electrocatalysts was previously reported and may be found in a previous

publication!””.
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In addition, the elemental composition of CoosMoos55« was investigated by ICP-OES and
XPS analyses, mainly to ascertain if the Co:Mo atomic ratio followed the stoichiometry
applied in the synthesis; the results are summarized in Table IV.1. One may notice that,
according to ICP-OES data, the Co:Mo ratio agreed with targeted values, i.e., the
equimolarity of metals was preserved. Likewise, the S:Mo ratio around 3 also indicated a
coherence in the coexistence of CoS and MoS; phases. A different proportionality was
obtained by XPS quantitative analysis, but nevertheless, the results are not necessarily
antagonistic as XPS results are restricted to its surface while ICP-OES provides a global
information on the sample. Therefore, it may be stated that the Coo5Mo055« surface is poorer
in cobalt than its bulk. The former statement was confirmed by Raman spectroscopy, which
is also restricted to the surface, although this technique can probe deeper regions of the
sample than XPS. Indeed, in the catalyst’'s Raman spectrum (Figure B1) bands associated
with tertiary sulfides were identified, but no band related to CoS« species could be detected,

although the CoS phase was clearly identified in Coo.5M00.55.

Table IV.1. Atomic ratio of elements in Coo5Mo0.5S5x, normalized with the molybdenum amount

obtained by ICP-OES and XPS techniques.

Element ratio* ICP-OES XPS

n
Lo 1.09 015
rlMo
ng
3.07 1.74
Ny

*nx = quantity, in mol, of element “X”.

The electrocatalysts’ performance for HER was first evaluated in a three-electrode
configuration at room temperature; it used a homemade cell produced with Kel-F polymer
to avoid Pyrex glass cell corrosion in an alkaline medium. A glassy carbon slab and
Hg/HgO/HO- were used as counter and reference electrodes, respectively, while a rotating
disk electrode (RDE) containing a glassy carbon substrate, onto which the cathode catalyst
was deposited, was employed as a working electrode. After a simple conversion, results
were plotted in potential referenced to the reversible hydrogen electrode (RHE); to do this,
reference electrode calibration was accomplished. Further details concerning the cell

configuration, ink preparation, and reference calibration are provided in the Section I1.3.2.1.
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Polarization curves (Figure IV.1) were obtained by LSV analysis in N»z-saturated 1 M KOH
at 10 mV s-1 and 1 600 rpm. Molybdenum sulfide exhibited better HER performance than
cobalt sulfide throughout the applied potential range. Indeed, molybdenum sulfide has
been pointed out as a promising HER catalyst by theoretical and experimental studies over
the past two decades*> 5+ 1499 However, its activity is reduced once acidic electrolytes are
replaced by alkaline ones because of its poor water dissociation ability as well as the strong
adsorption of generated hydroxyl to its surface!”8. Nonetheless, these characteristics may be
tuned by the incorporation of Co-based species to derive a catalyst with superior activity1%
178, The synergistic effect existing in the bimetallic sulfide is highlighted in the polarization
curve (Figure IV.1) as it exhibits less negative onset potential, in addition to generating more
than twice the current density of monometallic sulfides at —0.56 V vs RHE. To reach 10 mA
cm2, the overpotential was 181 mV, which set CoosMoo 55« among the best electrocatalysts
for HER in alkaline medium, especially the unsupported ones. Different Co:Mo ratios were
previously tested, and the equimolar one showed the best result!”7.

Due to the promising character of CoosMoos5« as an earth-abundant cathode for water
electrolysis, it was further tested in an AEMWE configuration. The activity of monometallic
sulfides was also investigated to evaluate the relevance of the bimetallic composition.
Sustainion® X37-50 grade RT (Dioxide Material) and Ir black (Sigma-Aldrich), with mass
loading of about 2 mg cm-2, were used as an anion exchange membrane and anode for all
measurements. Despite iridium being a scarce element and a noble metal, it has been widely
used in water electrolyzers!79-181, and therefore, it plays a role herein as a reference anode to

evaluate the cathode’s activity, the main goal of this chapter.

115



—e— Co0S,
—e— MoS,
—=— C0, sMo, 55,

05 -04 03 02 -01 00 01
E (V vs RHE)

Figure IV.1. Polarization curves acquired with RDE system (1 600 rpm) in N2-saturated 1 mol L-!

KOH at 10 mV s-1, and room temperature.

Polarization curves, presented in Figure IV.2, were recorded at 50 °C by applying a 10 mV
s71 scan rate in an AEMWE cell, 1.8 cm? electrodes” geometrical surface area, fed with 2 mL
min-! of 0.1 M KOH. More experimental details are given in Section I1.3.2.2. Ata low current
density, between 0 and 0.1 A cm~2, CoSx presented the highest activity. It may be related to
its superior water dissociation ability when compared to Mo-based sulfides, though the
same trend was not verified in the three-electrode cell configuration. Conversely, in the
region where polarization curves assume a linear profile, i.e., at high current densities, CoSx
becomes less active than molybdenum-based catalysts. In fact, polarization profiles of MoSx
and CoosMoo 55« are very similar, and the major difference comes from the onset voltage of
water splitting, lower for the bimetallic sulfide. While the similarity is prone to be a
consequence of the CoosMoo 55« surface being rich in molybdenum, the difference probably
arises from faster water dissociation promoted by cobalt species. The cell composed by
Co005Mo0055« and Ir black as cathode and anode (CoosMo0055«/ /Ir), respectively, achieved ca.

1.2 A cm—2at 2 V; a current density about 28 % higher than the one obtained once Coo5Mo0.55«
116



was replaced by MoSx. A comparison of activity normalized by cathode mass can be verified

in Figure B2.
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anode catalyst and membrane, respectively, for all measurements.

To the best of our knowledge, there are only two articles reporting the use of TMS materials
as cathode of AEMWE, specifically Co-180.182 and Ni-based!80 sulfides. At 2 V, Guo et al.180
reported a current density about 0.5 A cm~2 for the Ni-Co-S/ /IrO: configuration operated
at 50 °C, while the value obtained by Park et al.182 was 0.431 A cm-2 for C03Ss/ / Cuo.81C02.1904
cell; both systems were fed with 1 M KOH. Both results revealed a performance lower than
those measured in this work with a KOH concentration 10-fold diluted, i.e., Coo.5sMo00.55« (or
MoSy)/ /Ir systems. Although different metal sulfides have been investigated as HER
catalysts, molybdenum sulfide is the most representative one and has been widely

researched as a PGM-free alternative catalyst during the last three decades*. Despite that,
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the application of Mo-based sulfides electrocatalysts in the cathodic compartment of
AEMWE device is reported for the first time herein.

Ni-containing materials for AEMWE were also investigated using 0.1 M KOH concentration
for increasing the ionic conductivity. Under conditions that are the same as ours (50 °C and
Ir as anode), current densities of 0.5 and 1 A cm~2 at 2 V were obtained with NiMo/C and
NiCu MMO/ C cathodes, respectively!” 181, Interestingly, both cells were also tested with a
higher electrolytic concentration (1 M KOH), which led to the best performance. Although
the increase of electrolyte concentration boosts cell performance, it brings technological
disadvantages, and therefore, the goal is, in fact, to reduce it until the technology reaches
maturity as verified for proton exchange membrane water electrolyzers (PEMWEs), which
are only fed with water!76. So far, most studies in AEMWE operate with 1 M KOH feeding!#3,
making the result reported herein even more relevant since an excellent cell performance
was obtained with a KOH concentration 10-fold lower than those commonly reported.

Table IV.2 summarizes the performance of the mentioned AEMWE cells.

Table IV.2. Performance comparison of different AEMWE cells at 2 'V and operated at 50 °C.

KOH concentration Reference

Cathode Anode j (A cm?)
(mol L)
CoS« Ir 0.55 0.1 This work
MoS« Ir 0.95 0.1 This work
Co005Mo00.55« Ir 1.22 0.1 This work
NiCu MMO/C Ir 1.0 0.1 179
Ni-Co-S IrO; 0.5 1.0 180
NiMo/C Ir 0.5 0.1 181
Co3S4 Cu0.81C021904 0.431 1.0 182

Figure IV.2 also reports values of specific energy consumption derived from polarization
curves. Genuinely, such a parameter varies with cell voltage (Ucen); however, current
density has a linear relation to quantity of hydrogen produced, assuming 100% of faradaic
efficiency, and the function Ucen(j) depends on the applied catalyst. Therefore, by assuming
an operational consumption of 4 kWh per Nm-3 of Hy, for example, the use of Co05M00.55«

as a cathode would result in a Ha production of about 27% and 112% higher than those of
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MoSx and CoSy, respectively. These differences would certainly have a huge impact on
hydrogen market price.

Undoubtedly, stability, which is still a bottleneck in AEMWE applications'”¢, is one of the
main aspects to be evaluated in cell performance since the economical suitability of the
process depends on its long-term operation. Hence, such a feature was evaluated for a
Co05Mo055«/ /Ir cell by applying 2 V for 40 h. Stability analysis was divided in different
steps. The 40 h were uniformly prorated in 4 intervals, and polarization analyses at 5 mV s-
I were performed before the stability test and after each interval. Results associated with the
4 intervals are depicted in Figure IV.3, while polarization curves are exhibited in Figure B3.
In the j x t graph (Figure IV.3a), the current density decay profile for the CoosMo055x/ /Ir
electrolysis cell can be observed. Most of the current density lost during each interval is
recovered in the beginning of the following one. An investigation of Ni-Co-S//IrO;
stability was performed by Guo et al.1® by applying 0.4 A cm2 for 8 h. Regrettably, no
numerical value nor discussion was provided by the authors, and the resultant graph
containing a large cell voltage scale makes data analysis difficult. Furthermore, IrO: is
deposited onto carbon paper, whereas carbon-based materials are known for being unstable
in the anodic compartment due to corrosion issues. The system proposed by Park et al.182
(Co3S4/ / Cu081C021904) was submitted to a 12 h stability test at 500 mA c¢cm-2 (applied
continuously). The authors reported a good stability once an initial cell voltage of 2 V was
registered and about 0.05 V of increase was verified during operation.

Figure IV.3b provides further details on current density decay during CoosMoo5Sx/ /Ir
stability testing. As shown, the absolute value of current density decay was, approximately,
the same during each interval, about 70 mA cm-2. However, part of this decay is reversible
from one interval to another, and the reversibility percentage varied in each interval; the
percentage of irreversible current decay diminished during the first three intervals and was
maintained below 10% from the third interval onward. Irreversible activity losses are likely
related to catalysts degradation, but modifications of cell components may not be discarded
though. The reversible decay is credited to the blocking of either catalyst surface or fluids
channels due to hydrogen bubbles formation; these bubbles can be released once the 2 V

application is interrupted to perform the LSV measurement.

119



a) s560F

Co, Mo, S //lrat2V
540
520
500
480
460

440 0.1 M KOH

L
lllllllllllllllll

0 5 10 15 20 25 30 35 40
t(h)

j (mA cm™)

b Y Reversible
) [1Aj]] = mA ecm™ B Irreversible

Al =70 |Aj| =74

A =69 !

%

- |Aj| = 66

o N

Figure 1V.3. (a) Chronoamperometry analysis applied to the CoosMoosSy/Ir system, fed by 0.1 M
KOH, at 2 V during 40 h, divided in four intervals of 10 h. (b) Details of current density decay during

stability testing and its reversibility aspect.
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Raman spectroscopy and field emission gun scanning electron microscopy (FEG-SEM)
analyses of CoosMoo55x, submitted to the 40 h test, were performed to comprehend the
irreversible activity decay; results are presented in Figure IV.4. One may see that Raman
spectra (Figure IV.4a) were obtained by probing different points of GDE, comprising both
the center and corner of MEA. Another CoosMo0055«x/ /Ir MEA, which was not submitted to
any test, was prepared following the same protocol to provide information on CoosMoo.55«
GDE before reaction; its Raman spectra are exhibited in Figure B4. In general, Raman
spectra before and after electrolysis are very similar. It is verified that the characteristic Elzg
and Alg phonon modes!”” of MoS; were preserved during the reaction. The major difference
comes from the appearance of a band at 691 cm-! in one corner spectrum after reaction. This
may be associated with the oxidation of cobalt8* after the MEA was exposed to air. The
application of the energy dispersive X-ray spectroscopy (EDS) technique during FEG-SEM
analyses provided deeper information (Figure IV.4b-e). Figures IV.4c,e unveiled the
occurrence of segregation between cobalt and molybdenum during the stability test; Figure
B5 illustrates the good dispersion before reaction. This segregation is likely the irreversible
activity loss reason, once superior HER activity of cobalt molybdenum sulfide arises from

its bifunctionality!7”.
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Figure 1V.4. (1) Raman spectroscopy of aged CoosMoosSx applied to different points of the GDE.
“CO” and “CE” indicate positions at the corner and center of GDE, respectively. (b, d) FEG-SEM
images of aged CoosMoo.5Sx recorded in secondary electron mode. (c, e) Cobalt and molybdenum

elemental mapping obtained by EDS technique.

In summary, the CoosMoos5«/ /Ir cell delivered 1.22 A cm-2 at 2 V in LSV analysis, a value
higher than any other TMS cathode. This cell also showed good stability during 40 h of
operation at 2 V with current density degradation of ca. 1.4% /h. It is noteworthy that most
of such degradation could be recovered by releasing the bubbles from the electrolyzer once
the 2 V application is interrupted; 75% was recovered after the first 10 h, while from 30 h
onward this recovery surpassed 90%. The FEG-SEM technique demonstrated that the small

irreversible activity loss arose from cobalt segregation during the HER process. Results
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presented herein become even more relevant when considering that the AEMWE cell was
fed with 0.1 M KOH in electrochemical analyzes, 10 times lower than usually applied in the

literature.
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Appendix B. Supporting Information Chapter IV

Raman spectrum of Coo5Mo05Sx catalyst powder:

403 037
@ |

S o 946
Q 800

@)

~

=

= 815

- 874

O]

']

=

200 400 600 800 1000
Raman shift (cm™)

Figure B1. Raman spectrum of CoosMoo.5Sx powder.

Performance test result with mass loading normalization:

Although the aim during cathode deposition was to obtain a mass loading equal 3.5 mg cm-
2, this value can suffer experimental deviation, which is natural in the spray-coating method.
As verified in Table I1.3, each GDE cathode had a different mass loading. Once Co05Mo00.55x
mass loading was the highest one, Figure IV.2 was replotted but with mass loading
normalization, as may be seen in Figure B2, in order to elucidate that its highest activity

does not accrue from its higher quantity in the analysis.
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Figure B2. Mass loading normalized polarization curves obtained from analysis in AEMWE device
at 50 °C fed by 0.1 M KOH. Ir black and Sustainion® X37-50 were applied as anode catalyst and

membrane, respectively, for all measurements.
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Polarization curves recorded during stability test:
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Figure B3. Polarization curves, at 5 mV s, obtained before and after each chronoamperometry

interval of stability test. BoL = “Beginning of life”, i.e., fresh Coo.5M00.55x.

Raman spectra of fresh CoosMoos5Sx GDE:
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Figure B4. Raman spectra of fresh Coo5Mo05Sx GDE probed at both center and corner of MEA.
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Cobalt and molybdenum elemental mapping for a fresh CoosMo0055x GDE:

Figure B5. a) FEG-SEM image of a fresh Coo.5Moo.55x recorded in backscattered electron mode.

Cobalt and c) Molybdenum elemental mapping obtained by the application of EDS analysis.
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Chapter V: HER Activity of Nickel Molybdenum Sulfide Electrocatalyst as

Function of the Ionomer in the Ink Formulation

This chapter is based on the following publication: “HER Activity of Nickel Molybdenum

Sulfide Electrocatalyst as Function of the Ionomer in the Ink Formulation”. C.V.M. Inocéncio, J.

Rosseau, N. Guignard, C. Canaff, S. Morisset, T. Napporn, C. Morais, K.B. Kokoh, Int. J.

Hydrog. Energy, 2022. Accepted.
https://doi.org/10.1016/j.ijjhydene.2022.10.138

Abstract

Transition metal sulfides (NiSx, MoSx and NiosMoo55«) are synthesized and have their HER

(mA cm?)

Isopropanol -

Nafion®
(50 pt)

Ni sMo, 55, (0.5 mg cm?)

Water 125

Isopropanol )

Sustainion®XB-7
(30 pt)

045 -030 -0.15 000

performance evaluated in three-electrode
cell setup by applying LSV analyzes in 1 M
KOH. XRD, Raman, TEM and XPS
characterizations are applied aiming to
correlate physicochemical
properties/electrocatalytic activity. It is
evidenced a synergistic effect in which nickel
oxide, present in the surface of NiosMoo5Sx,
accelerates the water dissociation, while

molybdenum sulfide catalyzes the reduction

of adsorbed hydrogen species. When physically mixed with Carbon Vulcan, Nio5Mo00.55«

only needs 60 mV higher overpotential to achieve -200 mA cm? than 40 % Pt/C.

Furthermore, NiosMoosSx activity is assessed in interaction with different ionomers

(Nafion® or Sustainion® XB-7). It is shown by an exploratory study that, when Nafion® is

replaced by XB-7, the amount of ionomer and water to isopropanol volume ratio must be

diminished in the ink formulation to, at least, maintain a comparable activity of the electrode

material.
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V.1. Introduction

The Sixth Assessment Report provided by IPCC in 2021 makes it clear that changes in
energy sector are mandatory to envisage the control of climate change; hydrogen is pointed-
out as an important energy carrier in this transition % 18. However, most of industrial
hydrogen production still comes from processes using fossil feedstocks, such as the steam
reforming of hydrocarbons and coal gasification 141 186, Due to their carbon fingerprints,
those processes must be replaced by decarbonized ones.

The solid polymer electrolyte water electrolysis (SPEWE) is an interesting alternative
process, since if it is coupled to clean energy sources, it results in zero carbon emission. In
this process, energy is supplied to the electrolyzer device, which splits water in hydrogen
(Hz) and oxygen (O») released at the cathode and the anode compartments, respectively.
These reactions are known as hydrogen evolution reaction (HER) and oxygen evolution
reaction (OER), and both need the use of electrocatalysts to accelerate them, resulting in the
increase of process efficiency. Noble-metal-based materials are the benchmarking catalysts
for those reactions, but their high-cost and, mainly, scarcity make their use prohibitive in
large-scale applications 4. Hence, it is very important to work on the design of alternative
earth-abundant catalysts that must be active, selective, and stable for the reaction.

While many catalysts produced from earth-abundant elements are not stable in acidic
environment, many researchers have been devoting their attention to the development of
water electrolysis in alkaline media 152-153 187-188, However, the hydrogen evolution in high
pH’s has some drawbacks as the additional energy-consuming step called water
dissociation, besides the interaction of generated hydroxyl groups with active sites that can
play a negative role in the reaction 9715215, Thus, a good HER electrocatalyst in alkaline
media must not only show a good performance for the reduction of adsorbed hydrogen
species, but also present good water dissociation skills. Previously studies reported the
ability of MoS; to reduce protons towards molecular hydrogen > %5, but it lacks activity in
alkaline media due to its low water dissociation performance.

In SPEWE systems, the reaction takes place in the membrane electrode assembly (MEA),
which is, because of this, known as the “heart of the process”. Therefore, aiming to reduce

the cost of green hydrogen production and boost the desired energetic transition, many
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studies are devoted to the construction of MEA increasingly efficient and at lower cost. To
do so, it is important to pay attention at each part of this component. The MEA is consisted
of an electrolyte membrane sandwiched by two catalyst layers, one layer responsible to
perform the HER, while the other is responsible for the OER. The catalyst layers must
contain the catalyst particles in good contact with ionomer because the latter one, besides to
play a role as a binder, is responsible for ionic conductivity 189-19.

Many articles show the evaluation and comparison of different membranes 154155 191 and
catalysts 4 141, 188, 192 performances as main topic, however, lower attention has been
addressed to the ionomer or even the interaction between the ionomer and the catalyst 1%,
although there are manuscripts that report its impact on catalysts activity 19-19. Nafion® is
the unanimous ionomer for applications in acidic media and, although it has its efficiency
decreased in alkaline conditions 141, it is still widely used in analysis at high pH’s 8697, 103,
Sustainion® XB-7 ionomer, called hereafter “XB-7”, was developed to be used at alkaline
conditions and its good behavior on water electrolysis has already been reported elsewhere
196,

Therefore, a bimetallic nickel molybdenum sulfide was synthesized herein and tested
towards the HER to profit from reduction capability of molybdenum sulfide, and Ni%* water
dissociation skills due to its unpaired electrons in eg orbitals 152. Besides that, both Nafion®
and XB-7 ionomers were applied in this study to investigate the influence of their use in
NiosMoosSx HER performance. To the best of our knowledge, this is the first time that the
electrochemical performance of a transition metal sulfide electrocatalyst in association with
Sustainion® XB-7 ionomer is reported; not only considering HER, but any reaction. It was
revealed that, when it replaces Nafion®, the ink must be produced with lower quantity of
ionomer and the solvent must be mostly isopropanol; the complete removal of water also

decreases HER activity.

V.2. Results and Discussion

The structures of the materials were investigated by applying the XRD technique and the
results are shown in Figure V.1a. For NiSi catalyst, well-defined sharp peaks were observed;
it indicates a good crystallinity of the material. The peaks at 26 equal 16.3° 26.6° 38.0°, 50.0°,
54.7° and 64.4° are related to the Nis3Ss phase (PDF: 43-1469), while the peaks at 27.2°, 35.3°,

38.8° 45.1° 53.4°, 56.0° 58.5° and 60.9° are associated with the NiS; phase (ICSD: 646347).
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Although the most intense peak of NiSx has its maximum at 31.5°, such peak starts to be
formed at 31.0° and only finishes at 31.8°. A zoom of this peak region is presented in Figure
C1 and the appearance of a contribution from two distinct peaks may be noticed, although
they are superimposed. In fact, the two peaks can be associated with the most intense
diffraction lines of NisSs and NiS; patterns at 31.3° and 31.5°, respectively. Therefore, besides
the NiS; phase (in agreement with synthesis stoichiometry), Ni3Ss, a phase poorer in sulfur,
has also been detected by XRD. Both molybdenum-based sulfides presented herein showed
profiles that resemble to defect-rich 2H-MoS; with slightly expanded (002) plane, d(002)
about 6.36 A, and containing turbostratic disorder 157158, Indeed, the XRD profiles of MoSx«
and NiosMoos5« don’t match perfectly well with 2H-MoS; pattern (ICSD: 601647) due to
aforementioned features. The expansion of interlayer distance of (002) planes results in a
shift of (002) diffraction peak and the existence of turbostratic disorder leads to the absence
of (103) and (105) diffraction, replaced by large bands in those regions 177. The XRD profile
of a commercial MoS; well crystallized and containing none of previously mentioned
characteristics is shown in Figure A1l. Furthermore, additional sharp peaks, which may be
associated with monoclinic nickel (II) sulfate hexahydrate (PDF: 33-955), are verified for

Nio.sMo0055x material.
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Figure V.1. (a) X-ray diffractograms and (b) Raman spectra of synthesized monometallic and

bimetallic sulfides.
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Ulbrich et al. 17 provided an interesting study on the phase evolution of synthesized nickel
sulfide species by applying XRD technique. It was shown that, even in ambient temperature,
high humidity ambient accelerated the transformation of nickel sulfide toward nickel
sulfate. Therefore, it is likely that the sulfide to sulfate transformation in NiosMoos5« was
boosted by the high temperature and pressure conditions applied in the hydrothermal
synthesis reported herein. Nonetheless, the nickel sulfate phase was not identified in the X-
ray diffractogram of NiSx. Another point highlighted by Ulbrich et al. 197 is that the smaller
are nickel sulfide species, the faster are their bulk oxidation. As indicated by TEM results
(Figure V.2), Ni-containing species are much bigger in NiSx than in NiosMoosSx. Hence, in
NiSy, sulfate formation is limited to its surface as evidenced by XPS (Figure V.5e). For MoS;,
no sulfate is produced at all due to the high stability of MoS; sulfur species against oxidation
198,

The structures of the materials were also investigated by Raman spectroscopy and the
results are presented in Figure V.1b. The bands at 222, 285, 339 and 379 cm! are attributed
to NizSs 199, while those at 270, 476, 486 and 971 cm! are assigned to NiSp 200-201, The Raman
analyses were applied to different spots of NiSx to evaluate the homogeneity of the catalyst.
Figure C2(a), which evidences these spectra, shows that different proportions of
aforementioned phases are identified according to the zone of the material where the
analysis is applied, therefore, there is a lack of homogeneity for NiSx. Raman spectrum of
MoS« (Figure V.1b) evidenced remaining molybdate synthesis residue due to the presence
of the band at 175 cm™ and the three other bands which appear in the 750-950 cm-! range 162-
164 Tt is important to highlight that such residue is not present throughout the material. As
one may see in Figure C2(b), there are spots of the material in which those bands are not
observed in the corresponding Raman spectra. In addition, the well-known Elzg and Alg
phonon modes of MoS; are present at 377 and 407 cm, respectively 19. These bands are
also present for NipsMoosSx, although in this case the Aly mode shifts towards 403 cm-.
Raman spectrum of Nio5Moo55« also exhibited a band at 298 cm-1, which is assigned to Eig
mode of MoS; 202203, and bands in the range of 120-240 cm-! containing a profile which
appears for molybdenum sulfide materials containing high density of defects 204. Therefore,
both XRD and Raman analyses show features related to defect-rich MoS; for the bimetallic
sulfide. Finally, it can also be verified a band at 949 cm associated with the NiMoSs phase,

which cannot be detected by XRD due to its amorphous character 2%. It is noteworthy that

133



the Raman analysis was also performed in different spots of NiosMoos5x, however, no
change in the spectra were detected for this compound. Thus, the association of Ni and Mo
leads to a catalyst more homogeneous in micrometric scale.

The materials were also characterized by transmission electron microscopy (TEM) to
investigate their morphologies; the resulting micrographies are presented in Figure V.2.
NiSx presented two distinct morphologies, three- (Figure V.2a) and two-dimensional
(Figure V.2b) crystals. Negligible amount of oxygen was detected in this material by the
application of energy-dispersive X-ray spectroscopy (EDS) analysis. The MoSx material
presented sheet morphology, typical of MoS: (Figure V.2c). Besides that, the sheets can be
divided into two groups, one containing very stacked large MoS: sheets (Figure V.2d) and
another corresponding to well-dispersed few-layer MoS; nanosheets (Figure V.2e), which
is the most interesting morphology for HER application. NipsMoos5« exhibited a similar
trend of MoS«. In Figure V.2f, it can be seen the sheets containing different agglomeration
and stacking degrees. The larger sheets containing elevated stacking degree are evidenced
in Figure V.2g, while the few-layer nanosheets are shown in Figure V.2h. Additionally,
NiosMoo.55« contains crystallized larger particles (Figure V.2i) which are rich in nickel and
sulfur according to EDS analysis. Such particles were attributed to the existence of nickel
sulfate species detected by XRD.

In addition, HRTEM images of molybdenum-based sulfides were acquired and interplanar
spacings were measured. Figure V.3 shows distances of 0.63 and 0.62 nm in MoSx and
NiosMoos5«x nanosheets, respectively. These distances are associated with (002) plane
distance of 2H-MoS; phase, also identified by XRD. Yet, these distances are close, bearing in
mind the equipment resolution, to the calculated by XRD taking into consideration the
diffraction peak of (002) plane. An interplanar spacing of 0.26 nm is also verified for the
NiosMo0055« HRTEM micrograph (Figure V.3b), which is related to the (100) plane of 2H-
MoS;. Therefore, HRTEM micrographs provide more evidence about the presence of 2H-
MoS; in molybdenum-containing catalysts. HRTEM image of NiSx was also obtained and d-
spacings were measured as shown in Figure C4. However, due to the similarity between
distances of NiS; and NisSs planes 2%, it is not possible to distinguish which of the phases

are present in the image.
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Figure V.2. TEM images of (a,b) NiS., (c, d,e) MoSx and (f, g, h,i) Nio5Mo00.55x.
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Figure V.3. HRTEM micrographs of (a) MoSx and (b) Nio.sMoo.5Sx.
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To investigate the dispersion of elements in NipsMoosSx, an elemental mapping was
generated from applying EDS technique in transmission electron microscope; resultant
images are shown in Figure V.4. As one may see, all elements, including oxygen (as
expected due to the presence of sulfate), are well dispersed in this bimetallic sulfide. Such
analysis was also extended to NiSx and MoSx materials and the results are presented in
Figures C5 and C6, respectively. Interestingly, nickel and sulfur also showed good
dispersion for NiSx, however, less oxygen is detected in this material when compared to
NiosMo0o5Sx; this trend matches with results obtained by XRD. On the contrary, good
dispersion of molybdenum, sulfur and oxygen was registered for MoSx. This result is not
surprising since the existence of molybdate residues in MoSx was verified by Raman

spectroscopy.

....
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Figure V.4. Elemental mapping of NiosMoo.5Sx. Gray scale image represents the original figure, while
the images in yellow, violet, green and red were generated according to the spots where nickel,

molybdenum, sulfur, and oxygen, respectively, were identified.
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The chemical nature at the surface of the catalysts was studied by XPS and the resulting
spectra are depicted in Figure V.5. The Ni 2p spectrum of NiSx (Figure V.5a) exhibited three
peaks that could be deconvoluted by the contribution of three doublets. The major
contribution came from the NiS; species 297 which were also verified by XRD and Raman
results. The contact with air led to an oxidation of the NiSx surface resulting in the formation
of nickel oxide 2% and, in less quantity, nickel sulfate species. The existence of nickel sulfate
in the surface was also clearly revealed by the analysis of S 2p spectrum of NiSx (Figure
V.5e). Besides that, contributions related to S>> and S* species were also detected 2. To
unveil the contributions of nickel sulfate in Ni 2p and S 2p spectra, a commercial nickel
sulfate heptahydrate was analyzed by XPS measurements and their spectra are presented
in Figure C7.

As seen in Figure V.5¢, molybdenum was present in three oxidation states at the surface of
MoSx. The highest contribution came from Mo**, typical of MoS; species; Mo®* and Mo®*
were also present in similar quantities 208. MoS; may also suffer oxidation derived from the
air-contact which leads to the formation of MoOs3, in which molybdenum is present with an
oxidation state equal +6. It is noteworthy that Raman analysis also identified remaining Mo-
O linkages which can also be related to the state +6. It has already been reported that the
existence of Mo5* can be attributed to existence of molybdenum oxysulfide. It is, in fact, an
intermediate specie between molybdenum sulfide and molybdenum oxide and, therefore,
its presence can be associated with molybdate that was not completely sulfurized 173 or MoSz
which has been only partially oxidized. The S 2p spectrum of MoS« (Figure V.5f) exhibited
negligible contribution from sulfates and the existence of S> 173 in low quantities. This latter
specie is generally associated with molybdenum sulfides containing low degree of

crystallinity. In fact, for this spectrum, the major contribution came from S?- as expected for

MoS; 173,
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Figure V.5. Ni 2p spectra of (a) NiSx and (b) NiosMoo.5Sx, Mo 3d of (c) MoSx and (d) Nig5Moo.55x
and S 2p spectra of (e) NiSx, (f) MoSx and (g) Nio5Moo5Sx.
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Contrary to NiSy, according to Ni 2p spectrum of Nio5MoosSx (Figure V.5b), most of nickel
in this compound was present in an oxidized form; mostly as oxide 2%, but also as sulfate.
Despite that, although in lower quantity, a tertiary sulfide containing nickel, molybdenum
and sulfur was also verified 2%, which is likely associated with the NiMoSs phase also
detected by Raman spectroscopy. Figure V.5d, which shows the Mo 3d spectrum of
NiosMoosSx, elucidates that, as well as for MoSy, the curve can be fitted by the contribution
of Mo#**, Mo5* and Mo®* species 208. However, in the bimetallic sulfide, the contribution from
the Mo** oxidation state, typical of MoS, materials, is even higher. Small contribution of
Mo®* may be associated with the existence of the previously cited NiMoSs phase, but the
possibility of MoOs coexistence due to molybdenum oxidation in contact with air may not
be discarded. As explained above, the Mo>* oxidation state is related to molybdenum
surrounded by oxysulfidic species 173. Finally, the S 2p spectrum of NipsMoosSx, presented
in Figure V.5g, showed that most sulfur species were present as S ligands, as expected for
MoS; phase 173. The presence of sulfate groups was also evident, in agreement with the Ni
2p spectrum (Figure V.5b). In minority, the S;> ligands, bridging and terminal 173, were also
present, although in lower quantity than that detected for a MoSx material.

Therefore, according to XPS results, nickel present in the bimetallic sulfide was more
susceptible to oxidation than in NiS«. Despite that, the existence of a tertiary sulfide phase
(likely NiMoSs) was verified for NiosMoos55«. Another important point is that, although the
nickel oxides and sulfates were extensively present on the surface of NiosMoosSx, the
incorporation of nickel in the synthesis led to MoS: phase less oxidized than the one
obtained to MoSyx, which contained higher contents of Mo>* and Mo®*.

The materials have their activities towards HER tested by LSV measurement in 1 M KOH at
10 mV s and 1 600 rpm; the resulting curves are depicted in Figure V.6a. It became evident
that the glassy carbon (GC) electrode is not active at all, and it was only used as a substrate
to deposit the active materials. The monometallic sulfides, MoSx and NiSx, showed to be
active for the reaction and requested 285 and 300 mV of overpotential to achieve -10 mA cm-
2. In addition, while the first one could not achieve -100 mA cm during the experiment, i.e.,
at overpotentials lower than 560 mV, the second one delivered this value at 513 mV. By the
inset graph in Figure V.6a, containing iR-drop corrected curves by using Rs values acquired

in OCP (Figure C8), one may see that MoSx started the HER at slightly lower overpotential
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than NiS«. However, considering the Tafel plot (Figure V.6b) derived from the polarization
curve, it may be inferred that NiSx presents a better HER kinetics than MoSy, once the former
exhibited a Tafel slope about 112 mV dec and the calculated value for the latter was about
131 mV decl. For this reason, NiSx presented a better activity at higher current densities.
The bimetallic Nio5sMoo55«x also showed to be active towards the HER and presented an
onset overpotential lower than both monometallic sulfides. Furthermore, the values of 110
and 1100 registered on the polarization curve for NiosMoosS5x were 203 mV and 500 mV,
respectively. It is important to highlight that the water dissociation step is of paramount
importance for HER in alkaline media. MoS; is well-known for being an excellent
electrocatalyst for proton reduction, but it presents low performance for water dissociation
178,210, Additionally, XPS measurements evidenced a higher concentration of nickel oxide on
the surface of NiosMoo55x when compared to NiSx. Generally, the oxidation of sulfides is an
undesired process, however, Boettcher group ?!! showed that nickel oxide, which is
hydroxylated in alkaline environment, is an excellent water dissociation catalyst. Therefore,
in fact, the nickel oxide at the surface of Nio5sMoo 55« is responsible for the water dissociation
and, consequently, for producing the hydrogen adsorbed specie that will be further reduced
to H2o on molybdenum sulfide active sites. The lower overpotentials registered for
NiosMoosSx can clearly be explained, compared to those observed on the surface of the
monometallic sulfides. It can be noticed that the beginning of hydrogen evolution is overlaid
with a reduction process for NipsMoo55«x. This reduction only appears in the first cycle of
LSV analysis and is attributed to the reduction of oxidized species at the surface of the
electrocatalyst. Therefore, to obtain the Tafel plot for NiosMoo5sSx, the necessary data were
extracted from the second scan polarization curve shown in Figure C9. Figure V.6b displays
the Tafel plots of the different investigated electrode materials; among them the Tafel slope
(b) of NiosMoos5S«x is 78 mV decl. This is the only material reported herein in which the
second polarization curve was used for the calculations, all the others had their data
extracted from the first scan. By applying only 710, 77100 and b as activity descriptors, it could
be concluded that the NiosMoosSx cathode is more active than both NiSx and MoSx.
Nonetheless, at -0.56 V vs RHE the NiSx electrocatalyst delivered 133 mA cm™ current
density, while at the same potential the current density obtained on NiosMoos5«x was 126

mA cm?; this activity inversion is noticed from -0.54 V vs. RHE onwards.
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Despite the synthesized sulfide materials are active for the HER, their performance is still
far from the one verified for the commercial (Sigma Aldrich) 40% Pt/C, which was also
analyzed during the work as a reference electrocatalyst for HER. From the polarization
curve (Figure V.6a), the values of 7710, 77100 and 1200 were equal 46 mV, 288 mV and 481 mV
for this material; in addition, it was verified a Tafel slope about 37 mV dec (Figure V.6b).
The aforementioned descriptors of 40% Pt/C showed values much lower than the ones
obtained for the sulfides, however, it is necessary to keep in mind the influence of
electrocatalysts conductivity on their activity 212. Although some metal sulfides may present
metallic properties, e.g. the 1T-MoS; phase ¢ 174, all the transition metal sulfide (TMS)
phases identified herein exhibit semiconductive nature 175.200-201, 213, Sych conductivity issue
may be overcome by mixing physically the semiconductor catalyst with Carbon Vulcan
XC72R material, which acts as a conduction additive. Thus, this physical association of
materials was tested for NiSx and NiosMoosSx since they presented the best activities at
elevated current density values. Although the onset potential of NiSx was maintained in the
physical mixture with Carbon Vulcan XC72R, its activity was reduced as evidenced in
Figure V.6a. This physical mixture needed overpotentials 39 mV and 33 mV higher than
only NiSx to achieve -10 mA cm? and -100 mA cm?, respectively. Moreover, no relevant
alteration on the value of Tafel slope was noticed as result of Carbon Vulcan addition
(Figure V.6b). Concerning the Tafel slope, the same behavior was noticed for the addition
of Carbon Vulcan to the ink formulation of Nip5sMoo55«. From Figure V.6a, it is evident that
the value of 710 for Nio5sMoo55x is the same in the presence and absence of Carbon Vulcan
and the onset overpotential also seems to be equal; nonetheless, the reduction process
observed in the curve registered in the absence of Carbon Vulcan becomes an inconclusive
admeasurement. Therefore, a graph was plotted with the results of the second scans with
LSV technique and it is exhibited in Figure C9. This figure allows to confirm the
maintenance of the same overpotential; therefore, it does not depend on the presence of
Carbon Vulcan. Despite the aforementioned descriptors did not alter with the use of Carbon
Vulcan, its addition effect became clear at high current densities, exactly in the operation
condition that conductivity feature is even more relevant. A reduction of 98 mV in
overpotential to achieve -100 mA cm=? was obtained with the conduction additive.

Furthermore, it should be noted that this physical mixture containing NiosMoo55« and
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Carbon Vulcan, with mass ratio equal 1:1, only requested an overpotential 60 mV higher
than the 40% Pt/C catalyst to achieve a current density of 200 mA cm2. Thus, bearing in
mind the cost of catalyst production, this physical mixture emerges as an interesting
electrocatalyst candidate to be applied on the cathode of anion exchange membrane water
electrolyzer (AEMWE) devices. The Carbon Vulcan was also evaluated on HER, but it
presented negligible activity as shown in Figure V.6a. Hence, it can be concluded that even
in the physical mixtures, the activity keeps coming from the sulfides and the Carbon Vulcan
aids by enhancing the electroconductivity. The values of #10, 77100, 200 and b for all materials

are summarized in Table V.1.

Table V.1. Parameters values obtained from LSV analyses in HER region.

Catalyst NiSx  MoSx  NigsMoosSx  NiSx+ XC72R NipsMoosSx + XC72R 40% Pt/C

110 (mV) 300 285 203 339 203 46
oo (mV) 513 - 500 548 402 288
1200 (V) - - - - 541 481
b (mV dec?) 112 131 78 115 81 37

*n1w and b were obtained after iR-compensation, while 1100 and 1200 are related to non-compensated results.

aValue calculated from the second scan of LSV analysis.

An interesting aspect of the use of Carbon Vulcan in the ink preparation was the fact that it
worked very well for NiosMoosSx, although it reduced the activity when combined with
NiSx. It is of paramount importance to consider that, once the mass loading of material was
maintained constant in the analyses, the addition of Carbon Vulcan led to a reduction of the
quantity of TMS in the electrode, which are the real active species for the reaction. Thus, it
may be assumed that the enhancement of conductivity provoked by the Carbon Vulcan
addition was not enough to compensate the lower quantity of NiSx HER active sites. On the
other hand, such conductivity enhancement on the combination with NiosMoo 55« was likely
more relevant than the decrease of available active sites. Despite the sulfide species
highlighted in this work present semiconductive nature, it does not mean that they possess
the same conductivity. We hypothesize that the Ni content may play a role in the
conductivity; the more nickel, the more conductive. Such behavior has already been noticed
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and reported by Xu et al. 212 for oxides containing iron group elements. In this study, NiCoOx
and NiCoFeOx showed much higher conductivity than Co3Os and CoFeOx. Since a
conduction additive would impact the catalytic behavior more as less conductive is the
material, assuming that the reaction kinetics is limited by the conductivity in the absence of
the aforementioned additive, the previously hypothesis may justify the improvement of
performance for Nio5Moo55«x and not for NiSx. Nonetheless, the increase of activity by the
association of NiSx and Carbon Vulcan is not verified in Figure V.6a because current density
is obtained by geometrical surface normalization. In Figure C10 the same results were
plotted, but at this time normalizing the current by the mass of active compounds (carbon-
based species were not considered). At elevated overpotentials the physical mixture (NiSx
+ XC72R) exhibited higher absolute values of current density than NiSx. Since the number
of active sites is proportional to the mass loading of NiSy, it is evident that the reaction
became faster in the NiS; sites for the physical mixture.

Due to the importance of a good interaction between catalyst and ionomer species,
additional electrochemical experiments were done with XB-7 ionomer and these results
were compared to the ones obtained by applying Nafion®. Because of the benchmark status
attributed to Pt as HER catalyst, it was decided to initiate this comparison with the reference
40% Pt/ C electrocatalyst. The catalytic ink was prepared with the same methodology, even
same volumes, only replacing the Nafion® suspension by the XB-7 one. LSV analysis was
then applied once more and a comparison of activity with each ionomer is presented in
Figure V.7a. Although the onset overpotential of 40% Pt/C kept unaltered, it is clear that
XB-7 led to higher current densities than Nafion®. The use of XB-7 reduced the values of #1100
and #7200 in 50 and 73 mV, respectively. Before the LSV analyses, cyclic voltammetry (CV)
technique was applied and the results for the use of Nafion and XB-7 are presented in Figure
C11(a). The charge associated with the electrochemical oxidation of monolayers of hydrogen
adsorbed species (Qn) 214 were calculated. The ratio of charges (Qu*XB7/QpNafion) verified was
equal 1.21, therefore, the interaction between 40% Pt/C and XB-7 resulted in an increase of
Pt active sites” availability of around 21% in comparison with Nafion® application; it may
justify the activity enhancement.

The same methodology was applied to NiopsMoosSx electrocatalyst once it was the most
interesting synthesized material reported herein. Figure V.7b exhibits the uncompensated

polarization curves for the electrodes prepared from inks containing 50 pL of ionomer and
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water to propanol volume ratio (Rsolv) equal 1. Unexpectedly, the material prepared with
the ink containing XB-7 performed worse than the electrode containing the Nafion®
ionomer. A current density of -126 mA c¢cm? could be achieved at -0.56 V vs. RHE, while,
approximately, half of this values was obtained at the same potential for the electrode
containing XB-7. Once there are a large variety of ink recipes and their effectiveness depends
on the type of catalyst in use 1%, it was decided to vary some parameters on the catalytic ink

recipe containing XB-7 to investigate their effect on HER activity of Nio.5Mo00.55x.
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Figure V.7 - Uncompensated polarization curves for HER in 1 M KOH at 1 600 rpm. (a)
Comparison of 40% Pt/C electrocatalysts activity according to the ionomer suspension applied;
catalytic ink prepared with 50 uL of ionomer suspension and Rson = 1. (b) Comparison of Nio5Mo00.55x
activity using different ionomer suspensions. (c) The influence of XB-7 suspension volume added to
the ink containing Rsow = 1 on the activity of NigsMoosSx. (d) Influence of Rsoro parameter on the
activity of NiosMoosSx electrocatalysts prepared from inks produced with the addition of 30 uL of

XB-7 suspension.
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Figure V.7c exhibits the results obtained for electrodes, in which the deposited inks were
prepared with different volumes of XB-7 suspension. The graph shows that the electrode
prepared with 20 and 50 pL of XB-7 presented similar activity, however, for the intermediate
value of 30 puL, a better HER activity was achieved. The variation of activity as function of
the ionomer content was also reported by Faid et al. 1% for Ni/C HER catalyst, although the
variation of the same ionomer content, Fumatech Fumion FAA-3, had no major impact on
the activity of NiO catalyst toward OER. In that study, the variation was attributed to the
agglomeration of Ni/C on the electrode surface as verified by scanning electron microscopy
(SEM).

Different recipes containing 30 uL of XB-7 and varying the Rslv parameter were prepared
aiming to investigate the effect of this last one on Nip5sMoos5x; results are depicted in Figure
V.7d. It may be seen that, when water is present in more quantity (Rsolv = 2) on the ink
composition, Nio5Moos55x presented the lowest activity. Furthermore, when isopropanol
was applied as the only solvent (Rsolv = 0), the activity was lower than for the ink prepared
from equal volumes of water and isopropanol (Rsoiv = 1). However, the catalytic ink
prepared from the addition of double of isopropanol in relation to water (Rsorv = 0.5) showed
the best activity. Such behavior, i.e., higher activities for electrodes prepared from ink
containing low water/alcohol ratio, is typical of hydrophobic catalysts 19. This interaction
among water, isopropanol, ionomer and the catalyst is very important because it will
directly impact the quality of catalyst layer deposited onto the electrode substrate and,
consequently, the dispersion of the catalyst, which is an important parameter in catalysis.
By looking back to Figure V.7b, one may see that, at potentials lower than -0.4 V vs. RHE,
the electrode prepared from the deposition of an ink containing 30 pL of XB-7 and Rsolv =
0.5 achieved slightly higher current densities than the one obtained from the use
aforementioned Nafion-containing ink. Despite that, from the CV measurements (varying
scan rate from 20 to 60 mV s1) registered in the capacitive region of these electrodes, shown
in Figures C11(b) and C11(c), respectively, the capacitances were calculated. Interestingly,
the electrode prepared with the Nafion ionomer showed a capacitance about 7 times higher
than that with XB-7. Considering the relationship between capacitance and electrochemical
surface area (ECSA), it can be concluded that the electrode containing XB-7 showed a similar
activity, although it had a lower availability of active sites. Besides the effects already

mentioned here, sometimes the ionomer may act by changing the chemical nature of the
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catalyst at the surface 1 or even may poison the catalyst by blocking its active sites 215-216,
Further characterizations must be performed to better understand the NiosMo055x/ XB-7
interaction.

This is an exploratory study of the influence of some parameters of ink preparation in HER
activity, which is intended to continue aiming the optimization of catalytic ink for
NipsMoosSx. The aim of its exposition is to elucidate the relevance of studying
catalyst/ionomer interactions to achieve superior activities. It is expected that these results
can encourage the research community to investigate deeper the catalyst/ionomer interface,

which can bring essential information to consolidate the AEMWE technology.

V.3. Conclusion

Monometallic (NiSx and MoSx) and bimetallic (Nio5Mo0055x) sulfides were synthesized by
applying a hydrothermal synthetic methodology in which sodium diethyldithiocarbamate
was used as sulfur source. All of them showed to be HER active electrocatalysts, although
lower overpotential descriptors were obtained for NiosMoo.55x. This behavior was attributed
to the existence of nickel oxide species on the surface, according to XPS results, as well as
molybdenum sulfide containing lower oxidation degree. While the first is an excellent water
dissociation catalyst, MoSx is one of the most active catalysts for the reduction of adsorbed
hydrogen species to molecular hydrogen; therefore, a synergy effect emerges from their
combination. Furthermore, NiosMoo 55« performance at high overpotentials was boosted by
physically mixing it with Carbon Vulcan XC72R, which played a role as conduction
additive. As result, this physical mixture requested an overpotential only 60 mV higher than
the benchmarking 40 % Pt/ C electrocatalyst to achieve 200 mA cm-2. Therefore, Nio5Mo00.55x
is presented herein as an interesting candidate to replace Pt-based catalysts in the cathode
of anion exchange membrane water electrolyzers, due to its earth-abundance and low cost.
Finally, Nio5Moos55x HER performance was studied in function of catalytic ink formulation
using two different ionomers, more precisely Nafion® and XB-7. The exploratory study
showed that, when NiosMoosSx is applied as HER catalyst, to improve catalyst’s
performance by replacing Nafion by XB-7, it is necessary to reduce the amount of ionomer
and water/isopropanol volume ratio; the same adjustment was not necessary for 40 % Pt/C.

It reveals that the interaction between a catalyst and an ionomer is unique, and it also
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depends on ink’s production methodology. Therefore, this work sheds light on the
importance of specific ink formulations” development according to the electrocatalyst

employed, which requires a deep understanding of electrocatalyst/ionomer interface.
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Appendix C. Supporting Information Chapter V
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Figure C1. X-ray diffractogram of NiSx with a zoom in the region of the most intense peak.
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Figure C3. EDS spectra of (a) NiSx and (b) crystallized particles present in Nio5Moo5Sx, as

illustrated in Figure V.2i.
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Figure C4. HRTEM micrograph of NiSx.
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Figure C5. Elemental mapping of NiSx. Gray scale image represents the original figure, while the
images in yellow, green, and red were generated according to the spots where nickel, sulfur, and

oxygen, respectively, were identified.
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Figure C6. Elemental mapping of MoSx. Gray scale image represents the original figure, while the
images in yellow, green, and red were generated according to the spots where molybdenum, sulfur

and oxygen, respectively, were identified.
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Figure C7. (a) Ni 2p and (b) S 2p spectra of a commercial nickel sulfate heptahydrate.
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Figure C10. Uncompensated polarization curves obtained by catalyst mass loading normalization.

Inset: iR-drop compensated polarization curves at low current region.
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General Conclusion and Perspectives

The replacement of most traditional processes for hydrogen generation by its
electrochemical production, supplied by green energies, is considered an important step in
the fight against climate change. Such production occurs by the water electrolysis reaction,
in which hydrogen is produced in cathodic compartment and oxygen is generated in the
anodic one. The half-reaction at the cathode (HER) needs the use of a catalyst to perform
with a higher efficiency, and the benchmark catalysts are platinum-based materials.
Nonetheless, the high cost of these materials increases the capital cost of the process, besides
to have their application limited due to the very low availability of platinum in earth. Hence,
the aim of the work presented in this manuscript was to propose low-cost and earth-
abundant catalysts that can replace platinum as HER catalyst, overcoming then the
aforementioned limitations for consolidation of water electrolysis in worldwide hydrogen
production.

Given that alkaline media allows the use of non-noble metals in operation and alkaline
water electrolyzers using diaphragm as compartments separator can’t operate at high
current densities, AEMWE technology, although not so close to its maturity, was chosen as
the focus of electrocatalysts application. The extensive bibliographic study allowed the
identification of molybdenum sulfide species as promising class of materials for the
replacement of platinum. Despite that, HER in alkaline environments requires the
additional step of water dissociation which limits molybdenum sulfide HER kinetics.

The strategy applied to surpass this hindrance concerning the water activation was the
combination of molybdenum sulfide with another phase, which was responsible to
accelerate the water dissociation. Therefore, a sulfide formulation containing Co and Mo
was developed. Since the conception of the work involved the development of catalyst for
large scale application in future, a simple synthesis methodology was adopted on purpose,
envisaging a simpler scaling up. Catalysts were synthesized by a hydrothermal method, i.e.,
using water as solvent, and without the use of any surfactant. Physicochemical
characterizations revealed the existence of 2H-MoS; nanosheets, some regions containing
them with bigger lateral size and stacking degree than others, associated to CoS phase;
ternary cobalt molybdenum sulfides were also identified. Electrochemical characterizations

showed that CoosMoosS« presented a superior catalytic activity due to a bifunctional system,
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in which, water dissociation was boosted by cobalt, while 2H-MoS; performed its role as
good hydrogen evolution catalyst. Nonetheless, it cannot be neglected neither that cobalt
sulfide also showed HER activity alone nor that electronic effects arising from a possible
cobalt doping in molybdenum sulfide can enhance its activity.

This promising CoosMoo 55« catalyst, as well as CoSx and MoSx, was applied as a cathode of
an AEMWE device, assembled with a Sustainion® X37-50 membrane and Ir black anode,
which played a role as benchmark OER catalyst. The same activity trend verified in three-
electrode cell was reproduced in AEMWE configuration. Interestingly, the cell was set at 50
°C and operated with a 0.1 mol L-1 KOH solution recirculation in the anode compartment, a
concentration ten times lower than commonly applied in the literature. The Coo5Mo0055x //
Ir single cell delivered a current density of 1.22 A cm=2 at 2 V. As far as we know, this is the
best performance for an earth-abundant cathode in a system operating with such diluted
concentration of supporting electrolyte; besides to be the first report of molybdenum-based
sulfide catalyst applied to AEMWE system. The Coo5Mo0055« // Ir cell was submitted to 40
h of stability testing at 2 V. It was verified that most of current decay was reversible by
stopping voltage application, which was attributed to the release of bubbles from catalyst
surface and cell channels. On the other hand, the irreversible current decay accrued from
the segregation between cobalt and molybdenum, which certainly impacts the catalyst
activity once the bifunctional behavior is expected to be favored with a better contact of
phases.

An expansion of the study was performed by replacing cobalt by nickel. Nickel
molybdenum sulfide was synthesized by the same methodology and evaluated as HER
catalyst. Contrary to cobalt, instead of nickel sulfide, nickel sulfate was identified in the
bimetallic sulfide, although the expected nickel sulfide phases were encountered in
monometallic nickel sulfide. Such oxidation degree of nickel phases during synthesis was
attributed to the particle size parameter; being smaller particle more susceptible to
oxidation. Furthermore, surface analysis indicated the presence of nickel oxides at the
surface of bimetallic catalyst, which is interesting once this phase has already been proved
to perform well the water dissociation. As consequence, the synergy effect derived from a
good water dissociation catalyst and 2H-MoS; was again verified. Nonetheless, it was
revealed that only replacing Nafion® by Sustainion® XB-7 ionomer in NipsMoos55x ink

formulation led to a decrease of electrocatalyst performance; the opposite of 40 % Pt/C.
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Then, a study of catalytic ink formulation comprising a transition metal sulfide, specifically
NiosMo0055x, and Sustainion® XB-7 was performed for the first time herein. It was unveiled
that the amount of ionomer must be reduced when replacing Nafion® by Sustainion® to
maintain a comparable activity. In addition, the solvent ratio played an important role in
Nio.5Mo0055« activity, which became better with higher volume of isopropanol than water,
although the complete removal of water also decreases the electrocatalyst performance. This
study demonstrated how important is the study of catalyst/ionomer interaction to avoid a
misevaluation of catalyst performance.

This work open venues to many possible studies, some of them already in progress, others
envisaged. First, a better understanding of the synthesis can be obtained to have the
possibility of tuning the electrocatalysts. Thermal gravimetric analysis coupled to a mass
spectrometer (TGA-MS), to identify generated gases during heat treatment, has been
applied to the solid precipitated during addition of the sulfur precursor to the metallic
solution. The results are being used to determine the solid obtained during monometallic
sulfide synthesis, besides to evaluate the influence of a second metal in this solid
precipitation. Furthermore, some aliquots of resultant solutions, obtained from
hydrothermal treatment stopped at specific times below 24 h, have been collected and
investigated in UV-visible spectroscopy. It allows the identification of intermediates,
besides to give clues whether or not the mechanism of crystal growth of some phases can
be influenced by additional species in the synthetic environment.

Another aspect that has been investigated is the influence of hydrothermal synthesis time
on CoosMoosSx characteristics and activity. To do so, XRD, Raman, XPS, LSV and CV
analyses have been applied. The last one is very low explored for transition metal sulfides
for researchers, although a good correlation between CV and physicochemical
characterizations can advance the comprehension of sulfides behavior. Some attempts of
supporting cobalt molybdenum sulfide in carbon-based materials were also done and
continue to be envisaged. It could be also interesting to test carbon with different
morphologies, which may play a role in sulfide characteristics (e.g., introduction of strain)
and bubbles release ability. The study of trimetallic sulfide, comprising Ni, Co, and Mo, can
also be interesting.

Additional tests in AEMWE have been performed, including with Ni-based catalysts.

Besides that, the expansion of post-mortem analysis alternatives and the analysis of
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supporting electrolyte used during stability testing are envisaged. Benchmark materials
have also been analyzed to promote an extended comparison of catalysts activity and
stability. Finally, the replacement of Ir black by a non-noble-based anode in AEMWE single

cell is envisaged, to fill out a system completely free of noble metals.
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Sustainable Hydrogen Production on PGM-free Electrocatalytic Materials in Anion
Exchange Membrane Water Electrolyzer (AEMWE)

Abstract

Electrochemical production of green hydrogen applying earth-abundant and cheap materials as
electrocatalysts of water electrolyzers, will play an important role in energy transition, besides to
boost the development of more sustainable processes in the chemical industry sector.

Due to this context, this work proposes the development of alternative cathode, for the replacement
of platinum as catalyst of hydrogen evolution reaction (HER). The focus concerned the application
of promising discovered materials in an anion exchange membrane water electrolyzer (AEMWE)
device. Monometallic and bimetallic transition metal sulfides (TMS), concerning Ni-, Co- and Mo-
based materials, were hydrothermally synthesized and physicochemically characterized.
Electrochemical studies evidenced a synergistic effect arising from the association of 2H-MoS; phase
with a second metal compound. Such synergy was attributed to the cobalt and nickel ability to
dissociate water, contrary to MoS,, which is a necessary step in alkaline media. Despite that, nickel
molybdenum sulfide (NiosMoosSx) and cobalt molybdenum sulfide (CoosMo005Sx) showed to have
their HER kinetics limited by their conductivity. This issue was overcome by adding Carbon Vulcan
XC72R in the ink formulation, which led CoosMoo5S« and NiosMoos5« to deliver a current density of
200 mA cm at overpotentials only 66 and 60 mV higher than 40 wt.% Pt/C, respectively.

Besides that, an exploratory study of ink formulations replacing Nafion® ionomer by the Sustainion®
XB-7 one was provided, applying NiosMoosS« as catalyst. It was verified that, to maintain a
comparable activity, ionomer content must be reduced, and the solvent ratio also needed to be
regulated; higher volume of isopropanol than water was required. It highlights how unique is the
catalyst/ionomer interaction and shed light on the importance of studying it.

Finally, an AEMWE single cell was constructed by applying CoosMoo5Sy, Sustainion® X37-50 and Ir
black, as cathode, anion exchange membrane and anode, respectively. By operating this cell at 50 °C
and with 0.1 mol L1 KOH solution recirculation in the anode compartment, a current density of 1.2
A cm? was obtained at 2 V. This system was then submitted to 40 h stability testing, and showed
some current decay during operation, although most of decay can be recovered by stopping voltage
application, likely due to the bubbles release. Furthermore, the irreversible current decay was
attributed to the Co and Mo segregation, which diminishes their interaction and impact material’s
activity that comes from a bifunctional behavior.

Keywords: hydrogen evolution; nanomaterials; hydrothermal synthesis; transition metal sulfide;

molybdenum; ionomer; water electrolysis; anion exchange membrane.
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Réduction de I’eau en dihydrogéne sur nanomatériaux d’électrode sans platinoide

Résumé

La production électrochimique d'hydrogene vert sur des matériaux d’électrode abondants sur terre
par électrolyse de I'eau jouera un role important dans la transition énergétique, en plus de stimuler
le développement de procédés plus durables dans le secteur de l'industrie chimique.

Dans ce contexte, ce travail propose la synthése et le design d'une cathode alternative au platine
comme catalyseur de la réaction de dégagement d'hydrogéne (HER) dans un électrolyseur d'eau a
membrane échangeuse d'anions (AEMWE). A cette fin, des sulfures de métaux de transition (TMS)
monométalliques et bimétalliques, a base de Ni, Co et Mo, ont été préparés par voie hydrothermale
et caractérisés physicochimiquement. Des études électrochimiques ont mis en évidence un effet
synergique résultant de I'association de la phase 2H-Mo$S; avec un second composé métallique. Cette
synergie a été attribuée a la capacité du cobalt ou du nickel a dissocier 1'eau, contrairement au MoS,,
qui est une étape prépondérante en milieu alcalin. Ainsi, le sulfure de nickel-molybdeéne
(Nio5sMo0o55y) et le sulfure de cobalt-molybdéne (CoosMo0osSx) ont montré que leur cinétique HER est
limitée par leur conductivité, ce qui peut étre pallié par I'ajout d’un substrat conducteur électronique
(Carbon Vulcan XC72R) dans la formulation de l'encre catalytique. Cela a conduit a une densité de
courant de 200 mA cm-2 sur CoosMoo,5S« et NigsMoo 55« avec des surtensions respectives de seulement
66 et 60 mV supérieures a celles obtenues sur Pt/C a un taux de charge de 40 wt.%.

Une étude exploratoire de formulations d'encres catalytiques contenant le catalyseur NiosMoosS« a
aussi été effectuée pour comparer 1'efficacité du liant entre les ionomeéres Nafion® et Sustainion®.
Pour maintenir une activité comparable au ionomere Nafion, la teneur en ionomere Sustainion a da
étre réduite, et le taux de solvant organique, augmenté dans le ratio isopropanol/eau.

Enfin, un électrolyseur a été construit avec assemblage membrane électrodes (AME) qui est composé
de CoosMoosSx (cathode), Ir black (anode), le tout déposé sur la membrane échangeuse anionique
Sustainion® X37-50. Il a été mis en fonctionnement a 50 °C et en circulant une solution alcaline (KOH
0,1 mol L) dans le compartiment anodique. Une densité de courant de 1,2 A cm?2 a été mesurée
lorsque la tension de cellule atteint 2 V. L’électrolyseur a ensuite été soumis a des tests de stabilité
de plus 40 h et a montré une certaine décroissance du courant due probablement a la formation de
bulles. En outre, une décroissance irréversible du courant est attribuée a la ségrégation des particules
de Co et Mo. Cela se traduit par une diminution de leur interaction et une baisse d'activité
bifonctionnelle du catalyseur bimétallique.

Mot-clés: dégagement d'hydrogene; nanomatériaux; synthese hydrothermale; sulfure de métal de

transition; molybdene; ionomere; électrolyse de I'eau; membrane échangeuse d'anions.
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