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Abstract

The increased energy demands of the rising global population in a fossil fuel-based energy economy have
caused unprecedented anthropogenic CO, emissions, which presents a potentially irreversible threat to
human societies. The imperative transition to carbon-neutral or carbon-negative energy solutions requires
the interplay of advanced technologies that can provide electricity generated from renewable sources,
including wind, solar, and hydropower, while also providing energy-dense liquid fuels for long-term storage.
To this end, electrochemical processes such as CO; reduction, N, reduction and hydrogen evolution could
provide chemical feedstocks and fuels currently obtained by large-scale emission processes without
requiring massive changes to the present energy infrastructures. The economic viability of this approach is
highly dependent on the design of catalysts from earth-abundant elements that exhibit high activity and
selectivity along with chemical and catalytic stability over long periods of operation. In aqueous solutions,
CO; and N; reduction must compete with the kinetically more facile hydrogen evolution reaction, which is
one of the main challenges in achieving catalytic selectivity. Therefore, understanding hydrogen adsorption
interactions on the catalyst surface can simultaneously assist in improving hydrogen evolution activity, as
well as increasing selectivity for CO; and N, reduction reactions. To this end, compositionally diverse
families of materials such as molybdenum chalcogenides (sulfides, selenides, and tellurides) offer an ideal
platform to evaluate hydrogen adsorption interactions and develop composition-structure-function
relationships. This dissertation details an integrative research approach that includes the (1) synthesis of
molybdenum chalcogenides compositions through approaches that allow facile compositional changes as
well as control of morphology and dimensionality, (2) characterization of their local and electronic
structures, and (3) proposed structure-function relations that could assist in the design of molybdenum

chalcogenides for hydrogen evolution, CO; reduction and N, reduction reactions.



Chapter 1 introduces metal chalcogenides as promising family of materials to evaluate the influence of
composition, local chemical coordination, and electronic structure in energy conversion reactions. A
discussion of the crystal structure, thermodynamic stability, and synthetic accessibility of binary pseudo-
molecular Chevrel-Phases MogXs (X = S, Se, Te) and ternary 1-dimensional Pseudo-Chevrel-Phases
(Ka;MoeXs; X=S, Se, Te) is included. Foundational information relevant to the generation of reactivity
descriptors for electrocatalysis and the microwave-assisted solid state synthetic approach used in the

following chapters is also provided.

Chapter 2 outlines the use of a rapid, microwave-assisted solid-state method to synthesize Chevrel-Phase
sulfides, selenides, and tellurides. Hydrogen adsorption interactions are evaluated electrochemically under
hydrogen evolution conditions as a function of chalcogen (S, Se, Te). Density functional theory and X-ray
absorption spectroscopy are used to understand the interactions of the chalcogen with the adsorbed

hydrogen and explain reactivity trends.

Chapter 3 expands the study of hydrogen adsorption interactions to Pseudo-Chevrel-Phases. Scanning
electron microscopy, powder X-ray diffraction, and energy dispersive X-ray spectroscopy are used to
elucidate the dimensional modifications in Pseudo-Chevrel-Phases as a function of chalcogen. Additional
properties for this family of materials, such as charge transfer kinetics for proton reduction and specific

capacitance are also discussed.

Chapter 4 summarizes the state of the art in experimental and computational evaluations of Chevrel Phases
as electrocatalysts for hydrogen evolution, CO; reduction, and nitrogen reduction reactions. The review
examines composition-dependent physicochemical properties that have shown promising electrocatalytic
activity for such small-molecule reduction reactions. Future directions to generate promising multinary

chalcogenides for energy conversion reactions are also included.

Vi
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Chapter 1: Introduction

Developing sustainable net-zero emission systems to produce fuels and commodity chemicals plays a
significant role in supporting the global population's needs without further negative impacts on the
environment. A prospective option is to develop electrochemical conversion processes that can convert
readily available molecules such as water, carbon dioxide, and nitrogen into higher-value products using
renewable energy sources (Fig. 1.1).%? The hydrogen generation from water electrolysis through the
hydrogen evolution reaction (HER) has been one of the more studied electrochemical reactions due to the
high energy density of hydrogen, which could be used for light-duty vehicles and long-distance
transportation services. The capture of CO, from point sources such as power plants, followed by the
electrochemical reduction of carbon dioxide (CO2R) into chemical feedstocks (HCOOH, C,H4) and fuels
(CH,0;), could provide products currently obtained by crude oil refining without requiring massive changes
to the present energy infrastructures. Furthermore, ammonia produced through electrocatalytic nitrogen
reduction reaction (NRR) is another alternative fuel that contains no carbon and may be used in an engine,

cracked to produce hydrogen, or used directly for fertilizer production. Although these three

¢
Electrocatalysis EE
e-

/

N,
-y J~> ﬁ IN— C.H.H,
H,0 K | —

i[O

Chemicals/Fuels

Figure 1.1. Diagram illustrating a sustainable energy landscape in which renewable energy sources are used
to promote the electrocatalytic conversion of N,, CO, and H,0 into value-added products.



electrochemical reactions have different technological objectives, they share the challenge of developing
advanced cathodic electrocatalysts with the enhanced performance needed to enable widespread

penetration of clean energy technologies.?

Materials with tunable compositions offer a platform to study structure-function relations that
could lead to design principles for improved catalysis “'°. Among the highly tunable families of materials,
metal chalcogenides have been particularly attractive due to their low cost, high abundance, and good
electrochemical stability.>!"1? Metal chalcogenides have also shown to mediate various electrocatalytic
conversion reactions. Among these, molybdenum dichalcogenides have shown electrocatalytic activity that
is both versatile and complies with figures of merit. The surface edges of molybdenum disulfide (MoS,)
have shown to have a binding energy for hydrogen very close to the value of Pt, making them an excellent
HER catalyst.’** Figure 1.2a shows the presence of undercoordinated sulfur atoms at the molybdenum
edges of MoS,, which possess a metallic character and are responsible for efficiently binding H to drive

HER. 1629

The edge sites of molybdenum diselenide (MoSe,) and MoS; have also been shown to facilitate the
binding of CO2R intermediates and are expected to overcome some of the challenges that limit the activity
and selectivity of CO2R in transition metal catalysts.?®"*> Computational studies in transition metal surfaces
have illustrated that CHO and COOH adsorption energies scale thermodynamically linearly with CO
adsorption energy, which hinders the independent stabilization of reaction intermediates and limits the
range of accessible CO2R products.?®?* As shown in Fig. 1.2b, molybdenum dichalcogenides allow the
selective binding of COOH and CHO at the uncoordinated S sites and preferential CO binding at the
molybdenum edge.?? Therefore, MoSe; and MoS; are expected to overcome the scaling relations that limit
the activity and selectivity of CO2R in transition metal catalysts.?* Additionally, the chemical similarity of
molybdenum edge sites to the active site of nitrogenase enzymes makes them a promising point of study

for NRR.>>?® Given the electrocatalytic diversity of molybdenum chalcogenides, the systematic study of



electrocatalysts with analogous compositions, local chemical coordination, and electronic structure could
unravel the discovery of earth-abundant materials that are potentially stable and active for a wide range of
electrochemical reactions.

a) b)

I 0o
‘ [ Oc
co CHO COOH
°Mo
Os
OUndercoordinated S
OH

Figure 1.2. a) Top-down schematic of 2H MoS; depicting the catalytically active (1010) Mo edge covered by
S monomers. The undercoordinated S atoms along the (1010) edge are responsible for efficiently binding H
to drive HER. Figure adapted from ref 17 and 19. b) Binding configurations of COOH, CO, and CHO to the
Mo edge of MoS,. COOH and CHO bind to the undercoordinated S atoms, whereas CO binds to the Mo
atoms. Figure adapted from ref 22.

Chevrel-Phase and Pseudo-Chevrel-Phase Molybdenum Chalcogenide Compositions Spaces:
Simple modifications to the molybdenum to chalcogen ratio of molybdenum dichalcogenides result in

another tunable family of materials known as Chevrel Phases (CPs). Since their discovery in 1971,%” CPs

28-33 | 3441
7’

have attracted attention due to their superconductivity properties, catalytic potentia and
intercalation ability which makes them promising energy conversion and storage materials.***® Fig. 1.3a
shows the crystal structure of CPs, which is comprised of discrete molybdenum octahedron inside a
chalcogen cage with the general formula MogXs (X=S, Se, Te). The chalcogen cage can be partially

substituted by chalcogens or halogens, whereas the molybdenum octahedron can be partially or totally

replaced by another transition metal, like Nb, Ta, Re, or W.
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Figure 1.3. Structure of CPs depicting a) the MogXs unit formed by a molybdenum octahedron inside a
chalcogen cage and b) the extended structure illustrating the cavities in which metals can be intercalated.
¢) The reductive effects of M species intercalation into MogXs, which decrease the covalency of the Mo—X
interactions and increase the relative charge on Mo and S to yield a net increase in ionic bonding character
within the structure.

Molecular orbital calculations indicate that the stability of the Mog octahedron in CPs is essentially
due to twelve covalent metal-metal bonds.***> This means that the formation of an undistorted Mos
octahedron requires 24 valance electrons. For MoeSs, the electron-withdrawing nature of the chalcogen
results in only twenty electrons available to populate the Mo-Mo orbitals, making the compound
metastable [(6Mo x 6e7) — (8S x 2e) = 20 e7]. Cation intercalation is a common route for stabilizing the
intrinsically electron deficient MoeSg structure. As shown in Fig. 1.3b, the extended MogXs framework forms
large cavities that allow the intercalation of monovalent, divalent, or trivalent metals, with stoichiometries
varying from O to 4. Electron donation from the intercalant to the MoeSs cluster stabilizes the electron-
deficient structure and leads to the contraction of the Mo octahedra.*®*” Thus, MosSs can be synthesized

indirectly by first making the cation-stabilized ternary phase Cu,MoeSs and then leaching the cation. *3

Previous work shows competing stabilizing and destabilizing effects from the intercalated metal
that depend on the identity of cation and its stoichiometry.*® Fig. 1.3c shows the competing ionic and
covalent contributions elucidated in CP sulfides upon intercalation of 3d transition metals. Intercalating

cations into the MosSs framework increases the charge density on Mo via electron donation from the



cation.*®* Although the electron donation stabilizes the Mos octahedron, there is a decrease in strength
of the Mo—S bond, which leads to a reduction in covalency and destabilization of the CP structure. A more
significant increase in ionicity is predicted as the electropositivity and stoichiometry of the intercalant
increases, which will destabilize the structure.*® Therefore, stable MMosSs compositions have an ideal
ionicity component that can stabilize the Mog octahedron without significantly decreasing the covalency of
the Mo—S bond. The covalency between Mo-X also increases as the electron-withdrawing nature of the
chalcogen decreases, making MoeSes and MogTeg accessible by direct high-temperature solid-state

synthesis. *%°!

Similar to their 2D metal chalcogenide analogs, CPs have shown to be active for a broad range of
electrochemical resections, being oxygen reduction reaction (ORR) one of the most studied.****° Vante et
al. performed an extensive evaluation of different CP compositions for the oxygen reduction reaction (ORR)
and elucidated that ORR activity increased in partially substituted CPs (i.e., MosRu,Seg) compared to binary
(MoeXs) and metal-intercalated CPs (MyMogXs). 3#3%°%°¢ The activity relationship seems to originate from
the increase in electrons on the cluster due to the partial substitution of molybdenum which increases the
electrons available at the Fermi level from 20 to 24. Binary sulfide (MoeSg) and metal-intercalated CPs have
also shown to promote the 6-electron electrochemical reduction of CO; to methanol and formate in
aqueous solution.””*® The formate pathway was further circumvented by using CO as a reduction target,
which produces only methanol in the liquid phase. Additionally, the similar structure of Fe;MogSsto FeMo
nitrogenases has shown to facilitate nitrogen adsorption and conversion to ammonia with faradaic
efficiencies of 12.5% in aqueous conditions.>>®® Although there is room to explore other CP compositions
for CO2R and NRR, one of the main challenges for both reactions is the competing parasitic HER, which

hinders catalyst efficiency and selectivity.

An approach to increase activity and selectivity involves obtaining a deeper understanding of the

absorption energies of key reactant intermediates for competing reactions. Reactant intermediates that



adsorb too strongly can poison the catalyst surface and slow reaction kinetics.®! In contrast, reactant
intermediates that bind too weakly are prone to desorb from the surface and limit the overall activity. As
stated by the Sabatier principle, an ideal catalyst will have moderate adsorption energies of key reaction
intermediates.®? Therefore, modifications in the adsorption energies of important reactive species can

direct the reaction toward the desired products and avoid unwanted side reactions.

The highly tunable structure of CPs allows changes in the electronic structure that can influence
charge transfer and binding of intermediates at the catalyst surface. Moreover, morphology and
dimensionality changes can be further induced by decreasing the chalcogen content in CPs. As shown in
Fig.1.4, the decrease in chalcogen content drives the progressive fusion of molybdenum octahedra and
transforms the discrete MoeXs units of CPs into continuous MogXs units, known as Pseudo Chevrel Phases

(PCPs). &
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Figure 1.4. Progressive fusion of molybdenum octahedra as the chalcogen to molybdenum ratio decreases.
The structure transforms from 3-dimensional CPs (MogXs) to 1-dimensional PCPs (MogXs).

The PCP structure is characterized by one-dimensional infinite MogXs> (X=S, Se, Te) chains which
run parallel to the hexagonal c-axis and are isolated from each other by metal ions from groups |, I, and Il
(Fig. 1.5). The infinite linear chains of MogXs> have a large intercluster distance of ~6.40 A in contrast to the
distance of ~3.40 A observed in CPs. The lower intercluster interaction makes the PCP structure very

anisotropic ® and facilitates solution chemistry reactions such as ion-exchange reactions and formation of
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Figure 1.5. Structure of PCPs depicting a) the MogXs *” unit formed by infinite one-dimensional Mos units
inside an hexagonal chalcogen framework, and b) extended structure illustrating the cavities in which
metals can be intercalated.

colloidal suspensions in highly polar solvents. ®® From a catalytic standpoint, one-dimensional materials
have a high surface area and few crystal boundaries, which can provide channels for fast charge transport
with reduced scattering. ® Additionally, K;MosSs exhibits Mo binding sites spaced 3.2 A apart, which is
within the range in which CO; intermediates bind in neighboring adsorption sites to promote C-C coupling
on copper.’®®® Therefore, the geometric structural changes of CPs vs. PCPs provide diverse chemical
environments at the atomic scale with composition-dependent physicochemical properties that can

effectively alter reaction pathways. %972

Design of catalytic materials using reactivity descriptors:

Due to the numerous thermodynamically accessible CP and PCP compositions, improved catalysts' design
will benefit from identifying properties that can describe and predict catalytic performance, coined
reactivity descriptors. The development of reactivity descriptors has enabled the rational design of
heterogeneous catalysts and facilitated the screening of high-throughput catalysts. Such descriptors can

relate the electronic properties of materials to their reactivity in catalysis (electronic descriptors), regulate



reactivity by changing the surface structure of the catalyst (structural descriptors), or combine electronic

and structural properties to predict reaction trends (binary descriptors). %

One of the most popular reactivity descriptors is the d-band model used to describe bond
formation on transition-metal surfaces.”>’® This electronic descriptor predicts stronger bonds between the
adsorbate and the metal surface when the d states are higher in energy relative to the Fermi level. Fig. 1.6a
shows the filling of antibonding orbitals below the fermi level. Electrons in antibonding molecular orbitals
cause the system to be destabilized since the out of phase overlap of the metal and adsorbate orbitals
makes the energy associated with the binding of the adsorbate higher than the energy of the unbound
atom. Therefore, increasing the energy of the d states will result in higher antibonding states, which will be

less likely to be populated and thus provide a stronger binding of the adsorbate (Fig. 1.6b).

The p-band center of bulk-phase oxygen has also been used as a descriptor to predict ORR activity
on perovskite cathodes.®’””® For this case, decreasing the distance of the oxygen p-band center with

respect to the Fermi level improves OER activity. Fig. 1.7 shows how the charge transfer gap between
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Figure 1.6. a) Schematic illustration of the d-band model showing the interaction of the adsorbate with
the s, p and d states of the transition metal surface. b) The higher d states with respect to the Fermi level
result in higher unoccupied anti-binding orbitals and thus stronger binding of the adsorbate to the
transition metal surface. Figure adapted from ref 76.



oxygen 2p and transition metal 3d orbitals narrows by uplifting the O p-band center. The increase in
covalency between oxygen and the metal stabilizes the adsorbates and reduces the charge transfer barrier.
Therefore, increasing metal-oxygen covalency changes the rate-limiting step from an electron-limiting
transfer process to a deprotonation-limiting process, improving reaction efficiencies.””® The

| 628283 or metal oxide

aforementioned descriptors are limited to specific classes of materials, either meta
surfaces.””#*8> Hence, there is motivation to expand to other families of materials, such as molybdenum

chalcogenides, as well as develop universal reactivity descriptors.
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Figure 1.7. Schematic illustration of the simplified density of states of perovskites showing the transition
metal 3d (blue) and O 2p (orange) bands. Improved charge transfer kinetics for OER are observed by raising
the p band center with respect to the fermi level, which increases the covalency between the transition
metal and oxygen. Figure adapted from ref 79,80,81.

Rapid Microwave-Assisted Solid-State Synthesis:

The systematic evaluation of electrocatalysts as a function of composition required to establish reactivity
descriptors can be influenced by the feasibility and complexity of the electrocatalyst’s synthetic approach.
CP and PCPs have traditionally been obtained through high-temperature solid-state methods that involved

mixing stoichiometric amounts of the metallic precursors, which are then sealed under vacuum and heated



in a furnace for 12+ hours to obtain a homogenous product. A novel microwave-assisted solid-state
synthesis approach is used to obtain the CP and PCPs evaluated in Chapters 2 and 3 which shortens the
synthesis time from days to minutes, facilitating the study of multiple CP and PCP compositions. The
included methodology describes the first time a conventional microwave has been used to synthesize CP
and PCP selenides and tellurides. The decrease in synthesis time observed through solid-state microwave
heating originates from its energy conversion mechanism. While precursors are heated through conduction
in a furnace, microwave radiation generates heat through the motion of electrons in the solid material. The
electrons obtain kinetic energy from the external electric field, which is converted to thermal energy due

to electron collision. This process, known as Joule heating, is given by the following formula:

H=FPxRxt eq. 1.1

. Histhe heat produced by the conductor (J)

. listhe electrical current flowing through the conductor (A)
. Risthe electrical resistance (Q)

. tisthe elapsed time (s)

As stated in eq. 1.1, the heat generated is proportional to the current squared. Given the higher

electron mobility of metals compared to chalcogenides, Joule heating allows the preferential electric
conduction of the metallic components of CP and PCPs, which can react very quickly with the chalcogen
before it volatilizes. This heating approach facilitates the synthesis of metal chalcogenides which can be
challenging due to the high volatility of chalcogens.® It is also believed that microwave solid-state synthesis
provides more homogeneous heating since the temperature is raised simultaneously in the whole reaction
volume rather than interacting through the vessel wall. Therefore, the heating profile is the inverse of

conventional heating samples in which the material's surface is hotter than the interior. 8%

The heating mechanism of solid-state microwave synthesis can be further improved by using heat
susceptors such as carbon-based solids. These materials can quickly convert electromagnetic energy to

heat not only by Joule heating but also by accumulating mobile charges to the surface, known as interfacial
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polarization.®® At sharp edges, tips and submicroscopic irregularities, the surface charge density and the
external electric field may reach very high values. When these charges accumulate enough kinetic energy,
they will jump out of the material, resulting in the ionization of the surrounding medium.?® This electric
discharge releases thermal energy, which assists in the further heating of the microwave susceptor. Fig. 1.8
depicts the synthesis setup for the microwave-assisted solid-state synthesis discussed in Chapters 2 and 3.
Graphite is used as a heat susceptor which provides temperatures above 1000C within minutes, allowing

the rapid synthesis of CP and PCPs.

Microwave-assisted 5 ﬁ Eir
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Figure 1.8. Schematic of the microwave-assisted solid-state approach used to synthesize the materials in
this work. Inset captures the heating of the heat susceptor through Joule heating and electric discharge.

Thesis overview:

This thesis details the electrocatalytic evaluation of CP (M0eSs, MogSes, MogTes) and PCP (K;Mo0gSs,
KoMoeSes, KaMogTes) with the aim of expanding the use of reactivity descriptors to molybdenum
chalcogenides. In the interest of understanding the interactions that facilitate HER in CPs - and hence
decrease the selectivity for CO,R and NRR- the synergies that govern H adsorption (H) in CPs as a function
of chalcogen are evaluated electrochemically under hydrogen evolution conditions (Chapter 2). It is
hypothesized that changes in chalcogen electronegativity will directly impact electron localization at the

molybdenum sites, directly impacting H" interactions (Fig. 1.9). The systematic evaluation of CP
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chalcogenides will elucidate the effect of electron localization on Hags and provide guidelines to regulate
HER. A combination of electrochemical technigues, Density functional theory (DFT), and X-ray absorption
spectroscopy (XAS) are utilized to elucidate the chalcogen- H” interactions that lead to improvements in
HER activity. The study of H interactions is expanded to the PCP family in Chapter 3. Due to the changes in
morphology and dimensionality, comparing chalcogen-H" interactions provides an opportunity of
identifying similar H” interactions between CP and PCPs and establish structure-function relations for

multiple families of molybdenum chalcogenides.

More Electron-withdrawing Less Electron-withdrawing
Chalcogen Chalcogen

Figure 1.9. Effect of substituting sulfur for selenium in the molybdenum electron localization of CPs. The
electron density of the Mog octahedron can be increased by decreasing the electron withdrawing nature
of the chalcogen species, thereby controlling the formal Mo valence electron count.

Chapter 4 relates the results discussed in Chapters 2 and 3 with previous literature reports and
work developed in the Veldzquez Lab evaluating the electrocatalytic activity of CPs as electrocatalysts for
HER, CO2RR, and N;RR. The chapter provides an overview of the factors in the electronic structure of CPs
that preferentially favor interactions with reaction intermediates for HER, CO,RR and N;RR, as well as
reactivity trends as a function of composition for each of these reactions. Current limitations in improving
the catalytic activity of CPs and future directions are also mentioned. The discussion included in this thesis
provides a reproducible narrative spanning synthesis, operation, and understanding of the electrocatalytic

activity of CP and PCPs to the scientific community. It is intended that the results of this work and the
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compendium of literature included stimulates the further study of CP and PCPs, expanding their

composition design and electrocatalytic evaluation.
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Chapter 2: Stabilizing Hydrogen Adsorption through Theory-Guided Chalcogen Substitution in Chevrel-

Phase MogXs (X=S, Se, Te) Electrocatalysts

Abstract

In this work, we implement a facile microwave-assisted synthesis method to yield three binary Chevrel-
Phase chalcogenides (MoeXs; X = S, Se, Te) and investigate the effect of increasing chalcogen
electronegativity on hydrogen evolution catalytic activity. Density functional theory predictions indicate
that increasing chalcogen electronegativity in these materials will yield a favorable electronic structure for
proton reduction. This is confirmed experimentally via X-ray absorption spectroscopy as well as traditional
electrochemical analysis. We have identified that increasing the electronegativity of X in MogXs increases
the hydrogen adsorption strength owing to a favorable shift in the p-band position as well as an increase
in the Lewis basicity of the chalcogen, thereby improving hydrogen evolution reaction energetics. We find
that MogSs exhibits the highest hydrogen evolution activity of the MogXs series of catalysts, requiring an
overpotential of 321 mV to achieve a current density of 10 mA cm™ecsa, a Tafel slope of 74 mV per decade,
and an exchange current density of 6.01 x 107* mA cm™csa. Agreement between theory and experiment in
this work indicates that the compositionally tunable Chevrel-Phase chalcogenide family is a promising
framework for which electronic structure can be predictably modified to improve catalytic small-molecule

reduction reactivity.

Introduction

Renewable hydrogen production has become an attractive alternative to transition away from fossil fuels
and reduce carbon dioxide emissions.! In addition to its high gravimetric energy density as well as the
environment-friendliness of its combustion product, hydrogen is attractive due to its role in industrial

processes such as ammonia synthesis, hydrogenation reactions, crude oil refining, and biogas processing.’”
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4 Currently, hydrogen gas is predominantly generated via steam methane reforming, which leads to
substantial anthropogenic CO, emission.” Alternatively, hydrogen can be generated via electrochemical
water splitting—a process that leaves virtually no carbon footprint when coupled to renewable sources of
electricity such as wind and solar energy.>® This electrochemical process occurs according to the half-

reaction:

2H" +2e~ = H, (1)

Following Sabatier’s principle for heterogeneous catalysis, the Gibbs free energy for hydrogen
adsorption of a maximally efficient HER catalyst will be thermoneutral (AGy = 0). While Pt is currently
championed as the most efficient HER catalyst owing to its nearly thermoneutral H adsorption, scalability
of systems based upon noble metals is hindered by high production costs engendered by elemental
scarcity.”® Many cases in nature (e.g. hydrogenase and nitrogenase enzymes) have succeeded in achieving
favorable AGy with Earth-abundant catalyst compositions that often include non- precious transition metal
chalcogenides with Fe, Ni, and Mo at their active sites.”® These revelations highlighted the promise of
inorganic analogs such as MoS,, where H adsorption at edge sites indeed approach the AGy of Pt. 2 This
observation is consistent with the popular d-band center model which suggests that HER reactivity
correlates with the density of transition metal d states near the Fermi level of the catalyst.'®* Recent
advances have identified a range of transition metal dichalcogenides such as WS,,'**° FeS,, %7 CoS,,'#1°
WSe,,?° MoSe;, 222 CoSe,,?>?* and CoTe,?>?® as active catalysts for HER. It is believed that the HER activity
of this family of compounds relies on the negatively polarized chalcogenide anions, which results in lower
free energy barriers for proton adsorption.?” To investigate the effect of electronic structure and active-
site coordination on chemically analogous Earth-abundant catalysts, we examined Chevrel-Phase (CP)
chalcogenides with the generic formula MyMoeXs (M =alkali, alkaline, transition or post-transition metals, y
= 0-4; X =S, Se, Te); specifically focusing on the binary MoeXs. This chalcogenide family is especially

attractive due to its interconnected cluster framework (Fig. 2.1) and its tunable composition that affords
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fine control over the electronic structure, which has led to previously observed catalytic activity for

28-30 31-35

hydrodesulfurization, oxygen reduction, and CO; reduction reactions.®

Metal intercalated CP frameworks have been shown to be stable and relatively active HER catalysts
over a range of operating conditions**"*? however, the effect of chalcogen composition on HER reactivity
in CPs is not well understood. We hypothesized that the electronegative chalcogenide surface sites would
bond with adsorbed hydrogen, and that varying the chalcogen identity would directly affect the strength
of this bond, as well as shifting the position of the Mo d-states relative to the Fermi level. Density Functional
Theory (DFT) calculations support this hypothesis and provide additional insight into the contributions of
both the local coordination environment and the bulk electronic structure to H adsorption and suggest that
the p-band center provides a useful descriptor for bond strength. To confirm the results of DFT calculations,
we implemented a time- and energy-efficient synthetic method to yield all three binary CP chalcogenide
compositions. Predicted changes to CP electronic structure were confirmed experimentally via X-Ray
Absorption Spectroscopy (XAS) and were correlated to changes in catalytic HER reactivity under acidic
operating conditions. The results presented herein offer insights into the tunability of electrocatalytic
reactivity exhibited by CP chalcogenides, and our integrated theoretical and experimental effort represents

a promising route toward rational and iterative material design driven by reliable computational prediction.

Figure 2.1. Structure of the binary CP chalcogenides depicting (a) the MogXs unit cell with the metallic
Mo-Mo bonds of the octahedra shown within the chalcogenide cage, as indicated by the dashed lines,
and (b) four MoeXs units illustrating the ionic Mo-X bonds within and between the clusters, and the large
cavities formed between clusters.
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Experimental Section

Chemicals and Materials

MoS; powder (99%, ~325 mesh), Cu powder (99.995%, ~100 mesh), MoSe; powder (99.999%, ~200 mesh)

and Pt mesh (99.99%) were used as purchased from Alfa Aesar. Mo powder (99.99%, ~100 mesh), Te
powder (99.8%, ~200 mesh) and concentrated H,SO4 acid (ACS grade) were used as purchased from Sigma
Aldrich. Fused quartz tubes (2 mm thick) were purchased from AdValue Technology and made into round-
bottom tubes with an in-house oxy-hydrogen torch. Ultra-high purity grade H; (99.999%) was used as
purchased from Praxair Direct. Toray Carbon Paper (060 with Micro Porous Layer) and 20% Pt/C on Vulcan
Carbon Cloth were purchased from Fuel Cell Store. Ag/AgCl reference electrodes were purchased through
ALS Japan. Selemion® anion exchange membrane was purchased from AGC Engineering and stored in ultra-

pure deionized water prior to use in electrochemical experiments.

Catalyst Synthesis

CP chalcogenides studied here were synthesized using a high-temperature heating method described in
detail in our previous work.3*° Briefly, appropriate precursor powders were mixed via ball-milling and
pressed into pellets, transferred into quartz tubes under N, under tightly packed Al,Os microfiber, then
submerged in a bath of ~325 mesh graphite powder in a conventional microwave oven under Ar where
the samples were irradiated for multiple minutes at a power of up to 1000 W. As the electronegativity of
the chalcogen decreases the number of electrons per Mog cluster increases up to a limit of 24 electrons for

a completely filled valence shell.*!

The increase in valence electron count when less electronegative
chalcogens are incorporated leads to an increase in cluster stability and decreases the heating time
required to obtain phase-pure CPs. This is particularly important for MogSs, where—owing to the electron-

withdrawing strength of S—the Mog octahedron is slightly electron-deficient at 20e’, making the cluster

metastable and prone to decomposition under the high-temperature conditions of this synthetic method.
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To mitigate the destabilizing effects of this electron deficiency, a metallic Cu precursor was included to
stabilize the Mog octahedron in a Cu;MosSs framework. The heating time required to produce MogTes,
MoeSes and Cu;MogSs varied from 5, 8 and 10 mins, respectively. To obtain de-intercalated MogSs, Cu was

chemically etched in O,-bubbled 6.0 M HCl according to literature methods.*

Structural and Electronic Characterization

The phase purity of CPs was analyzed via Powder X-ray Diffraction (PXRD) using a Bruker D8 Advance
diffractometer with Cu K-alpha radiation (1.541 A). Catalyst morphology and bulk composition were
analyzed before and after electrolysis using a FEI (Hillsboro, OR) 430 Nano Scanning Electron Microscope
(SEM) and a FEI Scios Dual-Beam SEM with an Oxford Energy Dispersive X-ray (EDX) detector, respectively.
Surface composition analysis before and after electrolysis was completed using a PHI Versaprobe 3 X-ray

Photoelectron Spectrometer (XPS).

X-ray Absorption Spectroscopy and Data Analysis

CP chalcogenides were all scanned at their respective Mo Ls-edge. All XAS scans were taken at the Stanford
Synchrotron Radiation Lightsource (SSRL) at the SLAC National Accelerator Laboratory. MogSes scans were
taken at beamline 14-3, while MosSs and MogTeg scans were performed at beamline 4-3. All edge scans
were performed under He with a chamber O, content <0.04% in order to minimize interactions between
tender X-rays and the gas inside the sample chamber. Energy calibration of the beam was performed using
elemental Mo foil. For each sample, fluorescence data were collected using a Lytle detector over the course

of three scans which were averaged together to improve the signal-to-noise ratio.

Electrochemical Characterization

Electrochemical measurements were performed in a custom three-electrode H-shaped cell (Fig. S2.1)

where the working electrode and counter electrode compartments were separated by an anion-exchange
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membrane. Working electrodes were fabricated using powder-based inks for each catalyst prepared using
3.0 mL isopropanol, 50 plL polytetrafluoroethylene (PTFE) suspension, 5 mg of carbon black and 6.01x107
moles of each respective catalyst. The PTFE serves as a binding agent while the carbon black increases
conductivity. The PTFE/carbon black mixture facilitates the transport of the evolving hydrogen from the
reaction site through hydrophobic pores and provides robust mechanical properties to the electrode.****
Inks were sonicated for 20 mins and then drop cast onto conductive carbon paper (Fig. S2.2). The working
(CP), reference (Ag/AgCl), and counter (Pt mesh) electrodes were submerged in 0.5 M H,SO, electrolyte
that was purged with H, gas for 30 mins to remove any dissolved O,. All electrochemical experiments were

performed using a Bio-Logic VSP-300 multichannel potentiostat with potentials converted to RHE scale

using the following equation:

Erse = E(Ag/AgCl) +0.210 + 0.059 x pH (2)

Hydrogen evolution activity was evaluated via Linear Sweep Voltammetry (LSV) at a scan rate of 5
mVs™. During these experiments, a H, flow was maintained over the electrolyte and the electrolyte was
stirred at 1200 rpm to remove hydrogen gas bubbles from the working electrode surface and maintain
consistent local pH. Catalyst stability was observed in two different experiments for each catalyst: 1)
Chronopotentiometry experiments where a specific current density was maintained over time while
observing changes in overpotential, and 2) LSV experiments performed both before and after 500 and 1000
cyclic voltammograms. Electrochemically Active Surface Area (ECSA) for each electrode was determined by
measuring their double-layer capacitance (Cq), where cyclic voltammograms (CV’s) were acquired at
various scan rates in a non-Faradaic region where observable current could be attributed strictly to
capacitive charging. * The current at a chosen potential near open circuit in these CV’s was plotted as a
function of scan rate and the slope of this graph gives Cqi. Figs. S2.3 and S2.4 show the representative CV’s

and linear plots used to calculate Cq. The intrinsic Cq of each catalyst was taken as the difference of the Cq
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of the electrode (PTFE/carbon black/catalyst) and the Cq of the blank (PTFE/carbon black). The ECSA was

then calculated by dividing Cq by the specific capacitance (C;) of the sample
_CpL
ECSA =—= (3)
Cs

where a specific capacitance of 60 uFcm™ was chosen based on the reported capacitance for a flat MoS;
sample in 0.5 M H,S04.%® Charge-transfer resistance was measured via Electrochemical Impedance
Spectroscopy (EIS) at-0.27 V vs. RHE with a superimposed AC bias oscillating at frequencies from 1 MHz to

1 Hz with a 10 mV sinus amplitude.
Computational Methods and Models

DFT calculations were performed using the Vienna Ab initio Simulation Package (VASP).*” The Revised
Perdew-Burke-Ernzerhof (RPBE)*® generalized gradient approximation exchange-correlation functional was
used to compute structures and zero-point energies, while the Strongly Constrained and Appropriately
Normed (SCAN) semilocal density functional*® was used to compute enthalpies, charge densities and
densities of states (DOS). All calculations were performed with a plane-wave cutoff of 520 eV and a -
centered Monkhorst-Pack k-point grid with a density of 1000/N where N is the number of atoms in the
unit cell. All calculations were performed using the implicit water solvation model as implemented in
VASPsol.*° Zero-point energies were calculated using the dynamical matrix approach within Henkelman’s

VTST Tools package. Charge densities were calculated using DDEC6E atomic population analysis.>*
Adsorption energies at 298.15 K are calculated using:

AGgaas = AHqas + AEzpg — TASqas (4)
Adsorption enthalpies are calculated with:

AHuqs = Hgas — Hsurf - 1/2HH2 (5)
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Where Hygs, Heyrp, and Hy, are the computed total enthalpies of the surface with an adsorbate, the bare

surface, and H,, respectively. The change in zero-point energy is calculated using:

1
AEzpg = Ezpp s — EEZPE,HZ (6)

where Ezpg y+ is the zero-point energy of adsorbed hydrogen (H*) and Ezpg , is the experimental zero-

point energy of H, (0.27 eV).>> We make the approximation that
TASaqs ~ =5 Spysea at 298.15 K (7)

because the vibrational entropy of H* is negligibly small relative to hydrogen in solution.>? Sh,sta = 0.4038
eV is obtained from the National Institute of Standards and Technology Joint Army—Navy—Air Force (NIST
JANAF) thermochemical database.>* Periodic slab models of the surfaces included a 1 X 1 X 2 supercell
model of the MogXs surface and a 2 X 2 X 3 supercell model of the (111) Pt surface due to its smaller unit
cell size to reduce adsorbate-adsorbate interactions. All models for adsorption on MogXs include one H*
per supercell due to the unfavorable adsorption of H* on these materials. Additionally, these calculations
included one H,0 adsorbed at the Mo surface site due to the favorable adsorption of H,O on these surfaces.
The Pt surface was modeled at %, %, % and full surface coverages of H*. Slab calculations included 20 A of

solvent above the slab in the z-direction to avoid interactions between periodic images.
Results and Discussion
Microwave-Assisted Solid-State Synthesis

Polycrystalline MosSs, MosSes, and MogTes were all synthesized with high phase-purity through
aforementioned methods. This work presents the first time that microwave-assisted high-temperature
methods have been extended to MogSes and MoeTes. In contrast to conventional heating, which relies on
slow heat transfer through evacuated quartz ampules, the microwave heating method employed here

allows for rapid conversion of microwave radiation into thermal energy,>® and the N, atmosphere within

26



the reaction vessel itself allows for virtually instantaneous heat transfer to the sample. Due to the rapid
nature of this microwave heating, reaction times to obtain CPs are reduced from days to minutes, resulting
in significant time and energy savings despite the required high temperatures (>900°C). Furthermore, the
yield of this solid-state synthesis method is 100%, making it advantageous compared to many solution-

based methods where unreacted precursors and product loss during separation often reduces overall yield.

The PXRD pattern for MoeSg shown in Fig. 2.2a indicates a rhombohedral crystal phase with an
intense (101) signal that is characteristic of CPs, while the SEM image in Fig. 2.2b details the faceted
polycrystalline morphology that is representative of the CPs studied in this work. The PXRD patterns, XPS
spectra, and EDX spectra (Fig. S2.5) obtained before and after chemical etching confirm the complete
removal of Cu from the MoeSg framework. PXRD and SEM of CP selenides and tellurides (Fig. S2.6) show
similar characteristic diffraction peaks and polycrystalline morphology. Lattice parameters obtained by
PXRD refinement for CP chalcogenides are shown in Table S2.1 and are consistent with literature values for
the R-3H unit cell. Bulk CP composition was confirmed via EDX, as shown in Figs. S2.7-52.9. For MogSs, the
Mo L- and S K-edges overlap, convoluting quantitative determination of Mo and S, hence reported atomic
% deviates significantly from expected values, although it is apparent from the EDX spectra presented in

Fig. S2.7 that there is no compositional impurities.

(a) (b)
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Figure 2.2. (a) PXRD patterns for MogSs comparing experimental (red) and calculated pattern based on
published data (black), and (b) SEM micrograph detailing the faceted morphology of polycrystalline
MOsSg.
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Electronic Structure and Theoretical H* Interaction

The Mo Ls-Edge X-ray Absorption Near Edge Structure (XANES) for all three CPs are shown in Fig. 2.3 and
reveal that as the electronegativity of the chalcogen species decreases, the photon energy required to
induce a 2p—>4d transition similarly decreases, suggesting a less oxidized Mo center which is the result of
weaker electron withdrawal from Mo by the Xs cage. This is indicative that a more electronegative
chalcogen strongly decreases the valence electron count of the Mos octahedron, which makes the
chalcogen a stronger Lewis base that will stabilize the absorbed proton more effectively during HER since

H" is a hard Lewis acid. DFT calculations support this explanation.

Intensity (A.U.)

2515 2520 2525 2530
Energy (eV)

Figure 2.3. Mo Ls-Edge XANES for binary CP chalcogenides along with a Mo foil for reference, illustrating
a pronounced red-shift as chalcogen electronegativity decreases from MoeSs (red) to MogTes (blue).

Calculated Gibbs free energies for proton adsorption (AGy) on CP chalcogenides are shown in Fig.
2.4a along with Pt for reference. As expected, Pt exhibits the most favorable H" binding interaction, while
for CP chalcogenides, MogSs is predicted to possess the most favorable AGy, followed by MosSes and
MogsTeg with AGy of 0.48, 0.56, and 0.58 eV, respectively. The lower AGy obtained for MoeSg corroborates
our hypothesis that a stronger Lewis base adjacent to Mo stabilizes H" more effectively thereby facilitating
HER reaction kinetics. Furthermore, our calculations indicate that the most favorable adsorption site for all

three CP surfaces is the bridge site between Mo and X, which can be seen in the slab images of Fig. S2.10
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where H* is stabilized closest to X in MosSs (X-H distance = 1.40 A) and farthest from X in MogTeg (X-H

distance = 1.81 A).

To further examine how the electronic structures of the CPs influence their reactivity, projected
DOS were calculated for each material and plotted in Fig. 2.4b. As the electronegativity of the chalcogen
increases, the d-band center energy decreases, suggesting a weaker interaction between H* and the Mo
d-states. This result is consistent with the longer Mo-H bond calculated for MoeSs. Conversely, the X-H bond
strengthens as chalcogen electronegativity increases, and to a greater extent than the Mo-H bond weakens.
This results in stronger overall adsorption of H* predicted for MogSs. We attribute the stronger X-H bond
for the more electronegative chalcogens to both local and bulk electronic effects. The local contribution to
the X-H bond strength results from orbital overlap which decreases with orbital size mismatch between the
chalcogen and the H* 1s orbital (e.g. large mismatch between Te 5s and H 1s). The bulk contribution results
from the charge density localization on the chalcogen atoms which increases with the electronegativity of
X and is manifested in the electronic structure as a lower p-band center. The increased charge density on
X leads to stronger bonding with H* and concomitantly decreases the charge density on Mo, weakening
the Mo-H bond. To assess the influence of the local and bulk contributions on the strength of the X-H bond,
we studied the effect of substituting only the chalcogen involved in the X-H bond with a different chalcogen.
Three substitutions were considered: Se into MoeSs, S into MoeSes and S into MosTes. The calculated AH 45
for these substitutions are shown in Fig. S2.11. We report calculated bond lengths, band centers, charge
densities and AH, 45 in Table S2.2. These substitutions change the local bonding environment yet have a
minimal effect on the bulk electronic structure, exhibited by the negligible change in the d-band and p-
band centers (< 0.05 eV) as well as by the negligible change in Mo charge densities. The Se substitution into
MoeSs increases AH, 45 by 0.08 eV resulting in an adsorption enthalpy that is only 0.03 eV lower than that
of bulk MosSes. Additionally, the Se-H bonds of both structures differ by only 0.01 A, indicating that the

local bonding environment influences the X-H bond strength more than the bulk electronic structure.
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Figure 2.4. (a) Calculated adsorption energies of H* (AGg) on all the surfaces discussed herein; (b)
computed DOS which indicate a significantly larger d-DOS at the Fermi level for MogSs than for MogSes
and MosTeg; (c) HER polarization curves for CP chalcogenides electrodes in 0.5 M H,SO4, along with 20%
Pt/C on Vulcan Carbon Cloth and a blank (carbon paper with PTFE/carbon black/IPA ink) for comparison;
(d) corresponding Tafel plots for each CP catalyst, with Pt for comparison.

The S substitutions into MosSes and MogsTeg decrease AH,, 45 by 0.03 and 0.02 eV, respectively. The
difference between AH, 4, for the S substitution into MoeSes and the Se substitution into MoeSs is less than
0.01 eV. However, the S-H bond is 0.14 A shorter than the Se-H bond, further confirming that the local
bonding environment contributes more substantially to the X-H bond strength, although the overall proton
adsorption strength is comparable. Nonetheless, when comparing MosSs against the two S substitutions
into MosSes and MosTes, AH, 45 increases by 0.07 and 0.12 eV, respectively, indicating that the bulk
electronic structure moderately affects the adsorption strength of the proton, which can be stabilized by
decreasing the p-band center. The individual tunability of the local bonding environment and bulk
electronic structure suggests that the ternary CP space may include promising HER catalysts with optimal

properties for H adsorption. Furthermore, of the three chalcogenides S provides the best local bonding
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environment and bulk electronic structure for stabilizing H*, in agreement with our calculations that MogSs

exhibits the lowest AGy of the binary CPs.

Electrochemical HER activity

Polarization curves in 0.5 M H,SO. and Tafel slopes for all three CP chalcogenides are shown in Fig. 2.4(c,d)
along with curves for 20% Pt/C on Vulcan Carbon Cloth and a blank for reference, while numerical figures
of merit are shown in Table 2.1. Current densities were normalized with respect to ECSA to account for any
slight differences in particle sizes of the catalysts that were evaluated. Due to the ease with which tellurium
compounds oxidize in air, MosTes electrodes were treated prior to electrolysis to ensure that the catalytic
activity recorded came from MogTeg and not the oxide. The MogTes electrodes were submerged in 0.5 M
H,SO4 for 30 mins. Under these acidic conditions, TeO, spontaneously dissolves in the form of the telluryl
ion, HTeO,".**>’ This ion further reduces to elemental tellurium under negative applied potential; therefore,
following this 30 min dissolution period the electrolyte was replaced while continuously purging the cell
with hydrogen to prevent re-oxidation of the electrode surface. The overpotential required to achieve a
current density of 10 mAcm™ gcsa follows the trend: MosSs < MoeSes < MosTes, with values of 321 mV, 432
mV and 634 mV, respectively, indicating that on an energy-imput basis, MoeSs is the most efficient of the
three catalysts studied. In addition, an overpotential of 265 mV is required to achieve 10 mAcm™ on a
geometric basis for MoeSs, which is consistent with many commonly reported bulk and nanostructured
earth-abundant HER catalysts for which current density is normalized with respect to geometric surface
area, as shown in Table 52.3.2246°8°61 Considering that the HER activity of MoeSs was measured using bulk
polycrystalline catalyst material, considerable opportunity exists to improve the overpotential required to
achieve a current density of 10 mAcm™ through dimensional reduction, as has been successful in many

other HER catalyst materials such as MoS,.%®
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The observed HER behavior agrees with the measured trend in Mo L-edge position across the three
binary CPs, as coordination of Mo to an increasingly electronegative X species will yield a harder Xs cage
that favors H” stabilization. Catalytic activity also agrees with calculated AGy, confirming the effect AGy
plays on reaction kinetics. The Tafel slopes obtained for CP chalcogenides are all significantly higher than
the Tafel slope for platinum, which suggests that the reaction proceeds via a Volmer-Heyrovsky mechanism
that involves electrochemical desorption during a concerted proton-coupled electron transfer as the final
step toward H, production.®? The endergonic AGy for all three CPs suggests low H* surface coverage,
further supporting a Volmer-Heyrovsky mechanism. The lower AGy obtained for MoeSs agrees with its
lower Tafel slope, which indicates fast proton adsorption followed by a sluggish desorption step,®® while

the CP selenides and tellurides undergo faster desorption due to their higher adsorption free energy.

To further investigate HER kinetics over CP electrocatalyst surfaces, EIS was performed to measure
charge-transfer resistance (R«) at -0.5 V vs. Ag/AgCl as shown in Fig. 52.12. The significant increase R« from
MoeSs (40.2Q)) to MosTes (436.0Q) suggests significantly more sluggish kinetics as the electronegativity of

the chalcogen decreases, which is to be expected based on previously discussed trends in the electronic

structure.
Material nat Tafel Slope Exchange current Ret
_10mAcm-Zecsa (mvdec?) density Q)
(mV) (mAcmecs)
Mo06Ss 321 74 6.01x10* 3.2
MoesSes 432 81 9.57x107 154.4
MosTes 634 77 3.01x10° 446.0

Table 2.1. Compiled figures of merit for all three binary CPs studied herein.
Cycling stability as shown in Fig. 2.5a and Fig. S2.13 indicates an increase in overpotential to achieve
10 mA cm™ after 1000 cycles of 5 mV for MogSs, 15 mV for MosSes, and 16 mV for MosTes; hence, MosSs
appears to be the most robust of the three CP compositions studied. EDX spectra for the binary CPs reveal

consistent bulk composition of the catalysts after cycling, while SEM images indicate no significant changes
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to the morphology or distribution of catalyst on the surface over the course of electrolysis for the sulfides
and selenides (Figs. S2.7-52.8). In the case of the tellurides, SEM images show a significant decrease in the
surface coverage over the course of electrolysis (Fig. S2.9). We hypothesize that this is a result of weaker
interactions between MogsTeg and the PTFE binding agent, making it less mechanically robust under the
electrolysis conditions. XPS spectra shown in Figs. $2.14-2.16 indicate the presence of a native oxide layer
that is significantly smaller after electrolysis on MoeSg and MosSes but slightly larger for MoeTesg as a result
of the ease with which tellurium is oxidized under ambient conditions. However, it appears that the surface
Mo and X composition is relatively consistent over the course of electrolysis, and due to the pre-treatment

used for the CP tellurides it is unlikely that any native oxide persists under electrolysis conditions.

In order to confirm the apparent stability of the MogSs composition, chronopotentiometry
experiments were performed where current density was maintained at 10 mA cm™ for 48hrs in order to
observe overpotential as a function of electrolysis time. Fig. 2.5b shows that the overpotential for MogSs
was steady even over the course of long periods of electrolysis. The PXRD pattern for the MogSs electrode
before electrolysis (Fig. S2.17) reveals the characteristic (101) signal of CPs, which remains after 48 hrs of
electrolysis without any significant changes in the diffraction pattern. Figs. $2.18-52.19 show XPS spectra
and SEM images of the electrode, respectively, which further confirm consistent catalyst composition and

morphology over the course of prolonged electrolysis.

It is clear from the electrochemical and spectroscopic analyses presented here that MoeSs is the
most promising binary CP catalyst composition, owing to its increased X site basicity that promotes
favorable HER kinetics. This was also found to be the most stable composition of all three CPs and is,

therefore, a promising candidate for systematic electronic structure and electrocatalytic evaluation
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following ternary element intercalation between MogXs units. Furthermore, CP sulfides have also been
shown to be stable under reductive applied bias in basic conditions,®’° which extends the range of

conditions in which ternary phases can be evaluated.
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Figure 2.5. (a) HER polarization curves for MoeSs recorded before (black) and after 500 (red) and 1000
(blue) potential sweeps from 0.0 to -0.4 V vs. RHE in 0.5 M H,SO, with current normalized with respect
to geometric surface area; (b) Chronopotentiometry experiment with an MoeSs electrode illustrating a
steady time-dependent overpotential at a current density of 10 mAcm™ over 48 hrs.

Conclusion

This work represents the first systematic study of the effect of chalcogen substitution on HER activity in
acidic conditions for CP chalcogenide catalysts. It is also the first extension of microwave-assisted solid-
state heating to molybdenum selenide and telluride materials. The result of Mo L-edge XAS for the three
binary catalysts studied here reflects an expected increase in chalcogen basicity as the electron-
withdrawing nature of the chalcogen increases, which leads to increased HER reactivity, in good agreement
with fundamental hard-soft acid-base theory. The CP catalysts with more electronegative chalcogen species
stabilized H* at HER-active Mo-X bridging sites more effectively, resulting in greatly improved HER activity
for MosSs compared to MosSes and MoeTes. DFT calculations indicate that this stabilization is due to a
stronger X-H bond, which results from improved orbital overlap and a lower bulk p-band center.
Furthermore, our calculations indicate that the position of the p-band center can be independently tuned

to stabilize H* adsorption. Therefore, we conclude that for the binary CPs, the position of the p-band center
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is a useful descriptor of the catalytic activity for HER which may provide critical insights for identifying
ternary CP compositions with improved HER activity, and for investigating more complicated catalytic
reactions where H adsorption is an important elementary step (e.g., electrochemical CO, and CO
reduction). The p-band center may also prove to be a useful descriptor for catalytic activity of other

transition metal chalcogenides.

Experimental characterization confirmed predictions from theory, indicating that HER activity
decreases as the electronegativity of the chalcogen decreases. MogSg exhibited an overpotential of 321 mV
at 10 mAcm2ecsp compared to 432 mV and 634 mV for MogSes and MogTes, respectively. Tafel slopes in the
range of 74-82 mVdec® for all CPs indicate that the rate-limiting step for all three compositions is
electrochemical desorption as part of the Volmer-Heyrovsky mechanism. It is apparent from the strong
agreement between our theoretical predictions and experimental characterization that HER activity in CP
chalcogenides can be predictably affected by catalyst composition. This observation paves the way for
future studies on the effect of ternary element-intercalation into CPs on catalytic activity and may
ultimately lead to an effective method for predicting and analyzing new compositions of optimally reactive

CP catalyst materials.
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Supporting Information

Electrode Leads
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Figure S2.1. Schematic showing the custom-blown H-cell configured electrolysis cell. Platinum mesh,
Toray carbon paper deposited with CP ink and Ag/AgCl were used as counter, working and reference
electrodes, respectively.
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Microwave precursors Crush pellets into powders

I 10:00 =
T ? Quartz tube
4|s5]s \4
e Alumina -
wool
Pellet
Graphite
powder
Drop cast ink onto conductive
Prepare catalyst inks carbon paper
Sonicate
G 20 min
0.000g | = =
— — CP chalcogenide,
PTFE, carbon black,
IPA

Figure S2.2. Schematic showing the fabrication process of CP electrodes. Appropriate precursors are
weighted in a glovebox, ball-milled, and pressed into pellets. The pellets are then heated using a
conventional microwave with an adapted Ar line. The obtained pellets are crushed into powders and made
into inks consisting of CP chalcogenide, PTFE, carbon black and IPA. Catalyst inks are then drop-casted
onto conductive carbon paper and dried under vacuum overnight before being used as electrodes.
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Figure S2.3. Cyclic voltammograms of (a) MoeSs, (b) MoeSes, and (c) MosTeg in a non-Faradaic region at varying

scan rates.
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Figure S2.5. XPS (a) and EDX (b) survey scan of Cu;MoeSs (black) and MogSs obtained after chemical etching
(red). The absence of Cu peaks in both, the MogSg XPS and EDX scans confirm that there is no surface or bulk

Cu in the structure in any detectable limit respectively.
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Figure S2.6. PXRD patterns for (a) MosSes and (b) MogTes along with their corresponding calculated
pattern. SEM images detailing the faceted morphology of polycrystalline (c) MogSes and (d) MogTes.
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Figure S2.7. EDX spectra for MoeSs electrode (a) before and (b) after 1000 cyclic voltammograms
(0.0 to -0.45 V versus RHE) in 0.5M H,SO4 deoxygenated via H, purging for 30 minutes prior to
electrochemical measurements. Spectra reveal consistent bulk composition of the catalyst after
electrolysis. SEM images (c) before and (d) after electrolysis on the same electrode, indicating that

no significant changes to the morphology or distribution of catalyst on the surface took place over
the course of electrolysis.
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Figure S2.8. EDX spectra for MogSes electrode (a) before and (b) after 1000 cyclic voltammograms
(0.0 to -0.45 V versus RHE) in 0.5M H,SO4 deoxygenated via H, purging for 30 minutes prior to
electrochemical measurements. Spectra reveal consistent bulk composition of the catalyst after
electrolysis. SEM images (c) before and (d) after electrolysis on the same electrode, indicating that

no significant changes to the morphology or catalyst distribution on the surface took place over
the course of electrolysis.
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Figure S2.9. EDX spectra for MogTegelectrode (a) before and (b) after 1000 cyclic voltammograms
(0.0 to -0.45 V versus RHE) in 0.5M H,S0,4 deoxygenated via H, purging for 30 minutes prior to
electrochemical measurements. Spectra reveal consistent bulk composition of the catalyst after
electrolysis. SEM images (c) before and (d) after electrolysis on the same electrode, indicating
significant catalyst loss on the electrode surface over the course of electrolysis.
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Figure $2.10. Computationally predicted binding geometry for H.gs (white) on each binary CP studied. In
each case, Hags is stabilized at bridging Mo-X sites, and black “X” indicates where adsorption free energy
is unfavorable for HER. In addition to bridging Mo-X sites, Mo sites, X sites, and X-X sites were evaluated
and determined to be unfavorable for each CP composition. Worth noting is that as X basicity increases,
Hads stabilization occurs farther from the more oxidized Mo site in Mo-X.
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Figure S2.11. Calculated AH,45 for H* in binary CP chalcogenides along substitution of the chalcogen
involved in the X-H bond for a different chalcogen.
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Figure S2.12. Nyquist plots of CP chalcogenides under an applied bias of -0.27V vs RHE, indicating
significant increases in charge transfer resistance from MoeSs (black) to MogTes (blue).
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Figure S2.13. HER polarization curves recorded before and after 500 and 1000 cyclic voltamograms (0.0
to -0.45 V versus RHE) in 0.5 M H2504 for (a) MoeSes and (b) MogTes.
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Figure S2.14. Mo 3d XPS spectra for MogTes (a) before, and (b) after electrolysis, as well as the Te 3d
XPS spectra (c) before, and (d) after electrolysis.
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Figure S2.15. Mo 3d XPS spectra for MogSes (a) before, and (b) after electrolysis, as well as the Se 3d

XPS spectra (c) before and (d) after electrolysis.
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Figure S2.16. Mo 3d XPS spectra for MogSg (a) before and (b) after electrolysis, as well as the S 2P XPS
spectra (c) before and (d) after electrolysis.
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Figure S2.17. PXRD patterns for MoeSs electrode before (red) and after (blue) chronopotentiometry
over 48 hrs along the corresponding MogSs calculated pattern (black) and a blank (green) for
comparison. The blank was made by dropcasting a carbon black/PTFE/IPA ink on toray paper.
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Figure S2.18. Mo 3d XPS spectra for MogSs (a) before, and (b) after 48 hrs of chronopotentiometry, as
well as the S 2P XPS spectra (c) before, and (d) after electrolysis.
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Figure $2.19. SEM images of MoeSs electrode before (a) and after (b) 48 hrs of chronopotentiometry
showing no significant changes in the morphology or catalyst distribution on the surface over the
course of electrolysis.
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Material Unit Cell Experimental Literature % Difference
Parameter Value Value
a 9.1924 A 9.1910 A 0.02
b 9.1924 A 9.1910 A 0.02
Mo S, c 10.8886 A 10.2290 A 6.25
(R-3H) a 90° 90° 0.00
B 90° 90° 0.00
v 120° 120° 0.00
Volume 796.820 A’ 797.006 A’ 0.02
a 9.5751 A 9.5448 A 0.32
b 9.5751 A 9.5448 A 0.32
Mo Se, c 11.1311 A 11.2095 A 0.70
(R-3H) a 90° 90° 0.00
B 90° 90° 0.00
v 120° 120° 0.00
Volume 883.798 A’ 884.400 A’ 0.07
a 10.1882 A 10.179A 0.09
b 10.1882 A 10.179A 0.09
Mo Te, c 11.6448 A 11.674A 0.25
(R-3H) a 90° 90° 0.00
B 90° 90° 0.00
v 120° 120° 0.00
Volume 1046.793 A’ 1047.520A° 0.07

Table S2.1. Lattice parameters extracted from Pawley refinement for all CP chalcogenides structures studied

in this work.
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Material | AGags | AHags' d-band | p-band | X@sun | Mo (sur
12 (eV) (ev) | Mo-H | X-H center | center
(A) (A) (V) (V) charge | charge
density | density
Moess 0.481 0.211 2.182 | 1.396 -2.732 -3.611 -0.4325 | 0.7522
MoGSeB 0.558 0.313 | 2.058 | 1.565 -2.145 -2.856 | -0.3343 | 0.6384
Mo.Te, | 0583 | 0.355 | 1.945 | 1.806 | -2.096 | -2.737 | -0.1542 | 0.3377
Pt -0.264° - - - - - - -
Mo S,
Se* - 0.288 | 2.079 | 1.557 -2.731 -3.599 | -0.3879 | 0.7188
Mo Se,-
sS4 - 0.283 2.123 | 1.414 -2.145 -2.857 | -0.3982 | 0.6759
Mo, Te,-
sS4 - 0.334 2.142 | 1.407 -2.131 -2.783 | -0.3642 | 0.4638

'H,0* included for MoeXs

2Free energy of adsorption at 298 K

Table S2.2. Calculated properties for CP chalcogenides.

3H* calculated on Pt at full coverage. Additional adsorption energies (AG) calculated with SCAN are: -
0.522,-0.374 and -0.649 eV for %, ¥, and % coverage, respectively. These values are notably lower than
those calculated with RPBE: -0.126, -0.030, 0.052 and 0.154 for %, %, % and full coverage, respectively.

“ Single X site substitution into the corresponding CP at the surface chalcogenide site that bonds with H*
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Catalyst n at -10mAcm-? Reference
(mV)
MoS.—MoQOj3; core—shell 250 1
nanowires
Mesoporous Double 220 23
Gyroid MoS;
Vertically Aligned 440 3.4
MoS; Thin Films
Amorphous Molybdenum 200 5
Sulfides
Electrodeposited 242 3.6
amorphous MoS3
MoeSs 265 This work

Table S2.3. Comparison of the overpotentials of other Earth-abundant HER catalysts in acidic media based on
current densities that were normalized against their geometric surface areas.
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Chapter 3: Charge Transport Dynamics in Microwave Synthesized One-Dimensional Molybdenum

Chalcogenides

Abstract

Scalable synthesis of one-dimensional molybdenum chalcogenides with tunable electronic properties may
be critical for the development of nanoscale electronic device components as well as functional energy-
conversion catalysts. Herein, we report the direct synthesis of one-dimensional potassium-intercalated
molybdenum chalcogenides in the pseudo-Chevrel-Phase family [K;MoeXs; X =S, Se, Te] through a rapid
microwave-assisted solid-state heating protocol. Interfacial capacitance as well as charge transfer dynamics
during aqueous proton reduction are both explored as a function of chalcogen composition. We observe a
significant change in the anisotropic nucleation of these structures as the chalcogen increases in size and
decreases in electronegativity from sulfur to tellurium, with the former dramatically encouraging
nucleation of well-defined nanomaterials in comparison to the latter. These anisotropic structures exhibit
increased specific capacitance from 2.25 F g-1 to 10.28 F g—1 as the electronegativity of the chalcogen
increases (Te < Se < S). Charge transfer kinetics for proton reduction follow a similar chalcogen-
dependence, with the smallest charge transfer resistance being 1.16 Q for K2Mo6S6 at -0.6 V vs RHE,
compared to 3.7 Q for KZMo6Teb6 at the same potential. Results discussed herein highlight interesting
composition-dependent properties that could guide the future selection and development of molybdenum

chalcogenide materials.

Introduction

Evolving industrial applications for functional materials are driving an increase in our need for precisely
engineered compositions that exhibit favorable physicochemical properties for reactions of interest.*™ One
approach to establishing transferrable design principles across material classes is to identify

compositionally flexible frameworks to study and subsequently optimize.**> Such frameworks would ideally
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be characterized by i) tunable multinary compositions, ii) modular bonding landscapes that also lend
themselves to efficient synthetic protocols allowing for fine control over dimensionality and morphology,®
and iii) quantifiable and application-specific functionality criteria that—in the case of heterogeneous
electrocatalysis, for example—include metrics like hydrogen adsorption affinity and interfacial resistance
to charge transfer.”*! Identifying and investigating material families that have requisite properties for any
given application will enable meaningful extraction of design principles that inform optimizations of

functional atomic configurations.

To this end, metal chalcogenides are exceptionally promising because of their readily
interchangeable binary and ternary compositions, their tendency to form well-defined 0D-3D

dimensionalities at different composition thresholds, as well as their proven applications in electronics,**”

16 15,17-2021

energy conversion, and energy storage.'®¥¥?2 While much attention has been afforded to

understand composition-dependent properties in transition metal dichalcogenides (MX;; M = transition

12,1316.2022.33 far fewer experimental investigations have been dedicated to

metal; X =S, Se, Te) in particular,
understanding ternary chalcogenides such as the interesting one-dimensional M;MogXs (M= alkali metal; X
=S, Se, Te) system, also known as Pseudo-Chevrel-Phases (PCPs). 4%’ Besides the interesting properties

associated to 1D systems due to electron confinement,”®3! PCPs have been identified as alternative

materials for nanodevices due to their predicted high elasticity, stiffness, thermal stability, and

15,32 33,34

conductivity. Furthermore, properties that lend themselves to composites®***, sensors®, and

photovoltaic devices*® have also been explored for this family of materials.

As shown in Fig. 3.1, the PCP structure is characterized by infinite MogXs chains separated by
chalcogen-coordinated metal intercalant ions that reside in hexagonal channels formed between adjacent
MoeXs chains. Intuitively, the wire-like extended structure of these chains results in a high degree of
electrical anisotropy, which has made PCPs an excellent system for studying the effect composition on

electron transport in their 1D structures and evaluating fundamental properties pertinent to the design of
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novel nanomaterials.'>?>253237 Fyrthermore, the electronic properties of this ternary system can be easily
tuned by changing chalcogen composition, intercalant composition, or both—making this an ideal system
for studying composition-structure-function relationships. Although a variety of PCP compositions have

24273844 offorts to elucidate the effect of

been successfully synthesized using a various approaches,
chalcogen composition on their charge transport properties and electrochemical performance remain

scarce.

Herein we report the synthesis of potassium-intercalated PCP chalcogenides (K;MoeXs; X =S, Se,
Te) through rapid (10 min) microwave-assisted solid-state heating and investigate their charge-storage and
electron-transfer properties as a function of changing chalcogen composition. Changes in growth kinetics
and charge transport properties are correlated with anion composition in K;MogSs (S-PCP), K;MoeSes (Se-
PCP), and K;MogTes (Te-PCP) based on the results of our integrated microscopic, spectroscopic, and
electroanalytical investigation. We highlight interesting performance trends in proton reduction

electrocatalysis that scale directly with anion electronegativity and propose some additional elucidative

() X=5,5e,Te

O«

Figure 3.1. Structure of K;MoeXs depicting the 1-dimensional growth along the c-axis with potassium
surrounding the MogXs unit (a). These elongated units adjoin to form hexagonal channels which are
occupied by potassium (b).
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spectroscopic and computational studies that will further support evolving design principles for these types

of multinary chalcogenide compositions.

Experimental Section

Chemicals and Materials

MoS; powder (>95% purity, ~325 mesh) and MoSe; powder (99.999%, ~200 mesh) were used as purchased
from Alfa Aesar. Mo powder (99.995%, ~250 mesh), graphite rods (¥99.995%) Te powder (99.8%, ~200
mesh), K ingot (99.95%), graphite powder (<20um) and concentrated H,SO4 acid (ACS grade) were used as
purchased from Sigma Aldrich. K;S (>95%) was used as purchased from Pfaltz and Bauer. Al,Os microfiber
was used as purchased from Thermo Fisher Scientific. Fused quartz tubes were purchased from AdValue
Technology and made into round-bottom tubes with an in-house oxy-hydrogen torch. Gas diffusion media
(GDL 28BC) was purchased from lon Power. Ag/AgCl reference electrodes were purchased through ALS
Japan. Selemion anion exchange membrane was purchased from AGC Engineering and stored in ultra-pure
deionized water prior to use in electrochemical experiments. Ultra-pure water (18.2 MQ) was obtained

with a Barnstead E-Pure filtration system.

Catalyst Synthesis

The PCPs studied here were synthesized via high-temperature microwave-assisted solid-state heating as
described in our previous work.?” Briefly, stoichiometric amounts of precursors required to achieve a
stoichiometry of K;MogeXs; X =S, Se, Te composition were weighed in a N glovebox and ball milled under
N> to homogenize. K;S was used as the potassium source for the PCP sulfide due to its granular nature
which facilitated the weighing process, while metallic potassium was used for the selenide and telluride
phases owing to its high purity and the relative rarity of commercially available K;Se and K;Te. The resulting
mixed precursor powders were then returned to a N, glovebox and pressed into pellets using a hydraulic

press (Across International 40-ton cold press). Pellets were placed in round-bottom quartz tubes and
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packed under N, using layers of Al,O; microfiber and graphite. Samples were then removed from the
glovebox and transferred to a graphite bath inside an alumina crucible and were irradiated in an Ar-filled
conventional microwave with inverter technology (Toshiba ML2EM45PAESS; 1250W). The heating power
was adjusted appropriately to maintain a temperature of ~750°C for 10 min, which was sufficient for
synthesizing pure-phase PCPs in far less time than conventional solid-state methods.?* Samples were then

rapidly quenched in room temperature water after the heating time.

Structural and Electronic Characterization

PCP crystal structures were evaluated via Powder X-ray Diffraction (PXRD) using a Bruker D8 Advance
diffractometer with Cu K-alpha radiation (1.541 A). Experimental lattice parameters were obtained through
Pawley refinement using the TOPAS suite from Bruker. Morphology was evaluated via scanning electron
microscopy (SEM) using an FEI Nova NanoSEMA430, and bulk composition was analyzed via energy-
dispersive X-ray spectroscopy (EDX) using an FEI Scios Dual Beam FIB/SEM with an Oxford EDX detector.
Surface composition was analyzed via X-ray photoelectron spectroscopy (XPS) using a Kratos Supra Axis
spectrometer with an Al anode (1486.6 eV). STEM was performed using an Aberration- Corrected JEOL
JEM-2100F. Images were acquired using an accelerating voltage of 200kV. Raman spectra were recorded

using a Renishaw Confocal Raman Microscope equipped with a 1800 lines/mm grating and 785 nm laser.

Electrochemical Characterization

Electrochemical measurements were performed using a Bio-Logic VSP-300 potentiostat in a three-
electrode H-cell configuration in which the counter and working electrode were separated by a Selemion
ion exchange membrane. All measurements were taken in an aqueous H,-sparged 0.5M H,SO4 electrolyte,
with a Ag/AgCl (3M NaCl) reference electrode and graphite rod counter electrode. Potentials were

converted to RHE scale using the following equation:

Erne = E(Ag/AgCl) +0.210 + 0.059 x pH
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Working electrodes were prepared by depositing 15ulL of PCP ink onto a 1 x 2 cm microporous
layer carbon paper followed by drying under vacuum overnight. Deposited inks consisted of the appropriate
PCP powder, conductive carbon black to improve electrical connectivity, polytetrafluoroethylene (PTFE)
suspension as a binding agent, and isopropyl alcohol as a solvent. Inks were sonicated for 20 min prior to
being drop cast onto the carbon paper. Blank electrodes were prepared as controls through the same
method albeit without including any PCP powder. The H,SO, electrolyte was de-oxygenated prior to each

experiment by purging with H, for ~30 minutes.

Specific capacitance measurements were made via cyclic voltammetry (CV) in a static solution by
sweeping the potential across a non-Faradaic region (~100mV potential window centered around the open-
circuit potential) at progressively increasing scan rates. A plot of charging current as a function of scan rate
yields a linear response, from which per-gram specific capacitance is obtained by dividing slope by
electrode mass loading. Subsequently, proton reduction behavior was evaluated via linear sweep
voltammetry (LSV) at a scan rate of 5mV/s under vigorous stirring to mitigate mass transport limitations.
Charge-transfer resistance was measured via electrochemical impedance spectroscopy (EIS) at different
applied potentials, with a superimposed AC bias oscillating at frequencies ranging from 1 MHz to 1 Hz with
a 10 mV sinus amplitude. Charge-transfer resistance is taken as the difference between x-intercepts of the

resulting semi-circular Nyquist impedance plots.

Results and Discussion

We have expanded our previously reported synthetic protocol for inducing direct, solid-state nucleation of
alkali-intercalated S-PCP?’ to the potassium-intercalated Se-PCP and Te-PCP studied here. Fig. 3.2a-c shows
the morphologies that were obtained through our template-free microwave-assisted approach, while the
PXRD patterns for each phase are depicted in Fig. 3.2d-f below each corresponding SEM image. An

agglomeration of the crystalline structures is observed which is typical of template-free synthesis

69



approaches for PCPs due to intermolecular interactions between individual crystals.?”*>4¢ High-resolution
images of the one-dimensional structures are included in Fig. S3.1. Lattice parameters obtained through
Pawley refinement of the PXRD patterns agree with the previously reported hexagonal crystal structure
and P6s/m space group for each PCP (Fig. S3.2, Table S3.1). The unit cell parameters obtained from Pawley
refinement show an expansion of the unit cell in all directions as a function of chalcogen (S<Se<Te). Fig.
S3.3 shows the typical unit cell of PCPs, which makes it evident that the observed increases in the g and b
lattice parameters as a function of chalcogen are associated with longer intercluster distances between
MogXs. This in turn agrees with the observed left shift of the prominent (010) diffraction peak from S-PCP
to Te-PCP (Fig. S3.4). Similarly, the expansion of the unit cell in the c direction is associated with an increase

in the Mo-Mo and X-X intracluster distances. However, the smaller change in the c lattice parameter as a
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Figure 3.2. SEM micrographs for as-synthesized PCP sulfide (a) selenide (b) and telluride (c) along their
corresponding PXRD patterns. Experimental diffractograms are overlaid with literature patterns from the
International Crystal Structure Database (ICSD) for S-PCP (d), Se-PCP (e), and Te-PCP (f).
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function of chalcogen corresponds to a more subtle change in intramolecular distances compared to

intermolecular distances.*’

The Raman spectra of PCP chalcogenides show similar vibrational modes for all of the materials
studied (Fig. S3.5). As shown in Table S3.2, most of the Raman active modes calculated for PCPs are
associated with vibrations that involve atoms in 6h Wyckoff positions (Mo, X). The similarity in Raman shift
for all PCPs studied here, in conjunction with relatively small variations in Mo-Mo distances as a function
of chalcogen could suggest that the observed Raman modes arise from Mo-Mo breathing modes, which
have been assigned in previous literature, *****® Nevertheless, additional modeling is needed to
deconvolute the corresponding Raman vibration modes. “*#*#8A|l the PCPs evaluated exhibit pronounced
one-dimensional growth, which agrees with the predominance of exposed {010} facets parallel to the
hexagonal c-axis as observed via STEM (Fig. 3.3). This agrees with computational lattice energy calculations
that were performed evaluated in our previous work for S-PCP %/, where facets parallel to the hexagonal
axis had significantly lower surface energies relative to non-parallel surfaces (Table S3.3). Additional lattice

planes observed for the synthesized PCP chalcogenides are included in Fig. $S3.6-S3.7.

A significant morphology change is observed for Te-PCP compared to its sulfide and selenide
analogues, as the telluride exhibits far less preferential one-dimensional growth. Fig. S3.7b shows a change
in the exposed lattice from {010} to {001} within Te-PCP at ~45° angle. The change in exposed facets could
be indicative of competing growth orientations, which may explain the less well-defined one-dimensional
morphology of Te-PCP. However, the observed change in morphology could also stem from changes in
potassium-chalcogen interactions, which have been identified to play a role in the distance between
adjacent MoeXs chains in ternary PCPs. 2#%9°0 Based on this theory, the repulsive MogXs’ chains are held
together by ionic interactions with the ternary metal. As shown in Fig. S3.8 there is an overall increase in
the MogXs—K bonds in Te-PCP compared to the S-PCP which could hinder the stabilization of the one-

dimensional structure and lead to the less defined chains observed for Te-PCP.
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b) K,Mo.Se, c) K,Mo,Te,

Figure 3.3. Bright-field STEM images for S-PCP (a) Se-PCP (b) and Te-PCP (c). The observed lattice d-
spacing for each PCP corresponds to the Mo-X distance between adjacent one-dimensional clusters
along the {010} family of planes (d, e).

Bulk PCP compositions were confirmed by EDX, where no impurities were identified for any

material studied (Fig. S3.9). Similar results were obtained through XPS measurements, where only the

corresponding elements, a native oxide layer, and adventitious carbon were identified at the surface of

each PCP studied (Fig. $3.10-S3.12). The atomic percentages obtained by EDX for Se-PCP and Te-PCP agree

with the expected 1:1 molybdenum to chalcogen ratio. For S-PCP, the Mo L- and S K-edges overlap,

convoluting quantitative determination of Mo and S. Hence, reported atomic percentages appear to

deviate significantly from expected values. Potassium quantification via EDX point scans yields atomic

percent compositions between 12.31-12.98%, which is in good statistical agreement with a nominal

composition of K;MoeSs.

Voltametric characterization of the materials in their respective non-Faradaic regions shows that their

specific capacitance is chalcogen dependent and increases substantially as the electronegativity of the
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chalcogen increases. S-PCP exhibited the highest ability to store charge, with a specific capacitance of 10.28
+0.89 F g'!, compared to Se-PCP and Te-PCP at 4.20 + 1.03 F gt and 2.25 + 0.42 F g%, respectively (Fig.
3.4). The electrochemical response of PCPs in scanning from a non-Faradaic to a Faradaic region was
evaluated via EIS under progressively more reductive potentials. Fig. 3.5 shows the Nyquist plot for each
PCP acting as the working electrode material. A double-layer charging response is observed at low
potentials as evidenced by the lack of an observable second x-axis intercept, while single-electron charge-
transfer events along the proton reduction reaction mechanism are observable by the semicircular Nyquist
plots from -0.2V to -0.6V vs RHE. These semicircular Nyquist plots also indicate that interfacial electron-
transfer is modellable by a simple Randle’s circuit involving a double-layer capacitive element, charge

transfer resistance element, and a circuit resistance element (Fig. $3.13).

Shown in the inset of Fig. 3.5a, individual S-PCP Nyquist plots at each negative potential are characterized
by a small potential-independent semicircle at high frequencies (left semicircle) and a larger, potential-
dependent semicircle at low frequencies (right semicircle). The potential-independent semicircle is

associated with resistance at the interface between the carbon paper electrode and the PCP layer.>>? This
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Figure 3.4. Specific capacitance per gram of each PCP studied.
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potential-independent semicircle is less pronounced for Se-PCP and Te-PCP (Fig. 3.5b-c) which indicates
better contact between the electrode, which may be a result of their increased lateral thickness. The
potential-dependent semicircle is characteristic of a charge-transfer process.>® An increase in the ability to
transfer charge to adsorbed H" is observed for all PCPs at more reductive potentials, which is expected
since surface electrons are more energetic under these conditions and are therefore more likely to transfer
to unoccupied orbitals of the adsorbed species. Fig. 3.5d shows the charge transfer resistance (R«) of all
PCPs at different potentials. The R of all PCPs decreased as the reductive potential was increased from -
0.4 to -0.6 vs RHE, decreasing from 1.77 to 1.16Q for S-PCP, 6.18 to 2.16Q for Se-PCP and 10.2 to 3.7Q for
Te-PCPC. S-PCP shows the highest tendency to reduce protons, evidenced by its lower Ree compared to Se-
PCP and Te-PCP at every potential evaluated. This trend in R may result from a gradual metal-to—

semiconductor transition for PCPs as chalcogen electronegativity decreases, as has been computationally
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Figure 3.5. Nyquist plot for S-PCP(a), Se-PCP(b) and Te-PCP(c) at different potentials ina 0.5 M
H,SO, solution. Charge transfer resistance for proton reduction over all three PCPs studied,
extracted from Nyquist plots (d).
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predicted.”**> In other words, intrinsic electrical conductivity differences between S-PCP, Se-PCP, and Te-

PCP appear to contribute significantly to the observed interfacial reactivity for proton reduction.

Ret values correlate with the lower onset potential of S-PCP to generate H; which is shown in Fig.
3.6a Asteady increase in the overpotential required to achieve a current density of 10 mA cm™ is observed,
across the series of alkali-intercalated PCPs, with overpotentials of 203.3 mV, 316.8 mV, and 347.9 mV for
S-PCP, Se-PCP, and Te-PCP respectively. Tafel slope analysis (Fig. 3.6b) suggest that all PCPs follow a Volmer-
Heyrovsky mechanism where electrochemical desorption via proton-coupled electron transfer is the final
step toward H, production.® Interestingly, the trend in increasing proton reduction activity for the PCPs
studied here as chalcogen electronegativity increases is similar to that obtained by evaluating the proton
adsorption stabilization in binary MoeXs (X = S, Se, Te) Chevrel-Phases in our previous work,'! which
indicates that a similar H™ adsorption configuration at Mo-X bridging sites may be stable within the PCPs
framework. Combining computation with experimentation in our previous work on binary Chevrel-Phases,
we showed that a more electronegative chalcogen stabilizes H* adsorption more effectively due to

improved X-H orbital overlap interactions which is likely to apply to PCP chalcogenides as well.
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Figure 3.6. Polarization curves for PCP electrodes in 0.5 M H,SQs, along a blank for comparison (a).
Tafel plots for PCP chalcogenides illustrating the current—potential response of each ink acting as a
catalyst for proton reduction (b).
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Considering the observable change in PCP morphology from a well-defined 1D sulfide to a pseudo-
3D telluride, the observed trend changes in proton reduction activity could also be associated with a
decrease in the relative number of exposed active sites per unit of exposed surface area. Hence, it will be
beneficial to pinpoint the adsorption position of H* on each PCP so that exact active site densities per unit
area can be compared. However, this will require a detailed computational analysis across several surface
facets that also incorporates biasing and solvation effects to ascertain adsorption geometries and

energetics; therefore, such an analysis is excluded from the present work.

The results of EIS are consistent with the observed performances of each PCP as a proton reduction
electrocatalyst, indicating that charge transfer is a critical factor determining their interfacial reactivity.
While S-PCP is the most promising electrocatalyst from an energy-input perspective (203.3 mV
overpotential), the higher interfacial R value observed for Te-PCP (3.7 Q at -0.6V vs RHE) makes this
composition more promising as an agueous capacitor or as a component in systems wherein aqueous

hydrogen generation is undesirable.

Conclusion

In this work, we report the expansion of microwave-assisted solid-state synthesis to one-dimensional
selenide- and pseudo three-dimensional telluride-based PCP chalcogenides. Template-free preferential
growth exposing the {010} surface was observed for all three ternary compositions studied, while
chalcogen-dependent morphology changes are explained by the observation of competitive stabilization
of {010} and {001} facets in the Te-PCP, as well as the reduction of chalcogen-potassium interactions in
telluride PCPs. The double-layer capacitance, charge transfer resistance, and proton reduction reactivity of
three potassium-intercalated PCP chalcogenides were all quantified in this work. The sulfide PCP displayed
the highest charge storage capacity as well as faster charge-transfer behavior during proton reduction.

Decreases in charge storage capacities and R were observed as the electronegativity of the chalcogen
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decreased, which agrees well with previous surface-proton interactions over analogous Chevrel-Phase
materials.'* In  future studies of this interesting one-dimensional system to elucidate
electronic versus morphological driving forces for proton reduction, fine control of particle size and shape
should be coupled with a rigorous computational evaluation of surface-proton interactions. A similarly
rigorous interrogation of surface-localized electronic states in each PCP structure during electrochemical
analysis via ex-situ and operando X-ray absorption spectroscopy will also illuminate the nature frontier
orbitals that contribute to H* adsorption and reduction. These avenues of future studies will compound on
the composition-structure-function relationships discussed herein and will potentially unravel novel

reactivity in this underexplored, dimensionally reduced chalcogenide composition space.

Supporting Information

High resolution SEM micrographs for all three PCP chalcogenides, Pawley refinement for PCPs along lattice
parameters obtained from refinement, PCP chalcogenides unit cell, Changes in 26 values for the diffraction
peak in the (010) plane for PCP chalcogenides, Raman spectra of PCP chalcogenides, Additional STEM for
PCP chalcogenides, PCPs unit cell showing the changes in X-K and K-K distances as a function of chalcogen,
EDS/XPS spectra for all PCP chalcogenides, Randle’s circuit used to interpret the Nyquist plots of all three

PCP chalcogenides, Raman active modes for the space group P63/m (No. 176) (PDF).
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Supporting Information
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Figure S3.1. High-resolution SEM micrographs for as-synthesized PCP sulfide (a,b) selenide (c,d) and
telluride (e,f).
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Figure S3.2. PXRD patterns used for Pawley refinement (dotted line), along with their calculated
patterns (red line) and the difference curve (grey line) for S-PCP (a) Se-PCP (b) and Te-PCP (c). Lattice
parameters obtained through refinement are included in Table S1.
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Figure S3.3. Unit cell of PCP chalcogenides depicting the horizontal (a) and vertical (b) lattice
parameters. The corresponding values for the lattice parameters obtained by Pawley refinement are
shown in Table S3.1.

b

N

85



K,Mog;Se,

Intensity (a.u.)

K,MogTeg

9 10 11 12 13
20 (degrees)

Figure S3.4. Changes in 26 values for the diffraction peak in the (010) plane for PCPs as a function of
chalcogen.
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Figure S3.5. Raman spectra of PCP chalcogenides.
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b) K,Mo,Se,

Figure S3.6. Visualization of the {110} and {002} planes for Se-PCP (a,c) along the bright-field STEM images
associated to the respective plane (b,d).
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Figure S3.7. Bright-field STEM images for S-PCP (a) and Te-PCP (b) depicting the kinematically
forbidden {001} plane (c,d). This plane intercepts with the kinematically allowed {010} plane (c),
therefore both {001} and {010} facets can be observed through the hexagonal c-axis of Te-PCP (b,d).

1,2
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b)

K,Mo,S; K,MogSe, K,Mo,Te,
1 (X-K) 2.60A 2.54A 2.70A
2 (K-K) 5.50A 5.67A 6.00A
3 (X-K) 4.01A 4.14A 4.36A

Figure S3.8. PCP unit cell depicting the different chalcogen-potassium (1,3) and potassium-potassium
(2) bonds (a) along the corresponding bond distances reported in literature (b). **
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Figure S3.9. EDX spectra for S-PCP (a), Se-PCP (b) and Te-PCP (c). Mo L- and S K-edges overlap,
convoluting quantitative determination of Mo and S for S-PCP, while atomic % obtained for Se-PCP and
Te-PCP agree with the expected 1:1 molybdenum to chalcogen ratio.
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Figure S3.10. XPS survey scan of S-PCP (a) along high-resolution XPS spectra for K 2p (b) Mo 3d (c) and
S 2p (d). Molybdenum +1 and +2 peaks are assigned assuming a mixture of Mo oxidation states among
the structure leading to an average charge of +1.66 per Mo.> Higher binding energy signals for Te and

Mo correspond to a surface oxide layer (MoQs). Oxidation values were determined using the Perkin-
Elmer handbook of XPS.®
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Figure S3.11. XPS survey scan of Se-PCP (a) along high-resolution XPS spectra for K 2p (b) Mo 3d (c)
and Se 3d (d). Molybdenum +1 and +2 peaks are assigned assuming a mixture of Mo oxidation states
among the structure leading to an average charge of +1.66 per Mo. °> Higher binding energy signals for
Se and Mo correspond to a surface oxide layer (MoQs). Oxidation values were determined using the
Perkin-Elmer handbook of XPS.*®
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Figure S3.12. XPS survey scan of Te-PCP (a) along high-resolution XPS spectra for K 2p (b) Mo 3d (c) and
Te 3d (d). Molybdenum +1 and +2 peaks are assigned assuming a mixture of Mo oxidation states
among the structure leading to an average charge of +1.66 per Mo. °> Higher binding energy signals for
Te and Mo correspond to a surface oxide layer (MoQs). Oxidation values were determined using the
Perkin-Elmer handbook of XPS.®
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Rs

Rct

Figure S3.13. Simplified Randles circuit formed by a double-layer capacitive element (Cdl) charge
transfer resistance element (Rct) and a circuit resistance element (Rs) that was used to interpret the
Nyquist plots of all three PCP chalcogenides.
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Material Unit Cell Experimental Literature % Difference
Parameter Value Value
a 8.7473 A 8.76 A 0.14
b 8.7473 A 8.76 A 0.14
K,Mo S, c 4.4123 A 4.42 A 0.17
(P 63/m) a 90° 90° 0.00
B 90° 90° 0.00
v 120° 120° 0.00
Volume 292.37A° 293.74A° 0.47
a 9.008 A 9.022 A 0.16
b 9.008 A 9.022 A 0.16
K,MoSe, c 4.482 A 4.481 A 0.02
(P 63/m) a 90° 90° 0.00
B 90° 90° 0.00
v 120° 120° 0.00
Volume 314.97A° 315.87 A’ 0.28
a 9.575 A 9.597A 0.23
b 9.575 A 9.597A 0.23
K,Mo Te, c 4.592 A 4.600A 0.17
(P 63/m) a 90° 90° 0.00
B 90° 90° 0.00
v 120° 120° 0.00
Volume 364.61 A’ 366.91A° 0.63

Table S3.1. Lattice parameters extracted from Pawley refinement for all three PCP chalcogenides

structures studied in this work.
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Element Wyckoff Aq 2Eyq "E1g "Exg E1g
positions
Mo, X 6h 2 2 1 2 1
K 2c 1 1
Raman active modes: 4Ag+ 5%Eyg + 21 E1g +5'E2g +2°E 14
X=S, Se, Te

Table S3.2. Raman active modes for the space group P63/m (No. 176).”

Facet Surface energy (eV/Formula Unit)
<010> 0.37
<110> 0.93
<001> 4.19

Table S3.3. Previously reported results of computational surface energy modeling for K;MogSe
<010>, <110>, and <001> surfaces.?
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Chapter 4: Structure-reactivity relationships in Chevrel Phase electrocatalysts for small-molecule

reduction reactions

Abstract

Chevrel Phases, MiMogXs (M= metal intercalant, X= chalcogen), constitute a family of materials with
composition-dependent physicochemical properties that have shown promising electrocatalytic activity for
various small-molecule reduction reactions. The wide range of possible compositions among the Chevrel
Phase family offers the opportunity to tune the local and electronic structure of discrete MogXs cluster units
within the extended MMoeXs framework. Thus, making them an ideal platform for studying structure-
function relationships and generating design principles for improved electrocatalytic reactivity. This review
summarizes the state of the art in experimental and computational evaluations of Chevrel Phases as
electrocatalysts for hydrogen evolution, CO, reduction, and nitrogen reduction reactions. We aim to
elucidate the uncharted small-molecule electrochemical reactivity of Chevrel Phases as a function of
composition and consequently guide the design of promising multinary chalcogenides for energy

conversion reactions.

Keywords: Chevrel Phases (CPs), Multinary chalcogenides, Electrocatalysis, Hydrogen Evolution Reaction

(HER), CO; Reduction Reaction (CO;RR), Nitrogen Reduction Reaction (NRR).
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1. CPs as HER catalyst

Since their discovery, CPs have been extensively evaluated as HER catalysts 1°. As shown in Table 1, HER
relies on the ability of the catalytic surface to adsorb H, making the adsorption/desorption behaviors of the

solid surface a crucial property in HER catalysis. %!

Table 4.1. HER mechanism in acidic electrolyte

Acidic electrolyte
2H@g" + 26" = Hag

Volmer step H"+e = Haas
Tafel step 2Hads = H2
Heyrovsky step H*+ Has + € > Ha

Theoretical studies under various reaction conditions agree that H adsorption (Hags) interactions in CPs
occur through the chalcogen-molybdenum bridging site #2714, A recent investigation by Ortiz-Rodriguez et
al. ® has supported such results by elucidating changes in the HER activity of CPs as a function of chalcogen
(MoeXs, X =S, Se, Te) in acidic media. Fig. 4.1a shows the polarization curves for polycrystalline CP powders

deposited on a carbon substrate. The decrease in overpotential to achieve a current density of 10 mA cm”™

a
) b)
[ Decreasing Chalcogen Electronegativity ﬂ
< -2-
8 < Increasing Proton Stabilization
w
o~ -4
£
(%)
< 5
g
~ 4l . : A
MogSg MogSeg Mo,Te,
B S-H =1.396A Se-H = 1.565A Te-H = 1.806A
07 06 05 -04 03 -02 -04 00 pband=-3.611eV  pband =-2.856eV  p band = -2.737eV

Ewe (V vs RHE)

Figure 4.1. (a) HER polarization curves for CP chalcogenide electrodes in 0.5 M H,SOa, along with 20%
Pt/C on Vulcan Carbon Cloth and a blank (carbon paper with PTFE/carbon black/IPA ink) for comparison.
(b) Graphical representation of the changes in Hags interactions as a function of chalcogen along the

calculated X-H bond distances and corresponding p band center. Copyright 2020 American Chemical
Society. Figure reproduced with permission from ref 6.
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Zecsa indicates an increase in the HER activity as the Lewis basicity of the Xg chalcogen cage increases. The
reactivity trend was explained by the decrease in X-H distance as well as the improved Hags energy
calculated for the CP sulfide compared to the selenide and telluride phases. Such changes are illustrated in
Fig. 4.1b where Ha.qgs occurs farther from the chalcogen as the electronegativity of the chalcogen decreases
(H-S<H-Se<H-Te). Furthermore, MosSs maintained a steady time-dependent overpotential at a current

density of 10 mA cm™over 48 hrs.

It was concluded that the changes in H stabilization are influenced by changes in the local bonding
environment (local effect) and the bulk electronic structure as a function of chalcogen (electronic effect),
which can be described using the simplified orbital representation in Fig.4.2. Hughbanks and Hoffmann
elucidated that the frontier orbitals of CPs are formed by twelve bonding and eighteen antibonding orbitals,
primarily Mo d in character. The relative positions and the width of the d bands are strongly influenced by
the covalent mixing with the X p states, which decreases in the sequence MoeSs< MoeSes< MosTeg . The

lower 3p sulfur orbitals of MoeSg shown in Fig. 4.2 have a higher p character which improves the H-S orbital

Moesa MOGSGB M06T98
A A Ar
)
<
o
> =
o)
| .
e o
< e b — = = = = = -
- & o [— -
09,-_——————— [}] —_—_—_—l_
»n ”n
= == Fermi level DOS Filled orbitals
= = p band center Empty orbitals

Figure 4.2. Simplified representation of the frontier orbital interactions of CP chalcogenides based on ref
2166667 The slight increase in the density of states at the Fermi level as the electronegativity of the

chalcogen decreases is caused by a decrease in the formal charge of the chalcogen. #¢72
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overlap and allows the favorable stabilization of H at the chalcogen site (local effect). Likewise, the increase
in energy of the chalcogen p orbitals leads to a higher p band center (Fig.4.2, dashed blue line) which scales
inversely with the observed HER overpotentials (electronic effect). Therefore, the observed reactivity trend
suggests that in binary CPs the position of the p-band center is a useful descriptor to predict their HER

activity, which has also been the case for other recent HER catalyst /72,

Metal-intercalated and Mog octahedron substituted CPs have also been evaluated as HER catalyst %89,
By evaluating various metal-intercalated and octahedron substituted CPs, Shubert and Tributsch  identified
that the single most active metal center favors HER. That is, either the Mo of the Mos-octahedron or the
intercalated/substituted metal determines the catalytic activity. Fig. 4.3 shows the results that lead to this
conclusion. The authors evaluated the exchange current (io) and overpotential (n) of various polycrystalline

CPs with the same figures of merit for monometallic electrodes of the corresponding

intercalated/substituted metal in acidic media (e.g., CdMogSs/Cd; Mo,ResSs/Re). To identify the active

center for HER, correlations between the ipand n of CPs and the monometallic electrodes were made. It
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Figure 4.3. (a) Correlation between log (i) of CPs and log (ip) of monometallic electrodes of the
corresponding intercalated/substituted metal. (b) Correlation between n of CPs and the n of monometallic
electrodes of the corresponding intercalated/substituted metal. CP electrodes contained polycrystalline CP
powders, graphite powder (improve conductivity) and nujol (pasting medium). Shaded area includes
materials in which the Mo-octahedron is strongly dominating the reduction mechanism. Data obtained from
ref 4.
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was noticed that although the ipand n varied continuously for each monometallic electrode (x axis), multiple
CPs share the same ipand n value (y axis). The shaded areas indicate CPs with statistically identical ipand n
values while the values for their corresponding metal intercalant (Cd, In, Pb, Sn, Zn, Cu, Mo) change. Thus,
it is believed that the Mo octahedron is mainly responsible for proton reduction in this case as if the metal
intercalant was the active center, the ipand n values for the CPs will vary. In contrast, deviations from the
shaded area suggest that the intercalated or substituted metal strongly influences the catalytic activity as

the ipand n for the CP and the monometallic electrode change continuously.

Based on these results, HER activity is directed by the Mo octahedron for MMogSs (M= Cd, In, Pb,
Sn, Zn, Cuy), which all have a lower HER activity than MoeSs. The trend observed is further exemplified by
the descriptors elucidated by Ortiz-Rodriguez et al. ® since higher p-band centers are expected upon metal
intercalation due to the electron donation from the metal intercalant to the chalcogen. 2'72* Interestingly,
the intercalated or substituted metal dominates HER activity in MMogSs (M=Ag, Pd) and Mo,ResSs. The
improved HER activity of these CPs compared to MogSs suggest the direct participation of the
intercalated/substituted metal as an active site for Hags. However, further evaluations that elucidate
changes in proton adsorption as the chemical environments that influence HER activity change

(intercalated/substituted metal or Mo octahedron) remain to be performed.

Recent efforts to improve the HER activity of CPs have been focused on the design of nanoscale CPs*>7. A
comparison between bulk and nanoparticulate MogSs in acidic media shows an increase in the HER activity
as the surface area-to-volume increases as well as structural stability after 1,000 voltammetry cycles 3.
Nanoscale MoeSgalso shows an improved HER activity to nanoscale MMogSs (M= Cu, Zn), which agrees with
the results obtained by Shubert and Tributsch . Improvements in the catalytic activity of CP nanoparticles
have also been observed by the inclusion of carbon additives in the catalyst electrode "2 Although these
approaches have shown to successfully enhance the HER activity of CPs, significant improvements could be

made by atomically identifying the most active surface sites(s) in CP nanoparticles and generating synthetic
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approaches that could preferentially yield such active site ensembles. Likewise, fewer reports have
evaluated the HER activity of CPs in alkaline media, which have shown promising electrocatalytic activity
and stability under these conditions >°. Therefore, the reactivity trends discussed remain to be further

evaluated in alkaline reaction conditions.

2. CPs as COzRR and NRR catalyst

Favorable intermediates energies are predicted for the reduction of CO; to methanol in MogSsand metal-

intercalated CPs '#% following the chemical equation:

COz+ 6H" + 6e” - CH30H + H,0

As shown in Fig.4.4, CO,RR intermediates are predicted to interact at the Mo sites in MosSg preferentially,
whereas S atoms facilitate H-H bond cleavage by forming relatively strong S-H bonds *?. The addition of
metal intercalants and substitutions in the Mo octahedron are expected to change the interactions of
CO2RR intermediates compared to MosSs; however, Hags still preferentially occurs through chalcogen
interactions *2°%8_ Fig. 4.5 shows the expected influence of metal intercalants in the CO,RR mechanism of
CPs, which includes interactions through modifications in the electronic structure (ligand effect) or

participation of the metal intercalant as an active site (ensemble effect) 2.

Perryman et al. %

experimentally validated the CO,RR activity of CPs elucidated by theory. This study
evaluated the ability of polycrystalline MoeSs, CuzM06Ss, NizM06Ss, and Cr1.73MosSs to reduce CO,and CO in
0.1 M Na,COs3 and 0.1 M NaHCOs;, respectively. Electrochemical results followed by gaseous and liquid
product analysis show that all CPs reduced CO; to only methanol and formate in the liquid phase, while H;

production had the highest faradaic efficiency. The electrocatalytic performance of Cu,MoeSs was

maintained over the course of multiple hours of electrolysis, even at a reductive potential of -1V vs. RHE.
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Figure 4.4. Optimized potential energy diagram for methanol synthesis from CO, and H, on a MogSs cluster.
Thin bars represent the reactants, products, and intermediates; the thick bars stand for the transition states
(Mo, cyan; S, yellow; C, gray; O, red; H, white). Copyright 2009 American Chemical Society. Figure
reproduced with permission from ref 12.

Furthermore, the selectivity of Cu;MoeSs towards methanol production was increased when CO was
introduced as the target for reduction, which circumvents formate production. These results suggest that
the pathway for methanol production on Cu;MoeSs catalysts does proceed via CO hydrogenation following

the predicted mechanism for CO,RR in MoeSs * (Fig. 4.4). Therefore, the dominance of the ligand effect

Figure 4.5. Electrocatalytic (a) ligand and (b) ensemble effect of metal intercalants in the CP structure.
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over the ensemble effect is expected for Cu,MoeSs, but further operando experiments are needed to

confirm this hypothesis.

Fig. 4.6 shows the changes in the electronic structure upon Cu intercalation into the MoeSs cluster obtained
through X-ray Absorption Near-Edge Structure (XANES). The minimal shift in the Mo K-edge absorption
observed for MosSs and Cu;Mo6Ss in Fig.4.6a indicates an insignificant change in the electronic structure of
the Mo, which is predicted to be crucial in the stabilization of CO,RR intermediates #3228 The
intercalation of Cu seems to preferably influence the electronic structure of the chalcogen cage as it fills
available S 3p orbitals causing a decrease in the S K pre-edge shoulder (~2471 eV) of Cu,Mo0eSs compared
to MoeSs (Fig. 4.6b). Following the previous discussion regarding Hags interactions, the electronic changes

induced by Cu intercalation could influence Hags at the S-Mo bringing site rather than CO2RR intermediates

at the Mo site, which could be a topic of interest for future studies.

An alternative to increase methanol production in CPs could be to increase the d-band electron density,

which has been shown to increase the activity of CPs for ORR. Vante et al. ! evaluated different Mo-
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Figure 4.6. (a) K-edge XANES for Mo in Cu;MoeSs and MoeSs, with Ma® foil for reference. (b) K-edge
XANES for S in Cu;Mo06Ss and MogSs. Copyright 2020 Royal Society of Chemistry. Figure reproduced with
permission from ref 24.
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containing compounds in which the concentration of d electrons changes by rising the Fermi level when
going from the Mo cluster (MoeSes) to the substituted ones (MosRu,Ses/ MosResSes). As shown in Fig.8,
partial substitution of the Mo octahedron by Re or Ru raises the valency electron concentration in the
cluster from 20e” to 24 e, which increases the occupation of metal d states near the Fermi level while the
chalcogen electronic structure is minimally altered 27! (Fig.4.7). Such electronic changes have been shown
to significantly improve the ORR activity of CPs 3*°. The poor ORR catalytic properties of MoeSes compared
to MosRu,Ses/ Mo,ResSes can be related to the small metal d-density at the Fermi edge, which decreases
the stabilization of oxygen intermediates **3%3¢. Similar to what is predicted for CO,, molecular oxygen
interacts preferentially with the metallic centers at the octahedron, therefore the evaluation of CPs with

increased metal d-density at the Fermi edge could lead to improved CO,RR catalytic activity.

Lastly, computational calculations can also assist in designing CPs with improved CO4RR efficiencies. KMogSs
has been predicted to facilitate CO, to methanol conversion due to a strong ensemble effect of K, which
could stabilize CO; intermediates through electrostatic interactions and lower the corresponding transition

states involving HCO, radicals *°. Single-atom catalysis on CPs *?®?” and other metal intercalated CPs 3283’

MogSe, Ru,Mo,Se,
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Figure 4.7. Simplified representation of the changes in frontier orbital interactions for MogSes and
RuaMosSeg based on ref 31, 34, 35.
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have also been computationally evaluated as CO, and CO conversion catalysts, showing promising C; and
C, products. However, there is currently no experimental evidence to confirm such predictions. It is
important to mention that most of the computational studies discussed do not consider structural effects

such as the synthetic accessibility of CPs, *33° changes in cavity occupancy as a function of metal intercalant

38,40-42 43-45

stoichiometry and/or identity, metal intercalant mobility, and metal de-intercalation upon
applied potential 2. Therefore, there is a broad opportunity to experimentally validate computational

predictions and study other structural effects not considered by theory.

Although NRR has been less studied in CPs, experimental results strongly suggest that the ensemble effect
dominates the reaction. Lu et al. *® evaluated polycrystalline MosSs, CuzM0eSs, MN2Mo0gSs, and Fe,MoeSg as

electrocatalysts for the conversion of N, to NH3in aqueous solution (pH ~4.6), following the equation:

N>+ 6H* + 6e” > 6NH3

An increase in faradaic efficiency and NHs production rate was observed in metal-intercalated CPs, being
Fe;MogSs the best performing catalyst (Fig. 4.8a). The intercalation of Fe into the CP cluster also increased

the overpotential for the competing HER (Fig. 4.8b) leading to the increased NRR selectivity. In addition,
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Figure 4.8. (a) Comparison of N, to NH; conversion efficiency and average NHs production rate for MogSs
and MxMogSs (M = Fe, Mn, and Cu) electrocatalysts in aqueous electrolyte (0.5 M Na>504/0.1 M sodium
citrate buffer). (b) Linear sweep voltammetry (LSV) curves for hydrogen evolution in Ar-saturated
electrolyte. (c) Schematic illustration of the proposed binding mechanism for N, absorption and
subsequent conversion to NHs. Copyright 2021 American Chemical Society. Figure reproduced with
permission from ref 46.
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chronoamperometric responses for Fe;MosSs at potentials ranging from -0.15V to -0.40V vs RHE show
stable currents for the 2hr testing period. It was concluded that Fe must participate in the absorption
and/or conversion of N,, while Mo and S atoms alone are unable to activate N,. The proposed mechanism
for N2 conversion on Fe;MoeSs is shown in Fig. 4.8c in which Fe directly interacts with N, while the chalcogen
sites are expected to assist in Hags. Further improvements in catalytic activity will highly benefit from
computational work that unravels the NRR mechanism on Fe2Mo6S8 and could identify ways to enhance

intermediate stabilization.

Conclusion and outlook

This review emphasized the adsorption of key intermediates in CPs under HER, CO,RR, and NRR conditions
as well as their composition-dependent electrochemical properties. The discussion highlights the
compositional control over orbital population, orbital symmetry, and intermediate adsorption strength in
CPs which provide a platform to generate transferable principles for improved catalyst design. Among
those, we highlight the influence of the local and electronic structure in the HER activity of CPs as well as
the predicted ligand and ensemble effects that dominate reaction trajectories in CO,RR, and NRR. Several
routes to improve the electrocatalytic activity of CPs are proposed, considering computational and

experimental efforts that elucidate electrochemical small-molecule reactivity.

As the electrochemical evaluation of CPs for energy conversion reactions moves forward, it is imperative
to unravel the structural changes at the catalyst interface under an electrochemical environment in order
to generate reactivity descriptors that extend from the bulk electronic properties discussed. To this end,

we suggest the incorporation of in situ/operando experimentation such as in situ atomic scale scanning

47,48 49,50

transmission electron microscopy (STEM) /%, electrochemical scanning tunneling microscopy (ECSTM)

and in situ/operando synchrotron-based X-ray techniques to understand changes at the electrode-

51,52

electrolyte interface . Likewise, the incorporation of electroanalytical techniques such as scanning
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electrochemical microscopy (SECM) **°4, differential electrochemical mass spectrometry (DEMS) >’ and
in-situ electrochemical Fourier transform infrared spectroscopy (FTIR) *° will enable direct probing of the
local activity and improve the current mechanistic understanding of CO,RR and NRR on the CP interface by

allowing the detection of key intermediate species beyond those included herein.

Besides the inherent challenges of applying the suggested techniques to fully understand the

electrocatalytic activity of CPs, 61763

it is essential to develop alternative synthetic approaches that would
generate well-defined CP nanoparticles and thin films which allow the proper characterization of the
outermost atomic layer of CPs at which intermediate adsorption and charge transfer interactions take
place. The latter is specifically important when considering spectroscopy techniques in which the
penetration depth of the emission source will lead to contributions from the bulk and surface electronic
structure >®+®5_ Lastly, a systematic evaluation of catalytic activity as a function of reaction conditions (e.g.,
pH, electrolyte ions, crystallinity of the electrode), as well as long-term stability measurements, must be
evaluated for future comparisons with state-of-the-art electrocatalysts. We expect that the comprehensive
conceptualization in this review reveals the underexplored potential of CPs as a highly tunable platform to

study composition-dependent reactivity trends and generate design principles for improved catalyst

design.
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