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Chevrel phase compounds have attracted increasing attention as electrochemical energy storage materials and
electro-catalysts. Benefiting from their unique crystal structure, Chevrel phase compounds can not only function
as the host structures for reversible intercalation of a broad range of cations, but also exhibit high catalytic activity
in electrochemical reduction reactions. Here we provide an overview of recent progress in the development of
Chevrel phase materials including new understanding of structural features, synthetic methods, and electro-

chemical properties. A brief conclusion and perspectives on the future development of Chevrel phase materials are

also provided.

1. Introduction

Energy efficiency is a global issue that requires effective and envi-
ronmentally benign energy conversion and storage technologies to ach-
ieve carbon neutralization by 2050 [1]. Electrochemical energy storage
systems and electrocatalytic energy conversion and production are
among the new technologies attracting significant research and devel-
opment efforts in the past decades. Chevrel phase compounds are a group
of inorganic materials that can play important roles in the field of elec-
trochemical energy storge and electro-catalysis due to their unique
crystal structure and properties. Crystal structures of Chevrel phase are
well established [2], and their general formula can be described as
MpMogXg, where M is a cation that can be alkali metal, alin earth metal,
transition metal, or rare earth elements such as Pb, Sn, Cu, Ag, Znetal.,n
is the content of M elements, and X is S, Se, Te or combinations of these
elements with I and Br [3]. Recently, interests in Chevrel phase com-
pounds have been increasing with new understanding of their properties
and discovery of their potential applications involving electrochemistry.
In this review, we focus on the latest progress in electrochemical appli-
cations combining the battery technique and catalytic aspects of Chevrel
phase compounds by discussing their structural tunability, novel syn-
thetic method, and electrochemical properties as illustrated in Fig. 1.
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2. Crystal structure and properties

Chevrel phase is characterized by hexagonal rhombic symmetry
(space group R3), while there is triaxial deformation (space group P1) or
advanced cluster aggregation (space group P63/m) in which m elements
are small cations [4]. These phases can be described as a stack of MogXg
cluster cells, and each of the cell is a slightly twisted cube. Chalcogen
atoms are located at the corners and molybdenum atoms are located at
the center of the plane [5]. All the Mo atoms and six chalcogen atoms are
located in 6f positions, the other two sulfur group atoms are located at the
2c positions on the triaxial axis. Each Mo atom in Mog octahedral cluster
is surrounded by five sulfur group atoms and constitutes a square pyra-
mid. The bottom of the pyramid is actually the surface of the MogXg cell,
and the top is the sulfur group atom belonging to the neighboring MogXsg
unit [6]. There are two kinds of anions in Chevrel: including X; which is
on the ternary axis and X, which is on the general position, as shown in
Fig. 2. The quasi-rigid MogXg cell network is separated by
three-dimensional chalcogen channels. The channels can host many
guest cations in two quasi-cubic chalcogenide cavities [7]. The crystal
structure of MogSg is illustrated in Fig. 2, cavity 1, the so-called “inner
sites” is located in the origin of the rhombic cell with point symmetry3
(000) formed by 8 sulfur group atoms belonging to 8 different MogXg
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Fig. 1. Schematic diagram of the electrochemical applications of Chevrel
phase compounds.
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Fig. 2. Crystal structure of MogSg.

units. Cavity 2, the so-called “outer sites” is located between the rhombic
axis (1 point symmetrical) and formed from eight sulfur group atoms
belonging to four different MogXg units. Cavity 2 shares a pseudo square
plane opposite the other two cavities 1 along the rhombic axis (1/200)
(01/20) (001/2) [8]. Compared to cavity 2, cavity 1 is more likely to be
accessible by foreign cations, which helps to explain the
off-stoichiometry of Chevrel phase compounds [9].

As alluded above, the crystal structure of Chevrel phase with open
framework and connected channels enables intercalation of guest cations
with high cation mobility. Each Mog cluster is able to accept up to four
electrons to accommodate the cation insertion. These crystal structure
properties combined with high electronic conductivity makes Chevrel
phase compounds excellent candidates as rechargeable battery cathode
materials. Crystal structures of CPs are very flexible and all components
of the ternary phase can be replaced with multiple elements [10]. The
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flexibility of CPs is described in the following sections. They also find
applications in electrocatalysis: the electronic structure and the corre-
sponding catalytic properties of Chevrel phase compounds such as charge
transport and binding energy with intermediates can be tuned via foreign
ion intercalation, cation and anion substitution. Furthermore, different
Chevrel phase structures can provide diverse chemical environments that
can alter the reaction pathways.

Chevrel phase compounds are the only group of materials capable
rapid and reversible intercalation of various cations including mono-
valent (LiT, Nat, and Cu™), divalent (Zn®*, Cd**, Ni®*, Mn?*, Co®*" and
Mg2+) and even trivalent (Al3+) [11-13]. Moreover, the insertion of an M
cation into metal-containing CPs, M'y\MogXs, which may cause a
displacement reaction associated with the M + M’ cation motion in the
crystal structure. Chevrel phase compounds can be generally divided into
two main structural groups, classic and new, by cation sequence, In the
classic Chevrel phase, cavity 1 is firstly occupied, and the inserted cation
may be at its origin or with a little shift from the origin. In the new
Chevrel phase, the intercalated cation may occupy cavity 2 due to the
repulsion interactions between intercalated cation and Mo atoms. The
arrangements and kinds of intercalated cations can be affected by the
symmetry and structure types. Such as, the phases present triclinic when
intercalated by Cr, Mn, Ti, and Fe; the phases present trigonal with Co
and Ni intercalating. The research has shown [11] that during the
insertion of the bigger cations (such as, Na, Ag, Sn and Pb) in the classic
Chevrel phase, the delocalization of cations decreases the chemical bond
of M-X. among which Na* demonstrated the lowest delocalization among
all guest cations. The intercalated big cations are only movable on the
surface of the CP's structure. It is worth noting that when the insertion
force is high enough, the cations can be movable inside the structure.

Meanwhile the anion and cation of Mo framework can be substituted.
In the structure of CPs, anions (SZ_, Sez_, etc.) showed high ordered
sequences. The rhombic structure of Chevrel phase consists of a slightly
twisted cubic block of MogXg where eight anions are located at the cube
angle. Six Mo cations are arrayed in octahedral geometry. Anions occupy
distinct sites: X; and X3 as illustrated in Fig. 2. S anion in the structure can
be substituted by Se and Te anions. When the radius of intercalated
cation is more than 1 A, S prefers to occupy X; site, while the intercalated
cation is smaller or no cation is intercalated, Se prefers to occupy X site.
The order of anions can be affected by difference anion sizes [14]. And
the Mo atom can be entirely or partially substituted by other transition
metals. Meanwhile there are many interests in the study of
pseudo-ternary compounds. In the binary MogXg phases molybdenum
may be substituted with rhenium, rhodium, or ruthenium, partially [15].
The unit cell volume of these compounds was lower than the MogXg bi-
nary compound, and the possibility of insertion of Ru and Rh into Mog
cluster outside structure such as MyMogXg compounds was eliminated.
The primary difference between the lattice parameters of CPs is that the
rhombohedral angel can be increased significantly, which may result in
different physicochemical property. Such as CPs of MosRusSeg is semi-
conducting while the CPs of MosRu,Teg and Moy ¢sRh; 33Teg present the
property of metal [16].

3. Synthesis of Chevrel phase compounds

Chevrel phase was synthesized by Chevrel et al. for the first time in
the year of 1971 [17]. In contrast to the selenide and telluride binary
compounds, binary sulfides are metastable and cannot be synthesized
from directly combining the two elements. However, it can be produced
by deintercalation of the ternary phase [18]. The preparation methods of
MogXg can be typically categorized into high-temperature solid state
synthesis (HT), two-step solution chemistry method (TSC), molten salt
synthesis (MSS) method, and other novel synthesis methods, including
high energy mechanical milling method (HEMM), Swagelok type re-
actors (STR) method, and microwave synthesis method (MSM). It is
worth mentioning that machine learning has been used to guide the
synthesis of Chevrel phase compounds [19]. Different aspects of the
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synthesis methods are discussed below including single crystal Chevrel
phase synthesis.

The most common synthesis technique to obtain the ternary MyMogSg
Chevrel compounds is to sinter the mixture of corresponding elements of
M, Mo, and S in an evacuated quartz tube for several days at temperatures
between 400 and 1200 °C. The particle size of the synthesized com-
pounds is no more than 0.2 mm, even after long time annealing at 1200
°C [20,21]. As aforementioned, binary MogSeg and MogTeg can be syn-
thesized directly by sintering the mixture of Mo and Se or Te [22,23]. To
eliminated native oxides, the elemental precursors need to be reduced in
Hy first [24]. The calcination usually takes several days at a temperature
between 800 and 1200 °C [25].

Ternary Chevrel sulfides can also be synthesized from sulfide pre-
cursors soluble in organic solvents. Stoichiometric ratio of ammonium
tetrathiomolybdate and anhydrous copper chloride were dissolved in
N,N-Dimethylformamide (DMF) under N, atmosphere. The reactant was
heated to 90 °C for a period, which was filtered, and following tetrahy-
drofuran was added to the filtrate to initiate precipitation, which was
kept overnight. The products were washed by tetrahydrofuran and
methanol followed by drying and annealing under Ar and Hy gas mixture
atmosphere [26-28]. However, pretreatment procedure and the intro-
duction of Hy may be the bottleneck of this method [29]. To improve the
reaction kinetics, molten salts were studied as the medium for the syn-
thesis of ternary Chevrel compounds using the Mo chalcogenide,
elemental Mo, and copper chalcogenide precursors. The system was
reacted under a slow flow of Ar at 850 °C for 60 h. The products need to
be washed thoroughly by deionized water to remove the salts. Lower
temperature and shorter duration can be achieved by the molten salt
methods without stringent requirement of inert environment [30].

More efficient methods to synthesize ternary Chevrel compounds
have been demonstrated using precursors composed of stoichiometric
ratio of Mo chalcogenide, elemental Mo, and copper chalcogenide. For
instance, MoS, (or MoSe3), Mo, CuS (or CuSe) were well mixed under
high-speed ball milling and pressed into pellets and gradually heated to
800-1100 °C for a several hours under Ar [7,31,32]. Swagelok reactor
was used to synthesize Cuy sMogSg.nSe, (n = 0,1,2) using the mixture of
the same precursors without pressing into pellets [33]. Instead of con-
ventional heating, microwave method recently demonstrated significant
reduction of reaction time. Carbon is introduced in the microwave syn-
thesis to absorb radiation and prevent the oxidation of precursors. The
thermal treatment can be reduced to 400 s under the power of 1200 W by
laboratory microwave [34]. The abovementioned synthetic methods of
Chevrel phase have been summarized in Table 1.

Synthesizing single crystal Chevrel compounds is very important to
study the intrinsic properties of the materials. To date, the common
method to grow single crystal Chevrel compounds is Stockberger-
Bridgman technique [35]. Single crystal can be prepared by heating
the mixture of precursors at 1200-1800 °C (to the melting point) for a
period, and the cooling procedure needs to be slow enough to promote
crystallization [36,37]. For instance, the size of FeMogSeg single crystals
can reach 0.5-1 mm? [38].

Table 1
Summary of regular synthetic methods in Chevrel phase.
Synthetic Temperature Atmosphere Merit and demerit Ref.
method
HT 400-1200 °C vacuum long duration 20-25
TSC 90 °C hydrothermal  hydrogen is required 26-29
during secondary
calcination
MSS 850 °C Ar molten salt 30
volatilization
HEMM 800-1100 °C Ar introducing ball 7, 31-
milling 32
STR 900 °C Ar introducing vessel 33
MSM microwave Ar security issue 34

1200 W
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The binary Chevrel compounds can be derived from the parent
ternary structure by removing the cations from the inner and outer sites.
It is typically achieved by chemical leaching. Different oxidizing agents
such as HC, I, and NO,BF, are used. The binary Chevrel compounds can
be obtained by using different oxidizing agents such as 6 M HCl in water
and 0.2 M I, or 0.05 M NO4BF4 in acetonitrile under air or Oy atmosphere
[39].

4. Applications of Chevrel compounds
4.1. Energy storage applications

Rechargeable batteries, with low cost and high abundant reserves,
have been promising candidates for energy storage and conversion.
Although lithium-ion batteries achieve commercialization, the uneven
distribution in crust of lithium resources has become bottleneck of
development. Due to the natural abundance and uniform distribution of
other metal on earth, the post lithium-ion (such as Na, Mg, Al and K)
battery has developed rapidly [40,41]. Nevertheless, there many factors
that can affect the battery performance, such as lower conductivity, low
ion diffusivity, sluggish interfacial/surface transfer kinetics, and volume
expansion. While, CPs has the properties of high electroconductibility
and high ionic mobility, which enables preferable electrochemical per-
formance. The binary Chevrel compounds with vacated inner and outer
sites have been studied and demonstrated as electrode materials for
secondary batteries because of their rich crystal structural cavities to host
ion intercalation. Nagao et al. carried out a series of studies on Chevrel
compounds as anode materials for Li-ion batteries [42]. Lu et al. have
recently proposed a strategy to stabilize Li metal anode using artificial
solid electrolyte interphase (SEI) composed of MogSg and carbon. Direct
contact of MogSg and Li in the presence of electrolytes resulted in rapid
diffusion of Li ions into MogSg crystal structure, resulting in formation of
Li intercalated MogSg. The MogSg-stabilized Li anode paired with
LiNig.gMng 1C0¢ 102 cathode demonstrated significantly improved cycle
stability compared with pristine Li anode [43]. A Li-ion battery with
high-concentration aqueous water-in-salt electrolyte was demonstrated
with MogSg anode and LiMny0O4 cathode, delivering outstanding cycling
performance and high Coulombic Efficiency (CE) [44]. Aurbach's group
also proposed an energy storage device composed of
battery-supercapacitor MogSg/TisCy hybrid negative electrode and car-
bon positive electrode in high-concentration aqueous electrolytes. It was
found that 14 M LiCl solution was an excellent electrolyte providing the
wide electrochemical window up to 2.7 V, which is superior to 21 M
bistrifluoromethanesulfonimide lithium salt (LiTFSI) aqueous solution
[45]. Elgendy et al. recently reported a full aqueous battery which is
comprised of nano MogSg anode and LiMny04 cathode with 21 M LiTFSI
as electrolyte. The crystal structure of the MogSg anode was well sus-
tained after demonstrating excellent cycling stability [46]. In-situ X-ray
absorbtion spectra method was used to reveal the local structure of
MogSg during Li ™ electrochemical insertion. The results suggest that Li *
ions intercalate in MogSg with five stages and de-intercalate with four.
Most stages are assigned to two-phase transition reactions. However,
systematic investigations are needed by combining other operando
technologies such as NMR and XRD to correlate the change in the local
structure to the electrochemical properties [47].

MogSg was studied by Yue et al. as the cathode material in and an all-
solid-state sodium ion battery (SIB). NazPS4 solid electrolyte (SE) was
coated on MogSg cathode to improve the contact between cathode and
SE. Such modification enabled a SIB with a high cycling performance of
500 cycles maintaining capacity of 52 mAh/g [48]. Similar to the arti-
ficial SEI composed of MogSg for Li metal anode, MogSg was also studied
as the key component in the artificial SEI to stabilize Na metal anode by
Lu et al. [49]. NayMogSg SEI film was in situ synthesized and the coated
Na anode demonstrated improved stability than the pristine Na
electrode.

Chevrel compounds have been extensively investigated as cathode
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materials for rechargeable Mg-ion batteries (MIBs), which were first re-
ported by Aurbach et al. in 2000 [50]. Reversible Mg2+ cation interca-
lation in MogSg was demonstrated in electrolytes based on Mg
organohaloaluminate complex [50]. Notably, guest Mg atoms can locate
in the channels between MogSg blocks with feature of delocalization, in
which there are 12 possible positions for Mg atoms, while only some of
the sites can be occupied due to geometrical and electrostatic limitations.
This work established Chevrel compounds, particularly MogSg, as the
benchmark cathode materials for rechargeable Mg-ion Dbatteries.
Following, there are many researches about CPs electrode material in
recent years. As shown in Fig. 3 (a), a stable Mg ion battery comprised of
Mg and MogSg was carried out with capacity of 70 mAh/g for 200 cycles
at C/5 rate. And the rate performance can be improved by adding of
carbon nano tube (CNT) in cathode [51]. Yu et al. has revealed the charge
distribution on S of CPs during Mg insertion in Fig. 3 (b). The S in CPs
displays different valence state with nonuniform charge distribution.
When the cation is inserted, the charge distribution becomes uniform,
which is related to chemical stability and electrochemical reversibility.
Structure evolution is attributed to the bond length change by the delo-
calization of inserted cations [52]. As CPs was deemed to the most stable
cathode materials for multivalent batteries, it is also used as bench-
marking cathode material so as to investigate other parts in the battery.

-
Y
=)
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In recent work, a novel non-nucleophilic IL-based electrolyte was
developed in Mg ion battery. The battery displays high stability
remaining 80% capacity over 300 cycles in the full cell with MogSg
cathode [53]. Aurbach et al. proposed the study of the role of surface
adsorbed Cl™ in rechargeable Mg ion battery. The research described the
role of Cl™ in intercalation process of Mg ions into CPs. It was found that
the addition of CI” to electrolyte, or pretreatment of CPs in chloride
containing solutions could promote reversible Mg intercalation with fast
kinetics [54]. It has been found that CPs modified separator can effec-
tively improve the shuttling issue in Mg-S battery in Fig. 3(c and d).
Remarkably, the Mg-S cell assembled by CPs modified separator can
achieve a high specific energy density of 942.9 mAh/g in the 1st cycle
and the CE can be attained to 96% at 0.2C for 200 cycles. It is also found
that the energies needed to separate the cation and anion at CP are much
lower than carbon surface, which facilitates the conversion reaction [55].
Kang et al. have synthesized different crystalline structures CuxMogSg
(Cu-CP) by varying the temperature and time, which were used as pre-
cursors for MogSg cathodes. It was found that the discharge capacities can
be improved from 84.2 to 122.9 mAh/g as the structure of Cu-CP
changed from rhombohedral to triclinic in Fig. 3 (e). In general, the
electrochemical Mg insertion occurs in two stages, formatting new pha-
ses with MgiMoeSg and MgsMoeSg as rhombohedral, which can be
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Fig. 3. (a) Cycling stability of MogSg in Mg ion battery [511; (b) Absorption spectra of the S K-edge and crystal structure change for CuMogSg, LiMo0gSg, and MgMogSg
[521; (c) Galvanostatic discharge/charge performance of Mg-S cells; (d) Long cycling performance of Mg-S cells with CG@CPs at 0.2C [55]; (e) Electrochemistry of the

MogSg cathode coin cell at room temperature [56]; (f) The schematic diagram of the Mg2+

hybrid cathode [57].
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described as the following egs (1) and (2) [56]:
Mg?t4+2¢ + MogSs—Mg 1 MogSs 1)
Mg* 2+ Mg MogSs—MgaMogSs @

Qu et al. introduced MogSg into Cuy 4Se cathode to immobilize pol-
yselenide so as to retard the dissolution issue. As shown in Fig. 3 (f), it
was found that adding of MoeSg can significantly improve the reversible
capacity from 140 mAh/g to 220 mAh/g [57]. It also found that
halogen-free Mg?t/Li* dual salting containing gel-polymer electrolytes
(GPE) using MogSg as cathode and carbon coating MogSgfor MIBs also
play superior electrochemical performance [58,59].

Among the rechargeable batteries beyond Li-ion, Al ion batteries are
particularly promising due to the high abundance of Al and the high
theoretical capacity [60]. In 2015, Geng et al. first demonstrated the
reversible Al intercalation in MogSg with a prototype battery composed of
an Al anode, a MogSg cathode, and a Lewis acidic chloroaluminate ionic
liquid electrolyte [61]. In 2018, the same group further elucidated the
crystal structure transformation of MogSg during Al ion intercalation. It is
revealed that unlike the intercalation of monovalent and divalent cations,
Al cations intercalate in MogSg by equally occupying the inner and outer
sites without preference due to the strong AI**-AI3* repulsion, which
illustrates the easy diffusion of AI** from body-center to face-center in
Chevrel phase [62]. Mao et al. reported a method to synthesize MogSg
nanosheets, in which iodine was used to induce the preferential orien-
tation. The MogSg nanosheets were both applied in Mg and Al batteries,
which shows fast kinetics, lower polarization, higher capacities and
better electrochemical performance at lower temperature [31]. The same
group of Suo recently has investigated the valence state evolution of CPs
in aluminium ion batteries (AIBs). It revealed that S has been fully
reduced, and Moy cluster is firstly oxidized and then reduced with AI®*
insertion, which originated from the contraction and elongation of
Mo-Mo bond in Mog cluster [63]. The abovementioned performance of
Chevrel phase cathode materials have been summarized in Table 2.
Unlike other oxide cathode materials dissolving in Lewis acid, MogSg can
be stable in the Lewis acid electrolyte [64]. In order to understand the
mechanism of the Al intercalation into MogSg, solid NMR method was
used to understand quantitatively Al ion intercalation from molecular
level. It is found that AI** in intercalate simultaneously into two kinds of
cavities sites in CPs’ framework during process discharge, which is
consistent with the work of group Guo [62]. And cation trapping during
deintercalation is lower than 7% [65]. The electrochemical redox equa-
tions during intercalating into two kinds of cavities are shown in egs (3)
and (4):

4ALCL +3e” + MogSy < AlMogSs + TAICI, 3)
4 /3ALCL + e — +AIMogSs < Aly/sMogSs + 7 /3AICI, @)
Table 2
Summary of performance in Chevrel phase cathode materials.
Cathode Voltage/V Specific capacity mAh/  Battery Ref.
materials g type
MogSs ~1.0-1.3 77 MIBs 50
MogSg/CNT ~1.1 75 MIBs 51
MogSs ~0.9 85 MIBs 53
MogSs ~0.8 70 MIBs 54
MogSs ~1.5-2.1 150 MIBs 55
Triclinic ~1.1 122.9 MIBs 56
CuMogSg
Mo6Sg/Cuz.4Se ~0.9-1.2 220 MIBs 57
MogSg ~1.3 80 MIBs 58
MoeSs@C ~1.1 90 MIBs 59
MoeSs ~0.37-0.55 70 AlBs 61
MogSs ~0.35-0.52 105 AlBs 62
MogSg ~0.4-0.55 160 AlBs 63
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Interestingly, CPs also has been used as Janus material for energy
generation and storage. MogSg can be used in a combined device that
assembles with an Al ion battery and a solar cell where MogSg serves as
the cathode and Aly/3sMogSg serves as a solar absorber material with
lower band gap [66].

4.2. Electro-catalysis applications

Chevrel compounds have also be investigated for electro-catalysis
applications due to the high tunability of their electronic structures,
which is rare in other group of materials.

A hollow nanostructure of NipMogSg synthesized by a template-
directed route was one of the early Chevrel phase electrocatalysts used
for hydrogen evolution reaction (HER) in alkaline electrolyte. This
catalyst demonstrated good HER performance with a low overpotential
of —257 mV to reach the current density of 10 mA/cm? as shown in Fig. 4
(a). There are about 20 electrons in the cluster of MogSg, offering a pool
of charges that is beneficial for electrocatalytic reaction. And it has
confirmed that Ni et al. transition metal can promote the HER perfor-
mance by coupling with S to optimize the hydrogen adsorption strength
[67]. It was also discovered that MogSg exhibited excellent catalytic
properties for HER in different electrolytes with a wide pH range
including 0.5 M H2SO4, 0.1 M KOH, and 3% NaCl. The overpotentials vs.
RHE are 0.32, 0.49 and 0.52 V, respectively in Fig. 4 (b), to reach current
density of 10 mA/cm?. The band structure of MogSg is extremely narrow
and consists of primarily Mo-4d and S-3d orbitals. Meanwhile, the
metallic conductivity of MogSg, which suggests that the adsorption sites
for hydrogen can be enhanced leading to higher HER performance [68].
Perryman et al. compared the electrocatalytic property of MoMogSg (M =
K, Rb, and Cs) nanorods for HRE. K;MogSg is the most effective elec-
trocatalyst for HER among all. It demonstrated a low overpotential of
270 mV to achieve a current density of 10 mA/cm? in 0.5 M H3SO0y4,
whereas the overpotentials of RboMogSg and CsyMogSg in the same
condition were 349 and 328 mV, respectively [69]. The electrocatalytic
properties of MogXg (X = S, Se, Te) were studied with combined exper-
imental and theoretical approach. MogSg exhibited the lowest over-
potential of 321 mV at 10 mA/cm™2 comparing with 432 and 634 mV vs
RHE for MogSeg and MogTeg, respectively. It is found that higher elec-
tronegativity of the anion framework increases the hydrogen adsorption
strength and the Lewis basicity as shown in Fig. 4 (c). The Tafel slopes of
MogSg, MogSeg and MogTeg, ranging from 74 to 82 mV dec! indicating
the rate-limiting step is electrochemical desorption as part of the Vol-
mer—Heyrovsky mechanism [70]. Strachan et al. have prepared MogXg
nanoparticles with diameter less than 100 nm as electrocatalysts for
hydrogen evolution. Nano MogSg compared to bulk MogSg significantly
improved the HER performance by reducing the overpotentials from
0.67 V to 0.23 V vs. RHE at 10 mA/cm? due to the higher surface area.
And after 1000 cycles, there was no significant change in the polarization
curve of nano MogSg [71]. Elgendy et al. also studied nanoscale MogSg for
HER in acidic media, which exhibited a promising and stable electro-
catalytic activity with and overpotential at 264 mV vs SHE [72].
Recently, a mechanically-stable, all-metal, and highly active CuMoe.
Sg/Cu electrode has been constructed with an overpotential of 172 mV at
10 mA/cm?. What's even more remarkable is that a very small over-
potential of 334 mV at a large current density of 2500 mA/cm? for over
100 h has been achieved which is of great significance in industrial
application [73].

In addition to HER, Chevrel compounds are also studied for other
electrochemically catalyzed reactions. CupMogSg was also found to be a
good electrocatalysts for CO5 reduction reaction (CO2RR) to reduce CO5
to CO under an overpotential of 0.4 V in aqueous condition vs SHE.
Moreover, by selectively reduce the CO target molecule, it succeeded in
suppressing the competing formic acid pathway and produced methanol
as the only liquid phase product [75], which displays excellent product
selectivity. Inspired by MoFe nitrogenase, FeoMogSg was studied as ni-
trogen reduction reaction (NRR) electrocatalyst. The catalyst exhibited a
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Fig. 4. (a) HER performance of hollow NiMo3S4 nanoplates and pure MoS, and Ni(OH), nanoplates [67]; (b) HER performance of MogSg in different electrolytes
(Black: 0.5 M H2SO4, Red: 0.1 M KOH and Blue: 3% NaCl) [68]; (c) Function of electronegativity of anion framework and HER properties [70]; (d) Comparison of N5 to
NH; conversion efficiency and average NH3 production rate for MogSg and MaMogSg (M = Fe, Mn, and Cu) electrocatalysts; (e) HER performance for the catalysts in
Ar-saturated electrolyte; (f) The mechanism for Ny absorption and subsequent conversion to NH; on Fe,MogSg [74].

Faraday Efficiency (FE) of 12.5% and an average rate of 70 pg h™! mggt
for NH3 production at —0.20 V vs RHE as displayed in Fig. 4(d-f). The
mechanism can be described in Fig. 4 (f) as Fe/Mo sites contribute to Ny
adsorption and activation. Fe in Fey;MogSs suppresses competing
hydrogen precipitation reactions. Fe;MogSg provides the best activity
and selectivity for NRR [74]. As FepMogSg provide the best performance
for NRR, lately, the mechanism has been investigated with computational
method based on grand-canonical density functional theory (GC-DFT). It
is revealed that the Fe sites of FeoMogSg selectively stabilizes the key
*NNH intermediate by the narrow band of free-atom-like surface
d-states, which destroy the NRR scale relationship. The GC-DFT method
can be widely applied to seek stable catalysts [76]. Most of the perfor-
mance in Chevrel phase catalyst have been summarized in Table 3.
Meanwhile, A remarkable characteristic of CPs which contain
mixed-metal clusters is their catalytical activity to reduce molecular ox-
ygen electrochemically to water under acid environment. The composi-
tion of Moy 2Ru; gSeg showed catalytic activity comparable to platinum
[77]. The electrocatalytic oxygen reduction reaction (ORR) can be car-
ried out by a 2e” pathway that converts to HoO; or a 4e™ pathway that
converts to HyO. Recently, NioMogSg was used to adjust the electro-
catalytic oxygen reduction. It has a high efficiency HoO, production with

Table 3
Summary of performance in Chevrel phase catalyst.
Material j Current density Tafel slope Catalytic Ref.
(mV) (mA/cm?) (mV dec™ 1) type
NiMo3S4 257 10 121 HER 67
MoeSs 320 10 67 HER 68
K>MogSe 270 10 51.9 HER 69
MogSs 321 10 74 HER 70
MoeSeg 432 10 81 HER 70
MogTeg 634 10 77 HER 70
Nano 230 10 72 HER 71
MogSs
MogSs@C 232 10 82 HER 72
CuMogSg/ 172 10 43 HER 73
Cu
CuyMogSg 400 35 - CO2RR 74
FeMogSg 200 0.5 170 NRR 75

over 90% molar selectivity at a wide potential range and a high yielding
rate of ~90 mmol Hy05 gz h™! despite its very low surface area. The
protruding activity is due to the ligand and the systematic effect of Ni
which promote the reaction of H,O dissociation and the proton bond of
O, to HOO* = . The spatial effect of the CPs’ structure which suppresses
0O-0O decomposition by separating the Ni active sites and the Ni active
sites is included [78]. This work provided new opportunities to look for
earth-abundant catalysts.

5. Conclusions and outlook

We summarized the crystal structure characteristic, synthesis
methods, and electrochemical properties of Chevrel phase compounds to
provide a baseline from which future studies can be built upon. Chevrel
compounds with the properties of facile metal ion intercalation, tunable
crystal and electronic structures, and high stability, enables the use as
rechargeable battery electrodes and electro-catalysts. The electro-
chemical properties of Chevrel compounds can be useful in a broad range
of applications, specifically cathode materials and catalysis technologies
of current interests. To guide the future investigation on Chevrel com-
pounds, an outlook is provided as follows:

(1) As electrode materials, Chevrel compounds can be feasible for
other multi-electron transfer battery systems from studying their
structure and performance correlation.

(2) Electro-catalytic performance may be further improved by tuning
the 3d transition metals or doping with other effective catalytic
metal in Chevrel compounds.

(3) The investigation of Chevrel compounds can be more effective by
combining in situ or operando characterizations and theoretical
methods.

(4) Large-scale synthetic methods for nanoscale CPs with lower power
consumption, shorter time are needed, such as Joule heating and
improved microwave assisted method.
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