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Mo-based cluster compounds containing Mo6 and Mo9 cluster units have long been known

for their rich chemistry and the diversity and complexity of their crystal structures. While most studies have mainly focused on their crystallographic properties, recent investigations have pointed out their potential for thermoelectric applications in power generation. These compounds derive their good properties from the three-dimensional arrangement of the A c c e p t e d m a n u s c r i p t 2 clusters between which cations reside. This inherent disorder strongly limits the ability of these materials to transport heat that often leads to a temperature dependence of the lattice thermal conductivity that mirrors that observed in glassy systems. In addition, most of these compounds can be driven from a metallic toward a semiconducting state through insertion of additional cations. Here, we review the recent progress made on determining the transport properties of these compounds, discussing in particular the key ingredients that lead to their peculiar thermal properties, and examine possible future directions to further enhance their thermoelectric properties.

Introduction

Thermoelectric materials in which a temperature difference generates an electric field and vice versa, enable direct solid-state energy conversion between heat and electricity [START_REF] Goldsmid | Thermoelectric Refrigeration[END_REF][START_REF]Thermoelectrics and its Energy Harvesting[END_REF][START_REF] Tan | [END_REF].

While thermoelectric refrigerators would provide an elegant alternative to replace compression-based refrigerators, thermoelectric generators would allow for a systematic production of electricity from waste-heat sources. The design and optimization of efficient thermoelectric devices is intimately linked to the physical properties of the materials that constitute their active part [START_REF] Goldsmid | Thermoelectric Refrigeration[END_REF][START_REF]Thermoelectrics and its Energy Harvesting[END_REF][START_REF] Tan | [END_REF]. The conversion efficiency of the device is governed by the so-called dimensionless thermoelectric figure of merit ZT defined at the absolute temperature T as ZT =  2 T/ where  is the electrical resistivity,  is the thermopower (or Seebeck coefficient), and  is the total thermal conductivity which is the sum of a lattice (L) and an electronic (e) contribution [START_REF] Goldsmid | Thermoelectric Refrigeration[END_REF][START_REF]Thermoelectrics and its Energy Harvesting[END_REF][START_REF] Tan | [END_REF]. The interdependence of these three transport properties via the carrier concentration makes the optimization of thermoelectric materials a challenging task. Among the various strategies used to identify promising systems, the search for materials that inherently behave as good thermal insulators can be driven by simple guiding rules based on their crystallographic characteristics. A complex unit cell containing a large number of heavy atoms has been traditionally a fruitful guiding principle to discover compounds that exhibit low lattice thermal conductivity values [4][5][6][7][8][9][10][11][12][13][14].

The diversity, flexibility, and complexity of the crystal structures formed by cluster compounds based on molybdenum atoms naturally make these materials worthy of detailed experimental and theoretical investigations. The Chevrel phases MxMo6X8 (M = alkali, A c c e p t e d m a n u s c r i p t alkaline-earth, rare-earth, transition metals; X = S, Se, and Te; 0 ≤ x ≤ 4), the crystal structures of which are based on the octahedral Mo6 cluster, are one of the most famous family of such compounds widely investigated for their magnetic, superconducting, and thermoelectric properties [15,[START_REF] Yvon | Current Topics in Material Science[END_REF]. A remarkable property of their crystal structure is the possibility to accommodate various types of cations in the voids existing between the Mo6X8 clusters.

These cations provide additional electrons that drive the compound toward a semiconducting state and help to lower the lattice thermal conductivity. From these two combined effects, interesting thermoelectric properties emerge with a peak ZT value of 0.6 at 1150 K achieved in the composition (Cu/Fe)Mo6Se8 [START_REF] Caillat | [END_REF].

Clusters with higher nuclearities (Mo9, Mo12, Mo15, Mo18, Mo21, Mo24, Mo30, and Mo36 cluster units) have been obtained in more than 40 different structure types and extensively studied over the last decades [18][19][20][21][22][23][24][25][26][27][28][29]. As in Chevrel phases, various cations can be inserted in the inter-cluster space to stabilize the structure. These voids are significantly larger than those present in the Chevrel phases, often leading to very large, anisotropic thermal displacement parameters for the cations [18][19][20][21][22][23][24][25][26][27][28][29]. The strong disorder induced by the presence of these intercluster atoms is an important ingredient that helps to limit the propagation of heat-carrying acoustic phonons [30][31][32][33][34][35][36][37][38][39][40][41].

In this chapter, we provide a brief overview of the results obtained experimentally on the thermoelectric properties of these materials over the last few years. Due to the diversity of structures that can be built with Mo-based clusters, we will focus on compounds that are formed by Mo6 and Mo9 cluster units with known transport properties. We will also present the main crystallographic features that give rise to very low, glass-like lattice thermal A c c e p t e d m a n u s c r i p t conductivity. Our main objective is to highlight the potential of this large class of materials for thermoelectric applications and present possible future directions to further enhance their thermoelectric properties.

Synthesis and crystal structure

Syntheses and crystal growths

Most of the synthetic routes used to prepare polycrystalline samples are based on direct reactions of powders (Mo, Ag) and precursors (MoSe2, InSe, TlSe) in sealed silica tubes at high temperatures [30][31][32][33][34][35][36][37][38][39][40][41]. Prior to use, Mo powders are reduced under H2 flowing gas at 1000°C during 10 h in order to eliminate traces of oxygen. The precursors are also synthesized by direct reaction of elements of high purity in sealed silica tubes. Monophasic powders of MoSe2, InSe, and TlSe are obtained by heating stoichiometric mixtures of elemental powders at 700, 800, and 500°C, respectively, during 48 h.

For the series AgxMo9Se11 with nominal compositions x = 3.4, 3.5, 3.75, 3.8, 3.9, and 4.0, stoichiometric amounts of MoSe2, Mo, and Ag in powder form are cold pressed into cylindrical pellets which are subsequently placed in silica tubes sealed under vacuum [30,31,36,37,40]. The tubes are then heated at 950°C for 48 h.

In some cases, a quaternary phase can be obtained by direct reaction of a ternary cluster compound with an excess of another element during long-term annealing at high temperatures. This kind of synthesis has been successfully applied to Tl2Mo9Se11 in the presence of Ag powders which led to the formation of the novel quaternary compound
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Ag2Tl2Mo9Se11 after annealing at 800°C during two weeks [32]. Subsequent syntheses of polycrystalline samples of nominal compositions AgxTl4-xMo9Se11 (1.9  x  2.3) by heating stoichiometric mixtures of Ag, TlSe, MoSe2, and Mo at 1180°C for 48 hours in evacuated silica tubes evidenced the possibility to vary the Ag-to-Tl ratio while maintaining the monophasic nature of the sample.

The quaternary cluster compound Ag3RbMo9Se11 has also been discovered following a similar annealing treatment [38]. Reactions of MoSe2, Ag, and Mo powders mixed with powders of the ternary compound Rb2Mo6Se6 at 1200°C for 48 h in sealed silica tubes led to the formation of a phase-pure polycrystalline sample of Ag3RbMo9Se11. Further experiments revealed that the Ag content can be slightly decreased down to 2.6 atoms per formula unit.

For the Ag3In2Mo15Se19 and Ag3Tl2Mo15Se19 compounds [33,41], direct reactions of the precursors InSe, TlSe, and MoSe2 together with Mo and Ag powders have been realized at 1300°C for 40 h. Due to the high temperature required for these reactions, the mixtures were sealed in molybdenum crucibles under a low argon pressure (c.a. 0.6 bar) using an arc welding system. Some Mo-based cluster compounds cannot, however, be obtained via direct reactions of elements with precursors. This is, for instance, the case of the above-mentioned ternary compound Rb2Mo6Se6 used as a precursor [38]. In such a case, a two-step synthesis needs to be considered that notably includes an ion-exchange reaction. As a first step, the ternary compound In2Mo6Se6 has been synthesized by heating a stoichiometric mixture of InSe, MoSe2, and Mo powders at 1000°C during 36 h in a sealed silica tube. The second step then consists in an ion-exchange reaction of In2Mo6Se6 with RbCl at 800°C. For this reaction, A c c e p t e d m a n u s c r i p t

In2Mo6Se6 and RbCl powders are mixed in the proportion 1:2.5 and cold pressed into a cylindrical pellet which is placed in a long silica tube sealed under vacuum. The end of the ampule where the pellet is located is introduced in a furnace, heated at 800°C during 2 days while maintaining the other end of the tube at room temperature.

The growth of single crystals of these various compounds could be realized by either a vapor-transport technique or by a recrystallization process by subjecting the polycrystalline pellets to an annealing treatment at very high temperature [31][32][33]38,41]. The former technique has been considered to grow single crystals of AgxMo9Se11 using AgCl as the transport agent in a sealed silica tube [31]. A temperature gradient of 30°C has been applied between both ends of the tubes kept at 1030 and 1060°C during 10 days. The later route has been used to obtain single crystals of the cluster compounds Ag3RbMo9Se11 [38],

Ag3In2Mo15Se19 [33], and Ag3Tl2Mo15Se19 [41]. While single crystals of Ag3RbMo9Se11 were obtained by prolonged annealing at 1250°C for 96 h, single crystals of Ag3In2Mo15Se19 and Ag3Tl2Mo15Se19 could be grown by heating cold-pressed pellets in molybdenum crucibles at 1650°C during 3h with applied heating and cooling rates of 300°C/h and 100°C/h, respectively.

A c c e p t e d m a n u s c r i p t the Mo9Se11Se6 cluster unit (Figure 1a), which can be seen as the fusion of two octahedral Mo6Se8Se6 cluster units (Figure 1b) similar to those found in the Chevrel phases [42]. The Mo-Se network of the Ag3RbMo9Se11 compound [38] also originates from interlinked Mo9Se11Se6 clusters via Mo-Se bonds (Figure 4). The Mo9Se11 unit has the point symmetry C3h. The connective formula of the molybdenum-selenium framework is [Mo9Se5 i Se6/2 i-a ]Se6/2 a-i according to the notation of Schäfer. 28 A c c e p t e d m a n u s c r i p t The Mo-Se framework of the Ag3M2Mo15Se19 (M = In, Tl) compounds [33,41] is similar to that of In2Mo15Se19 which was the first compound in which the Mo9 clusters were observed in 1980 [44] (Figure 5). 
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One common feature of these various crystal structures relevant to understanding their thermal properties is the large, anisotropic thermal displacement parameters (ADPs) of the cations located in the intercluster spaces [30][31][32][33][34][35][36][37][38][39][40][41]. The largest thermal ellipsoids are observed for the Rb and Tl atoms in the Ag3RbMo9Se11 and Ag2Tl2Mo9Se11 compounds [32,38], respectively. Low-temperature single-crystal X-ray diffraction measurements performed on Ag2Tl2Mo9Se11 evidenced that the ADP values of the Tl atoms exhibit a nearly temperature-independent behavior down to 85 K [32]. We will see below that the thermal motions of the cations are likely a key ingredient in determining the lattice thermal conductivity.

Thermoelectric properties

Electronic properties

The electronic structure of most of the Mo-based cluster compounds can be deduced from the molecular orbital diagram of the isolated cluster units [27,28,39,43,[45][46][47][48]. This approach proves to be efficient whenever the clusters in the crystal structure are isolated enough from the neighboring clusters. It has been indeed shown that the interactions between the chalcogen atoms that connect the clusters are not strong enough to perturb the electronic structure of the isolated cluster unit. In such a case, the number of electrons available for metal-metal bonds, called the metallic electron count (MEC), is the critical parameter that determines the metallic or semiconducting nature of the compound.
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Semiconducting behavior is predicted to develop when the MEC reaches the optimum value for the cluster unit. In the case of the Mo9Se11 clusters, the optimum MEC has been determined to be equal to 36 [46]. Assuming ionic interactions between the cations and the clusters and a +1 valence state for the former, several cations such as Ag, In, Tl, or Rb may thus help to achieve an optimum MEC for the Mo9Se11 clusters. Varying the concentration of these cations may also allow a fine control of the electronic properties by adjusting the carrier concentration.

The thermoelectric potential of materials based on Mo9Se11 clusters has been first assessed on the AgxMo9Se11 series [30,31]. Based on the above-mentioned considerations, a semiconducting state is predicted to be reached for x = 4. Experimentally, the Ag content can be continuously varied between x = 3.41 and x = 3.81 leading to a gradual shift from a p-type metallic-like behavior (x = 3.41) to a p-type heavily-doped semiconducting state (x = 3.81) (Figure 6) [30,31]. Despite being close to the predicted threshold of x = 4.0, the highest Ag content achieved experimentally remains limited to x = 3.81. Recent high-resolution fluorescence-detection X-ray absorption spectroscopy (HERFD-XAS) and resonant inelastic X-ray scattering (RIXS) experiments have provided experimental evidence of the presence of subvalent Ag atoms [40], which contribute to limit the electronic properties to a heavilydoped regime. Hence, if the overall effect of Ag on the electronic properties can be fairly well understood by a rigid-band picture, these results nevertheless suggest that the evolution of the electronic structure with x is not entirely captured by this simple picture.

A c c e p t e d m a n u s c r i p t Although the maximum Ag content accessible is too low to reach a semiconducting behavior, the concomitant increase in the electrical resistivity and thermopower values result in a significant enhancement in the power factor leading to an optimum ZT values of 0.65 at 800 K for x = 3.81. This value higher than the maximum value achieved in the Chevrel phases demonstrating that many of these cluster compounds may show interesting thermoelectric properties at high temperatures.

Attempt at a semiconducting state by insertion of Cu atoms (up to y = 0.4) in the Ag3.6Mo9Se11 compound was unsuccessful [37], even though some enhancement in the power factor  2 / has been observed. Further adjustment of the hole concentration in the A c c e p t e d m a n u s c r i p t

AgxMo9Se11 series has been realized through isovalent substitutions and of Te or S for Se [36]. The substitution ranges of these two elements were found to be rather limited with maximum contents of 0.5. These concentrations were too low to significantly influence the transport properties resulting in ZT values comparable to those in unsubstituted samples [31].

Other elements such as Tl and Rb have been considered as possible alternatives to provide the missing charges to the Mo9Se11 cluster unit. The addition of Tl and Rb cations in the crystal structure has been successful, giving rise to two new cluster compounds of chemical compositions Ag2Tl2Mo9Se11 and Ag3RbMo9Se11 [32,38]. As mentioned above, these partial substitutions are accompanied by a change in the lattice symmetry from orthorhombic to hexagonal due to a different arrangement of the Mo9Se11 cluster units.

Based on their respective chemical compositions, both compounds are predicted to be semiconducting (i.e., 36 electrons per Mo9) if Ag, Rb, and Tl are monovalent. Unlike the AgxMo9Se11 compounds, this prediction has been verified experimentally with an electrical resistivity following a semiconducting-like temperature dependence (see Figure 5). These results suggest that the specific arrangement of the cluster unit can play an important role in determining the electronic properties of these compounds.

The transport properties of compounds built up from an equal mixture of Mo6Se8 i Se6 a and Mo9Se11 i Se6 a cluster units have so far been investigated only on the ternary compound Rb2Mo15Se19 [35] and on the quaternary compounds Ag3In2Mo15Se19 and Ag3Tl2Mo15Se19 [33,41]. The optimal MEC for the Mo6Se8 and Mo9Se11 clusters are equal to 24 and 36, respectively, yielding an optimum MEC of 60 for the Mo15Se19 clusters [33]. Due to the give rise to p-type metallic properties. Measurements of the thermoelectric properties at high temperatures have confirmed this prediction [35]. Further optimization of the thermoelectric properties of A2Mo15Se19 compounds implies the introduction of additional charges to bring the MEC closer to 60. Experimentally, this approach can be realized through the insertion of other cations such as Ag or Cu. The two compounds Ag3In2Mo15Se19 and Ag3Tl2Mo15Se19 provide two examples of such a strategy [33,41]. The presence of Ag helps to achieve heavily-doped semiconducting properties and hence, higher ZT values compared to ternary compositions with a peak value of 0.45 at 1100 K in Ag3In2Mo15Se19 [33].

The comparison of the electronic properties of both compounds nevertheless indicates that the above-mentioned charge counting scheme is somewhat too simple. The more metallic character of Ag3Tl2Mo15Se19 with respect to Ag3In2Mo15Se19 promotes the idea that the valence of the cations deviates from the expected +1 value [33,41]. The sensitivity of the transport properties to the nature of the cations should be further investigated by considering other combinations of elements. This might help to determine the important factors behind this behavior, thereby guiding the choice of the most judicious combinations leading to high thermoelectric performances.

One important aspect of the transport in these compounds is the presence of weaklydispersive valence bands that give rise to electron-like and hole-like contributions to the transport [30][31][32][33][34][35][36][37][38][39][40][41]. The contributions to the thermopower of these two types of carriers are of opposite sign and thus usually tend to lower the measured values. In spite of this Ag3In2Mo15Se19 compound [33], indicating that the presence of hole-like and electron-like contributions to the transport is neither tied to a particular cluster arrangement, nor to a specific cluster unit. The fact that so far most of the compounds studied exhibit this characteristic suggests that this property may prove to be universal in these materials. It seems therefore natural to ask whether other compounds containing Mo clusters of higher nuclearity may follow this trend or provide a mean to circumvent this problem.

Thermal properties

One of the distinguishing and common features of these materials is their extremely low lattice thermal conductivity L that is typically well below 1 W. m -1 . K -1 , with a value of 0.5 W.m -1 .K -1 often achieved at high temperatures [30,41]. The temperature dependence of L resembles that observed in amorphous systems, a remarkable physical property for a wellcrystallized compound (Figure 8) [49].

A c c e p t e d m a n u s c r i p t Several key characteristics of the crystal structure of these compounds likely concur to yield the observed very low, glass-like lattice thermal conductivity. In addition to the large unit cells that result in low phonon cut-off wave vectors [START_REF] Slack | Semiconductors and Semimetals[END_REF][START_REF] Mori | [END_REF], the large, anisotropic atomic displacement parameters (ADP) values of the cations (Table 1) likely lead to lowlying optical modes that cut the acoustic phonon dispersions. The phase space available for A c c e p t e d m a n u s c r i p t acoustic phonons is thus strongly reduced resulting in a significant reduction of the lattice thermal conductivity.

Table 1. Largest ADP values for the different cluster compounds determined by singlecrystal X-ray diffraction data at 300 K [19,32,33,38,41]. The difference in the stoichiometry of these single crystals and of the polycrystalline compounds is due to the high temperature used during the growth process that leads to a slight loss of Ag.

Ag3 [52,53]. In these minerals, the low-energy optical modes have been shown to be strongly anharmonic [52].

Because anharmonicity determines the scattering probability of phonons during phononphonon interactions, highly-anharmonic bonds favor these scattering events and, hence, help to maintain low lattice thermal conductivity upon increasing temperature. This anharmonicity can have several physical origins such as lone pair electrons [52][53][54], resonant bonds [55], and flat or double-well potentials felt by atoms in cages or tunnels for instance [START_REF] Safarik | [END_REF][57][58]. Among these possibilities, the presence of double-well potentials is suggested by the with a magnitude of the peak scaling with the Ag content. While such a peak can be usually well explained via simple models taking into account Einstein-like contributions, the temperature at which this peak is observed is too low to be reasonably accounted for by such models. Thus, this behavior might be due to some of the Ag cations experiencing double-well potentials. More systematic measurements of the low-temperature specific heat of other Mo-based cluster compounds would be worthwhile to determine whether such characteristic is universal in Mo-based cluster compounds.

Although phonon calculations may provide relevant information about the thermal properties of these compounds, the large number of atoms in the unit cell combined with the partial occupancies of the cations makes them highly challenging. It is thus clear that a deeper understanding of the relationships between the key characteristics of the crystal structure and the heat transport will benefit from detailed inelastic neutron and X-ray scattering experiments on both polycrystalline and single-crystalline compounds.

A c c e p t e d m a n u s c r i p t

Conclusion

Mo-based cluster compounds are a large class of materials in which interesting electronic and thermal phenomena have been evidenced over the last years. The Chevrel phases (based on Mo6 cluster units) are the most famous representatives of this class where superconductivity, magnetic orders, and thermoelectric properties have been studied in detail since their discovery. Despite compounds built by clusters of higher nuclearity (Mo9 up to Mo36) are known for several decades, it is not until recently, however, that their transport properties have been studied thoroughly. Their structural complexity is a key characteristic that can potentially result in extremely low lattice thermal conductivity which is one of the prerequisites to make them become potential candidates for thermoelectric applications. Over the last years, several theoretical and experimental studies have revealed that these phases have indeed interesting thermoelectric properties, some of them rivalling with more conventional thermoelectric materials.

While their electronic properties can be often well explained and predicted by simple valence electron counting rules, the microscopic origin of their thermal properties is less well understood. The large thermal displacement parameters of the cations inserted in the inter-cluster voids likely give rise to low-lying optical modes that strongly limit the available phase space for acoustic phonons. The anomalously large ADP values determined in some compounds point to the presence of double-well potentials, as observed in some clathrates, for instance. Further spectroscopic tools such as inelastic neutron scattering studies on both single-crystalline and polycrystalline specimens would be particularly illuminating and Given the large variety of crystal structures that can be synthesized with Mo-based cluster units as fundamental building blocks, the surface of this remarkably family of materials has been only barely scratched. Further combined experimental and theoretical studies on these compounds will likely lead to the discovery of efficient thermoelectric materials. Beyond the borders of thermoelectricity, the fact that cluster compounds are often prone to various lattice and electronic instabilities also makes studies of their lowtemperature transport properties an important area of fundamental interest.
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  s c r i p t nearly temperature-independent ADP values observed for the Tl and Rb cations in the Ag2Tl2Mo9Se11 and Ag3RbMo9Se11 compounds, respectively[32,38]. Similar values have been reported in the type-I clathrates Sr8Ga16Ge30 and Eu8Ga16Ge30 for which, Sr and Eu atoms are off-centered in their cages and can tunnel between potential minima[59][60][61][62][63]. Possible experimental evidence of this behavior in the AgxMo9Se11 series has been obtained by measurements of the specific heat down to 0.35 K[31]. Centered near 1 K, a peak in the lattice contribution to the specific heat when plotted as Cp/T 3 versus T has been evidenced
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  s c r i p t would provide a better understanding of the influence of these characteristics on the heat transport.

  

2.2 Crystal structuresThe AgxMo9Se11 (3.4 ≤ x ≤ 3.9) compounds crystallize in the orthorhombic space group Cmcm[30,31,36,37,40,42]. The building block of the crystal structure of these compounds is