Enhancement of Thermoelectric Performance Through Transport Properties Decorrelation in the Quaternary Pseudo-Hollandite Chalcogenide Rb0.2Ba0.4Cr5Se8
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ABSTRACT: The novel quaternary compound Rb0.2Ba0.4Cr5Se8 was synthesized and characterized in both single crystal and polycrystalline forms. Crystallizing in the monoclinic crystal system (space group C2/m, cell parameters a = 18.7071(4) Å, b = 3.6030(1) Å, c = 8.9637(3) Å, β = 104.494(2) °) and isostructural to pseudo-hollandite compounds, it features mixed Rb and Ba occupancy within its one-dimensional channels. High-temperature X-ray diffraction revealed no decomposition up to 973 K, and the thermal expansion coefficient at 300 K was determined to be 2.6(1)·10-5 K-1. Spin-polarized DFT calculations showed that the density of states for Rb0.2Ba0.4Cr5Se8 is more polarized than that of Ba0.5Cr5Se8, resulting in a higher Seebeck coefficient, which was experimentally confirmed to reach a peak value of 400 µV.K-1 at 620 K. Resistivity measurements indicated a degenerate semiconducting behavior below 550 K, with a resistivity peak of 100 mΩ.cm at that temperature, leading to a maximum power factor of 0.21 mW.m-1.K-2. Thermal conductivity measurements indicated low values around 0.8 W.m-1.K-1 in the 300 – 900 K range, resulting in a thermoelectric figure of merit of 0.22 at 873 K. Decorrelated transport properties observed in this double-inserted pseudo-hollandite compound make Rb0.2Ba0.4Cr5Se8 a good example of beneficial synergistic effects for higher thermoelectric performance.



INTRODUCTION
Transition metal chalcogenides (TMCs) have drawn significant attention in recent years for their remarkable transport properties stemming from their wide structural diversity.1–5 The complex structures commonly observed in TMCs are particularly compelling in the case of thermoelectric applications.6–8 Thermoelectric devices allow the conversion of heat into electricity and their efficiency is mostly depending on the figure of merit zT = S²T/ρ(+) of the implemented materials, S being the Seebeck coefficient, ρ the resistivity,  the electric thermal conductivity,  the lattice contribution to the thermal conductivity and T the absolute temperature. Highly doped degenerate semiconductors frequently exhibit remarkable thermoelectric performance, especially in compounds characterized by complex crystal structures.9 Consequently, there is a growing interest in developing new materials with tailored structural features and appropriate transport properties to enhance thermoelectric efficiency.
The pursuit of high-performance thermoelectric materials has led the scientific community to explore various strategies.7,9–14 One of them is to target materials having large voids or channels in their crystal structure, taking advantage of two benefits: (i) heightened phonon scattering due to the structural complexity induced by a large number of atoms per unit cell, and (ii) enhanced chemical flexibility enabling precise control of the charge carrier concentration through doping using a wide range of elements.9 In this context, TMCs embody all the desired characteristics, and are thus the focus of this paper.
An interesting family of materials among TMCs is the pseudo-hollandite series of compounds of typical formula AxM5X8 (A = Li, Na, K, Rb, Cs, Sr, Ba, Cd, In, Tl, Sn, and Pb; M = Sc, Ti, V, Cr; X = S, Se, Te).15–41 Characterized by a one-dimensional channel-like structure, these compounds consist of an anionic framework constructed from edge and face-sharing MX6 octahedra, creating spacious channels capable of accommodating an array of diverse cations. As evidenced by the large number of metals and chalcogenides stabilized in this structure type, this family of compounds offers a large playground for tuning the charge carrier concentration while maintaining low thermal conductivities due to pronounced phonon scattering. Various chemical systems within these hollandite derivatives were explored, in particular among chromium selenides. Notably, relatively high thermoelectric performance was achieved in some of them as exemplified by the zT value of 0.5 at 800 K for TlxCr5Se8.24 Furthermore, it appears that deviations from the classical monoclinic C2/m pseudo-hollandite structure (referred to as A-type) have been encountered as in Ba0.5Cr5Se8 where a lowering of symmetry was observed (space group P),15,25 and more recently with the examples of CsxCr5Te8 compounds exhibiting a different structural arrangement (referred to as B-type), favored by the presence of large cations within the channels.42 Building on these findings, the exploration on the chromium selenide hollandite derivatives was pursued, aiming at the discovery of new structures and transport properties through the insertion of two distinct cations inside the channels. This strategy was encouraged by the facts that first, the presence of large atoms can amplify phonon scattering, potentially inducing a decrease in the lattice thermal conductivity, and on the other hand, might result in a degenerate semiconducting behavior by moving the Fermi level position, eventually leading to high thermoelectric performance. Consequently, the preparation of a chromium selenide hollandite derivative with the insertion of both barium and rubidium atoms was considered. In this study, the existence of a quaternary pseudo-hollandite compound (A-type) incorporating two different cations within the channels is established, and its transport properties discussed.


EXPERIMENTAL SECTION
[bookmark: _Hlk169191472]Synthesis. Rb0.2Ba0.4Cr5Se8 single crystals were grown by the self-flux method in fused silica tubes from the Rb0.1Ba0.5Cr5Se8 nominal stoichiometry. Initially, BaSe precursor was prepared by mechanical alloying: Ba (rod, > 99 %) and Se (shots, 99.999 %) (2 x 2.5 g, balls/powder ratio 20/1, all reactants used as received from Alfa Aesar) were introduced under inert atmosphere (Ar) in 20 mL tungsten carbide jars and loaded into a planetary ball miller (Pulverisette 7 Premium line Fritsch) at 500 rpm during 30 minutes. The high purity of BaSe was confirmed by powder X-ray diffraction. Stoichiometric amounts of BaSe, Rb2CO3 (powder, -20 mesh, 99%), Cr (powder, -325 mesh, 99.9%) and Se (shots, 99.999%) were loaded in fused silica tubes under Ar atmosphere, then sealed under dynamic vacuum and heated at 500 °C in 6 h. The temperature was directly raised at 900 °C in 8 h and held constant for 48 h. The samples were slowly cooled to 200 °C in 96 h and allowed to reach room temperature. The result was the formation of shiny dark needles that remain stable in ambient air. Pictures of single crystals are presented in the Supplementary Information. Powder samples of Rb0.2Ba0.4Cr5Se8 (10 g) were obtained by mixing the appropriate stoichiometry from the same starting reagents as for the synthesis of single crystals. The reactants were first placed in a hardened steel grinding jar (65 mL) alongside two 12.6 mm hardened-steel balls under Ar atmosphere, and subsequently ball milled during 1 h in a SPEX 8000M vibratory mixer apparatus. The obtained powder was recovered in an Ar-filled glovebox, manually ground, pelletized in a Ø 10 mm steel die and then sealed under inert atmosphere in fused silica tubes. The mixture was heated to 200 °C at 100 °C/h and held at that temperature for 4 h. The temperature was then raised to 800 °C at a heating rate of 30 °C/h and kept constant for 48 h, before being cooled to room temperature in 8 h. It should be noted that this reaction results in the generation of CO2 gas as a by-product, leading to an increased pressure inside the sealed silica tube. However, this increase remains limited as the stoichiometry of rubidium carbonate is very low. For instance, in a tube of 12 mm inner diameter and 12 cm length, having a free volume of about 1.36·10-3 m3, the resulting CO2 pressure for the synthesis of 10 g of the title compound leads to a pressure of approx. 76 mbar, far below the atmospheric pressure. That being said, this must be kept in mind in the case of larger mass production.
Structural Characterization. Single crystals were picked up in air, isolated in silicon oil, and subsequently mounted on the goniometric head of a four-circles Rigaku XtaLAB Synergy-S diffractometer. X-ray diffraction data collection (Cu Kα (1.5418 Å) radiation) was performed on a single crystal of Rb0.2Ba0.4Cr5Se8. The CrysAlisPro software43 was employed for crystal shape determination and the data reduction. Absorption corrections based on the crystal morphology were successfully applied. Only reflections with I > 3σ(I) were used for the subsequent charge-flipping structure resolution from SUPERFLIP44 as well as the following refinement performed with Jana2006 software.45 All parameters were refined with an instability factor of 0.025. Atomic displacement parameters (ADP) were systematically anisotropically refined. Rb and Ba atoms in Rb0.2Ba0.4Cr5Se8 evidenced a partial occupation of the 2a crystallographic site, their ADPs thus being fixed as equal and their occupation forced to be complementary with a partial occupation of the site equal to 0.6 (see the “Crystal Structure Resolution” section for more details). The powder X-ray diffraction pattern of the densified sample was measured by a Rigaku Smart Lab 3 diffractometer (Cu radiation, λKα1 = 1.5418 Å, and λKα2 = 1.5444 Å, λKα2/λKα1 ratio of 0.5) with a step size of 0.02° and a scan speed of 2 °.min-1. The structural model was refined using the FULLPROF suite46 with the Le Bail method, yielding agreement values of Rp = 7.6 %, Rwp = 11.1 % and χ² = 1.63 (11 refined parameters). High-temperature powder X-ray diffraction (HT-XRD) patterns were carried out on the post-synthesis powder up to 973 K, using a Rigaku SmartLab 9 kW (monochromatic Cu radiation, λKα1 = 1.54056 Å) under dry N2 gas flow (1 L.min-1) with a step width of 0.02 ° and a scan speed of 1 °.min-1. The heating and cooling rates were 5 °C.min-1 each, and the temperature was held constant for 5 minutes before each measurement.
Physical Properties Characterization. Powders of the aforementioned compound were densified in 10 mm diameter graphite dies using an SPS DrSinter apparatus with a run under vacuum at 800 °C for 10 min (heating/cooling rates of 80 °C/min), and applying a pressure of 50 MPa before heating. The density of the obtained pellet measured by the Archimedes’ method was 5.406 g.cm-3, resulting in a relative density of 98.9 %. Seebeck coefficient and resistivity were measured simultaneously using a ZEM5 apparatus (ULVAC) on a 3 x 3 x 10 mm shaped bar. The charge carrier concentration was measured at room temperature by a Physical Property Measurement System (PPMS) using the Hall configuration under a magnetic field ranging from −9 to 9 T. Thermal conductivity was characterized by a NETZSCH 467 HyperFlash laser-flash apparatus on 10-mm diameter and 2-mm thickness pellets, coated with graphite. The heat capacity was estimated using the Dulong-Petit law. Uncertainties on the Seebeck coefficient, resistivity, power factor and figure of merit zT are 6 %, 8 %, 14% and 20 %, respectively.
Electronic Structure Calculations. Periodic spin-polarized density functional theory (DFT) calculations were carried out to provide insights into the electrical structural properties of the title compound. Structural optimizations were first performed using the VASP software version 5.4.1 47–49 with the Perdew, Burke and Ernzerhof (PBE) exchange-correlation functional50 and a cut-off energy of 350 eV. The non-stoichiometric unit cells of Ba0.5Cr5Se8 and Rb0.2Ba0.4Cr5Se8 were obtained from a 2 x 1 x 1 supercell (27 atoms in total) and a 1 x 5 x 1 supercell (136 atoms in total), respectively, that were sampled with a 6 x 6 x 6 Monkhorst-Pack k-points grid.51 VASP-relaxed structures were then used to compute the electronic density of states (DOS) with the WIEN2k code using the full-potential linearized augmented plane wave approach,52 employing the modified Becke-Johnson (mBJ) exchange-correlation potential53 with a plane-wave cut-off corresponding to RMT∙Kmax = 7. Total energy convergence was achieved with a Brillouin Zone (BZ) integration mesh of 500 k-points. Electronic transport coefficients were calculated within the linearized Boltzmann transport equation using the BoltzTrap2 code54 with a constant relaxation time for the electrons and assuming a rigid band structure55,56 with respect to the Fermi energy. 5000 k-points in the BZ were used to compute the band derivatives for transport calculations. The Seebeck coefficient (S) as function of the chemical potential (μ) that indicates the doping level or carrier concentration in the considered system, was calculated at 300 and 800 K. Positive and negative values of 𝜇 indicate n-type and p-type doping, respectively. 
RESULTS AND DISCUSSION[bookmark: _Ref155601537]Figure 1. Structural arrangement of the Rb0.2Ba0.4Cr5Se8 pseudo-hollandite compound (A-type). The partial occupancies of both Rb (brown) and Ba (orange) cations within the channels are represented by fragmented spheres.

Crystal Structure Solution and Refinement. Rb0.2Ba0.4Cr5Se8 crystallizes in the pseudo-hollandite A-type structure, as commonly encountered for the AxM5Se8 reported structures (A = alkali/alkaline-earth, M = transition metal), with a mixed occupancy of Rb and Ba atoms on the 2a site inside the channels (Figure 1). Examination of single-crystal X-ray diffraction frames unveiled the monoclinic symmetry, which interestingly differs from that of Ba0.5Cr5Se8 exhibiting triclinic symmetry (space group P).15 This difference led to further investigation on the possibility of either exclusive Rb insertion, supported by the existence of RbCr5Se8,17,30,31 or simultaneous insertion of both Rb and Ba. Data reduction was made in the monoclinic symmetry, using a numerical absorption correction with spherical harmonics model, and the space group was confirmed to be C2/m. 
The initial structure solution obtained from Superflip yielded the expected anionic framework built of CrSe6 octahedra, and the so-formed channels were filled with Rb atoms respective to the RbCr5Se8 stoichiometry at first to evaluate the possibility of being in the presence of this latter compound. Atomic positions and anisotropic ADPs were refined with an instability factor of 0.025, resulting in a refined model with a R value of 3.94 % and GOF = 3.28. Rb occupation in the channels was then refined, yielding at this point the Rb0.809Cr5Se8 composition with R = 2.65 % and GOF = 1.71. However, this model exhibited significant electronic residues in Fourier difference maps, thus appeared unacceptable. Additionally, complementary energy dispersive X-ray spectroscopy (EDS) experiments on multiple single crystals confirmed the presence of both Rb and Ba cations. Consequently, the splitting of the Rb atom site involving a partial Rb/Ba occupation was considered. The nominal composition being Rb0.1Ba0.5Cr5Se8, 60 % of the crystallographic site (2a) is expected to be occupied by cations, therefore the total occupancy of both Rb and Ba atoms were fixed accordingly. Ba relative occupancy was adjusted such that Rb and Ba atoms occupy 10 % and 50 % of the cationic site, respectively, consistent with the Rb0.1Ba0.5Cr5Se8 nominal composition. ADPs and atomic positions of the cationic atoms were constrained to be equal. Subsequent refinement led to an improved model with an R value of 2.43 % and GOF = 1.44. Occupancies of the cationic atoms were then refined and a final refinement process including extinction correction granted the title compound Rb0.213(5)Ba0.387(5)Cr5Se8, agreement values dropping to R = 1.72 % and GOF = 1.05. Examination of Fourier difference maps confirmed minimal electronic residues (< 0.66 e-.Å-3), validating the accuracy of this structural model. Counting the charges, both Rb and Ba contributions lead to a total of 0.987 electrons conceded to the Cr5Se8 anionic framework, closely approaching the expected value of one electron for this polar chromium selenide as in Ba0.5Cr5Se8. Detailed crystallographic data, including structure resolution details, are provided in Table 1. Refined coordinates and ADPs are displayed in Table 2 and the main interatomic distances are summarized in Table 3.
[bookmark: _Ref155601815]Table 1. Crystallographic Data of Rb0.2Ba0.4Cr5Se8 from the Single-crystal X-ray Diffraction Study
	Formula
	Rb0.2Ba0.4Cr5Se8

	Structural type
	A (pseudo-hollandite)

	Molar mass (g.mol-1)
	963.68

	Crystal system
	Monoclinic

	Space group
	C2/m (12)

	[bookmark: _Hlk155608446]a (Å)
	18.7071(4)

	b (Å)
	3.6030(1)

	c (Å)
	8.9637(3)

	β (°)
	104.494(2)

	V (Å3)
	584.94(3)

	Z
	2

	Calculated density (g.cm-3)
	5.4676

	Data collection

	T (K)
	293

	Crystal description
	Black needle

	Crystal dimensions (mm3)
	0.016 x 0.014 x 0.163

	Radiation
	Cu (1.54184 Å)

	μ(Cu Kα) (mm-1)
	76.137

	2θ limits (°)
	4.86 – 75.48

	hkl range
	–22 < h < 22
–3 < k < 4
–11 < l < 11

	Measured reflections
	5486

	Data reduction

	Independent reflections
	718

	Independent reflections with I > 3σ(I)
	704

	Rint
	0.0221

	Transmission factors
	0.155 – 1

	Refinement

	RF2 (obs/all)
	0.0172/0.0281

	RWP (obs/all)
	0.0176/0.0289

	Goodness of fit
	1.05

	Refined parameters
	47

	Δρmin/Δρmax (e-.Å-3)
	–0.66/0.53



Crystal Structure Discussion. The existence of the double inserted Rb0.2Ba0.4Cr5Se8 crystallizing in the classical pseudo hollandite structure reveals that the presence of a large cation such as Rb (atomic radius = 2.35 Å) in the channel stabilizes this structure-type. Indeed, Ba0.5Cr5Se8 exhibits a lowering of symmetry towards the triclinic space group P which results from a distortion of the arrangement of CrSe6 octahedra in the anionic framework.15 As a consequence, the distortion of the anionic framework is reduced when both Rb and Ba are inserted, this behavior being explained by the presence of Rb atoms which, even in a limited amount, stabilizes the classical pseudo-hollandite structure type (A-type). Such an effect has already been encountered, as the presence of large cation like Rb (atomic radius = 2.35 Å) or Cs (atomic radius = 2.60 Å) in the channels were proved to modify the structure from the A-type pseudo-hollandite to the B-type hollandite-like compounds, in which the arrangement of the channels differs.18,19,42 Notably, the range of compositions for a given structural type can be narrow, exemplified by Rb0.62Cr5Te8 and Rb0.73Cr5Te8 which are of A-type and B-type, respectively.19,20 Furthermore, it can be noted that the title compound finds a notable stability with the Rb0.2Ba0.4Cr5Se8 particular composition, involving a site occupancy of 60 % on the cation site (2a). This includes a Ba amount approximately twice as large as that of Rb, indicating that other intermediate compositions, away from classical (A2+)0.5Cr5Se8 or A’Cr5Se8 (A = alkaline earth; A’ = alkaline), can be obtained within this family of compounds. This opens up further possibilities when considering adjusting the charge carrier concentration and doping level in such compounds.
The cell parameters of the title compound (a = 18.7071(4) Å, b = 3.6030(1) Å, c = 8.9637(3) Å, β = 104.494(2) °) closely aligns with those of other pseudo-hollandite compounds such as TlxCr5Se8,24 KCr5Se8,17 or NaCr5Se8.17 They are however slightly smaller than those of RbCr5Se8 and CsCr5Se8.17,30,31 This may be explained by both a higher amount and a larger atomic radius of the inserted cations in these two compounds. A large anisotropic atomic displacement parameter is observed along the channel direction (b-axis) as reflected by extended values of U22 = 0.08 Å2, manifold larger than those in other directions (Table 2). This phenomenon is recurrent in several pseudo-hollandite compounds, particularly in the cases of partially-filled compounds such as TlxCr5Se8,24 TlxV5S8,34 AxCr5Se8 (A = Rb, Cs)22 or B-type A’xCr5Te8.(A’ = Rb, Cs).19,42 It can be attributed to the relatively low geometrical restrictions of these cations along the b-axis (channel axis) compared to other directions, due to the presence of the channel walls. In addition, it can be further accentuated by the presence of vacancies of the 2a cationic site as 40 % of the site remains unoccupied, resulting in a potential cationic disorder. 
The Cr‒Se bond lengths range from 2.4814(4) to 2.6211(4) Å, consistent with those observed in other chromium selenide pseudo-hollandites (Table 3). Notably, the principal short Cr‒Cr distance in the title compound (Cr(2)‒Cr(3) = 3.0631(7) Å) is slightly longer than that in RbCr5Se8 (3.0568(4) Å) and CsCr5Se8 (3.0480(4) Å).30 This trend aligns with the increasing size of the inserted cations in the ACr5Se8 (A = Rb/Ba, Rb, Cs) series, resulting in a larger intercationic distance in the channels (Rb/Ba‒Rb/Ba = 3.6030(1) Å, Rb‒Rb = 3.623(1) Å, Cs‒Cs = 3.637(1) Å), and a more constricted anionic framework in the pseudo-hollandites inserted with large-radius cations. 
[bookmark: _Ref155602876]Table 2. Refined Coordinates and Atomic Displacement Parameters for Rb0.2Ba0.4Cr5Se8 (Estimated Standard Deviations are Given in Brackets).
	Atom
	Wyckoff 
position
	SOF
	x
	y
	z
	Uiso
	U11 (Å2)
	U22 (Å2)
	U33 (Å2)
	U13 (Å2)

	Rb
	2a
	0.213(5)
	0
	0
	0
	0.0426(3)
	0.0268(4)
	0.0800(7)
	0.0179(4)
	0.0000(3)

	Ba
	2a
	0.387(5)
	0
	0
	0
	0.0426(3)
	0.0268(4)
	0.0800(7)
	0.0179(4)
	0.0000(3)

	Cr1
	2d
	1
	0
	½
	½
	0.0096(2)
	0.0095(3)
	0.0078(4)
	0.0110(4)
	0.0014(3)

	Cr2
	4i
	1
	0.8427(1)
	0
	0.5174(1)
	0.0096(2)
	0.0089(3)
	0.0080(3)
	0.0118(3)
	0.0026(2)

	Cr3
	4i
	1
	0.7951(1)
	0
	0.1647(1)
	0.0092(2)
	0.0091(3)
	0.0078(3)
	0.0100(3)
	0.0012(2)

	Se1
	4i
	1
	0.9262(1)
	0
	0.3382(1)
	0.0098(2)
	0.0085(2)
	0.0078(2)
	0.0121(2)
	0.0006 (2)

	Se2
	4i
	1
	0.9145(1)
	½
	0.6783(1)
	0.0108(1)
	0.0103(2)
	0.0090(2)
	0.0128(2)
	0.0022(2)

	Se3
	4i
	1
	0.6682(1)
	0
	-0.0061(1)
	0.0103(2)
	0.0110(2)
	0.0086(2)
	0.0108(2)
	0.0017 (2)

	Se4
	4i
	1
	0.7396(1)
	0
	0.6576(1)
	0.0093(2)
	0.0095(2)
	0.0070(2)
	0.0117(2)
	0.0032(2)



[bookmark: _Ref155602882]Table 3. Interatomic Distances (Å) in Rb0.2Ba0.4Cr5Se8 (Estimated Standard Deviations are Given in Brackets).
	CrSe2
layer (ab plane)
	Cr1–Se1
	2.5004(2) 
x 4
	Bridging Cr–Se octahedra
	Cr3–Se1
	2.5547(4)
	A–Se
	Rb/Ba–Se1
	3.6322(3) 
x 2

	
	Cr1–Se2
	2.5279(4) 
x 2
	
	Cr3–Se3
	2.4819(4)
	
	Rb/Ba–Se2
	3.4369(3) 
x 4

	
	Cr2–Se1
	2.5050(7)
	
	Cr3–Se3
	2.4952(4) 
x 2
	
	Rb/Ba–Se3
	3.6379(3) 
x 4

	
	Cr2–Se2
	2.4814(4) 
x 2
	
	Cr3–Se4
	2.5931(4) 
x 2
	
	
	

	
	Cr2–Se4
	2.5513(7)
	
	
	
	
	
	

	
	Cr2–Se4
	2.6211(4) 
x 2
	
	
	
	
	
	

	Principal short 
Se–Se
	Se1–Se1
	3.4678(3)
	Principal short 
Cr–Cr
	Cr2–Cr3
	3.0631(7)
	Principal short 
A–A
	A–A (A = Rb, Ba)
	3.6030(1)

	
	Se4–Se4
	3.4532(4)
	
	
	
	
	
	



Bulk Rb0.2Ba0.4Cr5Se8 investigation. A pure powdered sample of the title compound was synthesized and densified by spark plasma sintering (SPS). The powder X-ray diffraction pattern and refined structural model are displayed in Figure 2. Results suggest the presence of a single phase with the cell parameters a = 18.7128(4) Å, b = 3.6024(2) Å, c = 8.9604(2) Å and β = 104.522(1) °, comparing well with those obtained from the single-crystal X-ray diffraction study. HT-XRD patterns were measured to assess the thermal stability of the title compound, in particular possible degradation or decomposition into secondary phases with rising temperature. The results are sketched in Figure 3. Up to 973 K under inert atmosphere (N2), Rb0.2Ba0.4Cr5Se8 exhibits no particular degradation or decomposition, as no secondary phases were detected with increasing temperature. Subsequent Le Bail refinements of the structural models matching recorded patterns were carried out and provided the evolution of the unit cell volume of the title compound with temperature variation (Figure 4). The thermal expansion coefficient of Rb0.2Ba0.4Cr5Se8 was consequently determined to be 2.6(1).10-5 K-1 at 300 K. This value is of high interest as the thermal expansion of thermoelectric materials is a critical parameter in the implementation of a given material in thermoelectric devices.57[bookmark: _Ref155622759]Figure 2. Powder X-ray diffraction pattern of a densified Rb0.2Ba0.4Cr5Se8 sample, refined with the Le Bail method. The experimental data are plotted in red dots, the refined model in black, the difference curve in blue and the Bragg reflections are displayed in green bars.

An electron dispersive X-ray spectroscopy analysis was carried out on the densified sample (Figure 5), revealing a good chemical homogeneity with the presence of all elements of the quaternary compound. Quantitative analyses performed on three different zones of the sample resulted in the averaged chemical composition Rb0.19(2)Ba0.34(2)Cr4.95(12)Se8, closely aligning  with the composition of the title compound. Traces of CrO2 could locally be detected, most probably resulting from the carbonate starting reactant, but remain marginal as no evidence of a CrO2 phase could be detected with respect to powder X-ray diffraction. Additional EDS characterizations are presented in the Supplementary Information.[bookmark: _Ref155623650]Figure 3. HT-XRD patterns showing the thermal stability of the crystal structure of Rb0.2Ba0.4Cr5Se8 with temperature up to 973 K.
[bookmark: _Ref161855471]Figure 4 - Volume of the unit cell as a function of temperature, allowing the determination of the linear thermal expansion coefficient (2.6(1).10-5 K-1 at 300 K)

Theoretical Investigation. Density functional theory calculations were carried out to obtain insights on the expected electronic and transport properties of Rb0.2Ba0.4Cr5Se8 (see the Experimental Section for the computational details). Its density of states (DOS) is shown in Figure 6 and compared to that of isoelectronic Ba0.5Cr5Se8. In both cases, the DOS around the Fermi level is predominantly Cr and Se in character with hardly any participation of the cations. If we assume a complete charge transfer from the inserted cation to the chromium-selenium framework ((Rb0.2)+(Ba0.4)2+[Cr5Se8]− and (Ba0.5)2+[Cr5Se8]−), a semiconducting behavior is expected for both compounds – which was well characterized experimentally for Ba0.5Cr5Se8.15,25  Indeed, this is confirmed computationally with a favorable band gap of ca. 0.5 eV for Rb0.2Ba0.4Cr5Se8 and ca. 1 eV for Ba0.5Cr5Se8. With a smaller band gap, we expect that the resistivity of the former compound should be lower than that of the latter one. Another interesting point is that the spin-up and spin-down total and Cr-projected DOS strongly differ, demonstrating a firmly polarized DOS compared to that of Ba0.5Cr5Se8 which shows no particular spin-related difference (see Figure 6). The computed DOS near the Fermi level suggests the presence of multiple bands with a small band-gap which could in turn lead to a significant contribution of minority carriers in the electrical conduction.[bookmark: _Ref155624345]Figure 5. Energy Dispersive X-ray Spectroscopy (EDS) of a densified sample of Rb0.2Ba0.4Cr5Se8. The measured samples exhibited a chemical composition of Rb0.19(2)Ba0.34(2)Cr4.95(12)Se8, matching that of both nominal composition and single-crystal X-ray diffraction experiments.


Figure 6. Spin-polarized total and atom-projected DOS of Rb0.2Ba0.4Cr5Se8 (left) and Ba0.5Cr5Se8 (right).
The Seebeck coefficient (thermopower) as function of the chemical potential was computed for Rb0.2Ba0.4Cr5Se8 and Ba0.5Cr5Se8 for comparison (see the Experimental Section for the computational details). As shown in Figure 7, it is very sensitive to the chemical potential and temperature. At both temperatures, high peak values of the Seebeck coefficient are computed for p-type and n-type doping at 300 K and 800 K in the vicinity of the Fermi level ( = 0 eV), which indicates that fairly large values of S can be attained upon p-type or n-type doping.  Interestingly, peak values computed for Rb0.2Ba0.4Cr5Se8 are higher than those computed for Ba0.5Cr5Se8 (1700 vs. μV.K-1 at 300 K for instance for p-type). This is in agreement with experiments which show thermopower higher for the former than for the latter (vide supra). We note as well that the S curve for Rb0.2Ba0.4Cr5Se8 is more ‘complex’ than that for Ba0.5Cr5Se8 due a more spin-polarized DOS for the former.
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Figure 7. Seebeck coefficient (S) as a function of the chemical potential () computed for Rb0.2Ba0.4Cr5Se8 (left) and Ba0.5Cr5Se8 (right), at 300 K (blue line) and 800 K (red line).
Transport Properties. Transport properties of Rb0.2Ba0.4Cr5Se8 were measured on a densified sample. The Seebeck coefficient, electrical resistivity and resulting power factor are displayed in Figure 8, including those of other pertinent pseudo-hollandites for comparison. The Seebeck coefficient of Rb0.2Ba0.4Cr5Se8 remains positive across the entire temperature range, indicating that holes are the dominant charge carriers in this compound. Thermopower values increase with temperature until reaching a peak value of about 400 µV.K-1 at 620 K, followed by a decrease at higher temperatures, attributed to the thermal activation of minority carriers. The Seebeck coefficient evolution with temperature is similar to that of Ba0.5Cr5Se8, with the notable distinction that the absolute values for Rb0.2Ba0.4Cr5Se8 are substantially higher throughout the temperature range, an advantageous characteristic regarding thermoelectric performance. The charge carrier concentration (p) was measured to be 1.7 x 1019 cm-3 at 300 K. This value is slightly lower than that of TlxCr5Se8 (4.5 x 1019 cm-3 at 300 K) for instance,24 which is consistent with the increased Seebeck coefficient observed in Rb0.2Ba0.4Cr5Se8. It is however significantly higher than the value measured for Ba0.5Cr5Se8 (4.4 x 1018 cm-3),15 in good agreement with the intrinsic semiconducting behavior observed in the latter compound.
The resistivity of Rb0.2Ba0.4Cr5Se8 is displayed in Figure 8b. It is measured to be about 65 mΩ.cm at room temperature, then increases with temperature to a maximum value of 100 mΩ.cm at 550 K before decreasing with further temperature elevation, revealing a transition from a degenerate semiconductor conduction mode to a non-degenerate conductive behavior above 550 K. Rb0.2Ba0.4Cr5Se8 exhibits a distinct conductive behavior compared to Ba0.5Cr5Se8, which presents a semiconducting behavior on the entire temperature range.15,25 This discrepancy is attributed to a slightly different Fermi level position, expected to reside in the band gap for Ba0.5Cr5Se8. It thus appears that the somewhat complex band structure of Rb0.2Ba0.4Cr5Se8 near the Fermi level induces the latter to lie inside the valence band, near the band edge, resulting in a degenerate semiconductor behavior below 550 K for this compound. When temperature rises up, the dispersion of the bands causes the Fermi level to shift away from the valence band, ending up in the bandgap and thus inducing a semiconducting behavior, as observed in Cu2SnSe3 for instance.58 As often observed for small band-gap semiconductors,59 the thermal activation of minority carriers above 550 K might also trigger hole-electron recombination and induce bipolar conduction, resulting in an increase of carrier concentration and a decrease of the Seebeck coefficient with temperature which is consistently observed experimentally.[bookmark: _Ref155628334]Figure 8. Transport properties of Rb0.2Ba0.4Cr5Se8 and comparison with Ba0.5Cr5Se8 and TlxCr5Se8 pseudo-hollandites. a) Seebeck coefficient, b) Resistivity and c) Power Factor.

Furthermore, the electrical conduction behavior of Rb0.2Ba0.4Cr5Se8 present similarities with that of TlxCr5Se8, as the latter was reported to exhibit a metallic conductive behavior due to Tl deficiency in the temperature range of 200 – 750 K.24 This observation supports the fact that the Fermi level reside deeper in the valence band in TlxCr5Se8 compared to Rb0.2Ba0.4Cr5Se8, resulting in an increased hole concentration, enhanced mobility, and subsequently lower resistivity in TlxCr5Se8.24 Rb0.2Ba0.4Cr5Se8 thus stands as an intermediate case between a semiconductor (Ba0.5Cr5Se8) and a highly degenerated semiconductor (TlxCr5Se8).
Remarkably, a clear decorrelation of the electrical transport properties can be observed in Rb0.2Ba0.4Cr5Se8, especially when compared to Ba0.5Cr5Se8.  A first decorrelation of the Seebeck coefficient and the resistivity was observed in the solid solution Ba0.5+xCr5Se8 (0 < x < 0.05). Indeed, the excess of Ba in the Ba0.5+xCr5Se8 solid solution led to a decrease in the Seebeck coefficient and an increased resistivity.25 In the case of Rb0.2Ba0.4Cr5Se8, the opposite decorrelation is found, as the Seebeck coefficient is observed to increase while the resistivity decreases when compared to Ba0.5Cr5Se8. This decorrelation might be explained by the evolution of the density of states effective mass resulting from a slight variation of the band structure near the Fermi level. In particular, the hole effective mass m* was calculated and compared for both Ba0.5Cr5Se8 and Rb0.2Ba0.4Cr5Se8 in the parabolic band structure approximation at 300 K, yielding values of about 0.3 m0 and 1.1 m0, respectively. These absolute values must be taken with great care, however allow comparison between both compounds, as the higher effective mass of Rb0.2Ba0.4Cr5Se8 can be well explained by its degenerate semiconducting behavior at 300 K. Such a situation was also encountered in other several chalcogenides, including isostructural TlxCr5Se8,24 or the copper selenides Cu2SnSe3 and Cu3SbSe4 for instance, where a partially degenerate conductive behavior was observed as well.58,60,61 The synergistic increase of the Seebeck coefficient and decrease of resistivity in Rb0.2Ba0.4Cr5Se8 is beneficial for the thermoelectric properties optimization, as it leads to an enhanced maximum power factor of 0.20 mW.m-1.K-2 at 850 K, substantially higher than that of Ba0.5Cr5Se8 (0.12 mW.m-1.K-2 at 830 K, see Figure 8c). The mobility of the charge carriers () was calculated to be 5.5 cm2.V-1.s-1 at room temperature, slightly higher than the value reported for Ba0.5Cr5Se8 which is below 5 cm2.V-1.s-1,25 but about half that of TlxCr5Se8 (10 cm2.V-1.s-1).24 This explains why the power factor still remains higher for the latter compound in the studied temperature range.
The thermal conductivity of the title compound exhibits a gradual decrease with temperature from room temperature to a minimum value of about 0.8 W.m-1.K-1 at 773 K (Figure 9a). Both Rb0.2Ba0.4Cr5Se8 and Ba0.5Cr5Se8 exhibit a similar thermal conductivity behavior, with the former exhibiting slightly lower values while still falling within the standard deviation range with respect to the latter. However, this subtle decrease may stem from a heightened phonon scattering mechanism in Rb0.2Ba0.4Cr5Se8, due to the high atomic mass fluctuation inside the channels in the double-inserted pseudo-hollandite. A slight increase is also observed from 750 K upwards, consistent with the thermal activation of minority carriers contributing to the electrical thermal conductivity component (Figure 9b). Nevertheless, the total thermal conductivity remains largely dominated by the lattice thermal part which maintains low values (between 0.75 and 0.82 W.m-1.K-1). Notably, it can be observed that TlxCr5Se8 exhibits lower thermal conductivity values, primarily caused by a heavier element (Tl) in the channel than Rb or Ba, inducing a stronger local mass fluctuation which in turn promotes phonon scattering and thus a lower lattice thermal conductivity. These characteristics result in very low thermal conductivity materials, a desirable feature for achieving high-performance thermoelectric materials.Figure 9 – a) Total thermal conductivity of Rb0.2Ba0.4Cr5Se8, and comparison to other pseudo-hollandites (Ba0.5Cr5Se8 and TlxCr5Se8). b) Electronic and lattice contributions to the thermal conductivity of Rb0.2Ba0.4Cr5Se8.

The figure of merit of Rb0.2Ba0.4Cr5Se8 was evaluated to determine its thermoelectric efficiency (Figure 10). Values rise from about 0.05 at 300 K to a peak value of 0.22 at 873 K. In particular, its figure of merit exhibits substantially larger values than Ba0.5Cr5Se8 on the entire temperature range. This enhancement is attributed to an enhanced power factor due to synergistic effects on the electrical transport properties and a slightly lower thermal conductivity resulting from the presence of both Rb and Ba cations inside the channels. Although its performance falls short of that of TlxCr5Se8, primarily due to the high level of degeneracy leading to a low resistivity in the latter compound, Rb0.2Ba0.4Cr5Se8 presents a notably higher thermopower. These findings suggest promising avenues for future thermoelectric optimizations within the double-inserted pseudo-hollandite family of compounds.

[bookmark: _Ref155631869]Figure 10. Evolution of the thermoelectric figure of merit of Rb0.2Ba0.4Cr5Se8 (black) and comparison with other pseudo-hollandite compounds (Ba0.5Cr5Se8 in red and TlxCr5Se8 in green).

CONCLUSION
In this study, a novel quaternary pseudo-hollandite Rb0.2Ba0.4Cr5Se8 was successfully synthesized and characterized to elucidate its structural and transport properties. Single crystals were grown, and detailed single-crystal X-ray diffraction analysis revealed a one-dimensional structure with mixed occupancy of Rb and Ba atoms within the channels. The observed anisotropic atomic displacement parameters were attributed to atomic disorder on the cationic site 2a in the space group C2/m. Polycrystalline samples were synthesized and confirmed as single phase by powder X-ray diffraction. High-temperature X-ray diffraction patterns indicated the compound's thermal stability without decomposing into secondary phases. The thermal expansion coefficient, a critical factor for device implementation, was determined to be 2.6(1) × 10-5 K-1 at 300 K, representing to the best of our knowledge the first reported value in hollandite derivatives. A theoretical investigation unveiled the density of states distribution and Seebeck coefficient of both Rb0.2Ba0.4Cr5Se8 and Ba0.5Cr5Se8, providing insights into the transport properties of both compounds. Resistivity measurements of the title compound demonstrated an intermediate electrical conductive mode, in particular a partially degenerate semiconducting behavior from 300 to 873 K. Thermal conductivity measurements indicated values below 1 W.m-1.K-1, slightly lower than Ba0.5Cr5Se8 but higher than TlxCr5Se8. Conversely, the Seebeck coefficient is consistently higher, reaching a maximum of 400 µV.K-1 at 620 K. The decorrelated transport properties induced by an increased hole effective mass contribute to a larger figure of merit for Rb0.2Ba0.4Cr5Se8 compared to that of Ba0.5Cr5Se8, with a maximum value of 0.22 at 673 K, surpassing that of Ba0.5Cr5Se8 (0.12 at 835 K). While TlxCr5Se8 remains the most efficient thermoelectric material in this family of compounds, the toxicity of thallium makes Rb0.2Ba0.4Cr5Se8 a decent alternative. Overall, this study highlights the potential of double-inserted pseudo-hollandites as promising candidates for achieving high-performance thermoelectric materials.
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Synopsis:
A novel quaternary pseudo-hollandite Rb0.2Ba0.4Cr5Se8 inserted with both Rb and Ba in the quasi-one-dimensional channel structure was synthesized and characterized in this study. A decorrelation of the transport properties was observed, leading to a significant improvement of the thermoelectric properties in this compound.
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