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ABSTRACT 

 

Through this investigation, complex chalcogenides with the combination of main 

group metals, transition metals, and rare earth metals have been synthesized using the 

building block approach and their structure-property relationships are evaluated. The main 

emphasis of research is on rationally designing new materials for applications in sodium 

and lithium ion conducting solid electrolytes, cathodes, thermoelectrics, and nonlinear 

optics. Along with the experimental studies, theoretical calculations are also employed to 

better understand the physicochemical properties of the synthesized compounds. 

The first part of the research will discuss designing alkali ion containing complex 

chalcogenides using the building block approach. This investigation resulted in the 

discovery of several new compounds with unique crystal structures and fascinating 

physicochemical properties namely, facile sodium ion diffusion with ionic conductivities 

reaching up to 0.12 mS/cm in interpenetrated structure Na3ZnGaQ4 (Q = S, Se), 

metamagnetic behavior in LiMnPS4, promising harmonic signals with high laser-induced 

damage threshold in Na8Mn2(Ge2Se6)2. 

The second part of the research will discuss the synthesis and characterization of 

complex chalcogenides for thermoelectric applications. In this study, interplay between 

composition and disorder in tuning thermoelectric properties is investigated in the 

makovickyite and pekoite-aikinite family of compounds. Through this investigation ultra-

low thermal conductivities (<0.7 W/m.K) are achieved, which  in combination with high 

Seebeck coefficients led to moderate zT values  (0.1 – 0.2). 
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1. INTRODUCTION 

 

Technological innovation is driven by the discovery and characterization of 

materials. More specifically, solid state compounds have been the foundation of electronics 

industry and many emerging technologies.1 For example, LiCoO2 revolutionized Li-ion 

batteries that are now essential to portable electronics such as laptops and cell phones.2 

Semiconductors such as Si and GaAs which improved telecommunication systems and led 

to discovery of transistors, LEDs, and lasers.3 While some of these materials found 

potential applications immediately after their discovery, others had to wait for a long time 

before an application was identified. As such every new material has some value for future 

research, even when an immediate application is not found. Therefore, it is not surprising 

that new materials discovery remains an extremely active field of research.4-8 The potential 

to tailor the materials properties towards target application is the basis of modern materials 

design and engineering, which is often limited by our accessible materials space. In recent 

years, there has been a growing interest on moving away from the historical, traditional, 

slow, and serendipitous trial-and-error methods of discovering and developing new 

materials.9-17 To accelerate the pace of materials discovery, fundamental understanding on 

materials formation chemistry needs to be strengthened. Any solid-state synthetic chemist 

must chase some of these fundamental questions: How to rationally form target materials? 

What critical factors lead to the formation of these materials? How to target materials for 

specific application? 

In general, experimental chemists rely on theory-based calculations to synthesize 

phases that have been predicted to be stable instead of wasting time chasing compositions 
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which may or may not lead to a new phase formation under any achievable conditions. 

Figure 1.1. shows the comparison between computational databases and number of 

publications resulted from experiments.18 It is clear that only a small portion of 

computationally discovered phases are experimentally realized. 

 

                                 

 

 

Figure 1.1. (a) Total number of compounds contained within the Inorganic Crystal 

Structure Database (ICSD) and computational databases. These values do not reflect 

the extent of the information in each entry. (b) The number of publications returned in 

from a Scopus search using query terms ‘materials design’. (Reprinted with permission 

from ref 18. Copyright 2018 IOP Publishing Ltd) 
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However, computational difficulty in ab initio structure prediction for complex 

systems (ternary and quaternary) is a major limitation in predicting stable phases. High-

throughput calculations often take cues from a library of known structures and 

compositions that are calculated to be stable. These computationally predicted stable 

phases may not be synthesizable for a variety of reasons. The incomplete library with one 

stable structure missing, would fail to predict the compositions that are stable in the missing 

structure. This approach leads to an inaccurate result as it ignores the possibility of forming 

the competing phases resulting from the missing compounds. 

 

 

However, there exists many challenges in this materials discovery approach. First, 

lack of close integration between the exploratory synthesis and computational design of 

materials; second, complex chemistries between the reactants and the reaction pathways 

Figure 1.2. Energy landscape of phases that are stabilized in different temperature 

regimes. (Reprinted with permission from ref 9. Copyright 2017, American Chemical 

Society)  



4 
 

that often depend on thermodynamic and kinetic factors. Identification of reaction 

mechanism in solid state compounds is extremely difficult but is an important step towards 

rational design of materials.9 

Organic chemists use certain well-known reaction types to install functional groups 

or form specific bonds. Whereas such option is not applicable in extended solid-state 

materials because of the limited predictive tools in synthesis methods used. In a traditional 

solid-state synthesis, the reaction partners must come sufficiently close to react. But this 

diffusion process in solid media requires high thermal activation, resulting no control over 

the reaction and the product formation. Traditional solid-state reactions involve continuous 

change of atomic positions until a thermodynamic equilibrium is reached. During this 

process, many metastable phases with various lifetimes may form and disappear before a 

thermodynamically stable product forms (Figure 1.2). In molecular chemistry, short-lived 

intermediates form from the elementary reactions before the final product is formed. In 

case of a solid-state reactions, prolonged reaction time at high temperatures limit the 

control over the reaction products. Because of this predominant thermodynamic control of 

the reaction processes, the possibilities for a rational design of synthesis towards a target 

compound appears to be severely limited. Solid state synthetic chemistry has not developed 

to the extent to rationally synthesize an unknown solid compound with a prescribed 

structure and target properties. 

While realization of new crystal structures is an important goal of solid state 

chemistry, synthesizing new compounds in a rational manner for possible application is 

considered the ultimate objective of modern solid state chemistry. To achieve this goal, it 

is important to understand the structure and bonding of solid state materials.17 In this 
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context, solid state chemists are in pursuit of modifying and evolving new synthetic 

approaches. Intuition driven new synthetic approaches can potentially pursue discovery of 

materials that may have been overlooked by computational approaches. 

Chalcogenides constitute compounds with diverse structures and compositions and 

considered as important class of compounds after organic compounds and metal oxides. 

Compounds containing chalcogen atom (S, Se , or Te) and metal atom are called 

Chalcogenide compounds. Semiconducting to metallic nature induced by lower 

electronegativity of S, Se, Te makes this class of compounds scientifically interesting for 

diverse applications.19-23 Depending on the number of metal atoms, the chalcogenide can 

be binary, ternary, or quaternary compounds. Main group and transition metal 

chalcogenides exhibit scientifically and technologically interesting properties. 

 

 

The combination of chalcogen and main group metal results in covalently bonded 

complex anions usually called chalcometallates.  Species, such as chalcophosphates 

(PxQy)
n–, chalcogermanates (GexQy)

n–, chalcostannates (SnxQy)
n–, chlacogallates (GaxQy)

n– 

Figure 1.3. Chalcometallate building units that serve as building blocks in complex 

chalcogenides 
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(Q = S, Se, Te) as shown in Figure 1.3. are examples of chalcometallates.9,24 These 

chalcometallate moieties can serve as building blocks to form a vast set of compounds 

(ternary and quaternary) with unique structures and properties. For example, Li4MgGe2S7, 

a diamond like semiconductor display high laser induced damage threshold.25 

Piezoelectricity and ferroelectricity in Sn2P2S6,
26 good optical transmission and low 

acoustic velocity in TlPSe4,
27 and frustrated magnetism in interpenetrated Na3MGaS4 (M = 

Fe, Mn, Co).28 These above mentioned materials contain a corner-shared tetrahedra 

(Ge2S7), ethane-like (P2S6
4–), simple tetrahedral (PSe4

3– ) and complex super-tetrahedral 

units, respectively, as their structural building blocks. 

Several ternary and quaternary chalcogenides are being extensively investigated for 

their use as solid ion conductors in solid state batteries. For example, Li3PS4, Li7PS5X (X 

= halogen), Li4SnS4, Li10GeP2S6, and Na11Sn2PS6 display room temperature ionic 

conductivities reaching a value above 0.5 mS/cm, on par with liquid electrolytes.29-31 

 

Figure 1.4. Schematic showing polychalcogenide flux as reaction media for directed 

synthesis. (Reprinted with permission from ref 9. Copyright 2017, American Chemical 

Society) 
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1.1. SYNTHESIS OF COMPLEX CHALCOGENIDES 

There are several methods to synthesize crystalline chalcogenide materials. For 

example, conventional solid-state synthesis (direct combination reactions at high 

temperature), molten flux synthesis, and hydro (solvo) thermal synthesis. The conventional 

approach of solid-state synthesis is to mix stoichiometric quantities of pure elements or 

binaries and react them at high temperatures typically in the range of 800 – 1000 °C. 

Generally, a silica or quartz ampoule, sealed under vacuum (ca. 10–3 mbar) is used as a 

reaction vessel. New compound is formed as a result of diffusion between the reactants 

exposed to high temperatures. Sometimes carbon coating on the inner walls of the ampule 

is necessary to prevent side reaction with the quartz tube walls. 

This classical method requires long periods of annealing to overcome the diffusion 

barriers between the reactants and to grow large crystals resulting from thermodynamically 

stable products, which limit the access to metastable phases. Most of these compounds that 

are formed at high temperatures are thermodynamically stable. Therefore, the synthesis of 

new multinary, complex phases (ternary and quaternary) become difficult as they are often 

not the most thermodynamically stable product. Because of that, alternative approaches, 

such as molten salt flux has been explored. Kanatzidis has explored and discovered many 

metastable complex metal chalcogenides using flux reactions which allowed access to new 

compounds at low and intermediate temperatures.32-34 In this method, reactive 

polychalcogenide salts such as alkali metal polychalcogenides, AxQy (A = Li, Na, K, Rb, 

and Cs; Q = S, Se, and Te) fluxes act as solvent, which can dissolve the reactants (Figure 

1.4.) at relatively low temperatures. This flux reactions facilitates better diffusion between 

the reactants and lead to new framework assembly followed by crystal growth at 
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moderately low temperatures. Hydrothermal and solvothermal synthesis methods have also 

been extensively investigated. In this method polar solvents such as H2O, CH3CN, CH3OH, 

NH3 and organic amines have been employed as reaction media at temperatures between 

120 to 200 °C in a closed vessel. The enhanced solubility of reactants in this solvent 

medium increases the ion diffusion followed by product formation. However, reaction 

parameters such as time, temperature, and the molar ratio of reactants play critical role in 

the final product formation. 

 

1.2. SOLID STATE METATHESIS REACTIONS 

Traditional solid-state reactions are considered as universal tool to synthesize 

inorganic solid-state materials. Until now, only this method could manage a vast portfolio 

of functional materials across periodic table comprising wide variety of compositions. 

Solid state reactions usually involve reactions of solids at sufficiently high temperatures 

(800 – 1000 °C) for long durations, typically hours to days, until a stable equilibrium state 

is reached. During this type of reactions, diffusion-controlled reorganization of the 

reactants takes place between the reactant mixture to form a product. However, the use of 

high temperatures limits the discovery of thermally labile metastable compounds. 

Synthetic solid-state chemistry research led by the groups of Parkin (London)27 and Kaner 

(Los Angeles)35,37 have demonstrated the synthesis of refractory materials, such as metal 

borides, nitrides, carbides, and other compounds using solid-state metathesis reactions.  

Solid state metathesis reactions are stoichiometrically-balanced and these reactions 

are performed by gradually heating up the reaction mixture to initiate an exchange of ions 
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or group of atoms between the reactants as shown in Eqn 1.38,39 However, the concept of 

solid-state metathesis has never been used in complex chalcogenide chemistry.  

                 MCl3 + A3N → MN + 3 ACl (A = Alkali ion)                                       (1) 

The focus of this research is to investigate and incorporate solid state metathesis 

concept for the first time in designing complex chalcogenide-based compounds. In this 

approach, a hypothesis that alkali metal chalcometallates (Figure 1.3.) when heated in 

combination with metal halides will promote compound formation between the metal of 

the metal halide and chalcometallate unit with the generation of alkali halide by-product. 

The high enthalpy of formation of alkali halides will drive the reaction in the forward 

direction as shown below in a general equation (Eqn. 2).  

    Ax(Building unit) + yMCln → Ax-nyM(Building unit) + nyACl                     (2)  

(A = Na, Li; M = Main group metal, transition metal, or rare-earth metal, n = 

charge on the metal) 

The final product should contain the intact building unit as backbone framework 

and the metal atom of choice (from metal halide source) will connect them together. Since 

the covalently bonded molecular building units present in the starting precursor are retained 

in the final product, a more suitable term namely ‘building block approach’ is coined. One 

can choose appropriate building unit and the desired metal halide to create 

quaternary/ternary chalcogenides for specific applications. 

In this context, our research is focused on designing complex chalcogenides using 

building block approach with an eye on applications primarily in lithium and sodium solid 

ion conductors, cathodes for lithium and sodium ion batteries, magnetic semiconductors, 

thermoelectrics, and nonlinear optics. 
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1.3. SOLID ELECTROLYTES AND ALL SOLID-STATE BATTERIES 

In recent years the demand for clean energy options compared to traditional fossil 

fuel sources has increased dramatically. Though there are other clean energy options such 

as solar and wind energy, however, batteries play a very important role in current energy 

storage industry.2, 40, 41 The demand for high performance battery continue to rise due to 

the manyfold growth of electric vehicle industry and smart grid in the last few years. 

Though the current battery technology provides high energy density, it still does not satisfy 

all kinds of applications due to several safety concerns associated with the flammable liquid 

electrolytes. Safe battery technology with higher energy density, faster charge/discharge 

rate, and longer cycle life is desired.42 

Solid-state electrolytes offer one possible solution for higher safety.43-45 Compared 

to liquid electrolytes, solids typically have better mechanical, thermal, and chemical 

stability. However, finding solids which possess all these above-mentioned properties and 

have useful ionic conductivities at practical temperatures has been challenging. 

Furthermore, interfacial impedance between electrolyte grains; and between electrolyte 

and electrodes have become limiting factors in the commercialization of solid-state 

electrolytes. Though often the diffusion within the grain is fast enough but the inter-grain 

diffusion becomes a limiting factor for the overall conductivity. Hence densification of the 

electrolyte layer is important to overcome the grain boundary resistances.46 

Due to the low elastic moduli, chalcogenide-based compounds require very low 

sintering temperature as compared to oxide-based ceramics, which require high-

temperature sintering steps to minimize grain boundary impedance.47,48, 31, 50 
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Table 1.1. Ionic conductivity and activation energy of the reported chalcogenide-based 

inorganic solid-state electrolytes.49 Adapted from Jia, H.; Peng, L.; Yu, C.; Dong, 

L.; Cheng, S.; Xie, J. J. Mater. Chem. A 2021, 9, 5134– 5148 

Compound σ (S.cm-1) T Ea  

t-Na3PS4 4.17 × 10-6 50 0.4 

c-Na3PS4 2 × 10-4 25 0.28 

c-Na3PS4 4.6 × 10-4 25 0.2 

Na3PSe4 1.16 × 10-3 25 0.21 

Na3P0.62As0.38S4 1.46 × 10-3 25 0.26 

t-Na3PS4 3.39 × 10-3 25 0.17 

t-Na2.9375PS3.9375Cl0.0625 1.14 × 10-3 30 0.25 

Na3.1Ti0.1P0.9S4 2.3 × 10-4 RT 0.2 

Na3.1Ge0.1P0.9S4 2.12 × 10-4 RT 0.21 

Na3.1Sn0.1P0.9S4 2.5 × 10-4 RT 0.18 

c-Na2.70Ca0.15PS4 0.94 × 10-3 RT 0.49 

t-Na3.0PS3.8Cl0.2 1.96 × 10-3 25 0.19 

t-Na2.9375SbS3.9375Cl0.0625 2.9 × 10-3 RT 0.24 

Na2.9P0.9W0.1S4 13.0 × 10-3 25 
 

t-Na3SbS4 3 × 10-3 25 0.25 

t-Na3SbS4 1.1 × 10-3 25 0.2 

t-Na3SbS4 1.05 × 10-3 25 0.22 

c-Na3SbS4 2.8 × 10-3 RT 0.06 

t-Na3SbSe4 3.7 × 10-3 RT 0.19 

Na2.9Sb0.9W0.1S4 41 × 10-3 25 
 

Na2.88Sb0.88W0.12S4 32 × 10-3 25 0.18 

Na10SnP2S12 0.4 × 10-3 25 0.36 

Na10GeP2S12 1.2 × 10-5 RT 0.46 

Na11Sn2PS12 1.4 × 10-3 25 0.25 

Na11Sn2PS12 3.7 × 10-3 25 0.39 

Na3.75Sn0.75Sb0.25S4 (2–5) × 10-4 30 — 

Na11.1Sn2.1P0.9Se12 3 × 10-3 25 0.3 
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Compound σ (S.cm-1) T Ea  

Na4Sn0.67Si0.33S4 1.23 × 10-5 27 0.56 

Na3.75[Sn0.67Si0.33]0.75P0.25S4 1.61 × 10-3 27 0.26 

Na3.67[Sn0.67Si0.33]0.67P0.33S4 6.55× 10-4 27 0.3 

Na3.6[Sn0.67Si0.33]0.6P0.4S4 5 × 10-4 27 0.31 

Na3.8[Sn0.67Si0.33]0.8Sb0.2S4 1.75 × 10-4 26 0.31 

Na3.57[Sn0.67Si0.33]0.67P0.33S3.9Cl0.1 9.4 × 10-4 27 0.28 

Na3.57[Sn0.67Si0.33]0.67P0.33S3.9Br0.1 9.2 × 104 27 0.28 

Na3.57[Sn0.67Si0.33]0.67P0.33S3.9I0.1 1.08 × 103 27 0.24 

 

The depleting Li resources due to ubiquitous use of Li-ion batteries, alternative 

energy storage technologies are much sought after. Sodium, on the other hand, is the sixth 

most abundant element on Earth.40 Grid-scale energy storage applications place large 

emphasis on the cost effectiveness, safety, and longevity of the batteries making sodium 

all-solid-state batteries a promising alternative. Nevertheless, the ionic radius of Na+ is 

larger than that of Li+, making the task of finding a material with superionic conductivity 

in sodium system more challenging.  Ionic conduction in solids is the movement of ions 

by hopping to adjacent stable sites.47 Ionic conductivity is governed by the following 

equation: 

 𝜎 = 𝑛𝑒𝜇                  (3) 

where n is the charge carrier concentration and μ is the ion mobility. In the design of 

electrolytes, the charge carrier concentration can be increased through the formation of 

defects, such as vacancies or interstitials. Because Na1+ is a larger ion, the channel size 

Table 1.1. Ionic conductivity and activation energy of the reported chalcogenide-based 

inorganic solid-state electrolytes.49 Adapted from Jia, H.; Peng, L.; Yu, C.; Dong, 

L.; Cheng, S.; Xie, J. J. Mater. Chem. A 2021, 9, 5134– 5148 (cont.) 
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needs to be large enough to allow its passage through it. Designing materials with complex 

structures possessing multi channels and voids can help ion mobility. Ion conduction is 

also a thermally activated process, and its temperature dependence follows the Arrhenius 

equation: 

                                                            σT  =  σoexp(-Ea/kBT)                                            (4) 

where σT is the intrinsic ionic conductivity, Ea is the activation energy, kB is the Boltzmann 

constant, and T is the absolute temperature. Therefore, as the temperature increases, the 

ionic conductivity increases. 

Though chemical modifications like doping and substitutions are known to improve 

ionic conductivities, new material discovery with targeted property has the capability to 

move the boundaries beyond known existing materials.51, 52 Only handful of compounds 

with high ionic conductivity are reported so far which are listed Table 1.1, so there is plenty 

of room to search for the new materials through building block approach using chemical 

intuition and basic solid state chemistry principles. 

Through this investigation, using the basic solid state chemistry principles in the 

realm of building block approach, several new ternary and quaternary chalcogenide 

compounds are discovered. Concept of building block approach along with in situ 

synchrotron powder X-ray diffraction studies are reported in Paper I. In situ synchrotron 

powder X-ray diffraction studies of reactions between chalcometallate units and metal 

chlorides prove instant formation of crystalline product at a particular temperature without 

the destruction of chalcometallate building blocks. Two new ternary alkali ion thiogallates 

A5GaS4 (A = Li, Na) with tetrahedral building units are synthesized. Both the compounds 

show modest ionic conductivities. More importantly, these materials can serve as starting 
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precursor building units to design several quaternary chalcogenide compositions in 

combination with different transition metal and rare-earth metal ions. Structure, optical 

properties along with ion transport properties are investigated in Paper II. Two new 

quaternary chalcogenides Na3ZnGaQ4 (Q = S, Se) with supertetrahedral secondary 

building units are obtained using building block approach by taking advantage of hard and 

soft acid base theory (HSAB). Both the compositions show excellent ionic conductivity 

and can have potential applications in sodium ion solid-state batteries. Detailed structural 

investigation, ion transport properties along with theoretical insights are reported in Paper 

III. In Paper IV, synthesis of a quaternary chalcogenide, Na15Cu3Ga6S18, using building 

block approach has been reported. The compound possesses open framework structure 

built with unusual linear Cu(I) linkages. Detailed structural investigations, ion transport 

properties along with insights on bonding are reported. Paper V describes the discovery of 

first ever olivine-type lithium manganese thiophosphate, LiMnPS4, using building block 

approach. The natural tendency of chalcogenide compounds to crystallize in non-

centrosymmetric space group has been exploited for nonlinear optical applications. In 

Paper VI, synthesis of a polar chalcogenide, Na8Mn2(Ge2Se6)2, using building block 

approach is reported. Na8Mn2(Ge2Se6)2 exhibits promising harmonic generation signals 

with a high laser-induced damage threshold. 

 

1.4. INTRODUCTION TO THERMOELECTRIC MATERIALS 

Thermoelectric devices can be used to exploit the waste heat and directly convert 

to electricity. .11, 53-55 Thermoelectric technology have many advantages such as longer life, 

no moving parts, and least maintenance. More than two third of the energy generated across 
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the globe is wasted in the form of heat. Combustion engines, power plants, automobiles, 

and computers are some of the sources for waste heat. Thermoelectrics can be used for 

energy harvesting wherever there is a source of waste heat.56  

 

 

A typical thermoelectric device is usually made of many thermoelectric modules, 

which are connected thermally in parallel and electrically in series. A thermoelectric 

module is made of two semiconducting materials, an n- and a p-type. A typical 

thermoelectric module is illustrated in Figure 1.5.  A temperature gradient across a 

thermoelectric module causes the diffusion of charge carriers: electrons in n-type 

semiconductor and holes in p-type semiconductor. An electric field is created as a result of 

diffusion of charge carriers.57 The choice of thermoelectric module depends on the 

temperature gradient. The Seebeck effect which is the basis of thermoelectric phenomenon 

is described below.58 Peltier effect is the result of opposite phenomenon of Seebeck effect 

Figure 1.5. Thermoelectric couple made of an n-type and a p-type thermoelectric 

material. 
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i.e if a voltage is applied across the thermoelectric module, then a temperature difference 

will be created providing cooling effect at one junction. 

Thermoelectric phenomenon was discovered by Seebeck in 19th century. Seebeck 

observed that when two dissimilar materials are joined together with temperature gradient 

(T and T+ΔT), a voltage difference (ΔV) develops between them, which is proportional to 

the temperature difference. The proportionality constant is called Seebeck coefficient (S or 

α).58  

                                          S = - 
∆𝑉

∆𝑇
                                            (5) 

The Seebeck coefficient is negative for electrons and positive when holes are 

charge carriers. Ten years later, Peltier discovered that when electric current is passed 

through two dissimilar materials, heating or cooling effect would be produced at the 

junction. Thermoelectric effect arises because of the charge carriers diffuse from hot end 

to cold end when a temperature difference is applied. The net charge build-up at the cold 

end results in electrostatic potential. The relationship of Seebeck coefficient to the carrier 

concentration (n) is given by; 

                                      S = 
8𝜋2𝑘𝐵

3𝑒ℎ2
 m*T(

𝜋

3𝑛
)2/3                                         (6) 

1.4.1. Figure of Merit of Thermoelectric Materials. The efficiency of single 

thermoelectric material can be expressed by the dimensionless thermoelectric figure of 

merit, zT, which characterizes the thermoelectric properties of a given material, 

                                                   zT = 
𝑆2𝜎𝑇

𝑘
                                          (7) 
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where S, T, σ, and κ are the Seebeck coefficient, absolute temperature, electrical 

conductivity, and thermal conductivity, respectively.  

 

 

To achieve high zT, material should have high Seebeck coefficient like in insulators 

and semiconductors, high electrical conductivity like in metals, low thermal conductivity 

like in amorphous materials. All these properties are function of charge carriers and 

strongly coupled with each other. While the Seebeck coefficient generally decreases with n 

(charge carrier density), both the electrical and the thermal conductivity increase 

with n. These relationships can be better illustrated by the following formula 

Figure 1.6. Complex dependance of thermoelectric properties on carrier 

concentration. (Reprinted with permission from ref 64. Copyright 2008, Nature 

Publishing Group)  



18 
 

                                                    σ = neμ                                                                           (8) 

                                                   κ =κl+κe                                                                                                                (9) 

                                                  κe = LσT                                                                            (10) 

where σ is electrical conductivity, μ is mobility, κL is lattice thermal conductivity, κe is 

electronic contribution of thermal conductivity, L is Lorentz factor which is 2.4 × 10–8 

WΩK–2 for free electrons. Complex dependencies of one property on other properties 

makes it difficult to optimize one property without negatively affecting another property 

as shown schematically in Figure 1.6. The optimum zT occurs in the range of 

semiconductor to metallic carrier concentration i.e. degenerate semiconductors. 

1.4.2. Complex Chalcogenides as Thermoeletrics. Since the thermoelectric field 

has become one of the main focus areas of research, numerous thermoelectric materials 

have been developed and investigated like skuttrudites,59 clathrates, halfheusler 

intermetallics,60 oxides,61 zintl phases,62 and chalcogenides.19 Skuttrudites are compounds 

that crystallize in CoAs3 structure type with a void space at body centered position. Void 

filling with other guest metal ions has been proven to be an effective approach called 

“rattling effect” to suppress the lattice thermal conductivity. However, limited filling 

fraction constrains the performance of the material. Several oxide-based materials have 

shown good thermoelectric performance but the strong ionic character results in poor 

electronic conductivity due to weak orbital overlap.61 Rare-earth intermetallic compounds 

shows very high Seebeck coefficients due to formation of 4f states near fermi level, 

unfortunately these compounds possess large thermal conductivities. Zintl phases possess 

properties intermediate to intermetallics and insulators and considered good candidates for 
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high temperature thermoelectric device applications. Yb14MnSb11 showed zT of 0.95 in the 

temperature range of 975 ‒1275 K outperforming the superior SiGe alloy and currently 

being used in NASA deep space probes.65 However, studies are in progress to boost the zT 

further. Chalcogenide compounds comprise a large family of materials because of the 

ability of the chalcogen atoms to combine with several other metal atoms. Chalcogenides 

often form predominantly semiconductor to metallic compounds. Due to small variation in 

the electronegativity among S, Se, and Te, it is possible to fine tune the band gaps 

accordingly.19 Chalcogen atoms form softer bonds compared to oxides, which can scatter 

the heat carrying phonons thereby reducing the lattice thermal conductivity. 

Though new material synthesis is highly anticipated to boost the current zT limits, 

a significant number of existing materials with appropriate attributes for high zT have not 

been investigated. Mineralogy is an unexploited area of research for a materials chemist to 

investigate the properties of several mineral materials for technological applications. 

Among several minerals, sulfosalts constitute a very large proportion of minerals and 

exhibit interesting properties due to the semiconducting nature. Sulfosalts containing group 

V semimetals (As, Sb, Bi) exhibit very diverse superstructures and modulated structures 

with interesting physicochemical properties.66 These numerous structure types can be a 

good prototype for a synthetic solid-state chemist to form synthetic analogues with 

interesting properties.67 For example several Li ion conductors (Li argyrodytes) have been 

originated from the mineral argyrodite, Ag8GeS6, with exceptional Li ionic conductivity.68 

Kagomé lattice, a structure type that many minerals adopt are well known to show magnetic 

frustration phenomenon originating from alternating arrangement of neighboring spins in 

a triangular topology.69 Another sulfosalt, Kawazulite, a mineral with composition 
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Bi2Te2Se which showed topological insulating properties may find potential applications 

in spintronics.70 One of the important advantages of mineral materials being their 

abundance and low processing cost and can be directly applied to practical purposes. More 

importantly one can use that as a model to derive several homologous series and investigate 

the physicochemical properties for several scientific applications like thermoelectrics, 

photo-voltaics, superconductors and ionic conductors. Often mineral formation takes place 

at geothermal conditions such as high temperatures and for long period of times. Therefore, 

it is challenging to synthesize them in pure crystalline form in the laboratory and study 

their properties. Among several complex chalcogenide structures, ternary and quaternary 

bismuth sulfides have become attractive for mid temperature thermoelectric applications 

due to their low lattice thermal conductivity resulting from the stereo-active lone pair of 

electrons.71,72 Additionally, incorporating Cu atoms in the interstitial sites of bismuth 

sulfides would further reduce lattice thermal conductivity by effective scattering of 

phonons which was proven in the compositions, Cux+yBi5−yQ8 (Q = S, Se) and Cu1–x□xPb1–

xBi1+xS3 series.73,74 

Inspired by the wealth of sulfosalt mineral compositions, complex structures, and 

potential applications of bismuth sulfosalt compositions, we strategically attempted to 

synthesize several minerals and their corresponding homologous series and studied the 

physicochemical properties for thermoelectric applications.  

Through this investigation, three quaternary complex chalcogenides, 

Ag0.72Bi5.48Cu0.88S9 (I), Ag0.70Bi5.30Cu1.3S9 (II), Ag0.34Bi4.54Cu1.98PbS9 (III) are synthesized 

by substituting Cu and Pb for Bi in the makovickyite family with general formula 

Agab
n−1Bia

4BiabBib
n+2S2n+10. Ultralow thermal conductivities in the range 0.75-0.45 W.m–
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1.K–1 are achieved through interplay between composition and disorder in makovickyite 

structure. A detailed structural investigation and correlation with thermoelectric properties 

are reported in Paper VII. Similar strategy has been successfully applied to another 

complex chalcogenide system where different amount of Cu/Pb substitution for Bi in Bi2S3 

generates a series of structures, CuxPbxBi2-xS3 (x = 0.2, 0.33, 1), with ultralow thermal 

conductivity conducive to achieve high zT (thermoelectric figure of merit). A detailed 

investigation of the interplay between composition and disorder has been reported in Paper 

VIII.  
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2. EXPERIMENTAL 

 

The focus of this research is to discover new chalcogenide-based compounds using 

building block approach, which can be used as ion conductors, cathode materials in lithium 

and sodium ion batteries, and nonlinear optics. Therefore, a major part of the work 

consisted of synthesis, structural characterization, and various property studies (Figure 

2.1.). In the following each of these experimental components are discussed briefly.  The 

details of the experimental procedures are also outlined in the respective papers.  

 

 

 

 

2.1. SYNTHESIS 

All the main-group chalcometallate building units are synthesized by combining 

stoichiometric ratios of elements or binaries and subjected to heating at high temperature 

in a sealed quartz tubes. Metathetic reactions are performed with preformed 

Figure 2.1. Schematic illustrating the general procedure followed for solid state 

synthesis and property measurements. 



23 
 

chalcometallate starting precursors and the metal chlorides to generate the quaternary 

compositions. After heating the reaction mixtures sealed in quartz tubes at various 

temperatures and dwelling times, the reaction products are retrieved by breaking the quartz 

ampoule in an argon filled glove box. The retrieved reaction products in the form of single 

crystals or powders are subjected to further characterizations.  

 

2.2. CHARACTERIZATION 

Crystallography played an important role in characterization of these solid state 

compounds. Single-crystal X-ray diffraction (SC-XRD) is used to solve the crystal 

structure for products, that yielded good quality single crystals suitable for diffraction data 

collection. The atomic coordinates from the fully solved crystal structure are used to 

generate a theoretical powder X-ray diffraction pattern of the compound. Experimental 

powder X-raydiffraction (PXRD) is used to verify sample purity with one-to-one matching  

 

 

of theoretically simulated and experimentally obtained PXRD patterns. To track the 

stability of chalcometallate building units and the emergence of new product formation in 

Figure 2.2. (a) A polished cylindrical pellet and a rectangular bar used for measuring 

thermoelectric properties, (b) An airtight swage lock cell used for measuring impedance 

data. 
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the building block approach, in situ synchrotron powder X-ray diffraction facility is used 

at advanced photon source (APS) in Argonne national laboratory. 

The solved crystal structure is often the starting point for understanding of the 

structure model and used as a guide for many other complementary chemical analysis 

techniques. These include the IR spectroscopy, diffuse reflectance spectroscopy (DRS), 

thermogravimetric analysis (TGA), DC magnetization measurements, and SEM/EDS 

analyses. 

Fourier-transformed infrared spectroscopy (FTIR) is used as a general tool for 

functional group characterization, mainly to realize the stability of as-synthesized 

compounds against the moisture. A combined thermogravimetric analysis and differential 

scanning calorimetry (TG-DSC) is used for thermal stability determination and also to 

follow thermally induced structural changes leading to phase transitions. The SEM/EDS 

analyses is utilized for morphological and elemental analysis studies. Diffuse reflectance 

spectroscopy is used to estimate the optical band gap of as synthesized compounds. 

Electrochemical impedance spectroscopy (EIS) technique is used to evaluate the 

ionic and electronic conductivity properties. In this technique, alternating current (AC) 

voltage is applied on the system over a wide frequency range and the current output is 

recorded. Through this technique, Li+ and Na+ ionic conduction is assessed on candidate 

samples selected based on crystal structures from the as-synthesized materials. The sample 

preparation for ionic conductivity measurements involves intimate contact of conductive 

indium foil (blocking electrodes) on both sides of a pelletized sample (Figure 2.2.) and 

obtaining the impedance spectra at various temperatures. 
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DC magnetization measurements are used to investigate the magnetic interactions 

and magnetic phase transitions in samples. Oxidation state of metal atoms are also 

confirmed by magnetic measurements.  

For measuring thermoelectric properties, polished cylindrical hot-pressed pellet 

samples are used for thermal conductivity measurements at different temperatures. 

Appropriately cut bars, from the same pellet on which thermal conductivity is measured, 

are used for electrical and Seebeck measurements. Details of the synthesis and 

experimental procedures are provided in the respective paper sections. 

First principle density functional theory (DFT) calculations played an important 

role in understanding the electronic band structure, nature of bonding and ionic transport 

properties. Experimentally solved crystal structures from the single crystal X-Ray 

diffraction measurements are used as starting models for theoretical calculations. Detailed 

procedure of DFT calculations is explained in respective papers.    
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PAPER 

 

I. BUILDING BLOCK APPROACH: A NEW SYNTHETIC TOOLBOX FOR 

DISCOVERY OF COMPLEX CHALCOGENIDES 

 

Srikanth Balijapelly,a Amitava Choudhurya* 

aDepartment of Chemistry, Missouri University of Science and Technology, Rolla, 

Missouri 65409, United States 

 

ABSTRACT 

 

Lack of predictive tools in a typical solid state synthesis has been a limiting factor 

for the discovery of new targeted complex chalcogenides. Herein we report a new concept 

called building block approach of designing complex quaternary chalcogenides through 

metathesis reactions between alkali metal containing chalcometallate units and metal 

chlorides. The salt byproduct in the solid state metathesis reactions acts as a driving force 

to shift the equilibrium to the right and facilitates product formation. Through this unique 

approach, a library of new quaternary chalcogenides containing selenogeramate (Ge2Se6
6–

) and thiophosphate (PS4
3–) building units are discovered and structurally characterized. In 

situ synchrotron powder X-ray diffraction studies of reactions between chalcometallate 

units and metal chlorides reveal instant crystalline product formation at a particular 

temperature without the destruction of chalcometallate building blocks. This new approach 

can revolutionize the materials discovery process which is otherwise a slow and tedious 

process using conventional synthetic techniques. 
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1. INTRODUCTION 

 

Synthesis of phase pure inorganic materials often serves as the first step towards 

unlocking the future potential hidden in them. The task of synthesizing a new inorganic 

solid material is in the hands of solid state synthetic chemists, who often play tricks of 

thermodynamic and kinetic controls to synthesize a particular target compound. While the 

synthesis of binary compositions is relatively easy compared to multicomponent systems 

such as ternary and quaternary phases as they often compete with the more 

thermodynamically stable binary phases.1-3 The challenge lies in the synthesis of such 

multinary compounds where one needs to link together three or four different elements 

through ionic or covalent forces satisfying their unique coordination environment and 

oxidation states. For chalcogenides (compounds of sulfide, selenide, and tellurides) it is 

even more difficult to form a hypothetical multinary compounds as there exist a fierce 

competition from many binary phases. There is a severe lack of understanding of the 

materials formation mechanism as complete structural destruction of the reactants takes 

place at high temperatures and the resulting ions move through high diffusion barrier in a 

long transport path. Therefore, the synthesis of new materials often relies on exploratory 

routes such as molten polychalcogenide flux method. Flux method has been very successful 

in yielding new and complex structures,4-9 however, it always posed difficulty in terms of 

predicting the oxidation states of the elements in the final product(s) and their structures. 

Hence search for a new synthetic approach is highly desired, which can offer better 

predictive tools for example, reliable formation of a specific structural moiety, control of 
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the oxidation state of elements involved, and shifting the thermodynamics to drive the 

chemical reaction towards target product. 

To address this uncertainty in the synthesis of multinary chalcogenides we resort to 

an old concept, the so-called metathesis route. The concept of metathesis i.e exchange of 

atoms, atom groups, or functional groups is well known in both organic chemistry and 

inorganic chemistry. Metathesis reactions involving solid precursor is called solid state 

metathesis reaction (SSM). Groups of Parkin10 and Kaner11 have extensively investigated 

solid state metathesis reactions and made remarkable developments in the synthesis of 

refractory materials, such as borides, nitrides, and carbides. These solid-state metathesis 

reactions are salt balanced and the high enthalpy of formation of salt byproduct drives these 

reactions in the forward direction as shown below in a prototype example.  

Generally, mononuclear negative anions of different charges (O2–, S2–, N3–, P3– and 

so on) are exchanged with equivalent amount of metal ions from the metal halides to obtain 

the desired binary compounds.11 From the above reaction we envisage that if instead of a 

mononuclear anion, a relatively complex anion is used then a complex ternary or 

quaternary material can be generated if the structural integrity of the complex anion is 

retained during the metathesis reaction. The combination of chalcogen and main group 

metal results in structurally diverse, covalently bonded complex anions usually called 

chalcometallates for example, chalcophosphates (PxQy)
n–, chalcogermanates (GexQy)

n–, 

chalcostannates (SnxQy)
n–, and chalcogallates (GaxQy)

n– (Q = S, Se, and Te).4, 12 We 

hypothesize that alkali metal containing molecular building units when heated in 

conjunction with metal halides will undergo a rapid exothermic reaction due to the high 

MCl3 + A3N → MN + 3ACl (A = Li, Na, K, Rb, Cs) 
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enthalpy of formation of the alkali halide salt byproduct to yield new crystalline products 

through the partial or full replacement of alkali ions by the metal ion of the metal halide 

precursor as shown below in a general equation. 

Ax(Building unit) + yMCln → Ax-nyM(Building unit) + nyACl 

(A = Na, Li; M = Main group metal, Transition metal, or Rare-earth metal, n = charge on 

the metal) 

To validate the hypothesis, we have selected an ethane like selenogermanate 

[(Ge2Se6)
6–] and a tetrahedral ortho-thiophosphate [(PS4)

3–] unit as starting building block 

precursors and explored their reactions with a variety of metal chlorides employing 

metathesis reactions to generate a plethora of compounds.  

Herein, we report the synthesis, structure, optical, and preliminary magnetic 

properties of a family of compounds containing Ge2Se6
6– and PS4

3–
 building units. Further 

insight into reaction mechanism of the building block approach has been garnered from in 

situ synchrotron powder X-ray diffraction method.  

 

2. EXPERIMENTAL SECTION 

 

First, different chalcometallate building units were synthesized using traditional 

solid state synthesis approach in evacuated sealed quartz ampoule. Na6Ge2Se6 was 

prepared by combining a stoichiometric mixture of elements; 3 mmol of Na (Sigma, 

99.9%), 1 mmol of Ge (Acros Organics, 99.9%) and 3 mmol of Se (Acros Organics, 

99.5%). Li3PS4 was synthesized by reacting Li2S and P2S5. Metathesis reactions were 

carried out by combining stoichiometric combination of preformed chalcometallate 
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building unit precursor and anhydrous metal chloride salt. The mixture was hand ground 

in a mortar pestle for 15 min and loaded into carbon coated quartz ampoule. The sealed 

ampoules were heated in a temperature-controlled furnace. The metathetic product 

containing crystals were found to be moderately stable in air but in some cases the crystals 

display sensitivity towards moisture. The bulk purity of chalcometallate building unit 

precursors was confirmed from laboratory-grade powder X-ray diffraction data. Details of 

synthesis and the heating protocol followed in each reaction is provided in Table S1. 

 

2.1. X- RAY CRYSTALLOGRAPHY 

Good quality crystal from each synthesis was chosen for single crystal X-ray 

diffraction data collection on a Bruker Smart Apex or Apex 2 CCD X-ray diffractometer 

equipped with a sealed tube X-ray source with Mo Kα radiation (λ = 0.71073 Å). Low-

temperature data sets were collected at −53 °C with a step size of 0.3° in the ω scan and 20 

s/frame exposure time using SMART software.13 Data integration and absorption 

correction were done using the programs SAINT14 and SADABS,14 respectively. Atomic 

positions were determined from the difference Fourier syntheses using SHELXS-97. Full-

matrix least-squares refinement against |F2| was carried out using the SHELXTL-PLUS 

suite of programs.15 Final refinements including the anisotropic thermal parameters were 

carried out using SHELX 2018 with the ShelXle graphical user interface.16 Crystal data 

and final refinement parameters are given in Tables S2-S7.  
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2.2. POWDER X-RAY DIFFRACTION 

The laboratory-grade powder X-ray diffraction (PXRD) patterns were obtained 

using a PANalytical X′Pert Pro diffractometer equipped with a Cu Kα anode and a linear 

array PIXcel detector over a 2θ range of 5–90° with an average scanning rate of 0.0472° s–

1. Hand-ground samples were loaded into an air-tight cells covered with the Kapton film to 

collect the PXRD patterns.  

 

2.3. OPTICAL BAND GAP MEASUREMENTS 

Optical band gap measurements were performed on a Varian Cary 5000 

UV−vis−NIR spectrophotometer equipped with a praying mantis set up. BaSO4 powder 

(Fisher, 99.2%) was used as an ∼100% reflectance standard, and the Kubelka-Munk 

function was employed to transform the reflectance into absorption data to assess the band 

gap.17  

 

2.4. MAGNETIC MEASUREMENTS 

The variable temperature magnetic susceptibility data of the compounds were 

measured at 0.5 T over a temperature range of 1.8−300 K with a Quantum Design SQUID 

magnetometer. About 2-10 mg of samples were loaded in gelatin capsules and mounted in 

plastic straws for magnetic measurements. 

 

2.5. IN-SITU POWDER X-RAY DIFFRACTION MEASUREMENTS  

Stoichiometric ratios of reactants (Na6Ge2Se6 and Metal chloride) were ground 

together using mortar and pestle for 30 min before loading into a 0.1 mm diameter quartz 
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capillary. These quartz capillaries were vacuum sealed using an inhouse adapter. The in 

situ synchrotron PXRD were taken at beamline 17-BM in the Advanced Photon Source at 

Argonne National Laboratory running at 51 keV (λ = 0.24145 Å). An electrical resistance 

furnace was used to heat the capillaries. The samples were heated to 450 °C at a rate of 15 

°C/min then further heated to 700 or 800 °C at 10 °C/min. The capillaries were cooled from 

800 °C to room temperature without any dwell time, at a rate of 20 °C /min. GSAS II 

software was used to process the raw data.18 

 

3. RESULTS AND DISCUSSION 

 

3.1. STRUCTURE DESCRIPTION 

Depending on the nature of building units, the obtained compounds can be divided 

into two different families: compounds with selenogermanate containing (Ge2Se6)
6– 

building unit and thiophosphates containing (PS4)
3– building units. Though all the 

compounds containing (Ge2Se6)
6– building unit appear compositionally similar, there exist 

subtle structural differences. All the compounds with the general formula Na12-

nxM′x
n+(Ge2Se6)2 (M′ = In3+, La3+, Ce3+, Pr3+, Nd3+, Sm3+, Gd3+, Tb3+, Dy3+, Ho3+, Yb3+, 

Ca2+, Sr2+, Mn2+, Pb2+, Cd2+ and Eu2+) crystallize in monoclinic crystal system in C2/m 

space group, except Na8Mn2(Ge2Se6)2 which crystallizes in non-centrosymmetric space 

group C2 (Figure 1 and Table S2-S7). 
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Table 1. List of compounds formed by reacting the chalcometallate building block with 

metal chloride salts. 

 

 

The crystal structure of these compounds can be explained in terms of anion close 

packing: hexagonal close packing (hcp) of anions, in which 5/6 of the octahedral holes are 

filled with Na and M atoms, the remaining octahedral holes are filled by Ge–Ge dimer 

 

Building block precursor Metal halide Product 

Na6Ge2Se6 

InCl3 Na9In(Ge2Se6)2 

LaCl3 Na9La(Ge2Se6)2 

CeCl3 Na9Ce(Ge2Se6)2 

PrCl3 Na9Pr(Ge2Se6)2 

NdCl3 Na9Nd(Ge2Se6)2 

SmCl3 Na9Sm(Ge2Se6)2 

GdCl3 Na9Gd(Ge2Se6)2 

TbCl3 Na9Tb(Ge2Se6)2 

DyCl3 Na9Dy(Ge2Se6)2 

HoCl3 Na9Ho(Ge2Se6)2 

YbCl3 Na9Yb(Ge2Se6)2 

CaCl2 Na8Ca2(Ge2Se6)2 

SrCl2 Na8Sr2(Ge2Se6)2 

MnCl2 Na8Mn2(Ge2Se6)2 

PbCl2 Na8Pb2(Ge2Se6)2 

CdCl2 Na8Cd2(Ge2Se6)2 

EuCl2 Na8Eu2(Ge2Se6)2 

Li3PS4 

  

MnCl2 LiMnPS4 

ZnCl2 LiZnPS4 

CuCl Li1.5Cu1.5PS4 
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placed parallel or perpendicular to the anion layer. Such placement of the Ge–Ge dimer 

forces Ge to coordinate with the two opposite trigonal faces of the octahedron forming an 

ethane-like unit. The resulting [Na(1)M(Ge2Se6)]
3– layers are separated by sodium atoms 

along the c-axis of the unit cell. 

However, all the compounds with general formula Na8M2(Ge2Se6)2 are not 

isostructural. While the Mn analogue crystallizes in noncentrosymmetric space group,19 

other divalent metal analogues (Ca, Sr, Pb, Cd, Eu) crystallize in centrosymmetric space 

group. In compounds with Ca, Sr, Pb, Cd, and Eu, the metal site is mixed occupied with 

sodium atom with 50:50 ratio (Na1/M1). These subtle differences in structure could arise 

from different ionic radii of the metal cations.  

 

Na
6
Ge

2
Se

6
 

Na
8
Sr

2
(Ge

2
Se

6
)
2
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La(Ge

2
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6
)
2
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2
(Ge

2
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6
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2
 

C2 

C2/m 

C2/m 

P 21/c 

Figure 1. Illustrating the concept of building block approach scheme, using an ethane 

like (Ge2Se6)
6– building unit as precursor and reaction with transition metal, main 

group metal, and rare earth metal chlorides, resulting in new quaternary complex 

chalcogenides. 
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Compounds that contain trivalent metal cation M3+ with general formula 

Na9M(Ge2Se6)2 have two Se (Se1 at 4i Wyckoff site, Se2 at 8j Wyckoff site), one Ge (Ge1 

at 4i Wyckoff site), one mixed occupied M site (M1/Na1 = 25:75 ratio at 4h Wyckoff site), 

two Na atoms (Na2 at 2a, and Na3 at 4g Wyckoff site) present in the asymmetric unit. The 

key structural difference among these compounds is the orientation of Ge – Ge bond with 

respect to the close-packed Se-layer. The orientation of Ge – Ge bond with respect to Se-

layer is listed in Table 2. It is important to note here that the common structural feature 

among all the compounds resulted from metathesis reactions using ethane like (Ge2Se6)
6– 

is the integrity of the building unit in the final product. Also, note that the oxidation state 

of the metal ions (M2+, M3+) from the metal chloride precursors did not change in the final 

product. Hence, the building block approach as employed through solid state metathesis 

reaction can be a step forward towards a rational design of materials. To further test our 

building block approach hypothesis, a different chalcometallate building block precursor, 

Li3PS4, containing a tetrahedral thiophosphate-based building unit was used. Li3PS4 is a 

simple ternary thiphosphate based compound known for its good ionic conducting 

properties.20 The room temperature polymorphs γ – Li3PS4 has isolated PS4
3–

 building units 

  

M in Na12–nxMx
n+(Ge2Se6)2 M1/Na1 Ge - Ge bond angle 

Mn2+ 100 18.54 

Eu2+, Pb2+, Sr2+ 50:50 90 

Ca2+, Cd2+ 50:50 19.1 

In3+, La3+, Ce3+, Pr3+, Nd3+, Sm3+, Gd3+, Tb3+, Dy3+, Ho3+, Yb3+  25:75 19.2 

Table 2. Orientation of Ge – Ge bond in Na12–nxMx
n+(Ge2Se6). 
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separated by two crystallographically different Li ions in tetrahedral coordination. 

Metathesis reactions using preformed Li3PS4 and transition metal chloride salts MnCl2, 

ZnCl2, CuCl were performed. LiMnPS4, an olivine-type compound synthesized through 

building block approach has been reported recently from our group.21 The detailed structure 

description can be found in our recent publication, hence the crystal structure descriptions 

for LiZnPS4 and Li1.5Cu1.5PS4 are presented here (Figure 2). The hypothesis was to 

maintain the integrity of the (PS4)
3– building unit in the final product with the metal atom 

from the metal chloride salt forming a complex network by connecting the (PS4)
3– building 

units along with charge balancing Li ions. However, it is to be noted here that the high 

LiMnPS
4
 

LiZnPS
4
 

Li
1.5

Cu
1.5

PS
4
 

Li
3
PS

4
 

Pnma 

Pmn21 

I-4 

Pmn21 

Figure 2. Illustrating the concept of building block approach, using 

orthothiophosphate (PS4)
3-, a tetrahedral building unit and products formed by 

reaction with transition metal chlorides MnCl2, CuCl, and ZnCl2 
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temperature polymorph β – Li3PS4 and LiMnPS4 are isostructural and can be formed 

topotactically by replacing 2 Li ions by Mn2+. The detailed structural comparison is 

provided in our previous report. Similar metathesis reaction with monovalent cation Cu1+ 

using CuCl salt yielded a new solid solution series Li3-xCuxPS4 (x = 1, 1.5, 2.25). All the 

Cu substituted lithium thiophosphate compounds found to be isostructural to room 

temperature polymorph γ – Li3PS4. Monovalent cation Cu1+ generally prefers a tetrahedral 

coordination in chalcogenide matrix. Hence, increase in the amount of Cu increases the Cu 

occupancy on Li2 site making it a copper rich phase. To further validate our building block 

hypothesis, Zn2+, a divalent cation, which also prefers a tetrahedral coordination in 

chalcogenide matrix similar to Cu+ was chosen. Reaction between γ – Li3PS4 and ZnCl2 in 

1:1 ratio resulted in the formation of LiZnPS4,
22 a known structure type in which all the 

metal sites are tetrahedrally coordinated with sulfur atoms. However, in the metathesis 

product, Li and Zn found to occupy the same crystallographic site, whereas the reported 

LiZnPS4 has ordered structure. These small structural differences can be ascribed to unique 

synthesis method adopted. It is important to note here that among all the thiophosphate-

based compounds synthesized using building block approach, the PS4
3– building unit is 

intact and the metal atom that connects these building units accommodates itself according 

to its own coordination and charge preference.   

 

3.2. IN-SITU POWDER X-RAY DIFFRACTION MEASUREMENTS 

There are few fundamental questions that we must chase to unravel the mechanism 

of product formation in our building block approach. First, whether the integrity of the 

chalcometallate building unit is maintained throughout the reaction. Second, is there 
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formation of any metastable phase(s) during the reaction, i.e before the product formation. 

Third, whether the transformation from the precursor mixture to the product is a solid state 

transformation or occurs through the melting of the charge. To answer these questions, we 

performed in situ powder X-ray diffraction measurements on the reaction mixture (building 

block precursor + metal chloride). In this technique, a powder X-ray diffraction pattern is 

collected at every 30 sec, while gradually heating up the reaction mixture in a sealed quartz 

capillary. Figure 3 shows the in situ powder X-ray thermodiffractogram of a selected 

reaction (Na6Ge2Se6 + SrCl2) performed at 17 BM, Advanced Photon Source (APS), 

Argonne National Laboratory. The thermodiffractograms of the other selected reactions 

are provided in SI (Figure S1, and S2).  

Traditional solid-state reactions generally require high temperatures due to the 

limited diffusion between the reaction precursors in solid medium. However, solid-state 

metathesis reactions stand unique in this case, as these reactions are driven by the high 

enthalpy change through spontaneous formation of alkali halide salt (– 787 kJ mol–1 for 

NaCl) byproduct. From in situ measurements, it is evident that the crystalline product 

formation takes place at temperatures as low as 430 °C, without forming any intermediate 

phases. The formation of salt by product along with the metathetic product is also evident. 

This proves our hypothesis that the building block is in fact intact during the course of the 

reaction and product formation is very quick unlike typical solid state reaction. Similar 

observations were noted for other reactions as well, however, the formation of salt 

byproduct was not prominently seen in every reaction due to several experimental 

limitations, most notably, with the orientation of the sample holder. 
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However, in situ studies confirmed the early formation of crystalline product before 

melting, directly from the reaction precursors, without passing through any secondary, or 

amorphous phases. Therefore, it is a truly a solid state transformation. Through this 

building block approach one can rationally synthesize a target composition with a 

prescribed structural moiety and choice of metal ion by bypassing all the competition from 

binary phases and nuisances of thermodynamic phase equilibrium. Predicting the structure 

type beforehand is challenging, if we are successful in doing so, it will be an ultimate 

achievement of synthetic solid-state chemistry. However, at this point predicting the 

presence of building unit in the final structure, the oxidation state of each element and 

Product formation 

Precursor peaks 

disappear 

Salt byproduct 

formation 

Figure 3. The in situ powder X-ray thermodiffractogram of the reaction mixture 

Na6Ge2Se6 + SrCl2 (1:1) to form the product Na8Sr2(Ge2Se6)2. The arrows indicate the 

disappearance of the precursor peaks around the temperature 430 °C, and the 

emergence of product peaks followed by the formation of NaCl salt byproduct. 
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reliable formation of a target composition at relatively low temperature bear immense 

importance in rational design of solids. Since a wide variety of chalcometallate building 

blocks are available with various shapes, negative charges, and in combination with various 

alkali ions; a vast set of compounds (ternary and quaternary) with unique structures can be 

accessed in a predictive manner. As the covalently bonded molecular building units of the 

starting precursor are retained in the final product, this method is termed a ‘building block 

approach’. In this approach, one has the advantage of choosing appropriate building unit 

and the desired metal halide to create quaternary/ternary chalcogenides for specific 

applications in semiconductor, magnetism, ionic conductor, cathodes in lithium and 

sodium ion batteries and nonlinear optics. 

 

3.3. BAND GAP TUNING 

One of the most useful applications of the building block approach of material 

synthesis is that it can provide ways the synthesize a series of isostructural compounds just 

varying the metals in the metal chloride or it can also afford a series of solid solutions by 

varying the ratio of metal/alkali ions in the metathetic reactions. Having such series of 

compounds provides a way to tailor the band gap of materials or provide a material with 

any band gap on demand. Several physicochemical properties of semiconductors are 

function of their optical band gap.23 Tuning the band gap of a materials would provide 

control over several properties like electronic conductivity, optical transparency, 

photoelectric current, etc. Band gap tuning often involves doping with impurity elements 

in a specific crystallographic site within the solubility limit of that particular structure type. 

This is a strong limitation from experimental point of view because forming solid solutions 
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is often limited by thermodynamic stabilities of the end members in any solid solution 

series. In this scenario building block approach can have advantages in tuning the band gap 

as a function of metal ion used by keeping the structure type intact as the reactions are done 

at lower temperatures. Optical band gap values of the compounds Na12–nxMx
n+(Ge2Se6)2 (M 

= Ca2+, Sr2+, Mn2+, Pb2+, In3+, La3+, Pr3+, Sm3+, Tb3+) are provided in Table 3 and the diffuse 

reflectance plots are provided in Figure 4. Firstly, wide range of optical band gaps are 

observed within the same structure type with change of the metal ion. Band gap narrowing  

(a) (b) 

(c) (d) 

Figure 4. Diffuse reflectance spectra of compounds M in Na12–nxMx
n+(Ge2Se6)2 where 

M is main group metals (a), rare earth metals (b); LiMPS4 (M = Mn, Zn) (c), Li3-

xCuxPS4 (x = 0, 1, 1.5, 2.25) (d). 
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is observed within the main group metals in moving from alkaline earth (Sr and Ca) to p-

block element such as, In (Figure 4a), or 1st transition metal to rare earth metal (Figure 4b) 

analogues within the same structure type. Change of metal ion would change the overall 

orbital contribution to the valence and conduction bands, which ultimately modulates the 

band gap of the compound. In thiophosphate-based compounds, systematic decrease in the 

optical band gap is observed as a function of Cu content in the solid solution series Li3-

xCuxPS4 (x = 1, 1.5, 2.25), (Figure 4c and 4d). 

 

 

Table 3. Optical band gaps values of the compounds 

 

 

 

3.4. MAGNETIC STUDIES 

To confirm the oxidation state of the metal and to study the magnetic properties, 

preliminary magnetic measurements were performed on as-synthesized powered samples. 

The experimental magnetic moments and theoretical magnetic moments are provided in 

Table 4. Magnetic susceptibility and inverse magnetic susceptibility plots are provided in 

Figure S3. The experimental magnetic moments are in very good agreements with the 

M in Na12–nxMx
n+(Ge2Se6)2 Band gap (eV) M Band gap (eV) 

Ca 2.9 Li3PS4 3.8 

Sr 2.6 Li3-xCuxPS4 2.8 (x = 1),  

Mn 1.95 Li3-xCuxPS4 2.6 (x = 1.5), 

In 1.9 Li3-xCuxPS4 2.4(x = 2.25) 

Pb 1.9 LiZnPS4 3.6 

La 1.76 LiMnPS4 1.95 

Pr 1.59   

Sm 2.12   

Tb 2   
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theoretical magnetic moments, which confirms that the oxidation states assigned based on 

single crystal data are accurate. 

Compound Ion Experimental (μβ) Theoretical (μβ) 

Na8Mn2(Ge2Se6)2 Mn2+ 5.8 5.9219 

Na8Eu2(Ge2Se6)2 Eu2+ 6.99 7.93 

Na9Gd(Ge2Se6)2 Gd3+ 8.2 7.94 

Na9Tb(Ge2Se6)2 Tb3+ 10.1 9.72 

LiMnPS4 Mn2+ 5.69 5.9221 

 

 

4. CONCLUSIONS 

 

Herein, we report the building block approach, a new synthetic methodology to 

rationally design and synthesize complex quaternary chalcogenides with case studies using 

selenogermante, Ge2Se6
6–

, and thiophosphate, PS4
3–, building units. Several new quaternary 

chalcogenides are rationally synthesized using this building block approach. All the 

compounds are structurally characterized using single crystal and powder X-ray diffraction 

techniques. Further tracking of the building units in the reactive media using in situ 

synchrotron powder X ray diffraction method unleashed several findings on new phase 

formation through solid-solid diffusion in a solid-state metathesis mechanism. Building 

block approach also proved to be advantageous to tune the band gap of materials by 

keeping the structure type intact. This new synthetic approach can introduce high degree 

of rationality in solid state reactions in comparison to traditional solid-state process and 

can speed up the discovery of new materials in complex chalcogenide chemistry. The 

Table 4. Experimental and theoretical magnetic moment values 
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building block approach can be further extended to other building units and different metal 

chloride salts across the periodic table to unlock the treasure of undiscovered materials and 

increase the materials space.  

 

SUPPLEMENTARY INFORMATION 

 

Table S1. Heating protocol followed for the metathesis reactions 

Building 

block 

precursor 

MCl3 Temp 
heating 

rate 

Dwell 

time 

cooling 

rate 
color Product 

Na6Ge2Se6 

InCl3 700 25 96 30 orange yellow Na9In(Ge2Se6)2 

LaCl3 600 25 96 30 yellow Na9La(Ge2Se6)2 

CeCl3 600 25 96 30  Na9Ce(Ge2Se6)2 

PrCl3 600 25 96 30  Na9Pr(Ge2Se6)2 

NdCl3 600 25 96 30  Na9Nd(Ge2Se6)2 

SmCl3 600 25 96 30  Na9Sm(Ge2Se6)2 

GdCl3 600 25 96 30  Na9Gd(Ge2Se6)2 

TbCl3 600 25 96 30  Na9Tb(Ge2Se6)2 

DyCl3 600 25 96 30  Na9Dy(Ge2Se6)2 

HoCl3 600 25 96 30  Na9Ho(Ge2Se6)2 

YbCl3 600 25 96 30  Na9Yb(Ge2Se6)2 

CaCl2 700 25 96 30 white Na8Ca2(Ge2Se6)2 

SrCl2 700 25 96 30 pale yellow Na8Sr2(Ge2Se6)2 

MnCl2 750 25 96 35 orange red Na8Mn2(Ge2Se6)2 

PbCl2 650 20 120 30 red Na8Pb2(Ge2Se6)2 

CdCl2 650 20 120 30 dark red Na8Cd2(Ge2Se6)2 

EuCl2 600 25 96 30  Na8Eu2(Ge2Se6)2 

Li3PS4 

  

MnCl2 500 20 48 30 yellow LiMnPS4 

ZnCl2 500 20 48 30 white LiZnPS4 

CuCl 700 25 48 30 yellow Li1.5Cu1.5PS4 
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Table S2. Crystal data and refinement details of Na8Ca2(Ge2Se6)2, and Na8Sr2(Ge2Se6)2 

Empirical formula Na8Ca2(Ge2Se6)2 Na8Sr2(Ge2Se6)2 

Formula weight 1501.96 1597.04 

Temperature 243(2) K 299(2) K 

Wavelength 0.71073 Å 0.71073 Å 

Crystal system Monoclinic Monoclinic 

Space group C 2/m C 2/m 

Unit cell dimensions a = 7.8969(13) Å a = 7.1529(13) Å 

 
b = 12.228(2) Å b = 12.346(2) Å 

 
c = 7.1004(12) Å c = 8.0299(15) Å 

 
b= 106.986(2)° b= 107.275(2)° 

Volume 655.72(19) Å3 677.1(2) Å3 

Z 1 1 

Density (calculated) 3.804 Mgm–3 3.916 Mgm–3 

Absorption coefficient 21.709 mm–1 24.540 mm–1 

R [I>2σ(I)] 1.163 1.078 

R indices (all data) R1 = 0.0293 R1 = 0.0458 

R [I>2σ(I)] wR2 = 0.0708 wR2 = 0.1161 
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Table S3. Crystal data and refinement details of Na9In(Ge2Se6)2, Na8Pb2(Ge2Se6)2, and 

Na8Cd2(Ge2Se6)2 

Empirical formula Na9In(Ge2Se6)2 Na8Pb2(Ge2Se6)2 Na8Cd2(Ge2Se6)2 

Formula weight 1559.61 1836.18 1646.6 

Temperature 243(2) K 223(2) K 300(2) K 

Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 

Crystal system Monoclinic Monoclinic Monoclinic 

Space group C 2/m C 2/m C 2/m 

Unit cell dimensions a = 7.8618(9) Å a = 7.105(2) Å a = 7.8306(14) Å 

 
b = 12.0825(14) Å b = 12.269(4) Å b = 12.040(2) Å 

 
c = 7.1007(8) Å c = 7.993(4) Å c = 7.1059(12) Å 

 
b= 106.8280(10)° b= 107.158(4)° b= 106.878(2)° 

Volume 645.61(13) Å3 665.8(4) Å3 641.11(19) Å3 

Z 1 1 1 

Density (calculated) 4.011 Mgm–3 4.579 Mgm–3 4.265 Mgm–3 

Absorption coefficient 22.539 mm–1 33.578 mm–1 23.417 mm–1 

Goodness-of-fit on F2 1.144 1.068 1.045 

R [I>2σ(I)] R1 = 0.0306 R1 = 0.0356 R1 = 0.0323 

R indices (all data) wR2 = 0.0756 wR2 = 0.0736 wR2 = 0.0850 
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Table S4. Crystal data and refinement details of Na9La(Ge2Se6)2, Na9Ce(Ge2Se6)2,and 

Na9Pr(Ge2Se6)2 

Empirical formula  Na9La(Ge2Se6)2 Na9Ce(Ge2Se6)2 Na9Pr(Ge2Se6)2 

Formula weight  1583.7 1584.91 1585.7 

Temperature  298(2) K 293(2) K 293(2) K 

Wavelength  0.71073 Å 0.71073 Å 0.71073 Å 

Crystal system  Monoclinic Monoclinic Monoclinic 

Space group  C 2/m C 2/m C 2/m 

Unit cell dimensions a = 7.9726(8) Å a = 7.9629(10) Å a = 7.8762(17) Å 

 
b = 12.3349(13) Å b = 12.3133(16) Å b = 12.185(3) Å 

 
c = 7.1121(7) Å c = 7.1154(9) Å c = 7.1165(15) Å 

 
= 107.112(2)° = 107.072(2)° = 106.892(4)° 

Volume 668.45(12) Å3 666.92(15) Å3 653.5(2) Å3 

Z 1 1 1 

Density (calculated) 3.934 Mgm–3 3.946 Mgm–3 4.029 Mgm–3 

Absorption 

coefficient 
22.482 mm–1 22.639 mm–1 23.226 mm–1 

Goodness-of-fit on F2 1.069 1.155 1.083 

R [I>2σ(I)] R1 = 0.0184 R1 = 0.0341 R1 = 0.0313 

R indices (all data) wR2 = 0.0369 wR2 = 0.0766 wR2 = 0.0923 
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Table S5. Crystal data and refinement details of Na9Nd(Ge2Se6)2, Na9Sm(Ge2Se6)2,and 

Na9Eu2(Ge2Se6)2 

Empirical formula Na9Nd(Ge2Se6)2 Na9Sm(Ge2Se6)2, Na8Eu2(Ge2Se6)2 

Formula weight 1589.03 1595.14 1725.72 

Temperature 300(2) K 298(2) K 298(2) K 

Wavelength 0.71073 Å 0.71073 Å 0.71073 Å 

Crystal system Monoclinic Monoclinic Monoclinic 

Space group C 2/m C 2/m C 2/m 

Unit cell 

dimensions 
a = 7.934(4) Å a = 7.9158(15) Å a = 7.1388(16) Å 

 
b = 12.282(6) Å b = 12.244(2) Å b = 12.334(3) Å 

 
c = 7.115(3) Å c = 7.1048(13) Å c = 8.0195(18) Å 

 
= 107.052(6)° = 106.993(3)° = 107.267(4)° 

Volume 662.8(5) Å3 658.6(2) Å3 674.3(3) Å3 

Z 1 1 1 

Density (calculated) 3.981 Mgm–3 4.022 Mgm–3 4.250 Mgm–3 

Absorption 

coefficient 
23.020 mm–1 23.428 mm–1 25.295 mm–1 

Goodness-of-fit on 

F2 
1.093 0.983 1.075 

R [I>2σ(I)] R1 = 0.0425 R1 = 0.0202 R1 = 0.0228 

R indices (all data) wR2 = 0.1107 wR2 = 0.0461 wR2 = 0.0564 
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Table S6. Crystal data and refinement details of Na9Gd(Ge2Se6)2, Na9Tb(Ge2Se6)2,and 

Na9Dy(Ge2Se6)2 

Empirical formula  Na9Gd(Ge2Se6)2 Na9Tb(Ge2Se6)2 Na9Dy(Ge2Se6)2 

Formula weight  1602.04 1603.71 1607.29 

Temperature  293(2) K 293(2) K 293(2) K 

Wavelength  0.71073 Å 0.71073 Å 0.71073 Å 

Crystal system  Monoclinic Monoclinic Monoclinic 

Space group  C 2/m C 2/m C 2/m 

Unit cell 

dimensions 
a = 7.9111(7) Å a = 7.9004(6) Å a = 7.8926(9) Å 

 
b = 12.2446(11) Å b = 12.2327(10) Å b = 12.2213(13) Å 

 
c = 7.1173(6) Å c = 7.1129(6) Å c = 7.1168(8) Å 

 
= 106.9890(10)° = 106.9270(10)° = 106.924(2)° 

Volume 659.35(10) Å3 657.63(9) Å3 656.74(13) Å3 

Z 1 1 1 

Density 

(calculated) 
4.035 Mgm–3 4.049 Mgm–3 4.064 Mgm–3 

Absorption 

coefficient 
23.687 mm–1 23.917 mm–1 24.101 mm–1 

Goodness-of-fit on 

F2 
1.078 1.086 1.037 

R [I>2σ(I)] R1 = 0.0165 R1 = 0.0164 R1 = 0.0185 

R indices (all data) wR2 = 0.0416 wR2 = 0.0455 wR2 = 0.0496 
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Table S7. Crystal data and refinement details of Na9Ho(Ge2Se6)2, and Na9Yb(Ge2Se6)2 

Empirical formula Na9Ho(Ge2Se6)2 Na9Yb(Ge2Se6)2 

Formula weight 1609.72 1617.83 

Temperature 293(2) K 293(2) K 

Wavelength 0.71073 Å 0.71073 Å 

Crystal system Monoclinic Monoclinic 

Space group C 2/m C 2/m 

Unit cell dimensions a = 7.8960(14) Å a = 7.9514(8) Å 

 
b = 12.222(2) Å b = 12.3038(12) Å 

 
c = 7.1207(12) Å c = 7.1159(7) Å 

 
= 106.875(3)° = 107.060(2)° 

Volume 657.6(2) Å3 665.53(11) Å3 

Z 1 1 

Density (calculated) 4.065 Mgm–3 4.037 Mgm–3 

Absorption coefficient 24.238 mm–1 24.489 mm–1 

R [I>2σ(I)] 1.052 1.111 

R indices (all data) R1 = 0.0353 R1 = 0.0358 

R [I>2σ(I)] wR2 = 0.0871 wR2 = 0.1014 
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Figure S1. In situ powder X-ray thermodiffractogram of the reaction mixture 

Na6Ge2Se6 + CeCl3 (2:1) to form the product Na9Ce(Ge2Se6)2. 
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Figure S2. In situ powder X-ray thermodiffractogram of the reaction mixture 

Na6Ge2Se6 + CaCl2 (1:1) to form the product Na8Ca2(Ge2Se6)2 

Figure S3. Temperature-dependent molar and inverse molar magnetic susceptibility of 

Na12–nxMx
n+(Ge2Se6)2 . (a) M = Eu, Gd, Tb (B) M = Dy, Ho 

(a) (b) 
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ABSTRACT 

 

Two new ternary thiogallates in the series A5GaS4 (A = Li(I), Na(II)) have been 

synthesized for the first time employing gas passing route using oxide precursors and high 

temperature solid state route using stoichiometric combinations of elements, respectively. 

Li5GaS4 crystallizes in P21/m space group and the structure is built up of layers of corner 

shared tetrahedra of LiS4 and GaS4 stacked along a-axis and the octahedrally coordinated 

Li ions residing in the interlayer space. Na5GaS4 crystallizes in Pbca space group and the 

structure consists of isolated (GaS4)
5– tetrahedra held together by charge balancing sodium 

ions in distorted tetrahedral and octahedral coordination geometries. Measurements of 

ionic conductivity of the compounds yielded the room temperature ionic conductivity of 

1.8×10–7 and 4.0×10–7 S. cm−1 with activation energies of 0.54 and 0.28 eV, respectively, 

for I and II. Density functional theory calculations show close agreement in structural 

parameters with the measured data and predict the band gaps of 2.75 eV (I) and 2.70 eV 
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(II). Single point hybrid functional calculations result in band gaps of 3.95 and 3.65 eV 

correspondingly, in better agreement with experimental values of ~4.1 eV for both. Bond 

valence landscape energy maps suggest absence of any suitable diffusion path for Li in 

Li5GaS4. On the other hand, BVEL maps of Na5GaS4 confirm that the tetrahedrally 

coordinated Na ions are responsible for ionic conduction, whereas involvement of 

octahedrally coordinated Na ions in the conduction process could not be discerned. 

 

1. INTRODUCTION 

 

Alkali ion containing ternary sulfides A/M/Q (A = Li, Na, K, Rb, Cs; M = Main 

group metal, Q = S, Se, Te) possess wide structural and compositional varieties.1-2 Various 

modes of connectivity between the chalcometallate building units lead to the formation of 

compounds with different dimensionality from non-van der Waal (vdW) layered, open 

framework type to isolated building units.3-8 In recent years, these materials have attracted 

much attention because of their potential applications in solid electrolytes.9 Highly 

conducting solid electrolyte would replace the flammable liquid electrolyte and impart 

greater safety.9 Crystalline ternary thiophosphate, thioantimonnate and thiostannate based 

compounds in both lithium and sodium systems are currently extensively investigated for 

solid electrolyte applications.3, 8 – 16 For example, high ionic conductivity at room 

temperature have been reported in some main-group metal chalcogenides as both Li- and 

Na-ion conductor, e.g., 6.4 × 10−4 S.cm−1 for Li3.4Si0.4P0.6S4,
10 and 2.2 × 10−3 S.cm−1 for 

Li3.25Ge0.25P0.75S4
11 and 1.2 × 10−2 S.cm−1 for Li10GeP2S12

12. Similarly in Na-ion 

conductors, ionic conductivity of 4.6 × 10−4 for Na3PS4,
13  1 × 10−3 S.cm−1 for Na3SbS4

14 
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4.0 × 10−3 S.cm−1 for Na10SnP2S12
15 and 1.4× 10−3 S.cm−1 for Na11Sn2PS12 have been 

reported.16 Though some of the oxide-based materials have shown superionic conductivity 

in Li- and Na-ion conduction, however, they require high sintering temperature to eliminate 

the effect of grain boundary and achieve high conductivity.17 In the case of chalcogenide, 

movement of ions is more facile because of the weak interaction of ions with the highly 

polarizable chalcogen lattice.18 More importantly, these chalcogenide materials can be cold 

pressed to achieve high conductivity because of the higher malleability of chalcogen 

lattice.9 Generally, these A/M/Q compounds can be synthesized by solid state reaction of 

elements or by employing polychalcogenide reactive flux in sealed quartz tube. Besides 

solid-state syntheses, these days solution-based or mechanochemical syntheses are also 

becoming popular because of the need to prepare large quantities of materials in a simple 

manner for solid electrolyte applications.19 However, among several A/M/Q series of 

compounds, chalcogallate-based systems with simple building units are relatively less 

known, only a very small number of compositions exist to date.4, 6, 20, 21 In the A/Ga/Q (A 

= Li, Na; Q = S, Se) series the reported phases are LiGaQ2 (Q = S, Se, Te),6 Na6Ga2Q6 (Q 

= S, Se)20 and Na4Ga2S5.
21 LiGaQ2 adopts NaFeO2 structure type with three-dimensional 

structure and are well-known NLO materials.6 Na6Ga2S6 has unique isolated edge shared 

GaS4  tetrahedra forming Ga2Q6
6– dimers whereas Na4Ga2S5 possesses one dimensional 

chains of corner- and edge-shared GaS4 tetrahedra.  

Hence, we have directed our focus towards finding new phases in chalcogallate 

based systems in presence of both lithium and sodium ions. Towards this effort we have 

recently reported NaGaS2, a non-vdW 2D solid with supertetrahedral building units 

showing unusual property of water absorption.4 There is a good reason to investigate the 
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formation of basic building unit of chalcogallate, such as tetrahedral, [GaQ4]
5- (Q = S, Se) 

for solid electrolyte since it will crystallize with five alkali ions. Besides favourable 

attributes of soft chalcogen atoms, presence of large number of ions should also play a 

pivotal role in facile ion conduction through the lattice. Further creation of defects in the 

lattice would inevitably create a good ionic conductor. However, to achieve this goal we 

first need to synthesize and structurally characterize the pristine and pure phase compounds 

made of basic building unit, A5GaQ4 (Q = S, Se). There are some reports of ionic 

conductivity measurements of Li5GaS4 and its solid solution with other main group 

elements,22, 23 however, the crystal structure of Li5GaS4 is yet to be reported. To the best 

of our knowledge nothing is known about the Na-analogue, Na5GaS4. In this article, we 

report the synthesis, structure, and ionic conductivities of two new alkali ion containing 

non-isostructural thiogallates, Li5GaS4 (I) and Na5GaS4 (II), along with their theoretical 

band structures. 

 

2. EXPERIMENTAL SECTION 

 

2.1. SYNTHESIS 

Li5GaS4 (I) was initially synthesized from a reaction of stoichiometric mixture of 

2.5 mmol of Li2S, 1 mmol of Ga shavings, 1.5 mmol of S in a sealed quartz ampoule. The 

heating protocol used for this reaction involved heating to 700 °C at a rate of 30 °C/h, 

dwelling for 18h, and cooling down to room temperature at 35 °C/h. However, this route 

always yielded significant amounts of LiGaS2 as the secondary phase along with Li5GaS4 

(I) as the main phase (Figure S1). Hence, we opted for gas passing route through which a 
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pure phase Li5GaS4 (I) was synthesized from 5 mmol of Li2CO3 and 1 mmol of Ga2O3 in 

a temperature-controlled tube furnace. The tube furnace was connected to a constant flow 

(20 sccm) of high purity argon carrier gas that passed through a tower of liquid carbon 

disulfide (CS2) kept at room temperature. The vapours of CS2 gas was carried over the 

oxide precursors for sulfidation at higher temperature. The temperature of the furnace was 

increased to 750 °C at a rate of 200 °C/h, after dwelling for 8 h, furnace was cooled to 

room temperature at a rate of 100 °C/h. Orange-red colour crystalline product was formed 

(Figure S2). The obtained product was ground again using a mortar pestle after transferring 

it inside an argon filled glovebox and subjected to a second cycle of heating in order to 

achieve phase pure compound. After the reaction very stable homogenous product 

containing orange-red colour crystals were transferred to an argon filled glove box (O2 < 

0.1ppm). Na5GaS4 (II) was synthesized by reacting stoichiometric mixture of 2.5 mmol of 

Na2S, 1 mmol of Ga shavings, 1.5 mmol of S in a sealed quartz ampoule. The sealed 

ampoule was heated in a temperature-controlled furnace and the temperature was ramped 

to 600 °C at a rate of 25 °C/h, after dwelling for 96 h, the furnace was cooled down to room 

temperature at 30 °C/h rate. Pale orange colour crystals were recovered after breaking the 

ampoule in an argon-filled glove box (Figure S2). Appropriate crystals were used for single 

crystal X-ray diffraction and finely ground powder samples were used for other 

characterizations including powder X-ray diffraction. 

 

2.2. X-RAY DIFFRACTION 

Good quality crystals were chosen for single crystal X-Ray diffraction on a Bruker 

smart apex diffractometer equipped with a sealed tube X-ray source of Mo–Kα radiation 
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(λ = 0.71073 Å). Room temperature or –53 C diffraction data sets were collected using 

SMART24 software with a step of 0.3° in ω scan and 20 s or 10 s/frame exposure time, 

respectively, for I and II. Programs SAINT25 and SADABS25 were used for the data 

integration and absorption correction, respectively. SHELXS-97 and difference Fourier 

syntheses were used to solve the structures.26 Full-matrix least-squares refinement against 

|F2| was carried out using the SHELXTL-PLUS suite of programs.25  

 

Table 1. Crystal data and refinement details of I and II 

Compounds I II 

Empirical formula  Li5GaS4 Na5GaS4 

Formula weight  232.66 312.91 

Temperature  300(2) K 220(2) K 

Wavelength  0.71073 Å 0.71073 Å 

Crystal system  Monoclinic Orthorhombic 

Space group  P21/m Pbca 

Unit cell dimensions a = 6.2711(18) Å a = 12.045(15) Å 

 
b = 7.864(2) Å b = 7.0212(9) Å 

 
c = 6.8610(19) Å c = 21.535(3) Å 

 
 = 90.118(4)° 

 
Volume 338.36(16) Å3 1821.3(4) Å3 

Z 2 8 

Density (calculated) 2.284 g/cm3 2.282 g/cm3 

Absorption coefficient 5.166 mm–1 4.089 mm–1 

Goodness-of-fit on F2 1.091 1.059 

R [I > 2σ(I)] R1 = 0.0426 R1 = 0.0290 

wR (F2) (all data) wR2 = 0.1083 wR2 = 0.0733 

aR1= ∑||Fo| – |Fc|/∑|Fo| 
bwR2 = {∑[w(Fo

2 – Fc
2)2]/∑[w(F0

2)2]}1/2, w = 1/[σ2(Fo)
2 + (aP)2 + bP], where P = [Fo

2 + 

2Fc
2]/3 
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Table 2. Selected bond lengths (Å) of compounds I and II. 

Li5GaS4 (I) Na5GaS4 (II) 

Ga1 – S3#1 2.2608(17) Ga1 – S2#1 2.2758(11) 

Ga1 – S1 2.2729(12) Ga1 – S1#2 2.2778(11) 

Ga1 – S1#2 2.2730(12) Ga1 – S4 2.2834(11) 

Ga1 – S2 2.2773(16) Ga1 – S3#3 2.2852(11) 

I: #1 x, -y + 1/2, z; #2 x, -y + 1/2, z; II: #1 x, y – 1, z; #2 -x + 1/2, y – 1/2, z; #3 -x + 1, 

-y + 1, -z + 1 

 

Li5GaS4 crystallized in P21/m space group while the Na-analogue, Na5GaS4, 

crystallized in Pbca space group. All the atoms can be easily located from the difference 

Fourier maps and weighted R factor, wR2 converged to a low value without leaving any 

unaccounted electron density. Final refinements including the refinements of anisotropic 

thermal parameters were performed using SHELX-2018 incorporated in ShelXLe.27 

Crystal data and final refinement parameters are given in Table 1 and selected bond lengths 

are given in Table 2 for compounds I and II. Atomic coordinates along with their isotropic 

thermal parameters are given in SI (Tables S1 and S2). 

 

2.3. POWDER X-RAY DIFFRACTION 

The laboratory powder pattern was collected from a PANalytical X'Pert Pro 

diffractometer equipped with a Cu Kα anode and a linear array PIXcel detector over a 2θ 

range of 5 to 90° with an average scanning rate of 0.0472° s–1. As-synthesized, hand ground 
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samples were loaded into an airtight cell covered with the kapton film to collect the PXRD 

pattern (Figure 1). 

 

 

 

2.4. DRS MEASUREMENTS 

Diffuse reflectance measurements for compounds I and II were performed in 

Labsphere’s integrating sphere (Model DRA-CA-30I) fitted on a Varian CARY 100 Bio 

UV-Vis spectrophotometer. A Spectralon’s white standard was used as a 100% reflectance 

standard. The Kubelka–Munk function was used to transform the reflectance into 

absorption.28 ℎν vs (αℎν)2 plots (Figure 2) show flat region parallel to X–axis followed by 

a steep jump due to the electronic transition from valence band to the conduction band. 
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Figure 1. Comparison of simulated and experimental powder X-ray diffraction 

patterns for compounds, I and II. The broad hump between 2θ = 15° to 25° is due the 

Kapton film 
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The band gap was determined by the intersection of the extrapolated flat and steep 

regions of the plot. The band gap values obtained for compounds I and II are almost similar 

and close to ~4.1 eV. 

  

2.5. THERMAL ANALYSIS 

Simultaneous TGA, DSC experiments were performed on TA Instruments Q50 

TGA and Q600 SDT for compounds I and II from room temperature to 900 °C with a scan 

rate of 10 °C/min under high purity argon gas. Samples of ca 20 mg weight was placed 

into brand new calcined alumina crucible for the experiment. The plots are presented in SI 

(Figure S3). The TGA and DSC plots show endothermic events occurring at 837 °C for 

compound I and 670 °C for compound II, which could be due to melting of the compounds. 

However, the phase changes were not very sharp because of the weight loss of ~1.3 % after 

300 °C due to reaction with oxygen impurities present in the inert gas as these TG-DSCs 

Figure 2. Diffuse reflectance plot for compounds I and II. 
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were performed in unsealed open alumina cups. In fact, it is practically impossible to 

eliminate traces of air adsorbed on the Q600 analyzer interior surfaces of horizontal furnace 

even after ~20 min of the UHP-grade argon flow of 100±2 mL/min. However, it is evident 

that both compounds I and II are thermally stable at least up to 650 °C. Powder patterns of 

the remaining sample residues after TGA-DSC experiments (Figure S4) did not show any 

phase changes as both the samples retained the original crystal structure. 

 

2.6. IMPEDANCE MEASUREMENTS 

AC impedance measurements were performed from 1Hz to 1MHz using Biologic 

instruments SP-150 impedance analyzer with an AC signal amplitude of 500 or 100 mV. 

The hand ground samples were cold pressed applying a force of 280 MPa in a stainless-

steel pressing die inside an argon filled glove box (O2 < 0.1 ppm). Indium foil was used as 

the blocking electrodes. The pellets were placed in an airtight Swagelok type cell and 

heated in a temperature-controlled box furnace to measure the temperature dependence of 

the ionic conductivity. The impedance data were collected at every 10 C increment by 

keeping the temperature of each measurement constant for at least an hour to reach the 

thermal equilibrium.  

 

2.7. DFT CALCULATIONS 

We carried out investigation of the structural and electronic properties of both 

compounds using Density Functional Theory (DFT) as implemented in VASP 

computational package.29-32 We employed the revised Perdew-Burke-Ernzerhof 

generalized gradient approximation (PBESol) to the density functional33 and used 
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Projected Augmented Wave (PAW) pseudopotential to describe the effect of the core 

electrons. Energy cut off for all calculations is 500 eV, while Brillouin zone integration 

used Monkhorst-Pack34 k-point grid with dimensions of 5x5x5 for compound I and 3x3x3 

for compound II. 

 

3. RESULTS AND DISCUSSION 

 

3.1. STRUCTURAL DESCRIPTION 

Though compositionally both compounds I and II are similar, structurally they are 

different. Compound I crystallizes in a centrosymmetric monoclinic, P21/m space group 

and is isostructural with Na5InS4,
35 Li5AlS4.

36 The asymmetric unit consists of three sulfur 

atoms, one gallium, and four lithium atoms (Figure 3a). Li1 and S1 occupy general 

positions on 4f Wyckoff site, while one gallium atom, two sulfur atoms (S2 and S3), and 

two lithium atoms (Li2 and Li3) are located on special positions denoted as 2e Wyckoff 

site. One remaining lithium atom (Li4) is also located on a special position, 2a Wyckoff 

site. Li1 and Li3 adopt distorted tetrahedral coordination while Li2 and Li4 adopt distorted 

octahedral coordination (Figure 3b and Figure S5). The structure of compound I can be 

described as hexagonal close packing of anions which are stacked along the a-axis in ABAB 

fashion. Such stacking of S creates eight tetrahedral holes and four octahedral holes of 

which 3/8th of tetrahedral holes are filled with Li (Li1, Li3) and Ga cations and ½ of 

octahedral voids are filled with Li (Li2 and Li4). However, they differ in the manner of 

occupancy of tetrahedral and octahedral sites. The pair of close-packed (CP) layer (Figure 

3c) in which only tetrahedral holes are occupied alternate between CP layers in which only 
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the octahedral holes are occupied as shown in Figure 3b. Alternatively, the structure can 

be viewed as a layered type with layers formed by corner shared tetrahedral network of 

LiS4 (Li1 and Li3) and GaS4 stacked along a-axis where the interlayer space is occupied 

by octahedrally coordinated Li-ions (Li2 and Li4) (Figure 3b). Li – S bond distances are in 

the range of 2.398(11) – 2.558(13) Å for tetrahedrally coordinated Li atoms (Li1, Li3) and 

2.6562(11) – 3.040(12) Å for octahedrally coordinated Li atoms (Li2, Li4) which are in 

good agreements with other lithium containing main group sulfide, such as lithium 

thioalluminate, Li5AlS4.
36  

 

 

(d) 
(e) 

(b) (a) 

(f) 

(c) 

Figure 3. (a) Asymmetric unit of compound I. (b) Layers formed by GaS4
5–

 and 

tetrahedrally coordinated Li stacked along a-axis where the interlayer space is 

occupied by octahedrally coordinated Li2 and Li4.  (c) Polyhedral view of the layer, in 

which 3/8th of the tetrahedral voids are filled by Ga1, Li1 and Li3.  (d) Asymmetric 

unit of compound II. (e) Unit cell showing the isolated GaS4
5– tetrahedral units, 

separated by charge balancing sodium ions (f) Zig-zag arrangement of GaS4
5– 

tetrahedral units along b-axis. (Thermal ellipsoids are given at 40 % probability) 
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Na5GaS4 (II) crystallizes in orthorhombic Pbca space group with asymmetric unit 

containing five sodium atoms, one gallium atom, and four sulfur atoms and all the atoms 

are in the general positions, 2e Wyckoff site (Figure 3d). Na5GaS4 adopts Na5FeO4
37 

structure type and isostructural with Na5AlS4.
38 The structure of II composed of isolated 

GaS4
5– tetrahedra with charge balancing sodium ions adopting distorted tetrahedral (Na1, 

Na3, Na4, and Na5) and distorted octahedral (Na2) coordination, respectively (Figure 3e 

and Figure S6). Columns of isolated GaS4 tetrahedral building units are aligned along b-

axis and are related by two-fold screw axis (Figure 3f). Na – S bond distances are in the 

range of 2.6861(19) – 2.952(2) and 2.8300(18) – 3.2360(18) Å for tetrahedrally and 

octahedrally coordinated Na atoms, respectively, which are in good agreement with 

isostructural sodium based thioalluminate Na5AlS4.
38 It is interesting to note here that many 

of the ternary compounds in the A/M/S series (e.g., Li4GeS4 or Li4SnS4) are moisture 

sensitive.39 Though compound Na5GaS4 (II) is found to be reasonably stable in air for few 

hours, the compound Li5GaS4 (I) turned out to be very stable (four to five days), which 

could be attributed to the 2-dimensional network of LiS4 and GaS4. 

Here, it should be noted that though the compounds with general formula A5MQ4 

(A = Li, Na; M = Al, Ga, In; Q = S, Se) are compositionally similar, they adopt different 

structure types. This may be due to differences in sizes between the alkali ions and the 

main group metal ion. Among the compositions that exist in A5MQ4 family, for example 

Na5InS4
35 and Li5AlS4

36 are isostructural to I and crystallize in P21/m space group with 

layered structure. Similarly, Na5AlS4
38 and II are isostructural and crystallize in Pbca space 

group containing isolated GaS4 tetrahedral units. Increasing the size of alkali ion from Na 

to K as in K5GaSe4, it is still found to crystallize in Pbca space group similar to II 
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containing isolated GaSe4 tetrahedra but possesses much larger unit cell volume.40 

However, recently reported K5InSe4 adopts a new structure type crystallizing in C2/c space 

group.41    

 

3.2. THEORETICAL CALCULATIONS 

Starting from the experimentally elucidated structures, we first performed structural 

relaxation until the maximum force on the atoms was less than 10–2 eV/Å. Relaxed 

structures show excellent agreement with experiment. For both compounds, the volume of 

the theoretical structure is slightly smaller than experimentally observed one, by 10 and 23 

Å3 correspondingly. 

 

The calculated projected density of states for Li5GaS4 (I) and Na5GaS4 (II) are 

shown in Figure 4 (a and b). The calculated band gaps for I and II are 2.75 and 2.69 eV, 

respectively. Considering the typical underestimation of band gaps by the conventional 

DFT, we also carried out the single point calculations with the HSE06 hybrid functional,42 

which typically improves the predictions for band gap. Due to the computational load, 

Figure 4. Projected electronic density of states in (a) Li5GaS4(I) and (b) Na5GaS4 (II). 
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lesser number of the k-points were used of the Brillouin zone integration: 2x2x2 for the 

compound I and gamma-point only for II. This calculation predicted band gaps of 3.95 and 

3.65 eV correspondingly, in much better agreement with experiment (~4.1 eV).  As 

illustrated in Figure 4a and 4b, projected density of states for both the compounds share 

some similarity in the contribution to the valence and conduction bands. The states below 

the Fermi level are dominated by S 3p states in both the compounds. The conduction band 

minimum (CBM) has the major contribution from S 3p states and Ga 4s states. There is no 

predominant contribution from alkali ion states to the valence band suggesting minimal 

covalent interactions with the alkali ions. It is still interesting to observe the difference in 

the calculated band gap of the two materials by the HSE06 functional considering both 

have the isolated GaS4
5– unit mainly contributing to the bands around the energy gap and 

not the alkali ions. Therefore, the differences may come from the indirect effect of alkali 

ions and differences of packing of the GaS4
5– units in the unit cell since I and II are not 

isostructural. 

 

3.3. IONIC CONDUCTIVITY 

AC impedance measurements were performed to calculate the ionic conductivity 

and activation energies. The Nyquist plots for the compounds I and II are shown in Figures 

5 (a) and (b) consist of a high frequency semicircle and a low frequency tail corresponding 

to bulk resistance and charge accumulation at the blocking electrode. The equivalent circuit 

used, and the related fitting parameters for room temperature ionic conductivity are detailed 

in the SI (Figure S7). Ionic conductivity was calculated from the bulk resistance extracted 

from complex impedance plots. Temperature dependent ionic conductivity was measured 
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from room temperature to 75 °C at every 10 °C interval to calculate the activation energy. 

Within the measured range the ionic conductivities both compounds follow Arrhenius 

behaviour. The activation energies were calculated using σT = σoexp(-Ea/kBT) where σT is 

the ionic conductivity, σo is a pre-exponential factor, T is the absolute temperature, 

and kB is the Boltzmann constant. The room temperature ionic conductivities are 1.8×10–7 

S.cm−1 for Li5GaS4 (I) and 4.0×10–7 S.cm−1 for Na5GaS4 (II). The calculated activation 

energies for compounds I and II are 0.54 and 0.28 eV, respectively. Despite having almost 

similar ionic conductivity in compounds I and II, there exist significant difference in the 

activation energies, which could arise due to different conduction mechanisms. Generally, 

a concerted type mechanism in which multiple adjacent ions simultaneously hop to 

neighbouring equilibrium site gives rise to low activation barriers compared to single ion 

hopping.43 BVEL (Bond Valence Energy Landscapes) were calculated to find out the most 

Figure 5. Nyquist plot for ionic conductivity of (a) Compound I (Li5GaS4) (b) 

Compound II (Na5GaS4). Inset shows the activation energy calculated from 

experimentally measured ionic conductivity versus temperature. Dots represents the 

experimental ionic conductivity and dashed line represents the Arrhenius fit to the 

data. 
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probable minimum energy trajectories for the Li and Na ions. Deviations in the Bond 

Valence Sum can be correlated to the possible ionic conduction path in the lattice.  

 

These deviations can be plotted as an isosurface using VESTA.44 Bond valence 

energy landscape maps are plotted as an isosurface energy levels |∆𝑉| = 0.3, 0.5, 0.7 v.u 

for compounds I (Figure 6 a, b, c) and II (Figure 6  d, e, f) . No suitable path for ion 

percolation was found for  compound Li5GaS4 (I), which could be the reason for low ionic 

conductivity and high activation energy. The ionic conductivity of Li5GaS4 is much higher 

than the corresponding Al-analogue, Li5AlS4  (RT = 9.73 × 10−9 S.cm−1),36 however, 

comparable to many related Li based ternary sulfide compounds, such as Li4GeS4 (RT = 

2.0×10−7 S.cm−1),22 but somewhat lower than Li4SnS4 (RT = 7 × 10–5 S.cm−1)8 and Li2SnS3 

(RT = 1.5 × 10−5 S.cm−1).3 Na5GaS4 has the room temperature ionic conductivity of 4.0 

×10–7 S.cm−1 which is slightly better than isostructural Al-analogue, Na5AlS4 (RT = 

Figure 6. Bond valence sum (|ΔV|) maps of compound I at an isosurface |∆𝑉|  =
0.3 𝑣. 𝑢. figure (a),  0.5 𝑣. 𝑢. figure (b)  0.7 𝑣. 𝑢. figure (c) and for compound II 

|∆𝑉|  = 0.3 𝑣. 𝑢. figure (d),  0.5 𝑣. 𝑢 figure (e),  0.7 𝑣. 𝑢 figure (f). 
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1.64×10−7 S.cm−1).38 Slightly improved ionic conductivity of Na5GaS4 compared to 

Na5AlS4 could be due to larger ionic radii of Ga3+ compared to Al3+. For Na5GaS4, a two-

dimensional diffusion path was observed from BVEL calculation. BVEL map also 

confirms that Na2, which is in distorted octahedral coordination does not take part in the 

ion conduction. Similar observation has been found for isostructural Na5AlS4.
38 

Solid solutions with aliovalent substitutions would create Li/Na vacancies which is 

an important prerequisite for superionic conductors. Recently, Bernhard et al. reported that 

solid solutions in Li4.4M0.4M’0.6S4 (M = Al3+, Ga3+, and M’ = Ge4+, Sn4+) series not only 

create vacancies, but also altered the arrangement of tetrahedral metal sites, with novel 

ordered and disordered lithium combination.23 Harm et al. reported a solid solution series 

of Na5-xAl1-xSixS4 (0 ≤ x ≤ 1) and emergence of double salt Na9(AlS4)(SiS4) in the 

composition range of 0.5 ≤  x ≤ 0.75 with high alkali ion concentration with versatile Na-

coordination.36 However, it will be interesting to substitute some percentage of Li/Na with 

transition metal, in which case one can perform oxidative de-insertion of alkali ion from 

the host lattice to create more defects. Li5GaS4 would be an ideal candidate for substitution 

with transition metal due to its 2D layered structure. Substitution of pentavalent metal ions 

(P+5, Sb+5) in the Ga-site can also be investigated in A5GaS4 (A = Li, Na) to create more 

defects for improving the ionic conductivity. With the report of structures of pristine 

A5GaS4 (A = Li, Na) in this article, it will be much easier to investigate the structural 

changes as a function of dopant. 
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4. CONCLUSIONS 

 

We have successfully synthesized two new ternary thiogallates containing alkali 

ions and determined their structures. Though both are compositionally similar but adopt 

different crystal structures. This work also proves that gas passing reactions would give 

access to new phases which may not be accessible through typical solid-state reactions 

from the elements. Ionic conductivity measurements along with BVEL calculations 

suggest no diffusion paths in Li5GaS4 and 2D diffusion paths in Na5GaS4 exists at moderate 

activation energies. DFT calculations show that both the compounds are wide band-gap 

semiconductors with optical bandgaps > 2.5 eV and no significant contribution was found 

from Li/Na states to the conduction and valence band indicating predominant ionic 

interactions with the alkali metal ions. Currently we are investigating doping of hypervalent 

metal ions to induce vacancies in the lattice to improve the ionic conductivity. 
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SUPPORTING INFORMATION 

 

Table S1. Final atomic coordinates and equivalent isotropic displacement parameters of 

the atoms for compounds I and II. U(eq) = 1/3rd of the trace of the orthogonalized Ueq 

tensor. 

Atomic Parameters 

Atom Wyckoff Occupancy x/a y/b z/c U [Å2] 

Li5GaS4 (I) 

Ga1 2e 1 0.6335 0.25 0.1709 0.0166 

S1 4f 1 0.7577 0.015 0.3271 0.0173 

S2 2e 1 0.2704 0.25 0.1751 0.0159 

S3 2e 1 2418 0.75 0.138 0.0167 

Li1 4f 1 0.3577 0.5133 0.3341 0.0247 

Li2 2e 1 0.0114 0.25 0.4846 0.0240 

Li3 2e 1 0.649 0.75 0.1663 0.0280 

Li4 2a 1 0 0 0 0.0420 

Na5GaS4(II) 

Ga1 8c 1 0.4597 0.1673 0.3742 0.01148 

S1 8c 1 0.13 0.7947 0.4575 0.0157 

S2 8c 1 0.4452 0.8445 0.3782 0.0152 

S3 8c 1 0.3574 0.7477 0.6238 0.0157 

S4 8c 1 0.3696 0.261 0.2861 0.0163 

Na1 8c 1 0.3508 0.9054 0.499 0.0261 

Na2 8c 1 0.2852 0.55 0.3645 0.0197 

Na3 8c 1 0.5553 0.5599 0.4342 0.0264 

Na4 8c 1 0.4109 0.8763 0.2489 0.0272 

Na5 8c 1 0.661 0.8877 0.3313 0.0234 
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Table S2.   Anisotropic displacement parameters (Å2x 103) for sad.  The anisotropic 

displacement factor exponent takes the form: -2p2[ h2a*2U11 + ... + 2 h k a* b* U12] 
 

Atoms U11 U22 U33 U23 U13 U12 

Li5GaS4 (I) 

Ga(1) 16(1)  15(1) 18(1)  0 0(1)  0 

S(1) 18(1)  16(1) 18(1)  1(1) -1(1)  1(1) 

S(2) 14(1)  14(1) 19(1)  0 1(1)  0 

S(3) 18(1)  15(1) 17(1)  0 1(1)  0 

Li(1) 36(5)  20(4) 18(4)  -2(3) -2(4)  3(3) 

Li(2) 16(5)  23(6) 33(7)  0 -1(4)  0 

Li(4) 25(6)  55(10) 45(9)  5(6) 13(6)  13(6) 

Li(3) 48(8)  27(7) 10(5)  0 -3(5)  0 

Na5GaS4 (II) 

Ga(1) 8(1)  11(1) 11(1)  0(1) 0(1)  0(1) 

S(1) 15(1)  16(1) 12(1)  -2(1) -2(1)  -1(1) 

S(2) 13(1)  11(1) 17(1)  1(1) 0(1)  0(1) 

S(3) 9(1)  18(1) 16(1)  -1(1) 1(1)  -2(1) 

S(4) 15(1)  17(1) 12(1)  2(1) 0(1)  2(1) 

Na(1) 27(1)  28(1) 19(1)  5(1) 0(1)  -3(1) 

Na(2) 14(1)  17(1) 24(1)  1(1) -2(1)  2(1) 

Na(3) 34(1)  18(1) 21(1)  -3(1) -9(1)  6(1) 

Na(4) 26(1)  33(1) 18(1)  -9(1) -5(1)  8(1) 

Na(5) 13(1)  29(1) 22(1)  -8(1) -3(1)  5(1) 
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Figure S1. PXRD comparison of product from sealed tube reaction with simulated 

pattern of Li5GaS4 and the simulated pattern of the secondary phase LiGaS2. 
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Figure S3. TGA and DSC plots of (a) compound I, Li5GaS4 and (b) compound II, 

Na5GaS4. 

  

Figure S2. As synthesized crystals of compound I, Li5GaS4 and compound II, Na5GaS4 
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Figure S5. Coordination environment of Li atoms in Li5GaS4 (I). 

 

Figure S4. PXRD comparison of before and after TGA & DSC 
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Figure S6. Coordination environment of Na atoms in Na5GaS4 (II). 

Figure S7. Equivalent circuit and the parameters used to fit the impedance data for 

Li5GaS4 (I) and Na5GaS4 (II). 
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ABSTRACT 

 

Herein we report the syntheses, structure, Na-ion conductivity and theoretical 

investigation of two moisture stable quaternary compounds, Na3ZnGaQ4 (Q = S, Se). These 

compounds are synthesized using high temperature solid state synthesis routes employing 

polychalcogenide flux or by metathesis reactions. The crystal structure of these compounds 

is built up of three-dimensional (3-D) network of corner-shared supertetrahedral (T2) units, 

where two such 3-D networks are interlocked. The d-block metal and the main group metal, 

Ga, occupy same crystallographic site with 1:1 ratio making it a rare form of building unit. 

Band structure calculations show that both the compounds are wide band gap 

semiconductors with band gaps of 2.25 and 1.61 eV, respectively, for Na3ZnGaS4(I) and 

Na3ZnGaSe4(II), which are slightly underestimated compared to experimentally 

determined band gaps of 3.0 and 1.90 eV, respectively. I and II possess ionic conductivity 

of 3.74 × 10–4 and 0.12 mS/cm with activation energies of 0.42 and 0.38 eV, respectively, 
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at 30 °C. Interestingly, I shows significantly high ionic conductivity of 0.13 mS/cm at 30 

°C upon exposure to air which could be due to water adsorption on the surface or occlusion 

in the grain boundaries. Assuming the vacancy assisted diffusion mechanism for ionic 

conductance, this difference is consistent with the difference on vacancy formation 

energies in these compounds, as predicted by DFT calculations. The bond valence sum 

map indicates that in both structures, the lowest energy diffusion path is one dimensional 

and it is along c-axis of the unit cell.  

 

1. INTRODUCTION 

 

Multinary chalcogenides are one of the most diverse class of compounds currently 

being explored in many cutting edge research.1 Among the various applications 

chalcogenides are extensively investigated as solid electrolytes and as cathode materials 

for lithium and sodium ion batteries.2-4 Sodium ion batteries are considered to be the best 

alternative energy storage technologies for next generation energy storage systems due to 

its low cost, more abundance, and equal distribution throughout the world.5 Therefore, 

current research is focused on finding a high voltage-high capacity cathodes and a highly 

conducting sodium-ion conductor as solid electrolyte for all-solid-state batteries. Solid 

state batteries have advantages over liquid electrolyte batteries in terms of safety, high 

energy density, ease of fabrication and a large window of operating voltages.6,7 A lot of 

progress has been made in the discovery of solid sodium-ion electrolytes.8 In this regard 

chalcogenide based solid electrolytes have attracted much attention because of their high 

ionic conductivity and low activation barriers3, 7, 9 compared to classical oxide based solid 
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electrolytes such as Na beta-alumina and NASICON type structures which require high 

sintering temperatures to achieve the high conductivity.10,11  

After the report of high ionic conductivity in Na3PS4
 by Hayashi et al.,12 other 

chalcogenide-based solid electrolytes such as selenophosphates, thioantimonates and 

selenoantimonates with high ionic conductivity (> 0.1 mS/cm) were reported.13-16 Ceder 

group reported a high ionic conductivity of 0.4 mS/cm in a quaternary chalcogenide 

compound, Na10SnP2S12, which was computationally designed and synthesized.17 Nazar et 

al. later reported another superionic conductor Na11Sn2PS12 which showed an ionic 

conductivity of 3.7 mS/cm.18 This high ionic conductivity was due to partial occupancy of 

Na sites in the structure which facilitates Na migration in three dimensions. More recently, 

highest ionic conductivity of 32 mS/cm with good moisture stability has been achieved in 

Na3SbS4 by doping W at Sb sites, Na2.88Sb0.88W0.12S4.
15  Na vacancies, existence of defects 

and short diffusion pathways with low energy barriers in the lattice play very important 

role in the migration of ions through the lattice.   

One of the advantages of chalcogenide-based solid electrolytes is that a cold 

pressing results in very low grain boundary resistances because of the lower elastic moduli 

of the chalcogenide lattices.3, 16, 19 This also facilitates good contact with the electrodes due 

to the soft and deformable nature of the S/Se anions.16,19, 20 Note that most of these 

chalcogenide-based sodium solid electrolytes also suffer from poor moisture stability.21 

According to Pearson HSAB theory, hard acids preferentially reacts with hard bases and 

soft acid preferentially reacts with soft bases.22 Generally thiophosphate based solid 

electrolytes are moisture sensitive because the hard base O-donor preferentially reacts with 

hard acid P5+. Taking advantage of HSAB theory, relatively softer ions compared to P+5 
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and Sb+5, for example, Ga3+ and Zn2+ can be chosen to build a moisture stable framework 

by connecting GaS4 and ZnS4 polyhedra. This hypothesis lead us to consider our recently 

reported Na3MGaS4 (M = Mn, Fe, and Co) structure-type built with super tetrahedral T2 

(adamantane type) units which has large tunnel filled with Na-ions.23 Our investigation in 

the Ga-chalcogenide system also resulted in several  new ternary thiogallates in both Li 

and Na systems.24,25 Therefore, we extended Na3MgaS4 structure type to Zn and into 

selenide analogues to create moisture stable quaternary compounds, Na3MgaQ4 (Q = S/Se, 

M = Zn). Herein, we report their synthesis, structure, and Na-ion conductivity of two Zn 

analogues. First principle calculations were employed to calculate the band structure and 

vacancy formation energies for compounds I and II. Additionally, the compounds were 

also characterized by diffuse reflectance spectroscopy and thermal analysis.   

 

2. EXPERIMENTAL SECTION 

 

2.1. SYNTHESIS OF COMPOUNDS, Na3ZnGaS4 (I) AND Na3ZnGaSe4 (II)  

Compound I was prepared by heating a stoichiometric combination of reactants, 

1.5 mmol of Na2S, 1 mmol of Zn powder, 1 mmol of Ga, and 2.5 mmol of S in a sealed 

quartz tube. Similarly, for compound II, 1 mmol of Zn, 1 mmol of Ga, 2.5 mmol of Se and 

3 mmol of Na2Se2 were heated in sealed quartz ampoule. Compound I was also synthesized 

via a metathesis route by reaction between Na5GaS4 and ZnCl2 (Na5GaS4 + ZnCl2 → 

Na3ZnGaS4 + 2NaCl) with a yield of 90-95%. Na5GaS4 was prepared by our own reported 

method25 and Na2Se2, which acted as a flux was prepared by combining the elements in 

liquid ammonia26 and all the remaining reactants used in the syntheses were purchased 



87 
 

from Alfa Aesar. All the precursors including powdered elements (Ga shavings) and alkali 

chalcogenides were weighed accordingly and loaded into carbon coated quartz ampoules 

inside an argon filled glove box. The ampoules were then taken out of glove-box with the 

help of adaptors to prevent exposure to air and flame-sealed under vacuum. The sealed 

ampoules were placed in temperature-controlled furnace and the temperature was ramped 

up at a rate of 20 °C/h to 750 °C and dwelled for 120 h before cooling down to room 

temperature at a rate of 35 °C/h. Pale brown, shiny orange-red crystals of compounds I and 

II, respectively, were recovered after breaking the ampoules in air followed by washing 

with N, N dimethylformamide (DMF) to remove the excess flux. In all cases crystals were 

found to be air and moisture stable. 

SEM images taken with Hitachi TM1000 Tabletop Scanning Electron Microscope 

on as-synthesized Na3ZnGaS4 crystals from both solid state and metathesis route. Though 

the average sizes of the crystallites are different, 15-20 μm for solid-state product and 8-10 

μm for the metathesis product, the dodecahedron shape of the crystals is consistent in 

products from both synthetic routes (Figure S1).  Appropriate crystals from the DMF-

washed products were used for single-crystal X-ray diffraction and well-ground powder 

samples were used for other characterizations. 

 

2.2. X-RAY CRYSTALLOGRAPHY 

Good quality crystals were chosen for single crystal X-Ray diffraction on Bruker 

smart apex equipped with a sealed tube X-ray source with Mo–Kα radiation (λ = 0.71073 

Å). Room temperature or –33 C diffraction data sets were collected using SMART27 

software with a step of 0.3° in ω scan and 20 s/frame exposure time. Programs SAINT28 
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and SADABS28
 were used for the data integration and absorption correction, respectively. 

SHELXS-97 and difference Fourier syntheses were used to solve the structures.29 Full-

matrix least-squares refinement against |F2| was carried out using the SHELXTL-PLUS 

suite of programs.28 All the compounds crystallize in I41/acd space group (No. 142) with 

two sodium, three chalcogen (S or Se), and one gallium atom present in the asymmetric 

unit, which can be easily located from the difference Fourier map. However, in the absence 

of any remaining unaccounted-for e-density, the weighted R factor wR2 did not converge 

to a low value though the isotropic thermal parameters were reasonably good. Similar 

situation was encountered while solving isostructural compounds involving transition 

metals (Na3MgaS4, M = Mn, Fe, and Co) for which a Ga/M mixed occupancy was found.23 

By similar analogy Ga and Zn occupancies were refined freely, yielding 50 % occupancy 

for both Ga and Zn and the weighted R factor (wR2) reduced significantly. Based on the 

occupancies, a charge balanced formula was attained with a composition of Na3ZnGaQ4 

(Q = S/Se). Final refinements including the refinements of anisotropic thermal parameters 

were performed using SHELX-2014/2018 embedded in ShelXLe.30 Crystal data and final 

refinement parameters are given in Table 1 and selected bond lengths are given in Table 2 

for compounds, I, and II. Atomic coordinates along with their isotropic thermal parameters 

are given in SI (Tables S1 and S2). 

 

2.3. POWDER X-RAY DIFFRACTION 

The laboratory powder X-ray diffraction (PXRD) pattern was obtained from a 

PANalytical X’Pert Pro diffractometer equipped with a Cu Kα anode and a linear array 

PIXcel detector over a 2θ range of 5 to 90° with an average scanning rate of 0.0472° s–1. 
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Hand ground samples were loaded into an air-tight cell with the Kapton film to collect the 

PXRD pattern (Figure 1). PXRD of the metathesis-route reaction product of I is provided 

in SI (Figure S2). To evaluate the air sensitivity of the samples, finely ground (in air) 

samples were left outside for few days. The PXRD patterns of the air-exposed samples did 

not show any change for I up to seven days and some line broadening for II after one day 

(Figure S3). Comparison of SEM images of the as-synthesized product of II after minimum 

exposure (few minutes for sample preparation) and two days of exposure clearly show 

signs of reaction with moisture/oxygen on the surface of the crystal as evident by the 

appearance of ridges and cracks. On the other hand, the crystal surfaces of I appeared same 

after five days of air exposure (Figure S4). Prolonged exposure (more than two days) of II 

in air turns the color of the sample red and decomposition to Se, Na2SeO3 and Na2O became 

evident in the PXRD taken after five days (Figure S5). 

 

2.4. OPTICAL BAND GAP MEASUREMENTS 

Optical band gap measurements were performed on compounds I and II on a Varian 

Cary 5000 UV-Vis-NIR spectrophotometer equipped with a praying mantis set up. BaSO4 

powder (Fisher, 99.2%) was used as a ~100 % reflectance standard and the Kubelka-Munk 

function31 was employed to transform the reflectance into absorption data to find out the 

band gap. 

 

2.5. THERMAL ANALYSIS 

Powder samples of compounds I and II were used to collect simultaneous TGA-

DSC data on TA Instruments Q600 SDT from room temperature to 1000 °C with a scan 
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rate of 10 °C min–1 under argon atmosphere. The DSC and TGA plots are provided in the 

SI (Figure S6). Compounds I and II possess high thermal stabilities and melts at 846 and 

741.5 °C, respectively. 

 

Table 1. Crystal data and refinement details of I and II. 

 I II 

Empirical formula  Na3ZnGaS4 Na3ZnGaSe4 

Formula weight  332.3 519.9 

Temperature  293(2) K 240(2) K 

Wavelength  0.71073 Å 0.71073 Å 

Crystal system  Tetragonal Tetragonal 

Space group  I41/acd I41/acd 

Unit cell dimensions a = 12.925(2) Å a = 13.43(3) Å 

 b = 12.925(2) Å b = 13.43(3) Å 

 c = 18.623(3) Å c = 19.15(5) Å 

Volume 3111.0(12) Å3 3453(18) Å3 

Z 16 16 

Density (calculated) 2.838 Mgm–3 4.000 Mgm–3 

Absorption coefficient 7.682 mm–1 22.817 mm–1 

Goodness-of-fit on F2 1.091 1.057 

R [I > 2σ(I)] R1 = 0.0243  R1 = 0.0229 

wR (F2) (all data) wR2 = 0.0612 wR2 = 0.0545 

aR1= ∑||Fo| – |Fc|/∑|Fo|. 
bwR2 = {∑[w(Fo

2 – Fc
2)2]/∑[w(F0

2)2]}1/2, w = 1/[σ2(Fo)
2 + (aP)2 + bP], where P = [Fo

2 + 

2Fc
2]/3 

 

 



91 
 

Table 2. Selected bond lengths (Å) of compounds I and II. 

 I II 

Ga1/Zn1 – Q1 2.284(4) 2.385(5) 

Ga1/Zn1 – Q1#1 2.301(4) 2.405(4) 

Ga1/Zn1 – Q2 2.314(4) 2.424(5) 

Ga1/Zn1 – Q3 2.358(4) 2.458(4) 

          #1 -y+3/4, x-1/4, -z+1/4 
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Figure 1. Comparison of simulated and experimental powder X-ray diffraction 

patterns for compounds, Na3ZnGaS4, I and Na3ZnGaSe4, II. 
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2.6. IMPEDANCE MEASUREMENTS 

AC Impedance measurements were performed from 1Hz to 1MHz using Ivumstat 

Impedance Analyzer with an AC signal amplitude of 50 mV. The hand ground samples 

were cold pressed applying a force of 280 MPa in a stainless steel pressing die inside an 

argon filled glove box (O2< 0.1 ppm). Indium foil for compound I and silver powder for 

compound II were used as the blocking electrodes. The pellets were placed in an airtight 

Swagelok type cell and heated in a temperature controlled furnace to measure the 

temperature dependence of the ionic conductivity. The impedance data were collected for 

every 10 C increment by keeping the temperature of each measurement constant for at 

least an hour to reach the thermal equilibrium. No reactions were observed between the 

electrolyte pellet and the blocking electrode after the measurements. 

 

2.7. THEORETICAL CALCULATIONS 

We carried out band structure calculations using density functional theory as 

implemented in Vienna Ab-initio computational Package (VASP).32-35 Core electrons were 

treated by Projector Augmented Wave (PAW)36-39 approach, with the following states 

treated as valence states: 4s and 4p for Ga, 3s for Na, 3d and 4s for Zn, 3s and 3p for S, 4s 

and 4p for Se. Plane wave basis sets were used with a cutoff energy 520eV. For structural 

relaxation, Brillouin zone integration employed 222 mesh in the reciprocal space and 

Gaussian smearing of the electronic states around Fermi energy. For accurate band 

structure calculation, the tetrahedron method with Blochl corrections was used. The global 

break condition for the electronic self-consistency loop was set to 2x10–4. 
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3. RESULTS AND DISCUSSION 

 

3.1. STRUCTURAL DESCRIPTION 

The asymmetric unit of compounds I and II contains two Na atoms, two 

chalcogenide (S/Se) atoms and a 1:1 mixed occupied Zn/Ga site. Zn/Ga, one chalcogen 

(Q1 = S1 or Se1) and one Na (Na2) atoms are located on 32g Wyckoff site while two Q 

(Q2 and Q3) and one Na (Na1) are located in 16e, 16b and 16c sites, respectively. 

Considering their occupancies, a formula of Na3ZnGaQ4 (Q = S/Se) (Figure 2a) can be 

derived with 16 such units present in the unit cell. Selected bond lengths for the compounds 

are given in Table 2. The detailed structural description can be found in our previous 

publication and here we will only briefly describe the salient features.23 Ga/Zn – Q 

tetrahedral units form a super tetrahedral (T2) building units through corner sharing 

(Figures 2b -2d). These T2 building units are further joined through their vertices and form 

three dimensional (3-D) anionic network (Figure 3a). Two such identical anionic lattices 

of Ga/ZnQ4
3– are fused together through interpenetration and create a huge void space 

which accommodate Na ions to balance the charge of the anionic network (Figure 3b). The 

Na atoms coordinate with the corner Q (S, Se) atoms of the supertetrahedra to form 

octahedral geometry (Figure S7a). Both Na1 and Na2-centered octahedra are connected to 

each other through corner-, edge-, and face-sharing to form a complex polyhedral network 

of Na-ions (Figure S7b). Na – Q bond distances are in the range 2.65(8) – 3.27(3) and 

2.732(7) – 3.50(5) Å, respectively, for Na – S and Na – Se, which are in good agreement 

with the isostructural Na3MGaS4 (M = Mn, Fe, Co) 
23 phases for the sulfide compound and 
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 NaLnGa4Se8 (Ln = La, Ce, Nd)40 for selenide, respectively. When each of these individual 

non-interpenetrating lattices are viewed along [1 1 1] direction, they form six membered 

ring channels resembling zinc blende lattice but made of supertethedral units. If the centers 

of the super tetrahedral units are connected to each other, the overall framework structure 

resembles interpenetrated zinc blende lattice as shown in Figure 4. In our earlier 

publication on isostructural compounds we have adequately discussed the role of 

interpenetration in filling large voids.23 Interpenetrating diamond lattices have been 

(d) (c) 

(b) (a) 

Figure 2. (a) Asymmetric unit of compounds I and II, shown here for compound I at 

40 % probability for thermal ellipsoids. (b) Skeleton structure of T2-Supertetrahedral 

building unit. (c) Polyhedral view of T2 supertetrahedral building unit. (d) Tetrahedra 

created by connecting corner S atoms of super tetrahedra and a dummy atom at the 

center of gravity of the T2 supertetrahedral building unit. 
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frequently observed in multinary chalcogenide chemistry specially with Ga and In with 

various supertetrahedral units ranging from T2 to T5.41 - 43 Interestingly, besides the current 

structure type, interpenetration in T2 building unit was not observed, however, non-

interpenetrating cubic ZnS structure type with T2 cluster has been reported.43 

 

  

 

Most of these interpenetrating lattices are formed in hydro/solvothermal synthesis 

and void space was often filled by organoammonium cations or hydrated alkali ions. 

Negatively charged interpenetrated chalcogenide lattices filled with alkali ions can exhibit 

fast ionic conductivity through the channel made by soft chalcogen anions. 

 

(a) (b) 

Figure 3. (a) T2 supertrahedral building units connected to each other via corner 

sharing to form a 3D network.  (b) Interpenetrated view of the T2 superterahedral 

building units creating channels for the Na+ ions. 
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It is to be noted here that we also noticed an article with similar composition of 

Na3ZnGaQ4, however, the authors of the article did not interpret them as interpenetrating.44 

Recently, an isostructural Na3MnInS4 has been reported in which In and Mn occupy same 

site with 50:50 % occupancies.45 

 

3.2. DIFFUSE REFLECTANCE SPECTROSCOPY AND BAND STRUCTURE 

CALCULATION 

Diffuse reflectance measurements were performed on compounds I and II from 200 

– 2500 nm range. ℎν vs (αℎν)2 plots (Figure 5) show flat linear region parallel to X- axis 

followed by a steep absorption due the movement of electron from valence to the 

conduction band, in other words due to the band gap of the material. 

(a) (b) 

Figure 4. Zinc blende type arrangement of super tetrahedral building units. a) Center of 

super tetrahedra are connected to each other. Green and yellow color bonds represent 

interpenetration of two different lattices. Pink balls represent the center of gravity of the 

super tetrahedra. b) Zinc and S atoms are connected (Zinc blende structure type). 
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The band gap is determined by the intersection of the extrapolated flat and steep 

regions of the plot, which revealed the band gaps of 3.0 and 1.90 eV for the compounds I 

and II, respectively. Compounds I and II are direct band gap semiconductors with the 

theoretical band gaps of 2.25 and 1.61 eV, respectively, which are lower than the 

experimental band gaps in accord with the well-known underestimation the band gaps by 

the DFT.46  

The band gap of Se analogue is lower than the sulfide analogue due to the increased 

covalence of Zn/Ga – Q bond from S to Se. We present the projected density of states of 

both compounds in Figure 6. They clearly show very similar features, with direct band gaps 

of 2.25 eV and 1.61 eV showing typical underestimation by the DFT. At the same time, 

simulation correctly reproduces sulfur compound as having a larger band gap.  
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Figure 5. The diffuse reflectance plots for compounds Na3ZnGaS4, I and Na3ZnGaSe4, 

II. 
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In compound I, significant weight of valence band near the top is from the p-orbital 

of sulfur, most of the weight at the bottom of the conduction band comes from p-orbitals 

of sulfur with some admixture of s-orbital of gallium. The construction of the valence and 

conduction bands in the case of Se-analogue (II) is essentially same except that valence 

band now involves 4p orbitals of Se. Larger size of the 4p orbitals compared 3p and slightly 

lower electronegativity of Se allows greater overlap and pushes the valence band up and 

decreases the band gap in the Se-analogue.  

 

3.3. Na-ION CONDUCTIVITY AND AIR STABILITY 

AC impedance measurements were performed on the cold pressed pellets with the 

density close to 90% of the theoretical density. The Nyquist plots of compounds I and II 

are shown in Figure 7 (a and b). Generally, chalcogenide based ionic conductors show one 

semicircle because often bulk and grain boundary resistances could not be discerned. 

Figure 6. Projected electronic density of states of each element and individual orbital 

in (a) Na3ZnGaS4 (I) and (b) Na3ZnGaSe4 (II). 
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Accordingly, the Nyquist plot at room temperature showed one semicircle and a 

spike, in which semicircle represents the total resistance, spike represents the building up 

of the charge at the blocking electrodes indicating that the investigated materials are 

ionically conducting. The equivalent circuit used, and the fitting parameters are detailed in 

the SI (Figure S8). The capacitance values of the semicircle fall in the range of 10–10 to 10–

11 F, characteristic of the grain boundary capacitance in chalcogenide based solid 

electrolytes. As a result, the room temperature ionic conductivities calculated for 

compounds I and II are 3.74 × 10–4 and 0.12 mS/cm, respectively. In order to calculate the 

activation energies, the ionic conductivity of compounds I and II were measured as a 

function of temperature for every 10 °C interval in the range of 30 to 70 °C with the help 
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Figure 7.   Nyquist plot for room temperature ionic conductivity of (a) Compound I 

(b) Compound II. Inset shows the activation energy calculated from experimentally 

measured ionic conductivity verses temperature plot. Dots represents the experimental 

ionic conductivity and dashed line represents the Arrhenius fit to the data. A second 

inset in (a) shows the 30 C impedance of I from the air-exposed sample. 
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of a temperature-controlled furnace. By employing the Arrhenius equation (Eqn. 1) the 

activation energies calculated for compounds I and II are ~0.42 and 0.38 eV, respectively.  

                                                       σT  =  σoexp(-Ea/kBT)                                                (1) 

Though the ionic conductivity of the compound I is not very impressive, the ionic 

conductivity of compound II is comparable to many well-known chalcogenide based Na-

ion conductors (Table 3). The reason for the higher ionic conductivity of compound II 

compared to compound I could be due to increased ionic radii, easily polarizable and 

therefore, much softer nature of selenium atom. In order to evaluate the effect of moisture 

on ionic conductivity, the impedance data were collected on I upon air exposure. 

Interestingly, ionic conductivity of air-exposed sample of I jumped manifold and a 

conductivity value of 0.13 mS/cm at 30 °C was observed. Since there was no structural 

transformation upon air exposure as evident from the PXRD pattern (Figure S3), drastic 

change in the ionic conductivity could be due to adsorption of water on the surface or in 

the grain boundaries. The IR spectrum of the air-exposed sample of I confirmed the 

presence of H2O in the sample (Figure S9). To evaluate the reversibility of surface water 

adsorption, the air exposed sample was vacuum dried at 80 °C for 12 hours to remove the 

adsorbed water. The PXRD pattern collected on vacuum dried sample indicated retention 

of crystal structure (Figure S10). The impedance collected on the vacuum dried sample 

showed almost similar ionic conductivity as the pristine anhydrous phase (never exposed). 

The increased ionic conductivity upon air/humid air exposure has been found in some Li 

and Na-ionic conductors and the reason has been attributed to the hydroxylation of oxide-

sites or formation of hydroxyl radical.47, 48 It will require further in-depth studies to 

ascertain the actual cause of increased conductivity in I due to water adsorption. However, 
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no such enhancement in the ionic conductivity was observed for II upon air exposure 

(Figure S11). Instead, one order of magnitude decrease has been observed in ionic 

conductivity (0.01mS/cm) upon air-exposure which can be attributed to the reaction taking 

place on the surface, though not apparent in PXRD pattern after one day but on prolonged 

exposure presence of selenium became evident (Figure S5). Solid electrolyte, in general, 

should be considered as mixed conductor as they display electronic conductivity though 

often very low. Electronic conductivities were measured by performing Hebb–Wagner 

polarization techniques using sodium as the reference electrode and indium foil as the 

sodium ion-blocking electrode, (–)Na/Na3ZnGaQ4/In(+) cell at 30 C.49 As the sodium ions 

were blocked, the resulting steady state current was due to electrons and holes at the 

irreversible In-Na3ZnGaQ4 interface. The electronic conductivities were calculated by 

linear fitting in the voltage range 2 – 4 V. The resultant steady state electronic current was 

in the order of 10–7A and the exponential increase in current was not seen up to 4.5 V 

(Figure S12). As expected, the selenide analogue having smaller band gap showed 

electronic conductivity of 4.7 × 10–6 mS/cm, which was slightly higher than the sulfide 

analogue, 4.74 × 10–7 mS/cm at 30 °C. The measured electronic conductivities were three 

to four orders of magnitude lower than the ionic conductivity values, suggesting that both 

compounds are predominantly ionic conductors at moderate temperatures. 

 

3.4. BOND VALENCE SUM (BVS) MAP 

Bond valence Sum (BVS) difference maps were analyzed using soft BV parameters 

through Bondstr incorporated in FullProf suite of programs provided by Adams.50 These 

maps provide hypothetical diffusion paths that are available for the mobile ion at modest 
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activation energies. Volume fraction for ion mobility in the unit cell found to be larger for 

the compound II than for compound I which could also be a reason for the higher ionic 

conductivity of compound II. 

 

Table 3. Comparison of ionic conductivity of some sulfide and selenide-based sodium 

superionic conductors. 

Solid electrolyte σRT (mS/cm) Ea (eV) 

Na11Sn2PS12
18 1.4 0.25 

Na3PSe4
57 1.2 0.21 

Na3SbS4
a 1 0.22 

Na3SbSe4
13 0.85 0.19 

Na3PS4
12 0.46 0.2 

Na10SnP2S12
17 0.4 0.36 

Na3.1Sn0.1P0.9S4
b 0.25 0.18 

Na4-xSn1-xSbxS4 (at 30°C)c 0.2-0.5 0.39 

Na4-x[Sn0.67M0.33]1-xSbxS4
d 0.17 0.31 

Na3ZnGaSe4 (compound II)  

Na3PS4 (tetragonal)e 

0.12 

0.01 

0.38 

0.36 

a Wang et al, Angew. Chemie Int. Ed. 2016, 55 (30), 8551–8555; b Rao et. al. J. Mater. Chem. A 2017, 5, 3377– 3388, c Heo, et al.  Adv. 

Energy Mater. 2018, 8, 1702716; d Jia et al. J. Energy Chem. 2020, 48, 102-106; e Huang et al.  Phys. Chem. Chem. 

Phys. 2018, 20, 20525– 20533. 

 

The plots of iso-surfaces using VESTA51 at an energy level |∆𝑉|  = 0.5 v.u are 

given in Figure S13. No suitable diffusion path was found for compound I based on the 

bond valence sum calculations, however, for compound II, a clear diffusion path exists 

along the c-axis, and diffusion along b-axis could also be achieved at slightly higher 
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activation barrier (Figure 8). Interestingly, between two crystallographically different Na 

ions only Na2 (32g Wyckoff site) was found to be more mobile than Na1 (16f Wyckoff 

site). Na1 forms polyhedral connectivity with sharing edges and corners (Figure 8e). 

However, BVS maps could not show diffusion along this connectivity. Na2, on the other 

hand, forms two distinct polyhedral connectivities designated as A and B along b-axis 

(Figure 8 a and b). The BVS mapping shows that the Na2 can percolate through these 

polyhedral networks (Figure 8 c and d). Polyhedral networks A and B are further connected 

through the sharing of common edges (Figure 8a) which allow the diffusion along c-axis.   

Note that among several modes of connections between the Na polyhedra, face shared and 

edge shared connections show feasible diffusion paths whereas diffusion path could not be 

discerned along the corner shared polyhedral units.  

 

Figure 8. Na ion polyhedral network (a) Na2 polyhedral connectivity forming two 

distinct connectivity designated as A and B; (b) BVS maps showing the Na2 

percolation along channels A and B (c) BVS map showing Na2 hopping through 

channel path B (c) BVS map showing Na2 hopping through path A (e) Na1 polyhedral 

connectivity. 

(a) (b) 

(c) (d) (e) 

B A 

B A 
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3.5. VACANCY FORMATION ENERGY BY DFT 

The simplest ionic diffusion mechanism is a defect-assisted migration either by 

vacancy52 or interstitials,53 with the former being more common. We thus assume vacancy  

 

assisted migration in this work. Elucidating the diffusion pathways then requires the 

calculation of the transition state along the possible defect migrations paths. There are two 

crystallographically inequivalent sodium atoms in the structure, Na1(16f) and Na2(32g), 

(a) (b) 

(c) (d) 

Figure 9. Defect formation energy with respect to different sodium type (a) compound 

I (b) compound II, Different Zn and Ga next-neighbors (c) compound I (d) compound 

II. 
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however, due to the random distribution of the Ga and Zn atoms in the second coordination 

sphere of sodium atoms each has distinct chemical environment, local structure, and 

vacancy formation energy. This in turn leads to a large number of the distinct diffusion 

pathways. Determination of the rate limiting transition in this situation is not possible. Ab 

initio simulation could in principle provide additional insight through the molecular 

dynamics simulations,54 however, such investigations are computationally costly for the 

system of interest.  

Despite this difficulty, DFT calculations can be used to provide some insight into 

the observed differences in the ionic conductivity. Here, we considered a particular 

realization of the Ga/Zn random distribution in the primitive cell in the compounds I and 

II and carried out the calculation of the vacancy formation energies for all 48 sodium atoms 

in the structure (Figure S14). The volume of the primitive cell was kept constant while 

relaxing the atomic configuration, thus we consider the limit of the small concentrations of 

vacancies. Only the neutral vacancies were considered here. The defect formations energies 

∆𝐸 were calculated using the formula: 

                                                        ∆𝐸 = 𝐸𝑣𝑎𝑐 + 𝐸𝑁𝑎 − 𝐸𝑖𝑑𝑒𝑎𝑙                                       (2) 

where 𝐸𝑣𝑎𝑐 is the energy of the structure with the sodium vacancy, 𝐸𝑖𝑑𝑒𝑎𝑙 is the energy of 

the ideal structure and 𝐸𝑁𝑎 is the energy of the sodium atom in the bulk BCC structure. 

Figure 9 presents the resultant distribution of the defect energies in compounds I (Figure 

9a) and II (Figure 9b). These figures show the number of the sodium sites that have the 

vacancy formation energy in the given energy interval. The average defect formation 

energy is 2.5 and 2.1 eV, with the standard deviation of 0.09 and 0.1eV for compounds I 
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and II, respectively. One observes that distribution for the Na1 sites is skewed to the higher 

energies in comparison with the Na2 sites for both compounds, i.e. on average, the sodium 

atom in the Wycoff position 16f has slightly higher vacancy formation energy than those 

in 32g. This is consistent with the experimental finding that 32g site  (U11 = 45(1), U22 = 

82(2), and U33 = 142(2) Å2 X 103 for I) display higher thermal parameters than 16f (U11 = 

42(1), U22 = 42(1), and U33 = 28(1) Å2 X 103 for I) in both sulfide and selenide analogues 

(very similar values for II, see Table S2). Further, the vacancy formation energy correlates 

with the increase in the number of the Ga next neighbors for a given Na site: the larger the 

number of the Ga atoms, the lower the vacancy formation energy (See Figures 9c and 9d). 

The average value of the defect formation energy indicates a very small concentration of 

the intrinsic defects at normal conditions. Nevertheless, in selenide-analogue (II) we 

predict the lower vacancy formation energy than in sulfide compound. Thus, the 

concentration of the vacancies is expected to be higher in selenide, and possibly explains 

the larger ionic conductivity between the two compounds. The lowering of vacancy 

formation energy in the randomized Na-sites, where S/Se atoms coordinated to Na are 

attached to higher number of Ga3+ than Zn2+ atoms has implication on further improvement 

of ionic conduction. This finding can be used as a design tool to dope even higher valent 

cations such as Sn4+ and P5+ in the Zn2+ site to create more defect and reduce vacancy 

formation energy.    

The chalcogenide-based sodium ion conductors reported so far have emerged from 

the most common structure types that are already known. For example, tetragonal Na3PS4
55 

and Na3SbS4
14 belongs to 𝑃4̅21𝑐 space group and for the same compositions there exist 

cubic phases that belongs to 𝐼4̅3𝑚 space group.56 Selenide analogues of the cubic phases 
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also found to be superionic conductors.57 In all of these structures MQ4
3– anionic building 

unit adopts bcc type arrangement and Na ion occupies tetrahedral holes. But in case of 

Na11Sn2PS12,
19 the structure consists of ordered SnS4, PS4 tetrahedra and the Na ions 

occupy octahedral holes. Hence, the arrangement of anion sub lattice and the coordination 

of mobile ion plays vital role in determining the plausible diffusion pathways. Synthesizing 

new structure types, creating disorder with suitable dopants could provide much deeper 

understanding of the structure property relationships. In this respect the present open 

framework structure can provide valuable scope to design and synthesize new structure 

types with desired properties which has remained as a big challenge. This work is the result 

of a hypothesis that new structure types can be rationally synthesized by choosing 

appropriate main group/transition metal polyhedral units, which ultimately results in stable 

structures with huge channels and void spaces. Modification with suitable substitutions and 

creation of defects may further improve the properties, especially ionic conductivities. Also 

note that the design strategy can be extended to other redox active transition metal and 

building units, in which case the resulting structure can also be a good cathode material for 

Na ion batteries. This type of materials can be considered as chalcometallate analogue of 

polyanion-based cathode. 

 

4. CONCLUSIONS 

 

New quaternary chalcogenide-based sodium-ion solid electrolytes have been 

synthesized by solid-state polychalcogenide flux-based techniques. The room temperature 

Na-ion conductivity is at least one order of magnitude higher for the selenide analogue 
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compared to sulfide due to more polarizable softer Se ligand (3.3×10–4 in Na3ZnGaS4 vs 

0.12 mS/cm in Na3ZnGaSe4), which in turn produces lower vacancy formation energy. 

Both compounds show reasonable moisture stability, resulting from the 3D interwoven 

structure built by interconnected T2 building unit. DRS measurements reveal that both 

compounds are wide band gap semiconductors, as further confirmed by first principle 

calculations. This work also emphasizes that with appropriate selection of building units, 

one can employ basic design principles to achieve new phases with interesting functional 

properties. We believe that this type of 3D open framework chalcogenide can be 

outstanding high rate capability host for Na-ion batteries especially it can enable all-

chalcogenide sodium-ion solid state battery. The solid-state metathesis route can be 

employed to gain access to such phases. Future design should also pay attention to 

electrochemical potential window along with achieving higher ionic conductivities. 
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SUPPLEMENTARY INFORMATION 

 

Table S1. Final atomic coordinates and equivalent isotropic displacement parameters of 

the atoms for compounds I and II. U(eq) = 1/3 of the trace of the orthogonalized Ueq 

tensor. 

Atomic parameters 

Atom Wyckoff Occupancy x/a y/b z/c U(Å2) 

Na3ZnGaS4, I 

Ga1 32g 0.5 0.4212(4) 0.3728(3) 0.1882(2) 0.010(1) 

Zn1 32g 0.5 0.4219(4) 0.3721(4) 0.1880(2) 0.024(2) 

S1 32g 1 0.5462(1) 0.4600(1) 0.1262(1) 0.024(1) 

S2 16e 1 0.3321(1) 0.5000 0.2500 0.019(1) 

S3 16d 1 0.5000 0.2500 0.2642(1) 0.021(1) 

Na1 16f 1 0.3833(1) 0.3667(1) 0.3750 0.037(1) 

Na2 32g 1 0.3400(2) 0.1214(2) 0.2636(2) 0.090(1) 

Na3ZnGaSe4, II 

Ga1 32g 0.5 0.4216(1) 0.3721(1) 0.1881(1) 0.012(1) 

Zn1 32g 0.5 0.4216(1) 0.3721(1) 0.1881(1) 0.012(1) 

Se1 32g 1 0.5466(1) 0.4623(1) 0.1263(1) 0.016(1) 

Se2 16e 1 0.3297(1) 0.5000 0.2500 0.013(1) 

Se3 16d 1 0.5000 0.2500 0.2664(1) 0.015(1) 

Na1 16f 1 0.3817(2) 0.3683(2) 0.3750 0.029(1) 

Na2 32g 1 0.3388(2) 0.1243(2) 0.2568(2) 0.085(1) 
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Table S2. Anisotropic displacement parameters (Å2x 103) for compounds I and II. The 

anisotropic displacement factor exponent takes the form: -2p2[h2a*2U11 + ... + 2 h k a* b* 

U12] 

Atoms U11 U22 U33 U23 U13 U12 

Na3ZnGaS4, I 

Ga(1) 14(2)  8(2) 9(2)  -2(1) 2(1)  -1(2) 

Zn(1) 18(3)  24(3) 30(3)  -3(2) 1(2)  2(2) 

S(1) 24(1)  16(1) 33(1)  -1(1) 14(1)  -1(1) 

S(2) 14(1)  19(1) 23(1)  -8(1) 0 0 

S(3) 22(1)  20(1) 21(1)  0 0 0(1) 

Na(1) 42(1)  42(1) 28(1)  4(1) 4(1)  1(1) 

Na(2) 45(1)  82(2) 142(2)  -62(2) 41(1)  -40(1) 

Na3ZnGaSe4, II 

Ga(1) 11(1)  10(1) 14(1)  -2(1) 2(1)  0(1) 

Zn(1) 11(1)  10(1) 14(1)  -2(1) 2(1)  0(1) 

Se(1) 16(1)  10(1) 23(1)  -1(1) 9(1)  0(1) 

Se(2) 8(1)  12(1) 19(1)  -8(1) 0 0 

Se(3) 15(1)  13(1) 17(1)  0 0 -1(1) 

Na(1) 33(1)  33(1) 22(1)  2(1) 2(1)  3(1) 

Na(2) 42(2)  81(2) 132(3)  -70(2) 47(2)  -45(2) 
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Figure S1. SEM images showing the particle sizes and shapes for Na3ZnGaS4 

synthesized using (a) Solid state route; (b) Metathesis route. 

(a) (b

) 

Figure S2. Comparing simulated PXRD pattern of Na3ZnGaS4 (I) with metathesis 

reaction products. Note the presence of NaCl as by-product from the metathesis 

reaction. 
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Figure S3. Comparing PXRD patterns of compound I (Na3ZnGaS4) and compound II 

(Na3ZnGaSe4) after exposing the powder samples to air for five and one days, 

respectively. 
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Figure S4. Comparing SEM images of compounds, I (Na3ZnGaS4) and II 

(Na3ZnGaSe4) after exposing the powder samples to air for five and two days, 

respectively. 
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Figure S5. Air-exposed PXRD of II showing the peaks for Se, Na2SeO3 and Na2O. 

 

Figure S6. DSC & TGA plots for compound I (Na3ZnGaS4) and compound II 

(Na3ZnGaSe4). 
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(a) 

(b) 

Figure S7. (a) Polyhedral connectivity of Na1S6 and Na2S6 (I). (b). Distorted octahedral 

coordination of Na1 and Na2 in Na3ZnGaS4 
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Figure S8. Equivalent circuit used and fitting parameters for room temperature ionic 

conductivity. 

Figure S9. FT-IR spectra of air exposed samples of for compound I (Na3ZnGaS4) and 

compound II (Na3ZnGaSe4). The broad vibration bands due to symmetric (ν1) and 

antisymmetric (ν3) stretching of H2O can be seen at ~ 3373 cm–1 along with the 

bending modes at 1620 cm–1. 
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Figure S11. Nyquist plot for room temperature ionic conductivity of Na3ZnGaSe4 (II) 

after air exposure for two hours. The ionic conductivity at 30 C is ~ 0.01mS/cm. 
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Figure S10. Comparison of PXRD patterns of I after air-exposure and vacuum-dried 

overnight. PXRD of vacuum-dried sample was taken in air-tight cell. The broad 

background comes from the Kapton film. 
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Figure S12. Steady-state electronic current as a function of applied voltage for 

compound I and II at 30 °C by Hebb-Wagner polarization measurements with 

elemental sodium as the reference electrode and indium as the ion blocking electrode. 
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Figure S13. Bond valence sum (|ΔV|) maps of compound I Figure (a) and compound II 

Figure (b) at an isosurface |∆𝑉|  = 0.5 𝑣. 𝑢. Blue color indicates Na1 and orange color 

indicates Na2. 
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ABSTRACT 

 

A quaternary compound, Na15Cu3Ga6S18, first member in the series A–Cu–Ga–S (A 

= Alkali metal) has been synthesized from a solid-state metathesis reaction between 

Na6Ga2S6 and CuCl as well as from a combination of Na2S, Ga, Cu, and S. The compound 

crystallizes in monoclinic crystal system, C2/c space group, and represents a unique open-

framework structure with channels filled with eight crystallographically distinct Na-ions. 

The anionic framework is built up of infinite chains of corner-shared GaS4 tetrahedra fused 

together by edge shared dimer of CuS4 tetrahedra forming one dimensional ribbons of 

(Cu2Ga6S18)
16–, which are cross-linked by linearly coordinated S – Cu – S linkages 

resulting in a three dimensional network with tunnels filled with Na atoms. Optical band 

gap measurements show that the compound has direct band gap of 3.00 eV which is in 

good agreement with the theoretical band gap derived from DFT calculations. Band 

structure calculations further indicate that the states near the Fermi level are dominated by 

tetrahedral Cu+ (d) and S(p) states resulting from the antibonding interactions, while s-d 
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hybridization is prevalent in linear Cu+ coordination. Ionic conductivity measurements 

show that the compound has room temperature Na-ion conductivity of 2.72×10–5 mS/cm 

with an activation energy of 0.68 eV, which corroborates well with the NEB calculations. 

 

1. INTRODUCTION 

 

Quaternary systems in chalcogenides offer greater degrees of freedom in tuning 

chemical compositions and enable structural modifications compared to binary and ternary 

compositions .1-4 The ability of the main group chalcometallate anions to form a myriad of 

building units offer a tremendous opportunity to design structures with desired properties.5 

These building units can be simple tetrahedral to complex supertetrahedral units as well as 

various modes of connectivity between the tetrahedral units can give rise to edge- or corner-

shared finite and infinite chains and ribbons.6 Interconnections between these building 

units via a main group or transition metals would give access to various 2-D and 3-D 

structures, often open framework with varied sizes of pores and channels because of the 

availability of a range of supertetrahedral and other complex units of different shapes and 

dimensions.7-13 The rich structural chemistry also endow fascinating physicochemical 

properties. For examples, the negatively charged frameworks often host alkali ions which 

are highly mobile by virtue of the weak interactions with soft chalcogen ligands leading to 

super-ionic conductors.14 Due to the same reason the framework possesses excellent ion 

exchange capacity which find promising applications in radioactive ion removal from 

nuclear waste or as hazardous heavy metal capture material.15 The natural tendency to form 

non-centrosymmetric structures makes them good candidate for nonlinear optics.16 On the 
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other hand, their semiconducting properties make them useful in photo-catalysis, 

photovoltaics,17, 18 and thermoelectric19 applications. Presence of transition metals also 

generate interesting magnetic properties such as magnetically frustrated lattice or a redox 

active lattice useful in solid-state electrochemistry.20 All these attributes make perfect 

playground for solid state chemists to investigate chalcometallates in combination with 

transition metals. Among the transition metals Cu and Ag possess unique characteristics in 

chalcogenide solid state chemistry ascribed to their ability to adopt different coordination 

environment.21,22 A large number of open-framework chalcogenides with copper has been 

synthesized hydro/solvothermally where the role of copper has been pivotal in forming 

certain building units e.g, icosahedron, super tetrahedra or in linking the building 

units/clusters and so on.9, 23-32 More importantly Cu also modulates the band structure of 

the compound, where Cu-d states contributes close to the Fermi level and tunes the band 

gap of chalcometallates. However, under purely solid-state synthetic conditions at 

moderately high temperatures, the role of copper in building specific structural component 

has not been explored extensively. Towards this goal, we sought to synthesize quaternary 

composition in A–Cu–Ga–Q series (A = Alkali metal, Q = Chalcogen). In this effort we 

have employed solid-state metathesis reaction between Na6Ga2S6 and CuCl to replace part 

of the Na-ions with Cu+ and form a 3-dimensionally connected network. Our investigation 

has resulted in a unique quaternary compound, Na15Cu3Ga6S18, with open-framework 

structure where ribbons of Cu – Ga – Sulfide are cross-linked by unique linear Cu 

coordination. The pores are filled with eight crystallographically distinct Na-ions. In this 

article we present the ionic conductivity properties of this interesting material along with 
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the theoretical investigation of ion conduction path and the role of linearly coordinated Cu+ 

in bonding and over all band structure analysis. 

 

2. EXPERIMENTAL 

 

2.1. SYNTHESIS, CHARACTERIZATION, AND PROPERTY MEASUREMENTS 

The compound, Na15Cu3Ga6S18, was synthesized in a sealed quartz tube by solid 

state metathesis route using Na6Ga2S6 and CuCl in 1:1 ratio at 700 °C. A direct 

stoichiometric combination of elements and binary alkali sulfide, Cu, Ga, S and Na2S, 

respectively, were employed to synthesize the compound I in bulk quantities (See SI for 

details). Pale yellow crystal suitable for single-crystal X-ray diffraction was used to collect 

the diffraction data sets and the structure was solved by using direct methods (see SI for 

details). Details of the crystal data, refinement, selected bond-lengths, isotropic and 

anisotropic thermal parameters are given in Table 1 and Tables S1- S3 (SI).  

Hand ground powder samples from the as-synthesized batch show good agreement 

with the experimental powder X-ray diffraction pattern with very little impurity (NaCu2S2) 

(Figure S2 and S3 in SI). and this powder was used for other characterization and property 

studies. Details of the powder X-ray diffraction, diffuse reflectance spectra, impedance 

spectroscopy and DFT calculations are given in SI. 
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3. RESULTS AND DISCUSSION 

 

3.1. STRUCTURE DESCRIPTION 

The asymmetric unit of Na15Cu3Ga6S18 contains twenty two crystallographically 

distinct sites of which eight sites are occupied by Na atoms, nine by S atoms, two by Cu 

 

Table 1. Crystal data and refinement details for compound, Na15Cu3Ga6S18, I. 

Empirical formula  Na15Cu3Ga6S18 

Formula weight  1530.87 

Temperature  293(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  C2/c 

Unit cell dimensions a = 14.222(3) Å 

 
b = 15.199(3) Å 

 
c = 17.239(3) Å 

 
 = 107.624(2)° 

Volume 3551.6(12) Å3 

Z 4 

Density (calculated) 2.863 Mg/m3 

Absorption coefficient 7.485 mm–1 

Goodness-of-fit on F2 1.024 

R [I > 2σ(I)]a R1 = 0.0368 

wR (F2) (all data)b wR2 = 0.0915 

aR1= ∑||Fo| – |Fc|/∑|Fo|. 
bwR2 = {∑[w(Fo

2 – Fc
2)2]/∑[w(F0

2)2]}1/2, w = 1/[σ2(Fo)
2 + (aP)2 + bP], where P = [Fo

2 + 

2Fc
2]/3 
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atoms and three by Ga atoms yielding a charge balanced formula of Na7.5Cu1.5Ga3S9 

(Figure 1a) assuming +1 oxidation state of Cu and other elements in their standard 

oxidation state. Eight such units are present in the unit cell; however, we preferred a 

formula of Na15Cu3Ga6S18 with Z = 4. Cu2 and Na8 atoms occupy special positions with 

two-fold symmetry and all remaining atoms are in general positions. All three Ga sites 

adopt distorted tetrahedral geometry. A unique feature of this compound is the presence of 

Cu+ in two different coordination geometries, Cu1 adopts distorted tetrahedral coordination 

while Cu2 adopts a perfect linear coordination with S atoms. Among eight 

crystallographically distinct Na atoms, six Na atoms adopt distorted octahedral 

coordination. The remaining two Na sites adopt distorted trigonal bipyramidal (Na5) and 

distorted tetrahedral coordination (Na7) with S atoms, respectively. The overall structure 

resembles open framework architecture built up of intricate connectivity of infinite chains 

of corner-shared GaS4 tetrahedra, cross-linked by Cu-tetrahedra and linear Cu-coordination 

(Figures 1a and 1b). It is also important to note that though the compound can be 

synthesized by metathetic reaction between Na6Ga2S6 and CuCl, the reaction is not 

topotactic. The structural signature of the precursor, Na6Ga2S6
, which contains an edge-

shared dimer is not retained in the product Na15Cu3Ga6S18.The isolated edge-shared dimer, 

(Ga2S6)
6–  transforms into infinite chains of corner shared GaS4 tetrahedral units in 

Na15Cu3Ga6S18. Two infinite GaS4 tetrahedral chains are stitched by edge shared dimers of 

Cu1S4 to form anionic ribbons of (Cu2Ga6S18)
16– running through [102] direction (Figure 

1c). 
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(c) 

(a) (b) 

Figure 1. (a) Asymmetric unit of I, thermal ellipsoids are given at 40% probability. (b) 

(Cu2Ga6S18)16– building block showed along [102] direction. (c) The figure shows the 

connections between (Cu2Ga6S18)16– building blocks to form the ribbon. 

 

(b) (a) 

Figure 2. (a) Open framework structure I shown along [102] direction formed by the 

inter connection of (Cu2Ga6S18)16– ribbons through linearly coordinated Cu2, with 

Na+ occupying the tunnels.  (b) Ball-and-Stick representation of structure of I along 

[001] direction with Na+ occupying the tunnels. 
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These ribbons made of (Cu2Ga6S18)
16– building blocks are further connected to 

other such ribbons via linearly coordinated S – Cu2 – S linkages to create a three-

dimensional network (Figure 2a). All Na atoms occupy the tunnels resulted from 

interconnection of these anionic (Cu2Ga6S18)
16– ribbons with Na – S distances in the range, 

2.729(2) – 3.337(3) Å (Figure 2b). All Ga – S and Cu1 – S bond distances are in the range, 

2.2304(11) – 2.3315(11) and 2.3587(12) – 2.4398(12) Å, respectively, which are in 

agreement with Ga – S (2.261(2) – 2.304(2) Å) and Cu – S distances (2.383(2) – 2.400(2) 

Å) found in Ba4CuGa5S12.
16 The bond distance for linearly coordinated Cu, Cu2 – S = 

2.1597(11) Å is close to Cu – S distances found in several linearly coordinated Cu-sulfide-

based compounds.32-36 S–Ga–S and S–Cu1–S bond angles are in the range of 99.11(4) – 

118.69(4)° and 104.02(4) – 116.61(4)°, suggesting highly distorted tetrahedral geometry 

for GaS4 and Cu1S4, respectively, whereas a bond angle of 180° for S–Cu2–S reflects 

perfectly linear coordination. 

 

3.2. A DISCUSSION ON THE ROLE OF Cu+ 

In chalcogenide chemistry, Cu is present mostly as Cu+, which is a soft acid and 

show unique flexibility in coordination with the soft chalcogen anions. The most prevalent 

coordination of Cu+ in complex chalcogenides and in open-framework materials is planar 

trigonal and tetrahedral. The planar trigonal coordination often leads to an icosahedral 

cluster of Cu – S in many open framework materials.9, 25, 26, 28, 35 Whereas a tetrahedral 

coordination of Cu+ can be an integral part of the supertetrahedral building unit.29, 30, 32 

There are only a handful of examples in open framework materials where Cu+ is in linear 

coordination as seen in organically templated CuGe2S5(C2H5)4N,34 where Ge4S10-T2 super 
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tetrahedral units are exclusively connected by linear S – Cu – S linkages. In another 

example, Cu+ is both part of super tetrahedra and linear coordination connecting the 

supertetrahedra.30 However, there are some examples of linear coordination of Cu+ in 

relatively dense ternary compounds which are listed in (Table 2 and Figure S4 in the SI) 

along with their Cu–S bond distances and S–Cu–S bond angles. Each of these linear 

coordination plays unique role in framework building. For example, in Na4Cu2S3,
38 the 

anionic framework is built-up of unique V shaped (Cu2S3)
4– type building units, while in 

KCuS36 there exists infinite zig-zag chains of linear Cu–S linkages. There are two types of 

Cu+ in NaCu5S3,
37 Cu1 adopts linear coordination, Cu2 has a trigonal pyramid 

coordination. Similarly, structure of CsCu3S2
35 consists of zig-zag chains of Cu–S linked 

by linearly coordinated Cu–S bonds. In general, it is expected that due to the increase in 

covalency of the M–S bond, there will be lowering of coordination numbers.39 

 

Table 2. List of sulfide-based compounds with linear coordination of Cu+. 

Compound Space group S-Cu-S(bond angle) Cu-S (Å) 

KCuS34 Pna21 178.86° 2.162 

Na4Cu2S3
36 I 41/aZ 176.26°(3) & 174.33°(3) 2.16(9) 

NaCu5S3
35 P 63 2 2 171.319°(31) 2.186 

CsCu3S2
33 P 3̅m 1 179.98° 2.162 

Na15Cu3Ga6S18  C2/c 180° 2.1593(10) 
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However, in contrary, in moving from oxides to tellurides in a series of compounds 

where covalency is increasing, the coordination of Cu jumps from 2 in KCuO40 and KCuS36 

to 3 in KCuSe41 and KCuTe,41 similarly in Cu2O, Cu is linearly coordinated whereas it is 

tri coordinated in more covalent Cu2S.42,43 To identify a better indicator for the stabilization 

of low coordination of Cu+, investigation by Gaudin et al44 revealed that a strong Cu (s-d 

(dz
2)) hybridization and subsequent strong bonding interactions of this hybrid orbitals with 

ligand (O or S) p orbital is responsible for the linear coordination as it was also observed 

in the band structure calculations of Na15Cu3Ga6S18 (Figure 4a, discussed later). Another 

important factor that governs the low coordination of Cu+ and Ag+ is their high polarization 

due to poor screening of the d-electrons. This cation polarization is reduced as we move 

from oxide to sulfide to selenide and cation’s coordination increases. To stabilize low 

coordination in sulfides, the polarization of the cation needs to be raised. The cation 

polarization can be increased by the charge transfer through the alkali ions present in the 

system and that successfully explains the low coordination for compounds listed in Table 

2.36 In our present case high ratio of Na:Cu (>5) in Na15Cu3Ga6S18 could also be a factor 

for the stabilization of the linearly coordinated Cu2. However, in Na15Cu3Ga6S18 there is 

also present a tetrahedral Cu+ (Cu1) and therefore, to understand the role of these two 

copper sites we performed band structure calculations and Crystal Orbital Hamiltonian 

Population (COHP) to evaluate their contribution in bonding.  

 

3.3. OPTICAL BAND GAP AND BAND STRUCTURE 

The room temperature optical band gap of I was obtained from diffuse reflectance 

spectrum (DRS). The spectrum was further analyzed by 
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equation, αhν = A(hν – Eg)
m (equation 1) to derive the band gap, Eg, where α = absorption 

coefficient/Kubelka-Munk function (α/S = (1–R)2/2R), hν = photon energy, and A = 

constant.45 A steep linear rise of the absorption edge was obtained by plotting (hνα)2 vs hν 

(m = 2) indicative of a direct band gap material and from the extrapolation of the linear 

region a band gap of 3.00 eV can be derived (Figure 3). The density functional theory 

(DFT) derived band gap, however, severely underestimates the value, producing a band 

gap of 1.65 eV. This is a well-known observation for the local approximations to the 

density functional, such as currently employed PBESol functional, a revised version for 

solids of Perdew, Burke and Ernzerhof (PBE) exchange correlation functional (details in 

SI). Hybrid functionals are known to predict energy gap with higher accuracy than 

LDA/GGA functionals, albeit at much higher computational cost. We thus carried out a 

single point calculation with HSE0646 functional using the PBESol-relaxed atomic 

structure and using only the gamma-point for the Brillouin zone integration.  

 

Figure 3. Tauc plot (αhν)2 vs hν calculated using the diffuse reflectance data. 
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The band structure from this calculation shows similar features as that with the 

PBESol functional, but the band gap of 3.5 eV is in much better agreement with the 

experimental value of 3.0 eV. PDOS shows that the Cu1(d) levels are close to the Fermi 

level and almost overlapping with the S(p) states, while Cu2(d) states are shifted towards 

the lower energy side (Figure 4a). The PDOS indicates that there are significant Cu(s) states 

coinciding with the Cu2(d) states, which signifies the extent of s-d hybridization involved 

in stabilization of Cu2 linear coordination as observed by Gaudin et al.44 The conduction 

band has major contribution from Ga(s) and S(p). COHP analysis was performed to derive 

bond weighted density of states between pair of adjacent atoms (details in SI). COHP 

curves for Cu1–S, Cu2–S and Ga–S pairs shows that the density of state near the Fermi 

level are the result of antibonding interactions of Cu1(d) – S(p) , whereas the antibonding 

states of Cu2(d) – S(p) were lying below the Cu1(d) – S(p) states (Figure 4b).  The 

conduction bands are strongly Ga–S antibonding.  This corroborates well with the atom 
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Figure 4. (a) Projected density of states, (b) COHP curves for Cu1–S, Cu2–S and Ga–

S contacts (c) Electronic band structure of I. 
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projected density of states (Figure 4a). Band structure calculations (Figure 4c) indicate that 

Na15Cu3Ga6S18 belongs to a direct band gap material with conduction band minimum and 

valence band maximum positioned at Γ point of the Brillouin zone, which is in good 

agreement with the experimental optical band gap determination (Figures 3). 

 

3.4. IONIC CONDUCTION AND THEORETICAL INVESTIGATION 

Owing to its high abundance of alkali ions present in the framework, a high sodium 

ion conductivity is anticipated. AC Impedance measurements were performed to evaluate 

the room temperature ionic conductivity and to estimate activation energy from the variable 

temperature data using Arrhenius equation (see SI for details).  

 

Figure 5. Activation energy calculated form experimentally measured ionic 

conductivity verses temperature. Dots represents the experimental ionic conductivity 

and dashed line represents the Arrhenius fit to the data. Inset shows the Nyquist plot 

for room temperature ionic conductivity 
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Room temperature ionic conductivity is found to be 2.72 ×10–5 mS/cm with an 

activation energy of 0.68 eV (Figure 5) indicating sluggish nature of the alkali ion diffusion 

within the lattice. Sodium ion conductivity in this range has been found in some 

chalcogenide glass-ceramics.47, 48 Bond valence sum energy landscapes were constructed 

to understand the probable diffusion pathways within the unit cell at moderate activation 

energies. BVEL algorithm could not find any continuous diffusion pathways at |∆V| =

0.5 𝑣. 𝑢 (see Figure S6a and other details in SI). However, BVEL could find that the 

migration between Na1–Na7 (Figure S6b) could occur without much deviation in the bond 

valence sum. This finding corroborates well with the Nudged Elastic Band results. To 

further support the experimental results, Nudged Elastic Band (NEB)49 calculations were 

performed based on the DFT energy landscape. Since this structure does not feature sites 

partially occupied with sodium atoms, we assume that ionic conductivity is assisted by the 

defects of the crystalline lattice, specifically by the sodium vacancies. Due to the lack of 

the open space in the structure we consider interstitial-assisted diffusion to be unlikely 

mechanism. Experimentally, there are intrinsic finite concentration of vacancies that can 

be further increased by doping, while in simulations we add a vacancy (remove sodium 

atom) to the simulation cell. We then compute the activation barrier using NEB for a 

migration of the vacancy to the neighboring sodium sites, which correspond to the ion 

migration in the opposite direction. The activation barrier can be directly compared to the 

experimentally measured activation energy.  First, we assessed the energetics of the sodium 

vacancy formations.  



138 
 

 

There are 8 crystallographically distinct sodium atoms, and thus there are 8 possible 

vacancy sites. All sodium vacancy formation energies are calculated in the small 

concentration limit, thus the volume of the simulation cell was kept fixed at the ideal 

structure volume. 

Formation energies for all the sites are within 0.25 eV from each-other (listed in 

Table 3), with the smallest being that for Na6 (2.14 eV) and the largest is that for the Na3 

(2.38 eV). Sodium vacancies in the sites that occupy positions in the possible conduction 

channel, Na4 and Na8, have very similar formation energies of 2.23 and 2.24 eV. In the 

table (Table 3) we have also listed the bond valence sum values of each of these Na-ions, 

however, apparently there seems to be no direct correlation between the defect formation 

energies with BVS values. Further, we carried out the NEB calculations of the activation 

Figure 6. Vacancy migration activation barriers along different diffusion paths in 

Na15Cu3Ga6S18. (a) Activation barrier along Na4–Na8–Na4–Na4–Na8 is 0.53 eV (b) 

Lowest energy path is along [001] direction with a barrier of 0.27 eV (c) Activation 

barrier along Na5–Na3–Na2–Na5 is 0.45 eV. 
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energy for the vacancy assisted diffusion for the pathway along the channel. Due to the 

staggered arrangement of the sodium ions in the channel, the preferred path for the vacancy 

migration is by alternating between the rows of the atoms, which corresponds to migration 

from Na8 to Na4 and between Na4 and Na4 sites (see Figure 6a). The second transition 

corresponds to the return into the original row.  

 

Table 3. Defect formation energies and bond valence sum values of eight 

crystallographically distinct Na+ ions. 

Site Na1 Na2 Na3 Na4 Na5 Na6 Na7 Na8 

Formation energy (eV) 2.30 2.36 2.38 2.22 2.23 2.14 2.28 2.24 

Bond Valence Sum 0.958 0.989 0.991 1.109 0.847 0.985 1.004 1.219 

 

 

The DFT prediction for the activation energy along this path is 0.53 eV. In addition 

to migration along the channels, we investigated a possibility of other migration paths. In 

particular, sodium ions form a possible diffusion path along the [001] direction of the cell. 

Sites occupied by the sodium atoms form rather complex interlocking arrangement with 

the key block being (almost) flat quadrilateral shape consisting of Na2-Na4-Na7-Na6 sites 

(Figure 6b). This shape is connected to the next tilted identical shape either via Na5 site, 

or by a Na6-Na1-Na8-Na1-Na7 chain of transitions (Figure 6b). The latter has the lowest 

barrier with the magnitude of 0.27 eV for the transport in the [001] direction. Another set 

of diffusion routes exist in [100] and [010] crystallographic directions (Figure 6c). These 

routes are crystallographically identical, include atoms -Na2-Na3-Na5-, and there are 2 

routes in each direction per primitive cell. The highest activation barrier along this route as 
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predicted by DFT is for the vacancy migration between sites Na2 and Na3, with the 

magnitude of 0.45 eV. The pathway with the lowest activation energy is along [001] 

direction in the lattice with the activation energy of 0.27 eV. This activation energy is 

significantly lower than experimental value, that of 0.68 eV. This kind of discrepancies 

between the experimental and theory can be attributed to the presence of little impurity 

phase, specially impurities in the grain boundaries can create substantial impedance to ion-

conduction. Unfortunately, all our attempts to form 100% pure sample have failed. 

 

4. CONCLUSIONS 

 

Three-dimensional open architecture built by unusual linearly coordinated S–Cu–

S (180°) along with tetrahedrally coordinated Cu1 polyhedra within the same framework 

makes this compound distinct from other chalcogenide-based open framework structures. 

To the best of our knowledge, Na15Cu3Ga6S18 is the first compound in the quaternary series 

of A–Cu–Ga–S (A = alkali metal) system. This has been achieved by our strategy to replace 

part of the sodium ion from Na6Ga2S6 by Cu+ via metathesis route (Figure S7). Despite 

having a sea of sodium ions in the channels, the compound did not show a high Na-ion 

conduction and emphasizes the need to create defect in the structure. The coordination 

stability of the linearly coordinated Cu+ can be attributed to higher cation polarization due 

to high amount of alkali ion substitution and strong s-d hybridization of Cu+. However, it 

requires more fundamental study in solid state chemistry of Cu+, especially in chalcogenide 

matrix, if understood clearly, this can unravel the limit of maximum number of alkali-ions 

substitution into the framework when there is presence of linear S – Cu – S bonds. 
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SUPPLEMENTARY INFORMATION 

 

SYNTHESIS 

Na15Cu3Ga6S18 was synthesized by solid state metathesis route using 0.6 mmol of 

Na6Ga2S6 and 0.6 mmol of CuCl in s sealed quartz tube of 12 cm length and 1.1 cm 

diameter. Na6Ga2S6 was prepared by stoichiometric mixture of 3.5 mmol of Na2S, 2.3 

mmol of Ga and 3.5 mmol of S. Bulk quantities of Na15Cu3Ga6S18 was also synthesized 

by 2 mmol of Cu, 4 mmol of Ga, 5 mmol of Na2S and 7 mmol of S in a sealed quartz tube 

of 12 cm length and 1.1 cm diameter. All the reactants used in the synthesis were purchased 

from Alfa Aesar. The compound was prepared in a scale of 1.5 g. All the powder precursors 

along with Ga shavings were weighed accordingly and loaded into pre-heated graphitized 

quartz ampoule inside an argon filled glovebox (O2 < 1ppm). To prevent exposure from 

air, the ampoules were taken out with the help of an adapter and flame sealed under 

vacuum. The sealed ampoules were heated to 700 °C at a rate of 20 °C /h, dwelled for five 

days, and subsequently cooled to room temperature at a rate 35 °C/h. There was no sign of 

any compound deposition in the cold zone. After breaking the ampoule in an argon-filled 

glove box, nice pale-yellow crystals (Figure S1 a) were obtained. Single crystals from the 
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as synthesized compound were used to collect the single-crystal X-ray diffraction data and 

the hand ground powder samples were used for other characterization. 

 

X-RAY CRYSTALLOGRAPHY 

Good quality crystal was mounted on a thin glass fiber with epoxy glue. Diffraction 

data was collected on Bruker smart apex diffractometer equipped with a sealed tube X-ray 

source with Mo–Kα radiation (λ = 0.71073 Å). SMART software1 was used to collect the 

diffraction data with a scan rate of 0.3° in ω scan and 20 s/frame exposure time. Data 

integration and absorption correction was done by using programs SAINT and SADABS.2 

SHELXS-97 and difference Fourier syntheses were used to solve the structure.3 Full-matrix 

least-squares refinement against |F2| was carried out using the SHELXTL-PLUS suite of 

programs.2 Centrosymmetric space group C2/c (No. 15) was assigned based on the 

systematic absences of reflections. The positions of Ga, Cu and S were easily located from 

the difference Fourier maps. Isotropic refinement resulted in a good thermal parameters for 

Ga, Cu and S atoms. After the first cycle of refinement all the Na positions were assigned 

leaving no unaccounted residual electron density. Further isotropic refinements resulted 

reasonably good thermal parameters for all the Na atoms. All the occupancies were refined 

freely, and no Na-vacancies were observed. Final refinements including the refinements of 

anisotropic thermal parameters were performed using SHELX-2018 incorporated in 

ShelXLe.4After the final anisotropic refinement and application of the weight convergence 

scheme, the weighted R-factor (wR2) reduced significantly. Crystal data and final structure 

refinement parameters are given in Table 1, and selected bond lengths are provided 

https://pubs.acs.org/doi/full/10.1021/acs.inorgchem.7b00121#tbl1
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in Table S1. The atomic coordinates along with their thermal displacement parameters are 

provided in Tables S2 and S3. 

 

POWDER X-RAY DIFFRACTION 

Powder X-ray diffraction pattern was collected from PANalytical X'Pert Pro 

diffractometer equipped with a Cu Kα anode and a linear array PIXcel detector. Finely 

ground sample (Figure S1b) of Na15Cu3Ga6S18 was loaded into an airtight cell covered 

with kapton film to prevent the sample from exposing to air. PXRD pattern was collected 

over a 2θ range of 5 to 90° with an average scanning rate of 0.0472°s–1. 

 

OPTICAL BAND GAP MEASUREMENTS 

Optical band gap measurements were performed on Varian Cary 5000 UV-Vis-NIR 

spectrophotometer equipped with praying mantis set up. Powder samples ground inside the 

glove box from as-synthesized batch of Na15Cu3Ga6S18 was used to collect the DRS 

spectrum. BaSO4 powder (Fisher, 99.2%) was used as a ~100 % reflectance standard. 

Kubelka - Munk function was applied to calculate the band gap. 

 

IONIC CONDUCTIVITY MEASUREMENTS 

AC impedance measurements were performed on biologic instruments SP-150 in 

the frequency range of 1.00 Hz to 1MHz with a voltage amplitude of 500mV. The as 

synthesized powder samples were cold pressed using 280 MPa force in a stainless steel 

pressing die having inner diameter of 0.635 mm to make the pellet. Indium foil of thickness 

0.05mm was pressed onto both sides of the pellet which acts as blocking electrode. The 

https://pubs.acs.org/doi/full/10.1021/acs.inorgchem.7b00121#tbl2
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pellet was placed in an air-tight Swagelok cell to prevent it from air exposure. The whole 

set up was loaded into a box furnace with temperature controller to measure the temperature 

dependence of ionic conductivity. Impedance data were collected from room temperature 

(25 °C) to 75 °C for every 10 °C interval. Before taking measurements, the temperature 

was held constant at least for an hour to reach the thermal equilibrium. No reaction was 

found after the measurements between the solid electrolyte and the blocking electrode. The 

equivalent circuit used, and the fitting parameters for room temperature ionic conductivity 

has been detailed in Figure S5. The activation energies were calculated using σT = σoexp(-

Ea/kBT) where σT is the ionic conductivity, σo is a pre-exponential factor, T is the absolute 

temperature, and kB is the Boltzmann constant.  

 

BVEL MAPS 

Bondstr incorporated in FullProf suite of programs is used to construct the BVEL 

(Bond valence energy landscapes). Hypothetical diffusion paths for the mobile ion can be 

mapped based on the bond valence mismatch as defined by Adams.5 Figures S6 a and b 

were plotted as an isosurface using VESTA6 at an energy level |∆𝑉|  = 0.5 v.u. 

 

DFT CALCULATIONS 

Electronic structure calculations were performed in the framework of density 

functional theory as implemented in VASP computational package7-10. Calculations were 

performed using projector augmented-wave (PAW) with generalized gradient 

approximation (GGA) exchange-correlation (XC) functionals parametrized according to 

PBEsol11 which is a revised version of Perdew–Burke–Ernzerhof (PBE).12  Relaxation of 
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atomic coordinates and the unit-cell parameters were performed until the maximum force 

on the atoms was less than 10-2 eV/Å, using energy cutoff for the plane wave expansion of 

the electronic wave function was 500 eV and 4x3x3 Monkhorst-Pack13 k-point grid. Total 

energy convergence criteria was set to 10-6 eV/atom. Hybrid functional calculations 

employed HSE0614 functional, with the energy cutoff of 500 eV and Γ-point only k-mesh 

for the Brillouin zone integration. Relaxed atomic structure by the standard DFT was used 

for Defect formation energies and NEB calculations. Defect formation energies where 

calculated by the structural atomic relaxation and keeping the volume constant. We chose 

sodium metal as a reference state for all defect energy calculations. NEB calculations used 

5 images to resolve the transition state and calculate the activation barrier. Chemical 

bonding analysis of plane-wave data by Crystal Orbital Hamiltonian Population (COHP) 

were performed using LOBSTER15-17.    

 

Table S1. Selected bond lengths (Å) in Na15Cu3Ga6S18. 
 

atom-atom d(Å) atom-atom d(Å) atom-atom d(Å) 

Ga1 – S1 2.2528(10) Ga3 – S8 2.2492(10) Cu1 – S6 2.3583(10) 

Ga1 – S2 2.2782(10) Ga3 – S9 2.2550(10) Cu1 – S1#2 2.3710(11) 

Ga1 – S3 2.2972(10) Ga3 – S4 2.3036(10) Cu1 – S9#2 2.4190(12) 

Ga1 – S4 2.3055(10) Ga3 – S7#1 2.3315(10) Cu1 – S1 2.4394(11) 

Ga2 – S5 2.2359(10)   Cu2 – S2 2.1593(10) 

Ga2 – S6 2.2470(10)     

Ga2 – S3 2.3077(10)     

Ga2 – S7 2.3169(10)     

Symmetry transformations used to generate equivalent atoms:  

#1 x-1/2,-y+1/2,z-1/2  #2 -x+1/2,-y+1/2,-z+1  
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Table S2. Final atomic coordinates and equivalent isotropic displacement parameters for 

Na15Cu3Ga6S18. U(eq) = 1/3 of the trace of the orthogonalized Ueq tensor. 

 

Atom Wyckoff Occupancy x/a y/b z/c U(Å2) 

Ga(1) 8f 1 0.4148(1) 0.3295(1) 0.3859(1) 0.008(1) 

Ga(2) 8f 1 0.5818(1) 0.1758(1) 0.5505(1) 0.008(1) 

Ga(3) 8f 1 0.2575(1) 0.1732(1) 0.2227(1) 0.008(1) 

Cu(1) 8f 1 0.3274(1) 0.2458(1) 0.5797(1) 0.024(1) 

Cu(2) 4a 1 0.5 0.5 0.5 0.023(1) 

S(1) 8f 1 0.3154(1) 0.3438(1) 0.4650(1) 0.013(1) 

S(2) 8f 1 0.5061(1) 0.4522(1) 0.3837(1) 0.015(1) 

S(3) 8f 1 0.5057(1) 0.2021(1) 0.4140(1) 0.009(1) 

S(4) 8f 1 0.3364(1) 0.3072(1) 0.2493(1) 0.010(1) 

S(5) 8f 1 0.6716(1) 0.545(1) 0.5530(1) 0.014(1) 

S(6) 8f 1 0.4717(1) 0.1592(1) 0.6192(1) 0.012(1) 

S(7) 8f 1 0.6696(1) 0.3057(1) 0.5860(1) 0.010(1) 

S(8) 8f 1 0.3483(1) 0.517(1) 0.2241(1) 0.013(1) 

S(9) 8f 1 0.1593(1) 0.1617(1) 0.3033(1) 0.012(1) 

Na(1) 8f 1 0.5085(2) 0.205(1) 0.3777(1) 0.033(1) 

Na(2) 8f 1 0.3236(2) 0.4836(1) 0.2064(1) 0.038(1) 

Na(3) 8f 1 0.4933(1) 0.6446(1) 0.3570(1) 0.026(1) 

Na(4) 8f 1 0.3320(1) 0.3189(1) 0.0811(1) 0.019(1) 

Na(5) 8f 1 0.3604(1) 0.1437(1) 0.7341(1) 0.026(1) 

Na(6) 8f 1 0.6658(1) 0.-1272(1) 0.5556(1) 0.024(1) 

Na(7) 8f 1 0.7705(2) 0.0212(1) 0.4375(1) 0.027(1) 

Na(8) 4e 1 0.5 0.1871(2) 0.25 0.017(1) 
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Table S3. Anisotropic displacement parameters (Å2x 103) for Na15Cu3Ga6S18.  The 

anisotropic displacement factor exponent takes the form: -2p2[ h2a*2U11 + ... + 2 h k a* 

b* U12] 

Atoms U11 U22 U33 U23 U13 U12 

Ga(1) 8(1)  7(1) 8(1)  0(1) 2(1)  0(1) 

Ga(2) 7(1)  7(1) 8(1)  0(1) 2(1)  0(1) 

Ga(3) 8(1)  7(1) 8(1)  0(1) 2(1)  1(1) 

Cu(1) 20(1)  22(1) 26(1)  -2(1) 3(1)  4(1) 

Cu(2) 24(1)  25(1) 19(1)  -6(1) 5(1)  1(1) 

S(1) 14(1)  12(1) 15(1)  1(1) 9(1)  2(1) 

S(2) 20(1)  9(1) 19(1)  -2(1) 8(1)  -6(1) 

S(3) 11(1)  8(1) 7(1)  0(1) 1(1)  2(1) 

S(4) 13(1)  8(1) 8(1)  1(1) 0(1)  -2(1) 

S(5) 15(1)  8(1) 19(1)  1(1) 5(1)  5(1) 

S(6) 12(1)  13(1) 15(1)  3(1) 8(1)  3(1) 

S(7) 12(1)  9(1) 8(1)  0(1) 1(1)  -4(1) 

S(8) 13(1)  9(1) 16(1)  0(1) 4(1)  3(1) 

S(9) 14(1)  12(1) 14(1)  -2(1) 9(1)  -1(1) 

Na(1) 50(1)  13(1) 33(1)  -1(1) 9(1)  6(1) 

Na(2) 63(2)  13(1) 33(1)  2(1) 7(1)  -4(1) 

Na(3) 19(1)  24(1) 38(1)  -2(1) 15(1)  -2(1) 

Na(4) 17(1)  24(1) 18(1)  0(1) 7(1)  3(1) 

Na(5) 24(1)  28(1) 28(1)  -1(1) 9(1)  3(1) 

Na(6) 19(1)  20(1) 33(1)  3(1) 8(1)  1(1) 

Na(7) 42(1)  15(1) 25(1)  3(1) 14(1)  1(1) 

Na(8) 16(1)  23(1) 14(1)  0 8(1)  0 
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Figure S1.  (a) As-synthesized DMF washed crystals; (b) Finely ground sample of 

Na15Cu3Ga6S18. 

 

 

 

 

 

 
 

 

(a) (b) 

Figure S2. PXRD patterns collected on powder samples from as-synthesized batches, 

A: Stoichiometric reaction of Na2S, Cu, Ga, S; B: reaction of Na6Ga2S6 + CuCl, arrow 

indicate an impurity phase. Sample A is the PXRD of manually separated yellowish 

crystals carefully avoiding the dark crystals. This sample was used for impedance 

measurements. 
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Figure S3. PXRD pattern of as synthesized Na6Ga2S6 with the simulated pattern. The 

arrows indicate the presence of impurity phase, Na4Ga2S5 (Eisenmann, B.; Hofmann, 

A. Crystal structure of hexasodium di-mu-thiobis(dithiogallate) – I. Z. 

Kristallogr. 1991, 197, 143– 144). 
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Figure S4. Cu coordination in compounds having linear coordination of Cu (a) 

NaCu5S3; (b) KCuS; (c) CsCu3S2; (d). Na4Cu2S3; (e) Current compound (Cu2 in 

Na15Cu3Ga6S18). 
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R1 5.801e6 Ohm 

Q1 217.5e-12 F.s^(a - 1) 

a1 0.8247 

Q2 18.49e-9 F.s^(a - 1) 

a2 0.6391 

(a) 
(b) 

Figure S6. BVEL map for Na15Cu3Ga6S18 (a) At an isosurface level |∆V| = 0.5 𝑣. 𝑢 

(b) Path between Na1 and Na7, which is found be the lowest vacancy migration from 

DFT. 

 

Figure S5. Equivalent circuit and the parameters used to fit the impedance data for 

Na15Cu3Ga6S18 for the room temperature data. 
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ABSTRACT 

 

An olivine-type orthothiophospate LiMnPS4 has been synthesized for the first time 

through building block approach by reacting preformed ternary lithium thiophospate with 

MnCl2. Diffuse reflectance measurements show an optical band gap of 2.36 eV which is 

further confirmed by DFT calculations. Irreversible weak ferromagnetic ordering and 

metamagnetism are verified through priliminary magnetic measurements.  

 

1. INTRODUCTION 

 

Transition metal oxy-phosphates are ubiquitous as they are found in mineral 

kingdom and easily made in the laboratory.1, 2A large number of oxy-phosphates especially 

ortho-phosphates of transition metals have been synthesized in the last couple of decades 

as these materials became potential candidates for electrodes and solid-electrolytes in Li- 
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and Na-ion batteries.3-5 On the other hand, as of now there is no report of any 

chalcophosphate mineral;6 as they can only be accessed through laboratory synthesis.7-21 

Synthetic chalco-phosphates can form a myriad of chalcophosphate anions, [PxQy]
z– (Q = 

S, Se) which includes [PQ4]
3–,8,9, 11, 13, 14 [P2Q6]

4–,7, 12, 17, 18 [P2Q7]
4–,10 [P2Q9]

4–,16 [P5Q12]
5–

,19 [P6Q12]
4–,19, 20 and many others. In most of these chalco-phosphate building blocks P is 

formally in +5 oxidation state except when P – P bond is present, where it is +4 as in 

[P2Q6]
4–. These [PxQy]

z– units can be stabilized with alkali ions or with metals; transition 

or main-group metals. Several groups, namely Kanatzidis,10, 13, 18-20 Dorhout,12, 16 Schleid,14 

Bensch,15 Lotsch17 and others,7, 8, 9, 11 have extensively investigated synthesis of new 

ternary and quaternary chalco-phosphates either from elements or using binaries often in 

presence of polychalcogenide or poly-chalcophosphate flux. These reactions involving 

rare-earth metals mainly led to ortho-chalcophosphates12, 13, 14, 15 or 

hexachalcohypodiphosphates12, 17 often incorporating alkali ions. However, with 1st row 

transition series it has rarely formed ortho-chalcophosphates because of the high 

prevalence of [P2Q6]
4– unit. To our knowledge there are only a few examples of ortho-

thiophosphate structure in 1st row transition metal, KNiPS4,
8 NaTi2(PS4)3,

9 Na3Cr2(PS4)3,
11 

and Cu3PS4.
21 There is a renewed interest in the synthesis and crystal growth of chalco-

phosphates especially in layered two-dimensional (2D) materials with van der Waals gap 

(M2P2Q6, M = 1st row transition metals) and non-vdW 2D materials with intercalated alkali 

ions (A2MP2S6, A = Li, K) for their magnetism and other exotic phenomena in low 

dimensions.22-26 2D M2P2Q6 compositions are well-known cathode material27 and there is 

a growing interest in chalco-phosphates as electrode materials.28-30 In this connection we 

asked ourselves why it is difficult to synthesize ortho-thiophosphates of transition metals 
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analogous to well-known structure types in ortho-(oxy)phosphates for example, olivine3 

and NASICON;5 phases that have defined new direction in electrode materials.4 Strong 

covalent bonding of chalco-phosphate moiety with transition metals can lead to 

semiconducting solid with intermediate range band gap useful for photovoltaics and 

presence of unfilled 3d electrons can give rise to magnetic and redox (batteries) properties, 

while a combination of both can have applications in spintronics and magnetoelectrics.22-

24 Hence, if the rich structural diversity of ortho-oxy phosphates is accessed in transition 

metal chalco-phosphates, a plethora of new properties can be expected. 

Therefore, we have directed our efforts to synthesize ortho-thiophosphate of 

transition metals. We have employed an innovative building block approach in which 

lithium thiophosphate Li3PS4 consisting a preformed PS4
3– tetrahedral building unit is 

reacted with MnCl2 in so-called solid state metathesis reaction to create first ever olivine-

type ortho-thiophosphate with transition metal, LiMnPS4.  

In this communication, we report the synthesis, crystal structure, optical, and preliminary 

magnetic properties along with theoretical calculations within DFT framework eluciding 

the electronic band structure.  

LiMnPS4 has been synthesized from solid-state metathesis route using γ-Li3PS4 and 

MnCl2 in sealed evacuated quartz tube at 500 °C (for details, see ESI). Pale yellow color 

crystals (Figure S1, ESI) were obtained after breaking the ampoule inside an argon-filled 

glove box. Crystal structure was determined from single-crystal X-ray diffraction. Crystal 

data and final refinement parameters are summarized in Table 1 and other crystallographic 

details are given in ESI (Tables S1 - S3). The laboratory powder X-ray diffraction (PXRD) 

γ-Li3PS4 + MnCl2 → LiMnPS4 + 2LiCl 
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pattern confirmed the phase purity of the bulk sample (Figure S2, ESI). The PXRD of γ–

Li3PS4 and the air exposed (>24 hours) sample of LiMnPS4 are provided in ESI (Figures 

S3 and S4, ESI). The PXRD of LiMnPS4 after air exposure did not show any change 

indicating good air stability. EDS elemental analysis (Figure S5, ESI) performed on as-

synthesized crystals is in good agreement with the crystallographic composition 

(Mn1.04P1.02S4). LiMnPS4 crystallizes in olivine structure type in Pnma space group. The 

asymmetric unit of LiMnPS4 consists of one Mn (4b, Wyckoff site), one P (4c), one Li (4c) 

and three S (S1 in 8a, S2 and S3 in 4c) sites yielding a composition of Li0.5Mn0.5P0.5S2 

(Figure 1a). If an empirical formula of LiMnPS4 is used, then four such units (Z = 4) will 

be present in the unit cell. 

 

Table 1. Crystal data and refinement parameters for LiMnPS4. 

Empirical formula LiMnPS4 

Temperature 300(2) K 

Crystal system Orthorhombic 

Space group Pnma 

Unit cell dimensions a = 12.540(3) Å 

 b = 7.654(2) Å 

 c = 5.834(2) Å 

Volume 560.0(2) Å3 

Z 4 

Goodness-of-fit on F2 1.112 

Final R indices [I>2σ(I)] R1 = 0.0330 

R indices (all data) wR2 = 0.0852 
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The structure of LiMnPS4 can be described as hcp array of S atoms in which half 

of the octahedral sites in alternate layers are filled with Mn and Li atoms, respectively, 

while one-eighth of the tetrahedral holes are filled with P atoms. Such filling up of holes 

by Mn and P creates a situation where edge-shared MnS6 octahedra form infinite chains 

parallel to the b-axis, which are further stitched together by PS4 tetrahedral units forming 

layers perpendicular to a-axis. The interlayer space is filled by Li ions (Figure 1b).  

The structure of LiMnPS4 belongs to olivine-Mg2SiO4 structure type,31 where Li 

and Mn replaces two crystallographically distinct Mg ions in 4a and 4c sites, respectively, 

and SiO4 unit is replaced by PS4 unit. However, there is a slight difference in the atomic 

positions when compared with the ortho-(oxy)phosphate analogue, olivine-LiMnPO4 or in 

general, olivine-LiMPO4 (M = Mn, Fe, Co, and Ni), all of which are well-known cathode 

materials for Li-ion batteries.3, 4 In the thiophosphate analogue, the position of transition 

metal and lithium ion are interchanged when compared to LiMnPO4 i.e. in oxy-phosphate 

4c Wyckoff site is occupied by Mn ion whereas the same site is occupied by Li ion in the 

thiophosphate. Such switching of Li and Mn positions makes LiMnPS4 a layered material 

meaning covalent connectivity between PS4 and MnS6 extends only in 2-dimensions and 

such layers are held together via predominantly ionic forces by intervening Li-ions. On the 

other hand, LiMnPO4 has three-dimensional structure with one- dimensional channels 

filled with Li-ions. Hence, LiMnPS4 can be considered as the first example of chalco-

phosphate olivine analogue of the well investigated LiMnPO4. 

Considering our implemented metathesis synthesis method, it is worth comparing 

the structure of starting material, γ-Li3PS4 or its polymorph, -Li3PS4 with LiMnPS4. γ-

Li3PS4 is the room temperature polymorph, which on heating undergoes phase transition 
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to superionic phase -Li3PS4.
32 It is to be noted here that β-Li3PS4 is very close to olivine, 

out of the three Li-sites one of the Li occupies an octahedral site (4b), the same as Li in 

LiMnPO4. However, it has two additional Li-sites which are tetrahedral and those are not 

filled in olivine.  

 

 

On close inspection it is found that LiMnPS4 can be topotactically generated from 

the high temperature polymorph β-Li3PS4. The Figure 2 shows the structural comparison 

of β-Li3PS4, LiMnPS4, and LiMnPO4. During the solid-state metathetic reaction with 

MnCl2, the starting reaction precursor, γ-Li3PS4, transforms to β-Li3PS4 above 200 °C and 

octahedral Li(Li2) is substituted by Mn followed by a change in coordination of Li1 from 

tetrahedral to octahedral coordination leading to the formation of LiMnPS4 with the 

elimination of tetrahedral Li(Li3) site as one Mn2+ will compensate charges for two Li+ 

ions. This is the innovativeness of our building block approach which enabled retention of 

the building block, ortho-thiophosphate unit, and led to the discovery of olivine phase, 

LiMnPS4. 

(a) (b) 

Figure 1. (a)  Asymmetric unit of LiMnPS4; (b) Layers formed by parallel chains of 

MnS6 edge sharing octahedra connected by PS4 tetrahedra separated by interlayer 

octahedrally coordinated Li ions. 
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The traditional solid-state synthesis using elements in chalco-phosphate flux is 

perceived as the most viable way to synthesize transition metal thiophosphates.10, 26 

Metathesis reactions have also been employed in some cases, for example, reaction 

between Li4P2S6 and Ni2+ salt in aqueous medium yielded poorly crystalline Ni2P2S6;
33 a 

mixed metal seleno-phosphate, M+1M+3P2Se6 has been synthesized by reacting M+1Cl and 

M+3Cl3 with Mg2P2S6.
34, 35 Metathesis reactions offer advantage over typical solid state 

reactions using elements or flux in terms of lower reaction temperatures, better control over 

the product formation and often allows rational design when the reaction is topotactic.36 

The formation enthalpy of the salt byproduct in metathesis reactions drive the reaction in 

forward direction. This is the first report of metathesis reaction with a preformed PS4
3– 

building unit with transition metal chloride salt.  

 

β – Li3PS4 LiMnPS4 LiMnPO4 (a) (b) (c) 

Figure 2. Comparing the crystal structures of (a) β – Li3PS4; (b) LiMnPS4;(c) LiMnPO4. 
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This novel synthetic route can give access to new materials which otherwise may 

not have been discovered through traditional solid-state elemental or flux-based reactions. 

From the charge neutral formula, LiMnPS4, it can be expected to have semiconductor-like 

band gap. Accordingly, the optical band gap is found to be 2.36 eV from the diffuse 

reflectance spectra as shown in Fig 3a (details in ESI). The optical band gap of γ-Li3PS4 is 

found to be 3.8 eV (Figure S6, ESI), therefore, the topotactic insertion of Mn for Li ion in 

Li3PS4 reduces the band gap by ~1.5 eV. Weak spin-forbidden d-d transitions due to high 

spin Mn(II) can be seen before the steep jump due to band gap (Figure 3b).  
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Figure 3. (a) Diffuse reflectance plot of LiMnPS4; (b) Spin forbidden weak d – d 

transitions; (c) Partial density of states of LiMnPS4; (d) Band structure of LiMnPS4. 
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To understand the origin of this band gap narrowing, we performed spin polarized 

band structure calculations on experimentally determined structure using density 

functional theory (DFT) as implemented in VASP. Further details of DFT calculations are 

given in ESI. The calculated band gap of 2.3 eV using HSE06 hybrid functional (Figure 

3c) is in very good agreement with the experimentally obtained band gap of 2.36 eV. The 

projected density of states for LiMnPS4 calculated using HSE06 hybrid functional is shown 

in Figure 3c (Figure S7, ESI). The top of the valence band has the contribution mainly from 

S p states and Mn d states, whereas the bottom of the conduction band has major 

contribution from S p and P s states.  

Contribution of Li ions is almost negligible near the Fermi level. Figure 3d shows 

the electronic band structure along the high symmetry points in the Brillouin zone of 

orthorhombic lattice. The valence band maximum occurs at Γ point and the conduction 

band minimum occurs close to Z point of the Brillouin zone confirming that LiMnPS4 is 

an indirect band gap material. The indirect nature of the band gap agrees well with the 

experimental DRS measurements.  

 

2. MAGNETIC PROPERTIES 

 

Temperature dependence of magnetic susceptibility and inverse susceptibility of 

LiMnPS4 measured at an applied field of 1T from 3.2K to room temperature are given in 

Figure 4a. The molar magnetic susceptibility (
𝑀

) increases asymptotically and reaches a 

maximum at 28 K and after that there is a sharp fall of 
𝑀

 indicating onset of 

antiferromagnetic ordering below 28K. The temperature dependence of the inverse 
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magnetic susceptibility, 
𝑀
−1(T), shows linear behavior between 150-300K which can be 

fitted with Curie-Weiss law yielding a Curie constant of 4.045 emu.K.mol–1 and a Weiss 

constant (θp) of –52.29 K, respectively. Large negative, θp, value indicates strong 

antiferromagnetic interactions between adjacent Mn(II) ions. The experimental magnetic 

moment per Mn derived from Curie constant is 5.69 μB, which is close to the spin only 

magnetic moment 5.92 μB for high spin Mn2+ with five unpaired electrons.  

To understand the nature of antiferromagnetic transition, dc magnetization 

measurements were performed under field cooled (FC) and zero field cooled (ZFC) 

conditions under low applied field of 0.01T (Figure 4b). The FC and ZFC magnetic 

susceptibilities show an obvious divergence below 24 K, which could be due to irreversible 

weak ferromagnetic transition resulting from spin canting. The presence of weak 

ferromagnetic transition at lower applied fields and disappearance at higher applied field 

indicates field-induced metamagnetic transition. Variable field isothermal magnetization 

measured at 300K shows sluggish increase in the magnetization to 0.11Nβ whereas at 3K 

magnetization gradually increases to 0.25 Nβ, after that a steep rise from 0.25 to 0.38 Nβ 

between 3.75 and 5T, respectively (Figure 4c), indicating a field-induced metamagnetic 

transition from antiferromagnetic to ferromagnetic state. A small but detectable hysteresis 

loop (inset, Figure 4d) was also observed. Metamagnetism has been observed in many 

compounds containing Mn(II) chains with various bridging networks.37-39 Because of the 

presence of the inversion centers between the adjacent Mn(II) ions, rules out the occurrence 

of antisymmetric interactions, however, at much lower temperatures, slight distortion in 

the crystal structure could cause spins to be tilted away from the antiparallel arrangement 

causing weak ferromagnetic ordering. 
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In summary, we reported a new quaternary sulfide, LiMnPS4, with olivine structure 

synthesized for the first time through solid-state metathesis route using preformed Li3PS4 

and MnCl2. Parallel chains of edge shared MnS6 connected by PS4 tetrahedral units form 

2D layers, where the interlayer space is occupied by Li ions. LiMnPS4 possess an indirect 

band gap of 2.36 eV which is further confirmed by HSE06 calculations.  

 

Preliminary magnetic measurements confirm the field induced metamagnetic 

transition resulting from spin canting. This work emphasizes that chalco-analogues of oxy-
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Figure 4. (a) Temperature dependent molar and inverse molar magnetic susceptibility 

of LiMnPS4 acquired at an applied field of 1T; (b) ZFC–FC curves at 100 Oe; (c) 

Isothermal M–H scans at 5 and 300 K;  (d) Magnetization vs. field variation hysteresis 

loop. Inset shows an enlargement view of the remanent magnetization around the 

zero-field strength. 
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(ortho)phosphate structures can be accessed through solid-state metathesis route by 

employing building block approach. 
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SUPPLEMENTARY INFORMATION 

 

SYNTHESIS 

LiMnPS4 has been synthesized from solid-state metathesis route using γ-Li3PS4 and 

MnCl2. First Li3PS4 was synthesized from stoichiometric mixture of Li2S (4.5 mmol) and 

P2S5 (1.5 mmol) (1.5Li2S + 0.5P2S5 = Li3PS4). Li2S and P2S5 were ground together inside 

argon-filled glove box (O2 < 0.1ppm) and loaded into a carbon coated quartz ampule. The 

flame sealed quartz ampoule was heated to 700 °C at a rate of 30 °C /h, dwelled for 12 h 

and subsequently cooled to room temperature at a cooling rate of 35 °C /h. White 

crystalline powder sample was obtained after breaking the ampoule inside argon filled 

glove box. Phase pure Li3PS4 (1 mmol) and MnCl2 (1 mmol) were ground together in 1:1 

ratio in an agate mortar and loaded in carbon coated quartz ampoule. The quartz tube was 

flame sealed and heated to 500 °C for 48 h, the heating and cooling rates were 25 and 30 

°C /h, respectively. A schematic of the reaction is shown in scheme S1. Shiny single chunk 

containing pale yellow color crystals were obtained after breaking the ampoule inside an 
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argon-filled glove box. To remove the salt (LiCl) byproduct (Li3PS4 + MnCl2 = LiMnPS4 

+ 2LiCl), the as synthesized single chunk was sonicated in N,N dimethylformamide 

(DMF). The crystals were found to be stable in air for several days. Appropriate crystal 

was chosen for single crystal X-ray diffraction and the as synthesized crystals/hand ground 

powder was used for further characterization. A digital photograph showing the as-

synthesized LiMnPS4 was provided in ESI (Figure S1). 

 

 

 

X-RAY CRYSTALLOGRAPHY 

Good quality crystal was chosen for single-crystal X-Ray diffraction on a Bruker 

smart apex equipped with a sealed tube X-ray source with Mo−Kα radiation (λ = 0.71073 

Å). Room temperature diffraction data sets were collected using SMART1 software with a 

step of 0.3° in the ω scan and 10 s/ frame exposure time. Program SAINT2 was used for 

data integration and SADABS2 was used for the absorption correction, respectively. 

 

 

 

     

Furnace 

                                             

                                                 

Scheme S1. A schematic showing how the reactions are carried out in sealed 

ampoules. 
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SHELXS-97 and difference Fourier syntheses were used to solve the structure.3 Full-matrix 

least-square refinement against |F2| was carried out using the SHELXTL-PLUS suite of 

programs.2 The compound crystallizes in orthorhombic crystal system with Pnma (No.62) 

space group. The asymmetric unit consists of three sulfur, one manganese, one 

phosphorous and one lithium which can be easily located from the difference Fourier map. 

Absence of unaccounted e-density and reasonably good thermal displacement parameters 

with low weighted R factor wR2, the charge balanced formula LiMnPS4 was derived based 

on the 100% occupancies of the atoms. Final refinements including the refinement of 

anisotropic thermal parameters were performed using SHELX-2018 embedded in 

ShelXLe.4 Selected bond lengths, atomic coordinates along with their isotropic thermal 

parameters are given in the ESI (Tables S1-S3). 

 

POWDER X-RAY DIFFRACTION 

Hand ground powder sample in an argon filled glove box was used to collect the 

laboratory powder X-ray diffraction (PXRD) pattern from a PANalytical X’Pert Pro 

diffractometer equipped with a Cu Kα anode and a linear array PIXcel detector over a 2θ 

range of 5−90° with an average scanning rate of 0.0472° s−1. Air-tight cell holder with 

Kapton film window was used to minimize the air exposure. The PXRD patterns of the as-

synthesized and air exposed LiMnPS4 are provided in Figures S2 and S4. The PXRD of 

the as-synthesized γ–Li3PS4 is provided in Figure S3. The PXRD of the LiMnPS4 after air 

exposure didn’t show any change indicating good air and moisture stability. 
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EDS ANALYSIS 

Elemental analysis is studied by Scanning electron microscope (SEM) using an 

TESCAN-ASCAT system equipped with Bruker energy dispersive spectroscopy (EDX). 

The elemental mapping (Figure S5) shows uniform distribution of Mn, P, and S with ratio’s 

1.04:1.02:4 which is in very good agreement with the crystallographically-derived 

composition. 

 

OPTICAL BAND GAP MEASUREMENTS 

Optical band gap measurements were performed on a Varian Cary 5000 

UV−vis−NIR spectrophotometer equipped with a praying mantis set up. BaSO4 powder 

(Fisher, 99.2%) was used as an ∼100% reflectance standard, and the Kubelka-Munk5 

function was employed to transform the reflectance into absorption data to find out the 

band gap. Tauc plot αhν = A(hν – Eg)
m  was employed to estimate the nature of optical band 

gap, where α is absorption coefficient (Kubelka-Munk function), hν is the photon energy, 

and m = 2 or ½ depending on whether the transition is direct or indirect. LiMnPS4 exhibit 

linearity in ℎν vs (αℎν)1/2
 plot, suggesting that the sample possess indirect band gap of 2.36 

eV. Diffuse reflectance spectra of γ-Li3PS4 shows an indirect band gap of 3.8 eV (Figure 

S6). 

 

THEORETICAL CALCULATIONS 

Spin polarized band structure calculations were performed on experimentally 

determined structure using density functional theory as implemented in Vienna Ab-intio 

Simulations Package (VASP).6-9 Hybrid functional (HSE06) calculations were employed 



173 
 

to describe accurate band structure and estimate the band gap.10 Kinetic energy cut off was 

set to 520 eV and Γ centered k-point grid size of 2×3×4 was used for Brillouin zone 

integration. Relaxed atomic structure by the standard DFT with convergence threshold of 

10-6 eV for total energy and 10-3 eV/Å for the maximum force was used for the hybrid 

functional calculations. All the calculations were performed in ferromagnetic (FM) 

configuration. The density of states is calculated using gaussian smearing of 0.05 eV. 

 

MAGNETIC MEASUREMENTS 

The DC magnetic susceptibility was measured at 1 Tesla (1 Tesla = 10000 Oe) 

magnetic field after zero-field cooling over the temperature range 3.2-300 K in a Quantum 

Design SQUID magnetometer. Isothermal magnetization at 5 and 300 K was measured in 

an applied field range of 0 – 5 Tesla. Zero field cooled (ZFC) and field cooled (FC) 

magnetization data were collected from 3 – 50 K at an applied field of 100 Oe. Variable 

field magnetization was measured at 5K under ZFC condition in an applied field range of 

+5 to -5 Tesla. A χmT versus T plot is given Figure S8. 
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Table S1.  Final atomic coordinates and equivalent isotropic displacement parameters for 

LiMnPS4.  U(eq) is defined as 1/3rd of the trace of the orthogonalized Uij tensor. 

 

Atom Wyckoff Occupancy x/a y/b z/c U(Å2) 

Mn(1) 4b 1 0 0 0.5 0.025(1) 

P(1) 4c 1 0.0911(1) 0.25 0.1064(2) 0.013(1) 

S(1) 8d 1 0.1649(1) 0.0357(1) 0.2428(1) 0.018(1) 

S(2) 4c 1 -0.0625(1) 0.25 0.2409(2) 0.016(1) 

S(3) 4c 1 0.0947(1) 0.25 -0.2420(1) 0.017(1) 

Li(1) 4c 1 -0.2281(7) 0.25 -0.0109(12) 0.030(2) 

 

 

 

Table S2. Selected bond lengths for LiMnPS4 

Bonds Distance (Å) Bonds Distance (Å) 

Mn1 – S2 2.5613(7) P1 – S3 2.0333(13) 

Mn1 – S2#1 2.5613(7) P1 – S1#4 2.0451(10) 

Mn1 – S1#1 2.5696(8) P1 – S1 2.0451(10) 

Mn1 – S1 2.5696(8) P1 – S2 2.0791(14) 

Mn1 – S3#2 2.7087(7) 

  
Mn1 – S3#3 2.7087(7) 

  
  

Symmetry transformations used to generate equivalent atoms:  

#1 -x, -y, -z + 1    #2 -x, -y, -z    #3 x, y, z+1    #4 x, -y+1/2, z  
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Table S3.   Anisotropic displacement parameters (Å2x 103) for LiMnPS4.  The 

anisotropic displacement factor exponent takes the form: -2p2[ h2a*2U11 + ... + 2 h k a* 

b* U12] 

Atoms U11 U22 U33 U23 U13 U12 

Mn(1) 30(1)  24(1) 21(1)  8(1) 7(1)  1(1) 

P(1) 17(1)  16(1) 7(1)  0 0(1)  0 

S(1) 21(1)  21(1) 13(1)  1(1) 1(1)  5(1) 

S(2) 15(1)  20(1) 13(1)  0 1(1)  0 

S(3) 23(1)  21(1) 7(1)  0 1(1)  0 

Li(1) 30(4)  36(4) 25(4)  0 -6(3)  0 

 

  

Figure S1. (a) As-synthesized DMF washed crystals of LiMnPS4 synthesized from 

metathesis route (Li3PS4 + MnCl2). 
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Figure S3. PXRD patterns showing the comparison of experimental Li3PS4 with the 

simulated patterns of γ – Li3PS4. 

Figure S2. Comparison of simulated and experimental powder X-ray diffraction 

pattern for LiMnPS4 synthesized from metathesis route (Li3PS4 + MnCl2). 
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Figure S4. PXRD patterns showing the comparison of air exposed LiMnPS4 with the 

simulated pattern of LiMnPS4. 

Figure S5. EDS analysis of the as synthesized LiMnPS4. The table indicates the 

atomic percentage of the elements at different spots. A small percentage of oxygen is 

not avoidable as sulfides are known to undergo some surface oxidation. 
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Figure S6. Diffuse reflectance plot for γ-Li3PS4. 

Figure S7. (a) Total density of states calculated using HSE06 hybrid functionals; (b) 

Brillouin zone of primitive orthorhombic lattice with high symmetry points. 
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6. Y. Moëlo, E. Makovicky, N. N. Mozgova, J. L. Jambor, N. Cook, A. Pring, W. Paar, 

E. H. Nickel, S. Graeser, S. Karup-Møller, T. Balic-Žunic, W. G. Mumme, F. Vurro, 
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ABSTRACT 

 

A new polar quaternary chalcogenide, Na8Mn2(Ge2Se6)2, has been synthesized 

using the building-block approach by reacting preformed Na6Ge2Se6 and MnCl2 at 750 C. 

The structure consists of layers of [Na(1) Mn(Ge2Se6)]
3– stacked perpendicular to the c-

axis and sodium ions occupying the interlayer space. An indirect bandgap of 1.52 eV has 

been calculated using density functional theory, which is expectedly underestimated 

compared to the observed optical bandgap of 1.95 eV derived from diffuse reflectance 

spectroscopic measurements in the UV/Vis/NIR region. Magnetic measurements confirm 

the paramagnetic nature of Na8Mn2(Ge2Se6)2 with an experimental magnetic moment of 

5.8μB in good agreement with the theoretical spin only moment of 5.92μB for high spin 
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Mn2+. Na8Mn2(Ge2Se6)2 exhibits a potentially wide region of transparency in the measured 

range of 2.5 to 25 microns. Na8Mn2(Ge2Se6)2 shows a modest second-harmonic generation 

(SHG) response but with a high laser-induced damage threshold (LIDT) of ~9x AgGaSe2. 

Third harmonic generation (THG) measurements indicate that Na8Mn2(Ge2Se6)2 displays 

a high THG coefficient (1.9x AgGaSe2) at λ = 1800 nm. 

 

1. INTRODUCTION 

 

Second-order nonlinear optical (NLO) materials that produce a coherent beam in 

the infrared (IR) region find many applications in telecommunications, IR remote sensing, 

and minimally-invasive medical surgery [1 – 4]. On the other hand, third-order NLO 

materials that exhibit third harmonic generation (THG), the frequency tripling process, are 

less explored compared to second-order NLO materials. THG materials can be used in 

several optoelectronic applications [5 – 7]. While a noncentrosymmetric (NCS) structure 

is a prerequisite to show second harmonic generation (SHG), it is not necessary for 

achieving THG. Noncentrosymmetric quaternary chalcogenides with wide bandgaps are 

perceived as promising NLO materials in the IR region of the electromagnetic spectrum 

due to their exceptional transparency and optimum bandgap compared to oxides [1 – 3]. A 

better understanding and control of the synthetic methodology of chalcogenides has 

unlocked several promising NLO candidates in the past decade for example, LiGaGe2Q6 

[8], A2In2MQ6(M = Si, Ge; Q = S, Se) [9], Li2CdGeS4 [10, 11], Li2MnGeS4 [12], 

Na4MgM2Se6 [13], Na2BaMQ4 [14], AgZnPS4 and LiZnPS4 [15], α-Li2ZnGeS4 [16], and 

Li4MgGe2S7 [17]. Among several main-group chalcometallate compositions, 
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chalcogermanates are unique because of their ability to form various building blocks such 

as isolated ([GeQ4]
4–) [18], corner-shared ([Ge2Q7]

6–) [19], and edge-shared ([Ge2Q6]
4–) 

[20] tetrahedral units where Ge is formally in +4 oxidation state. On the other hand, there 

exist Ge–Ge bond containing building units where Ge is formally in +3 oxidation state as 

in the ethane-like building units, [Ge2Q6]
6– [21, 22] and [Ge4Q10]

8– [22]. Depending on the 

mode of connectivity between these building units and the other metal ions, Mn+, where M 

can be a rare earth, main group, and transition metal, different structure types can be formed 

[12], [13], [16], [23 – 28]. Though several compounds exist containing ethane-like 

chalcogermanate building units [13, 23, 24, 28, 29], only Na4MgGe2Se6 crystallizes in a 

NCS space group [13]. To the best of our knowledge, no transition metal analogue of 

Na4MgGe2Se6 structure-type has been reported thus far, especially with the first row M2+ 

transition metals (M = Mn, Fe, Co, Ni). Hence, we sought to synthesize new NCS 

compounds containing ethane-like building units and a transition metal. Towards this 

approach, we have employed the solid-state metathesis route by reacting preformed 

Na6Ge2Se6, which contains ethane-like building units, and MnCl2. This strategy proved 

successful, as we have isolated Na8Mn2(Ge2Se6)2, which crystallizes in the polar, NCS 

space group C2. In this article, we report the synthesis, crystal structure, calculated 

electronic structure, and magnetic properties of Na8Mn2(Ge2Se6)2 along with its linear and 

nonlinear optical properties, which make it an attractive new NLO candidate material. 
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2. MATERIALS AND METHODS 

 

2.1. SYNTHESIS 

Na8Mn2(Ge2Se6)2 was synthesized using the metathesis route by reacting 

Na6Ge2Se6 and MnCl2. First, Na6Ge2Se6 was prepared by combining a stoichiometric 

combination of elements; 3 mmol of Na (Sigma, 99.9%), 1 mmol of Ge (Acros Organics, 

99.9%) and 3 mmol of Se (Acros Organics, 99.5%) were heated in a sealed carbon-coated 

quartz ampoule. The sealed tubes were heated to 800 °C at a rate of 45 °C/h, held at that 

temperature for 2 h and subsequently cooled to room temperature at a rate of 45 °C/h. 

Greenish-yellow-colored chunks of Na6Ge2Se6 were recovered after breaking the ampoule 

inside an argon-filled glove box. The crystals were found to be air and moisture sensitive. 

The bulk purity of Na6Ge2Se6 was confirmed from laboratory-grade powder X-ray 

diffraction. Na6Ge2Se6 and MnCl2 (1:1) were hand ground together for 15 min and the 

mixture was loaded into a carbon-coated quartz ampoule. The sealed quartz ampoule was 

heated to 750 °C at a rate of 25 °C/h and held for 96 h followed by cooling to room 

temperature at a rate of 35 °C/h. Orange color crystals were recovered after breaking the 

ampoule in air followed by washing with 10% water in N, N dimethylformamide (DMF) 

solution to remove the NaCl byproduct and to loosen the crystals. A representative digital 

photograph showing DMF-washed crystals is provided in Figure S1 (supplementary 

material). The crystals were found to be reasonably stable for several hours under ambient 

conditions. Na8Mn2(Ge2Se6)2 was also prepared by reacting a stoichiometric combination 

of elements; 4 mmol of Na, 1 mmol of Mn, 2 mmol of Ge and 6 mmol of Se were heated 

in a sealed quartz tube. The temperature of the furnace was raised to 600 °C at a rate of 20 
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°C/h and held for 96 h followed by cooling to room temperature at a rate of 30 °C/h. An 

appropriate crystal from the DMF-washed product obtained from metathesis reaction was 

used for single crystal X-ray diffraction.  

 

2.2. X-RAY CRYSTALLOGRAPHY 

A good-quality crystal was chosen for single crystal X-ray diffraction data 

collection on a Bruker Smart Apex CCD X-ray diffractometer equipped with a sealed tube 

X-ray source with Mo – Kα radiation (λ = 0.71073 Å). Low-temperature data sets were 

collected at –53 °C with a step size of 0.3° in the ω scan and 20 s/frame exposure time 

using SMART [30] software. Data integration and absorption correction were done using 

the programs SAINT [31] and SADABS [31], respectively. SHELXS-97 [32] and 

difference Fourier syntheses were used to solve the crystal structures. Full-matrix least-

squares refinement against |F2| was carried out using the SHELXTL-PLUS [32] suite of 

programs. Final refinements including the anisotropic thermal parameters were carried out 

using SHELX-2018 with the ShelXle graphical user interface [33]. The compound 

crystallizes in polar, NCS space group C2 (No. 5). Four sodium, three selenium, one 

germanium and one manganese were easily located from a difference Fourier map and 

refined isotropically with acceptable thermal displacement parameters. Taking into account 

the occupancies of each element, a charge balanced formula of Na8Mn2(Ge2Se6)2 was 

obtained (Z = 1). It should be noted that in order to be consistent with the previously 

reported compounds of the general formula Na12-nxM′x
n+(M2Q6)2 (M = Si, Ge; M′ = Eu2+, 

La3+, Sm3+, Pb2+, Sn2+; Q = S, Se), [23], [24], [28], [29] a formula of Na8Mn2(Ge2Se6)2 (Z 

= 1) has been used here instead of Na4MnGe2Se6 (Z = 2). Selected crystallographic data 



188 
 

and structure refinement details are provided in Table 1. Selected bond lengths are listed 

in Table 2. 

 

Table 1. Selected crystallographic data and refinement details for Na8Mn2(Ge2Se6)2.                              

Empirical formula Na8Mn2Ge4Se12 

Formula weight 1531.68 g/mol 

Temperature 220(2) K 

Wavelength 0.71073 Å 

Crystal system Monoclinic 

Space group C2 

Unit cell dimensions a = 7.727(4) Å 

 b = 11.943(7) Å 

 c = 7.085(4) Å 

  = 106.682(6)° 

Volume 626.4(6) Å3 

Z 1 

Density (calculated) 4.061 Mgm-3 

Absorption coefficient 23.278 mm-1 

Goodness-of-fit on F2 1.059 

R1 [I > 2σ(I)]a 0.0339 

wR2 (F
2) (all data)b 0.0790 

Absolute structure parameter 0.48(6) 

Largest diff. peak and hole 2.021 and -1.234 e.Å-3 

 

Fractional atomic coordinates along with the corresponding isotropic and 

anisotropic displacement parameters are provided in Tables S1 and S2, respectively 

aR1 = ∑||Fo| – |Fc|/∑|Fo|. 
bwR2 = {∑[w(Fo

2 – Fc
2)2]/∑[w(F0

2)2]}1/2, w = 1/[σ2(Fo)
2 + (aP)2 + bP], where P = 

[Fo
2 + 2Fc

2]/3 
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(Supplementary Materials). The CIF file has been submitted to CCDC (CSD 2126428) and 

can be obtained free of charge from The Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/data_request/cif. 

 

Table 2. Selected bond lengths of Na8Mn2(Ge2Se6)2. 

Bond d (Å) Bond d (Å) 

Mn1 – Se1#1  2.767(3) Na2 – Se2#6  3.032(6) 

Mn1 – Se1#2  2.767(3) Na2 – Se1#7  3.106(6) 

Mn1 – Se2#3  2.826(3) Na2 – Se1#5  3.106(6) 

Mn1 – Se2  2.826(3) Na2 – Se3  3.120(3) 

Mn1 – Se3#5  2.837(2) Na2 – Se3#8  3.120(3) 

Mn1 – Se3  2.837(2) Na3 – Se1  2.960(2) 

Ge1 – Se3  2.345(2) Na3 – Se1#8  2.960(2) 

Ge1 – Se2  2.344(3) Na3 – Se2#6  3.089(5) 

Ge1 – Se1  2.364(3) Na3 – Se2#4  3.089(5) 

Ge1 – Ge1#4  2.402(2) Na3 – Se3#9  3.127(6) 

Na1 – Se3  2.990(5) Na3 – Se3#10  3.127(6) 

Na1 – Se3#4  2.990(5) Na4 – Se3#11  2.932(6) 

Na1 – Se1#2  3.006(2) Na4 – Se3  2.932(6) 

Na1 – Se1#5  3.006(2) Na4 – Se1  3.006(6) 

Na1 – Se2#2  3.064(6) Na4 – Se1#11  3.006(6) 

Na1 – Se2#5  3.064(6) Na4 – Se2#3  3.023(2) 

Na2 – Se2#4  3.032(6) Na4 – Se2#6  3.023(2) 

Symmetry transformations used to generate equivalent atoms:  

#1 x, y, z-1; #2 x+1/2, y+1/2, z; #3 -x, y, -z; #4 x-1/2, y-1/2, z; #5 x-1/2, y+1/2, z; #6 -x+1/2, 

y+1/2, -z; #7 -x+1, y, -z; #8 x, y, z+1; #9 -x+1/2, y+1/2, -z+1; #10 -x, y, -z+1; #11 -x+1, y, -

z+1. 

 

http://www.ccdc.cam.ac.uk/data_request/cif
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2.3. POWDER X-RAY DIFFRACTION   

The laboratory-grade powder X-ray diffraction (PXRD) pattern was obtained using 

a PANalytical X’Pert Pro diffractometer equipped with a Cu – Kα anode and a linear array  

 

 

PIXcel detector over a 2θ range of 5–90° with an average scanning rate of 0.0472° s–1. 

Hand-ground samples were loaded into an air-tight cell covered with the Kapton film to 

collect the PXRD pattern. The PXRD pattern of the DMF-washed metathesis route 

synthesis product is provided in Figure 1. The experimental PXRD pattern matched very 

well with the simulated pattern derived from the atomic coordinates of single-crystal 

structure solution, indicating phase purity. The finely-ground DMF-washed samples 

derived from metathesis reactions were used for further characterization and property 

Figure 1. Comparison of simulated and experimental PXRD pattern of DMF washed 

Na8Mn2(Ge2Se6)2 synthesized from solid-state metathesis reaction (Na6Ge2Se6 + 

MnCl2). 
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studies. PXRD of the elemental-route synthesis product is provided in Figure S2 

(supplementary materials), which shows presence of a small amount of an unknown 

impurity. This sample was not used for any property measurement or characterization. 

 

2.4. DIFFERENTIAL THERMAL ANALYSIS 

Approximately 30 mg of sample was used to collect simultaneous TGA-DSC data 

on a TA Instruments Q600 SDT from room temperature to 800 °C with a scan rate of 10 

°C min–1 under an argon atmosphere. The DSC and TGA plots are provided in the 

Supplementary Materials. The title compound was found to be thermally stable up to 700 

°C, after which it shows a melting behavior followed by weight loss, which could be due 

to selenium loss (Figure S3). 

 

2.5. MAGNETIC MEASUREMENTS 

The molar magnetic susceptibility measurements of Na8Mn2(Ge2Se6)2 were carried 

out with a Quantum Design MPMS SQUID magnetometer while warming in a 2 T applied 

field from 2 to 300 K under zero-field-cooled and field-cooled (ZFC and FC) conditions. 

The isothermal magnetization was subsequently measured at 5 and 300 K in varying 

applied magnetic field of −5 to +5 T. 

 

2.6. DIFFUSE REFLECTANCE UV/VIS/NIR SPECTROSCOPY 

The optical bandgap was determined from the diffuse reflectance data obtained 

from a Varian Cary 5000 UV-Vis-NIR spectrophotometer. The specimen was quickly 

ground, pressed on top of the 100% reflectance standard, BaSO4 (Fisher Scientific, 
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99.92%), and loaded into the Harrick Praying Mantis accessory. Scans were collected 

between 2500 and 200 nm at a rate of 600 nm min–1. Wavelength values were converted to 

energy in electron volts and reflectance data were converted to absorption through the 

Kubelka-Munk equation [34]. 

 

2.7. ATTENUATED TOTAL REFLECTANCE (ATR) FOURIER TRANSFORM 

INFRARED (FT-IR) SPECTROSCOPY 

A Thermo Nicolet 380 FT-IR spectrometer outfitted with an attenuated total 

reflectance (ATR) accessory was used to collect optical transparency data in the IR region. 

This setup allows a diamond crystal to be in optical contact with the sample, in this case a 

microcrystalline powder, resulting in a depth of penetration into the sample that approaches 

the lower limit of the powder sample particle size, ~2 m. As a result, the effect of thickness 

dependence on the intensity of the obtained spectrum is rendered negligible [35]. The 

spectrum, collected and analyzed with the OMNIC software, consists of 32 scans from 400 

cm–1 to 4000 cm–1. 

 

2.8. NONLINEAR OPTICAL (NLO) CHARACTERIZATION 

Polycrystalline powder of Na8Mn2(Ge2Se6)2 was provided for NLO 

characterization. Samples were sieved with size ranges of 20–45 μm, 45–75 μm, 75–90 

μm, 90–125 μm, 125–150 μm, and >150 μm to examine the phase-matching behavior of 

SHG and THG, laser-induced damage threshold (LIDT) and two-photon absorption (2PA) 

coefficient 𝛽 of the sample. Each sample was sealed in a glass capillary tube and mounted 

on a homemade sample holder. The SHG and THG efficiencies of the sample were 

compared with an optical-quality reference material, AgGaSe2, obtained from G&H, 
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Cleveland, that was ground to a powder and prepared in the same fashion as the sample 

under investigation. Note here that the particle size ranges for the reference are slightly 

different from those for the sample, but this does not affect our determination of the NLO 

properties. 

The series of NLO measurements were carried out at room temperature using the 

input wavelength (λ = 1800 nm) and intensity (0.67 GW/cm2). We confirmed that sample 

damage at this intensity is insignificant. Coherent light with a wavelength of 1064 nm was 

initially produced using an EKSPLA PL-2250 series diode-pumped Nd:YAG laser with a 

pulse width, , of 30 ps and a repetition rate of 50 Hz to generate tunable pulses. The 

Nd:YAG laser pumped an EKSPLA Harmonics Unit (HU) H400, in which the input beam 

was frequency tripled by successive NLO processes of SHG and sum frequency generation 

(SFG). The beam then entered an EKSPLA PG403-SH-DFG Optical Parametric Oscillator 

(OPO) composed of four main parts: (i) a double-pass parametric generator, (ii) a single 

pass parametric amplifier, (iii) a second-harmonic generator (SH), and (iv) a difference 

frequency generation (DFG) scheme. The output wavelength from the OPO used in our 

experiments was 1800 nm. This wavelength was deliberately selected in order to ensure 

that SHG (900 nm) occurs below the bandgap of both the test sample and the reference. 

This implies that bandgap absorption of SHG can be neglected in the 𝜒(2) measurement. 

However, the corresponding THG wavelength is 600 nm, which is above the bandgaps for 

the title compound and the reference. On the other hand, the LIDT experiment was 

performed at λ = 1064 nm, which is a typical wavelength for DFG to generate mid-IR 

radiation. Since both the sample and the reference are optically transparent at 1064 nm, 

two-photon absorption (2PA) is the major mechanism for laser-induced damage. The SHG 
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and THG signal was collected using a reflection geometry and a fiber-optic bundle coupled 

to a spectrometer equipped with a CCD camera. The data collection time was 30 seconds 

for SHG and 300 seconds for THG. A detailed description of our laser and detection setup 

can be found elsewhere [12]. 

 

2.9. ELECTRONIC STRUCTURE CALCULATIONS 

Spin polarized electronic band structure calculations were performed using DFT as 

implemented in the Vienna ab initio simulation package (VASP) [36 – 39]. We employed 

the revised Perdew–Burke–Ernzerhof generalized gradient approximation (PBESol) [39] 

to the density functional and used Projected Augmented Wave (PAW) pseudopotential to 

describe the effect of the core electrons with the following states treated as valence states: 

4s and 4p for Se, 4s and 4p for Ge, 3p, 4s and 3d for Mn, and 3s for Na. The kinetic energy 

cutoff was set to 520 eV and Monkhorst-pack k-point grid size of 7×4×7 was used for 

Brillouin zone integration [41]. Total energy convergence criterion was set to 10–6 eV. The 

rotationally invariant Hubbard-U type (U = 3 eV) [42] was used to correct the strong 

correlation of d electrons in Mn2+ ion. The structure was fully relaxed until the force on 

each atom was below 0.001 eV/Å.    

 

3. RESULTS AND DISCUSSION 

 

3.1. SYNTHESIS AND CRYSTAL STRUCTURE 

Solid-state metathesis stands unique compared to traditional elemental or 

polychalcogenide flux synthesis in terms of precise product control. Our hypothesis was to 
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replace two sodium ions with a divalent transition metal ion, Mn2+, in Na6Ge2Se6 expecting 

a product in which transition metal ions will covalently connect the preformed ethane-like 

building units, [Ge2Se6]
6–, to form a layer while the charge balancing Na+ ions will fill the 

interlayer space. In this way, one could avoid the formation of several thermodynamically 

stable binary or ternary phases and form a quaternary phase in which the transition metal 

preserves its original oxidation state, and the building unit remains intact during the 

reaction. Figure 2 shows the solid-state metathesis scheme adopted here with the product 

retaining the starting building unit and illustrates the mode of connectivity between ethane-

like building units [Ge2Se6]
6– and the Mn2+ to generate a more predictable composition and 

structural features. Na8Mn2(Ge2Se6)2 crystallizes in polar, NCS space group C2, and it is 

isostructural to Na4MgGe2Se6 [13]. The asymmetric unit of Na8Mn2(Ge2Se6)2 consists of 

four sodium atoms located on 2b and 2a Wyckoff sites, one germanium atom and three 

selenium atoms located on the 4c Wyckoff site and one manganese on the 2a Wyckoff site 

(Figure 3a).  

+ MnCl2 

Figure 2. Schematic representation of the solid-state metathesis reaction, showing the 

mode of connectivity between ethane-like [Ge2Se6]
6– units and transition metal Mn2+, 

leading to the formation of layers in the ab plane. 
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The structure of Na8Mn2(Ge2Se6)2 can be explained in terms of close packing (CP), 

where the anions form a hexagonal close packing (hcp) array in which 5/6th of the 

octahedral holes are filled by Na and Mn atoms, and the remaining octahedral holes are 

filled by the Ge–Ge dimer placed parallel to the anion layer (Figure 3b). Such placement 

of the Ge–Ge dimer forces Ge to coordinate with the two opposite trigonal faces of the 

octahedron forming an ethane-like dimer. Considering the standard oxidation state of Na, 

Mn and Se as +1, +2 and –2, respectively, a formal charge of +6 can be assigned to the 

[Ge–Ge] unit.  

 

 

Figure 3. (a)  Asymmetric unit of Na8Mn2(Ge2Se6)2; (b) View along the a-axis 

showing an ABAB-type close packing of anion layers with cations filling octahedral 

holes; (c) View along the b-axis showing the orientation of Ge–Ge bond with respect 

to the layer plane 

(a) 

(b) 

(c) 
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In other words, the structure contains ethane-like building units, [Ge2Se6]
6–, 

connecting the transition metal ions and Na ion forming layers of [Na(1)Mn(Ge2Se6)]
3–. 

The center of the Ge–Ge bonds is located in octahedral interstitials in the 

[Na(1)Mn(Ge2Se6)]
3–  layers (Figure 3c). The [Na(1)Mn(Ge2Se6)]

3– layers are separated by 

sodium atoms along the c-axis of the unit cell. Manganese and sodium ions adopt distorted 

octahedral coordination with Mn–Se and Na–Se bond distances in the range of 2.767(3) – 

2.837(2) and 2.932(6) – 3.127(6) Å, respectively. Coordination environments of the four 

sodium atoms are provided in Figure S4 (Supplementary Materials). The orientation of 

Ge–Ge bond (2.402(2) Å) makes an angle of 18.43°(6) with the layer plane, similar to the 

isostructural Na4MgM2Se6 (M = Si, Ge). Though several compounds with the general 

formula Na12–nxMx
n+(Ge2Q6)2 (Q = S, Se) have been reported, there exist subtle structural 

differences among them. Compounds containing trivalent metal ions (M3+) with general 

formula Na9M(Ge2Q6)2 (M = La3+, Sm3+; Q = S, Se) [24, 29] crystallize in a 

centrosymmetric space group in which rare earth metal (M3+) and sodium ion occupy the 

same crystallographic site (25:75), with Ge–Ge bond making an angle of 19.2° with the 

layer plane. Compounds containing divalent metal ions with general formula 

Na8M2(Ge2Q6)2 (M = Eu2+, Pb2+, Sn2+; Q = S, Se) [23], [28] also crystallize in a 

centrosymmetric space group in which M2+ and sodium ion occupy the same 

crystallographic site (50:50) with Ge–Ge bond perpendicular to the layer plane. However, 

recently reported Na4MgGe2Se6 adopts an NCS structure in which the Mg2+ ion occupies 

an independent crystallographic site with the Ge–Ge bond making an angle of 18.54°(3) 

with the anion layer unlike other M2+ compositions. The reported compound 

Na8Mn2(Ge2Se6)2 is thus isostructural to the Mg analogue. These subtle structural 
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differences between the similar compositions could be due to the different ionic radii of 

the metal cations.   

 

3.2. MAGNETIC PROPERTIES 

Figure 4a shows the temperature dependence of magnetic susceptibility and 

corresponding inverse molar magnetic susceptibility of Na8Mn2(Ge2Se6)2 in an applied 

field of 2T from 2-300 K. The asymptotic nature of 𝜒𝑀 vs T plot within the measured 

temperature range indicates a paramagnetic behavior without any ordering.  

 

The temperature dependence of the inverse magnetic susceptibility 𝜒𝑀
−1 (T) shows 

a linear behavior and fitting of the Curie-Weiss law between 200 -300K yields a Curie 

constant of 4.206 emu.K.mol–1 and a Curie-Weiss constant of (θp) of –23.88 K, 

respectively. A Curie-Weiss constant (θp) with a negative value indicates overall 
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Figure 4. (a) Temperature-dependent molar and inverse molar magnetic susceptibility 

of Na8Mn2(Ge2Se6)2 acquired at an applied field of 2 T. The red line indicates linear 

fitting of the data. (b) Isothermal M–H scans at 5 and 300 K. 
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antiferromagnetic (AF) interactions between Mn(II) ions albeit no sign of any AF ordering 

up to the lowest temperature measured. The experimental magnetic moment per manganese 

derived from the Curie constant is 5.8 μB, which is very close to the spin-only magnetic 

moment of 5.92 μB for high spin Mn2+ with five unpaired d electrons. The variable field 

isothermal magnetization measured at 300K shows a sluggish increase in the magnetization 

to a value of 0.11 NμB at 5 T, whereas at 3K, the magnetization gradually increases up to 

2.86 NμB, giving ~60% of the theoretical saturation moment (5 NμB) for high spin Mn2+ 

(Figure 4b). 

 

3.3. OPTICAL BANDGAP AND BAND STRUCTURE ANALYSIS 

Diffuse reflectance measurements were performed on an as-synthesized, powder 

sample of Na8Mn2(Ge2Se6)2. The equation αhν = A(hν − Eg)
m was employed to estimate the 

optical bandgap, where α is the absorption coefficient (Kubelka–Munk function), hν is the 

photon energy, and m = 2 and 1/2 depending on whether the transition is direct or indirect, 

respectively. Na8Mn2(Ge2Se6)2 exhibits linearity in the hν vs. (αhν)1/2 plot suggesting an 

indirect nature of the bandgap with a value of 1.95 eV (Figure 5a).In order to understand 

the origin of bandgap and the contribution of orbitals to the Fermi level, spin polarized 

electronic band structure calculations at the DFT level were carried out. Because of the 

presence of localized d electrons, an additional Hubbard-like term with simplified Dudarev 

approach Ueff = U – J = 3 eV, was used for Mn 3d orbitals. Figure 5b displays the partial 

density of states (pDOS) with a bandgap of 1.52 eV. This value is in reasonable agreement, 

i.e. expectedly underestimated, with the experimental bandgap of 1.95 eV obtained through 

diffuse reflectance spectroscopy (DRS) measurements.  
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 The pDOS shows that the states at the top of the valence band have major 

contributions from Se p orbitals and Mn d orbitals, whereas the bottom of the conduction 

band has major contributions from Se p orbitals and Ge s orbitals. Band dispersion along 

the high symmetry points in the Brillouin zone is provided in Figure 5c. The band 

dispersion shows the indirect nature of the bandgap, which agrees well with the 

experimental DRS measurements. The top of the valence band occurs at the Γ point and 

the bottom of the conduction band occurs at the A point of the Brillouin zone. Note that in 

the isostructural Na4MgGe2Se6, the contribution from Mg to the top of the valence band is 

not very significant. This suggests predominant ionic interactions between Mg and Se, thus 

resulting in a wider bandgap of 2.53 eV compared to Na8Mn2(Ge2Se6)2 which has the 

bandgap of 1.95 eV as the Mn d orbitals have significant overlap with the Se p orbitals and 

that raises the Fermi level [13]. Therefore, substitution with other M+2 metals for Mn could 

further tune the bandgap of this compound. 
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Figure 5. (a) Absorption vs photon energy constructed from the diffuse reflectance 

UV-Vis-NIR data of Na8Mn2(Ge2Se6)2; (b) Partial density of states of 

Na8Mn2(Ge2Se6)2 calculated using DFT + U by applying U = 3 eV; (c) Electronic 

band structure of Na8Mn2(Ge2Se6)2. 



201 
 

3.4. OPTICAL TRANSPARENCY 

ATR FT-IR spectroscopy of a microcrystalline specimen of the title compound was 

used to gain a preliminary assessment of the window of optical clarity. Na8Mn2(Ge2Se6)2 

exhibits a potentially wide region of optical transparency throughout the measured range 

of 2.5 to 25 microns (Figure 6). A more accurate assessment of the transparency can only 

be determined on a high-quality, sizeable single crystal specimen. As generally expected 

for chalcogenides, the IR transparency is theoretically high and extremely attractive. 

 

 

 

3.5. SECOND AND THIRD HARMONIC GENERATION (SHG AND THG) 

A plot of the SHG counts of the sample (red) and the reference (black) as a function 

of particle size range for λ = 1800 nm is shown in Figure 7a. The compound is non-phase 

matchable, as the measured SHG counts decrease with increasing particle size, although 

there are some oscillatory behaviors in the middle sizes due to the phase-matching factor 

Figure 6. Transmittance (%) from 2.5 – 25μm for Na8Mn2(Ge2Se6)2. 



202 
 

of a sinc function squared [43]. The second-order susceptibility of the sample, 𝜒𝑆
(2)

, was 

compared with that of AgGaSe2 using the Kurtz powder method [12][43] for the non-

phase-matching case; 

                                                           𝜒𝑆
(2)

= 𝜒𝑅
(2) 𝑙𝑅

𝑙𝑆
(

𝐼𝑆
𝑆𝐻𝐺

𝐼𝑅
𝑆𝐻𝐺)1/2,                                         (1) 

where IS
SHG and IR

SHG are the measured SHG counts from the sample and the reference and 

𝑙𝑆 and 𝑙𝑅 are the experimentally estimated SHG coherence lengths of the sample and 

reference, which are 60 and 32.5 m, respectively. Using 𝜒𝑅
(2)

~ 66 pm/V for AgGaSe2 

[16], our calculation yields 𝜒𝑆
(2)

(Na8Mn2(Ge2Se6)2) ~ 3.2±0.3 pm/V at 1800 nm. 

In order to assess the LIDT, the SHG counts of AgGaSe2 and Na8Mn2(Ge2Se6)2 of 

the powder diameter d = 106 – 125 μm were measured as a function of input laser intensity 

at 1064 nm (Figure 7 b and c). AgGaSe2 and Na8Mn2(Ge2Se6)2 are both 2PA active at this 

excitation wavelength. Note here that a lower 𝛽 value corresponds to a higher LIDT. The 

SHG counts, measured as a function of input intensity, are expected to increase according 

to the square power law as given by  

                                                      𝐼𝑆𝐻𝐺 = 𝑎 (
𝐼

1+𝛽𝑑𝐼
)

2

                                                        (2) 

where I is the fundamental intensity, ISHG is the SHG intensity, 𝛽 is the 2PA coefficient, d 

is the particle size of the microcrystalline powder, and a is a proportionality constant that 

incorporates 𝜒(2). We estimated the LIDT as the intensity in which the data (dots) deviate 

from the black dashed line in Figure 7 b and c. Accordingly, the LIDT and 𝛽 of AgGaSe2 

are 0.2 GW/cm2 and 48.9 cm/GW and those of Na8Mn2(Ge2Se6)2 are 1.8 GW/cm2 and 4.8 
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cm/GW, respectively. Although the second-order nonlinearity of the sample is small, it is 

notable that the title compound is less prone to optical damage, which may be due to its 

wider bandgap compared with that of the reference.  

  

 

The figure of merit (FOM) for the SHG performance can be defined by |𝜒(2)|
2

/𝛽. 

The corresponding values, including 𝜒(2), 𝛽, LIDT and FOM for the sample and reference 

are listed in Table 3. Lastly, the THG responses of Na8Mn2(Ge2Se6)2 and AgGaSe2 were 

examined using the smallest particle size with an incident wavelength of λ = 1800 nm 

(Figure 8), because it is quite certain that both sample and reference would exhibit non-

phase-matching THG with a larger phase mismatch between the fundamental frequency 

and the THG frequency, compared with the case for SHG. Note here that THG radiation 

Figure 7. (a) Particle size dependence of SHG for AgGaSe2 (black) and 

Na8Mn2(Ge2Se6)2 (red) at λ = 1800 nm. Logarithmic plots of the SHG counts versus 

input laser intensity for (b) AgGaSe2 and (c) Na8Mn2(Ge2Se6)2 for I = 0.1–10 GW/cm2 

at λ = 1064 nm and =30 ps. The red curve in each case indicates the best fit using 

equation 2. The black dashed line corresponds to the case for no optical damage, ie. 

when 𝛽 = 0. 
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would be efficiently absorbed by both sample and reference because the corresponding 

THG photon energy is about 2.07 eV (600 nm in wavelength) that is above their bandgaps.  

 

Table 3. Comparison of NLO properties of the sample and the reference. 

 AgGaSe2 Na8Mn2(Ge2Se6)2 

𝜒(2) (pm/V) (=1800 nm) 66 3.2±0.3 

𝛽 (cm/GW) (=1064 nm) 48.9 4.8 

LIDT(GW/cm2) (=1064 nm; =30 ps) 0.2 1.8 

FOM 89.1 2.1±1.0 

 

 

Typically, a good SHG material also exhibits a good THG response. Therefore, it 

is rather surprising that the THG counts from the sample are about 3.8 times larger than 

those from the reference, although this could arise partly from more severe THG absorption 

by the reference having a smaller bandgap of 1.80 eV. 

The 𝜒𝑆
(3)

 value for Na8Mn2(Ge2Se6)2 was calculated from the experimentally measured 

THG counts from the sample (𝐼𝑆
𝑇𝐻𝐺) and the reference (𝐼𝑅

𝑇𝐻𝐺) by using  

                                                          𝜒𝑆
(3)

= 𝜒𝑅
(3)

(
𝐼𝑆

𝑇𝐻𝐺

𝐼𝑅
𝑇𝐻𝐺)1/2                                                    (3) 

where 𝜒𝑅
(3)

 is about 1.6105 pm2/V2 [7] and the THG coherence lengths, being much 

smaller than our smallest sieve size, are assumed to be same for simplicity. Equation 3 

yields 𝜒𝑆
(3)

 ~ 3.0105 pm2/V2 at 1800 nm for our sample. This value could be somewhat 
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overestimated, but our initial assessment clearly indicates that Na8Mn2(Ge2Se6)2 is a good 

candidate material for various applications utilizing the third-order nonlinearity. 

 

 

4. CONCLUSIONS 

 

A new polar, paramagnetic semiconductor compound, Na8Mn2(Ge2Se6)2, was 

synthesized. Na8Mn2(Ge2Se6)2 shows high LIDT (9x AgGaSe2) and modest SHG response. 

More importantly, THG measurements indicate that Na8Mn2(Ge2Se6)2 shows strong THG 

response at 1800 nm. The observed NLO properties of the title compound is rather unusual 

exhibiting the modest 𝜒(2) and the excellent 𝜒(3), which needs more investigation in the 

future. Although Na8Mn2(Ge2Se6)2 is less attractive in terms of SHG efficiency at this 

moment, it is believed that there are avenues to improve the NLO properties by systematic 

derivatization of the constituent elements to induce larger dipole moments. High LIDT, 
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modest SHG, and strong THG response along with potentially wide IR transmission range 

make the title compound a promising candidate for various IR NLO applications.  
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SUPPLEMENTARY INFORMATION 

 

Table S1.  Fractional atomic coordinates and equivalent isotropic displacement 

parameters for Na8Mn2(Ge2Se6)2.  U(eq) is defined as 1/3rd of the trace of the 

orthogonalized Uij tensor. 

  x y z U(eq) (Å
2
) 

Se(1) 0.2335(2) -0.0025(1) 0.2356(2) 0.011(1) 

Se(2) 0.2712(2) 0.1766(1) -0.2201(2) 0.011(1) 

Se(3) 0.2724(2) 0.3245(1) 0.2492(2) 0.012(1) 

Ge(1) 0.1622(1) 0.1664(2) 0.0560(1) 0.007(1) 

Mn(1) 0.5000 0.3444(3) 0 0.013(1) 

Na(1) 0 0.4818(6) 0 0.011(1) 

Na(2) 0 0.3277(8) 0.5000 0.020(2) 

Na(3) 0 0.0176(7) 0.5000 0.020(2) 

Na(4) 0.5000 0.1542(7) 0.5000 0.016(2) 
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Table S2.   Anisotropic displacement parameters (Å2x 103) for Na8Mn2(Ge2Se6)2. The 

anisotropic displacement factor exponent takes the form: -2p2[ h2a*2U11 + ... + 2 h k a* 

b* U12] 

  U11 U22 U33 U23 U13 U12 

Se(1) 13(1)  5(1) 14(1)  2(1) 4(1)  1(1) 

Se(2) 10(1)  12(1) 12(1)  0(1) 5(1)  -1(1) 

Se(3) 13(1)  7(1) 15(1)  -3(1) 4(1)  -3(1) 

Ge(1) 7(1)  4(1) 12(1)  0(1) 3(1)  0(1) 

Mn(1) 11(1)  8(1) 21(1)  0 5(1)  0 

Na(1) 10(3)  13(4) 11(3)  0 7(3)  0 

Na(2) 24(4)  13(3) 22(4)  0 7(3)  0 

Na(3) 16(4)  23(5) 23(4)  0 10(3)  0 

Na(4) 12(3)  17(4) 18(3)  0 1(3)  0 

 

  

Figure S1. As-synthesized, DMF-washed crystals of Na8Mn2(Ge2Se6)2. 
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Figure S3. TG-DSC of Na8Mn2(Ge2Se6)2. 

Figure S2. Comparison of simulated and experimental PXRD patterns of 

Na8Mn2(Ge2Se6)2 synthesized from elemental route. 
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ABSTRACT 

 

Here we report the synthesis and characterization of three quaternary complex 

chalcogenides, Ag0.72Bi5.48Cu0.88S9 (I), Ag0.70Bi5.30Cu1.3S9 (II), Ag0.34Bi4.54Cu1.98PbS9 (III). 

All the compounds in this homologous series crystallize in the C2/m space group and can 

be described as Pavonite structures. This structure type consists of alternating NaCl-like 

layers with varied thickness (nP), separated by a pair of square pyramids. All the 

compounds reported here are synthetic analogues of the n = 4 pavonite family and are 

known as makovickyite minerals. Compounds I – III possess complex crystal structures, 

consisting of mixed occupancies of Bi/Ag/Pb sites, as well as partially occupied Cu sites. 
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These intrinsic assets lead to ultra-low lattice thermal conductivities, in the range of 0.75 

– 0.42 Wm–1K-1 from 300 – 500 K, and make these materials promising candidates for 

thermoelectric applications. All three structures exhibit very narrow indirect band gaps of 

less than 0.5 eV as confirmed by DRS measurements. Charge transport properties are 

consistent with n-type semiconducting behavior with moderate electrical conductivities 

and large Seebeck coefficients. Low temperature electrical resistivity and Seebeck 

coefficient measurements are also performed on II. A promising figure of merit, zT, of 0.09 

for I and II, 0.11 for III can be achieved at 475 K. 

 

1. INTRODUCTION 

 

Complex crystal structure and intrinsic structural disorder in ternary and quaternary 

chalcogenides have been demonstrated to have strong influences on thermoelectric 

properties, especially on lattice thermal conductivity.1,2 Minimization of total thermal 

conductivity is one of the key factors in developing high-performance thermoelectric 

materials, since the efficiency of thermoelectric materials is defined by the figure of merit, 

𝑧𝑇 =
S2σT

κ𝑡𝑜𝑡𝑎𝑙
, where S is Seebeck coefficient, σ is electrical conductivity, κtotal is total thermal 

conductivity and T is the absolute temperature. All these properties are interrelated via 

carrier concentration, making it difficult to isolate and improve one without negatively 

impacting another. For example, higher electrical conductivity is associated with lowering 

of the Seebeck coefficient and increasing the electronic component of the thermal 

conductivity.1,3-5 Given the correlated nature of these properties, one strategy to increase 

zT is to focus on lattice thermal conductivity, which does not depend on carrier 
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concentration. Synthesizing new compounds is in the hands of solid state chemists where 

lattice thermal conductivity can be minimized without adversely affecting S or . Strategies 

to reduce lattice thermal conductivity often rely on approaches that scatter phonons without 

affecting electrical conductivity and include defect engineering, such as point defect 

creation, grain boundaries, nano structuring, disorder and structural complexity. 

Additionally, compounds with lattice anharmonicity originating from stereo-active lone 

pairs located on heavy elements such as Bi, Sb, and Pb  make ideal candidates to achieve 

ultra-low thermal conductivity.6,7 All of these strategies to minimize thermal conductivity 

can be implemented in complex chalcogenides, which highlights the fact that identifying 

an appropriate family of crystal structures is crucial to discovering a high efficiency 

thermoelectric material. 

Among several complex chalcogenide structures, the pavonite mineral family 

exhibits a high degree of structural and compositional diversity.8-10 The Pavonite family of 

compounds possesses three-dimensional (3-D) structure with layer-like modules stacked 

through bridging S atoms. The thin slab, called the ‘a’ layer, consists of paired square 

pyramids of BiS5 and the thick slab, called an incremental slab, is comprised of BiS6 

octahedra which can have varied number of octahedra ‘n’ (in nP series) along the diagonal 

direction. The idealized unsubstituted homologues of the pavonite family can be described 

by the general formula Agab
n-1Bia4BiabBib

n+2S2n+10 (for Z = 1, formula unit), where n = 2 – 

11.9 Because of their high tolerance of specific crystallographic sites for cations of different 

radii, a wide range of compositions can be derived and synthesized by incorporating 

transition as well as main group metals, Cu, Mn, Pb, In, Sb and Sn and so on.11-24 Recently, 

several pavonite compounds were investigated and displayed promising thermoelectric 
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properties.11-16,19,25 For example, the Kanatzidis group has investigated AgBi3S5 which 

belongs to the 5P pavonite family and features remarkably low lattice thermal conductivity 

(0.6 Wm–1K–1) at room temperature due to double rattling phonon modes of Bi and Ag 

atoms.17 CdMBi4Se8 (M = Pb/Sn) belongs to the n = 3 pavonite family with ultralow 

thermal conductivity of 0.58 Wm-1K-1 at 320 K and a peak zT of 0.63 for CdPbBi4Se8 at 

850 K.18 Pavonites containing alkali ions (5P) ASn2Bi5S10 (A = Li/Na) show low thermal 

conductivities in the range of 0.6 – 0.8 Wm–1K–1.15 Intrinsic high frequency thermal 

vibration of interstitial Cu atoms in the lattice were proven to scatter phonons effectively 

in the Cux+yBi5-yQ8 (Q = S, Se) series.26,27, 28 All these attributes make pavonite compounds 

an interesting class of materials for further investigation. However, several compositions 

have yet to be studied and the origin of the low thermal conductivity understood. 

In this work, we have identified a 4P pavonite series also known as makovickyite 

family which has an idealized formula of Ag1.5Bi5.5S9 (Z = 2, formula), in which Ag 

occupies an octahedral site in the thin layer as well as substituting on the Bi site in the thick 

layer.9 However, when Ag is replaced by Cu+, the Cu+ can occupy both tetrahedral and 

interstitial sites in the thin layer (a), along with heterotopic substitution in the thick 

layer.29,30 When both Cu and Ag are present in the structure, Ag may or may not be present 

in the thin layer8,9,31-33 and if  the amount of Cu is more (1.5 to 2 per formula unit, Z = 2), 

Cu atoms can substitute with statistical disorder and partial occupancy on crystallographic 

sites in the thin layer.33 Substitution of excess Pb and Cu for Bi adds additional complexity, 

as one of the cell axes doubles resulting in a Cu-ordered structure similar to 

cupromakovickyite minerals.31,32 Taking cue from these observations we sought to 

synthesize analogues of makovickyite/cupromakovickyites with varying amounts of Cu 
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while keeping the content of Ag relatively constant to study the effect of disorder in the 

lattice on thermal conductivity. We also substitute Pb in one of the compositions to evaluate 

the effect of lattice anharmonicity on the lattice thermal conductivity. Thus, in this 

manuscript we are reporting the synthesis, structural characterization, and thermoelectric 

properties of compositions Ag0.72Bi5.48Cu0.88S9 (I), Ag0.70Bi5.30Cu1.3S9 (II), 

Ag0.34Bi4.54Cu1.98PbS9 (III) with Cu/Ag ratio of 1.22 (I), 1.85(II), and 5.82(III), 

respectively. Measurements of physical properties exhibited ultra-low thermal 

conductivities (<0.8 Wm–1K-1), high Seebeck coefficient values, and moderate electrical 

conductivities, which give rise to reasonably good thermoelectric figures of merit for 

compounds, I – III, at moderately low temperatures.  

 

2. EXPERIMENTAL SECTION 

 

2.1. SYNTHESIS 

Compounds, I – III, are the synthetic analogues of naturally occurring minerals.31-

33 In our target stoichiometry we have closely followed the reported nominal compositions, 

Ag0.68Bi5.60Cu1.06S9 for I,32 Ag0.62Bi5.38Cu1.56S9 for II,33 and Ag0.52Bi4.48Cu2PbS9 for III.31, 

32 Compounds, I – III, were synthesized by melting stoichiometric combinations of high 

purity Cu (Aldrich 99%), Ag (Alfa Aesar 99.9%), Bi (Cominco electronic materials), Pb 

(Alfa Aesar 99.9%), and S (Alfa Aesar 99.99%) powders. All the powder precursors were 

weighed accordingly and loaded into 12 mm diameter quartz ampoule (total weight of 3 g) 

and flame sealed under vacuum. The sealed ampoules were heated to 700 °C at a rate of 

20 °C/h and dwelled for four days before cooling to room temperature at a rate of 35 °C/h. 
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A silvery single ingot was obtained in all cases. Appropriate crystals were picked from 

crushed large ingots and used for single-crystal X-ray diffraction. Well-ground powder 

samples were used for further characterizations. 

 

2.2. SINGLE CRYSTAL X-RAY DIFFRACTION 

High quality single-crystals from I, II, and III were mounted on a Bruker smart apex 

diffractometer equipped with a sealed tube X-ray source with Mo–Kα radiation (λ = 

0.71073 Å) using a glass fiber. Room temperature diffraction data were collected using 

SMART34 software with a step of 0.3° in ω scan and 20 s/frame exposure time. SADABS35, 

respectively. SHELXS-97 and difference Fourier syntheses were used to solve the 

structures.36 Full-matrix least-squares refinement against |F2| was carried out using the 

SHELXTL-PLUS suite of programs.35 For all compounds final refinements were carried 

out by SHELX-2018 incorporated in SHELXLe.37 Our crystal structure solutions match 

very well with the reported ones for I and II. However, for III we did not get the doubled 

c-axis cell as the mineral structure,32 which could be due to the high temperature synthesis 

procedure adopted in the laboratory compared to natural crystal growth or due to slight 

deviation in our composition compared to the reported mineral. This was clear when all 

the reflections were projected on the reciprocal lattice, except for few spurious reflections 

all reflections fit into the normal cell. There were no systematic unaccounted reflections 

that would suggest a doubling of cell (Figure S1). All the compounds crystallize in C2/m 

space group (No.12). There are five well-behaved S sites, out of which four are located on 

4i and one on 2c and Bi can be located on three 4i site either fully or jointly occupied with 

Ag/Pb. Out of three Bi sites, Bi1 and Bi2 are located in the thick layer and Bi3 is located 
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in the thin layer. In compound I, two 4i sites are fully occupied by Bi and the other by 

Bi/Ag (Bi1 and Ag1) jointly occupied with 74:26 ratio. Besides mixed occupancy with Bi, 

Ag is present in an octahedral 2a site (Ag2) in thin layer with 20% site occupancy. 

 

Table 1. Crystal data and refinement details for I, II and III. 
  

 I  II III 

Empirical formula  Ag0.72Bi5.48Cu0.88S9 Ag0.70Bi5.30Cu1.3S9 Ag0.34Bi4.54Cu1.98PbS9 

Formula weight  1567.33 1554.24 1606.98 

Temperature  295(2) K 295(2) K 295(2) K 

Wavelength  0.71073 Å 0.71073 Å 0.71073 Å 

Crystal system  Monoclinic Monoclinic Monoclinic 

Space group  C 2/m C 2/m C 2/m 

Unit cell 

dimensions 
a = 13.1938(15) Å a = 13.227(2) Å a = 13.356(2) Å 

 
b = 4.0566(5) Å b = 4.0511(6) Å b = 4.0339(6) Å 

 
c = 14.6417(17) Å c = 14.637(2) Å c = 14.841(2) Å 

 
b= 99.5290(10)° b= 99.496(3)° b= 99.915(2)° 

Volume 772.84(16) Å3 773.6(2) Å3 787.6(2) Å3 

Z 2 2 2 

Density 

(calculated) 
6.735 g/cm3 6.673 g/cm3 6.776 g/cm3 

Absorption 

coefficient 
65.420 mm-1 63.858 mm-1 65.366 mm-1 

Goodness-of-fit 

on F2 
1.034 1.011 1.094 

R [I > 2σ(I)]a R1 = 0.0283 R1 = 0.0299 R1 = 0.0318 

wR (F2) (all data)b wR2 = 0.0676 wR2 = 0.0696 wR2 = 0.0706 

aR1= ∑||Fo| – |Fc|/∑|Fo|. 
bwR2 = {∑[w(Fo

2 – Fc
2)2]/∑[w(F0

2)2]}1/2, w = 1/[σ2(Fo)2 + (aP)2 + bP], where P = [Fo
2 + 2Fc

2]/3 
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Table 2. Selected bond lengths (Å) for Ag0.72Bi5.48Cu0.88S9 (I), Ag0.70Bi5.30Cu1.3S9 (II), 

Ag0.34Bi4.54Cu1.98PbS9 (III). 

 

Additionally, there are three partially occupied Cu sites with 35% (Cu1, 4g), 7% 

(Cu2, 4i) and 2%(Cu3, 4i) occupancy in the thin layer yielding a final charge balanced 

formula of Ag0.72Bi5.48Cu0.88S9 (I). For the refinement of II, three 4i sites have been 

assigned to Bi, among which two 4i sites in the thick layer contain Ag with 28% and 7% 

I  II  III  

Moiety Distances (Å) Moiety Distances (Å) Moiety Distances (Å) 

Bi1 – S2 2.651(3) Bi1 – S2 2.653(3) Bi1 – S2 2.675(3) 

Bi1 – S4#1 2.805(2) Bi1 – S4#1 2.806(2) Bi1 – S4#1 2.809(2) 

Bi1 – S1#3 2.8860(4) Bi1 – S1#3 2.8912(4) Bi1 – S1#3 2.8998(4) 

Bi1 – S4 3.003(4) Bi1 – S4 2.983(4) Bi1 – S4 3.070(4) 

Bi2 – S5 2.657(3) Bi2 – S5 2.663(3) Bi2 – S5 2.661(3) 

Bi2 – S2#5 2.761(2) Bi2 – S2#5 2.761(2) Bi2 – S2#5 2.766(2) 

Bi2 – S4#2 2.927(2) Bi2 – S4#2 2.928(2) Bi2 – S4#2 2.929(2) 

Bi2 – S1 3.0131(6) Bi2 – S1 2.9943(6) Bi2 – S1 3.0294(7) 

Bi3 – S3#7 2.590(3) Bi3 – S3#7 2.595(3) Bi3 – S3#7 2.546(4) 

Bi3 – S5#4 2.840(2) Bi3 – S5#3 2.839(2) Bi3 – S3#3 2.785(3) 

Bi3 – S3#3 2.858(2) Bi3 – S3#3 2.8562(19) Bi3 – S5#4 2.976(4) 

Ag2 – S5 2.233(3)   Pb1 – S3#7 2.769(5) 

Ag2 – S3#8 2.902(2)   Pb1 – S5#4 2.809(4) 

    Pb1 – S3#3 3.042(4) 

Symmetry transformations used to generate equivalent atoms:  

I #1 -x+1/2,-y-1/2,-z+1  #2 -x+1/2,-y+1/2,-z+1  #3 x+1/2,y+1/2,z  #4 x+1/2,y-1/2,z  #5 

x-1/2,y-1/2,z  #7 -x+1,-y,-z  #8 -x,-y,-z   II #1 -x+1/2,-y-1/2,-z+1  #2 -x+1/2,-y+1/2,-

z+1  #3 x+1/2,y+1/2,z  #5 x-1/2,y-1/2,z  #7 -x+1,-y,-z   III  #1 -x+1/2,-y-1/2,-z+1  #2 -

x+1/2,-y+1/2,-z+1  #3 x+1/2,y+1/2,z  #4 x+1/2,y-1/2,z  #5 x-1/2,y-1/2,z  #7 -x+1,-y,-z 
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site occupancies, respectively. Further refinements resulted in partial occupancy for Cu in 

four crystallographically unique positions in the thin layer, yielding a low R factor of 3.0% 

with a final charge balanced formula of Ag0.70Bi5.30Cu1.3S9 (II). A different situation was 

observed in compound III, with one 4i site (Bi2) having almost full occupancy of Bi (94%) 

with small amount of Cu (Cu3) substitution (6%) taking place at slightly off from Bi site. 

The other two sites are mixed occupied by Bi/Ag (Bi1/Ag1) and Bi/Pb (Bi3/Pb1), 

respectively. Due to the similar X-ray scattering power of Bi (Z = 83) and Pb (Z = 82), free 

refinement of their occupancies was not reasonable, therefore, relative proportions 

according to stoichiometry used for the reaction were considered for further refinements. 

However, the position of Bi and Pb found to be split between Pb1 and Bi3 positions. By 

freely refining the Bi/Ag, R factor reduced significantly resulting 83% occupancy for Bi1 

and 17% occupancy for Ag1 in 4i site in thick layer. Cu was found to partially occupy four 

different crystallographic sites yielding a final charge balanced formula, 

Ag0.34Bi4.54Cu1.98PbS9 (III). It is to be noted here that the use of split positions of Pb1 and 

Bi3 for III was evaluated against a model considering presence of anharmonic atomic 

displacement parameters (ADPs). The probability density function (P.D.F) of electrons 

was calculated from the refined anharmonic ADPs in the direct space to make sure that 

there were no termination effects in such maps. Such calculations indicated that the 

introduction of 4th order tensor leads to an unrealistic distribution of atoms in the Bi3/Pb1 

site (Figure S2). On the other hand, the shape of the P.D.F with using only 3rd order term 

seemed to indicate split atom positions as we have used in our model (Figure S2). 

Moreover, it yielded a similar fit with the same number of refined parameters (Table S1). 

This means that we have a very reasonable support for split positions of Bi3/Pb1. The 
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crystal data and refinement parameters are given in Table 1, and selected bond lengths are 

listed in Table 2. Atomic coordinates, isotropic and anisotropic displacement parameters 

are given in Tables S2-S7. It is to be noted here that the final crystallographically-derived 

compositions are very close to the nominal compositions targeted and they are all charge 

balanced, Ag0.72Bi5.48Cu0.88S9 (I), Ag0.70Bi5.30Cu1.3S9 (II), and Ag0.34Bi4.54Cu1.98PbS9 (III). 

 

2.3. POWDER X-RAY DIFFRACTION 

To evaluate the bulk purity of the samples, the room temperature powder X-ray 

diffraction (PXRD) was carried out on hand ground polycrystalline samples using 

PANalytical X'Pert diffractometer assembled with Cu Kα anode and a linear array PIXcel 

detector over a 2θ range of 5 to 90° with an average scanning rate of 0.0472° s–1
. Powder 

diffraction patterns of the well-ground as-synthesized samples are provided in Figure 1 

along with one-to-one matching of simulated patterns derived from atomic coordinates of 

I – III obtained from single-crystal structure solutions. To further verify the phase-purity, 

we have carried out Rietveld refinement of the PXRD patterns of the as-synthesized 

products using the single-crystal atomic coordinates. Good convergence between the 

calculated and the experimental patterns along with the low values of weighted profile 

residuals, Rwp, (Figure S3 and Table S8) confirm the correctness of the model. The refined 

unit cell parameters are in good agreement with the single-crystal structure solution 

(compare tables 1 and S8). Rietveld refinements also show absence of any discernable 

impurity phase(s) in I – III. PXRDs were also collected on the hot-pressed samples to see 

any phase transformations during the hot pressing (Figure S4). 
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2.4. OPTICAL BAND GAP MEASUREMENTS 

Varian Cary 5000 UV-Vis-NIR spectrophotometer equipped with a praying mantis 

set up was used to measure the optical band gap using BaSO4 powder (Fisher, 99.2%) as a 

reflectance standard. Diffuse reflectance spectroscopy was performed on compounds I – 

III in the wavelength range 200 – 2500 nm. Band gap values were estimated using a Tauc 

plot.38 The equation αhν = A(hν – Eg)
m  was employed to estimate the optical band gap, 

where α is absorption coefficient (Kubelka-Munk function),39 hν is the photon energy, and 

m = 2 and ½ depending on whether the transition is direct or indirect. Compounds I – III 

exhibit linearity in ℎν vs (αℎν)1/2
 plot, suggesting that the samples possess indirect band 

gap. The band gap values are very narrow and below 0.5 eV as the curve was still riding 

Figure 1. Comparison of experimental and simulated powder X-ray diffraction 

patterns for compounds Ag0.72Bi5.48Cu0.88S9 (I), Ag0.70Bi5.30Cu1.3S9 (II), and 

Ag0.34Bi4.54Cu1.98PbS9 (III). 
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on the steep absorption edge at the lowest energy end of the measured wavelength (Figure 

2). 

 

 

2.5. THERMAL ANALYSIS 

TGA-DSC data were collected simultaneously from room temperature to 1050 °C 

with scan rate of 10 °C/min under a high purity argon atmosphere on approximately 20-30 

mg of synthesized powder using a TA Instrument Q600SDT. DSC plots for compounds I, 

II and III are presented in Figure S5. All three compounds have similar melting points in 

the range 925 – 950 K. Compound I displayed an endothermic peak at 540 K corresponding 

to a phase transition (Figure S5).  
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Figure 2. Diffuse reflectance spectra plotted as ℎν vs (αℎν)1/2 for compounds 

Ag0.72Bi5.48Cu0.88S9 (I), Ag0.70Bi5.30Cu1.3S9 (II), Ag0.34Bi4.54Cu1.98PbS9 (III). 
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2.6. SAMPLE PREPARATION FOR PHYSICAL PROPERTY MEASUREMENTS 

As-synthesized ingots were ground to fine powders using agate mortar in an argon 

filled glove box. The fine powders were loaded into a graphite die of 0.5 inch diameter. 

The die was placed in a hot press apparatus and the temperature was slowly raised to 500 

°C using a load of 35 MPa under high purity argon atmosphere for 20 minutes. The furnace 

was slowly cooled to 250 °C over a course of 2 hours and then the load was withdrawn. 

Hard cylindrical disks were obtained with more than 95% of the crystallographic density.  

 

2.7. SEEBECK AND ELECTRICAL RESISTIVITY MEASUREMENTS 

Bars with dimensions ~10 mm x 2 mm x 1 mm were cut from the hot-pressed pellets 

using a Buehler diamond saw for high temperature resistivity and Seebeck coefficient 

measurements on a Linseis LSR-3. Measurements were done using a standard four-probe 

method under a helium atmosphere from 325 K to 475 K. 

Low temperature electrical resistivity and Seebeck coefficients were measured for 

compound II from 5 – 300 K. Bars of dimension 4 mm x 1.5 mm x 10 mm were measured 

in a Quantum Design PPMS thermal transport option (TTO) using a standard four probe 

method. Room temperature Hall measurements were performed on the same polished bar 

for compounds II and III using the PPMS system. Hall coefficients were derived from a 

hall resistance (ρxy) versus magnetic field (B) plot (Figure S6). Carrier concentration was 

determined from the Hall coefficient (RH) using the formula RH = 1/ne, where n is the 

carrier density and e is the charge. 
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2.8. THERMAL CONDUCTIVITY MEASUREMENTS 

Hot-pressed pellets were further polished and coated with graphite for thermal 

diffusivity α(T) measurements using the laser flash technique under high purity helium or 

argon atmosphere. Thermal diffusivity measurements were performed on compounds I – 

III from 300 to 475 K in Davis and from 475K to 800K for compounds II and III in Rolla. 

For compound I, our high temperature thermal diffusivity measurements failed as the pellet 

shattered after 540 K due to the presence of a phase transition at 540 K as evident from our 

DSC data (Figure S5). It is to be noted here that there is a slight mismatch of thermal 

conductivity data for compound III at 475 K (collected in two locations), presumably 

because of different pellets used from different batch of syntheses. Such differences may 

originate from small variations in stoichiometry and therefore carrier concentration due to 

human error during weighing of reactants for syntheses or slight differences in the density 

of hot-pressed pellets. Thermal conductivity was calculated using the formula κ = 

α(T).CP.d, where α(T) is thermal diffusivity, CP is specific heat, d is the density. Specific 

heat (CP) is estimated by Dulong-Petit limit, CP = 3R/M (where R = ideal gas constant, M 

= average molar mass of each element) and density of all the samples were measured from 

the dimensions and masses. The calculated densities are ~ 95% of the theoretical densities. 
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3. RESULTS AND DISCUSSION 

 

3.1. STRUCTURE DESCRIPTION 

Compounds, I – III, belong to the 4P pavonite homologous series and are also 

known as makovickyites. These structures have complex 3-D networks composed of two 

types of alternating slabs stacking perpendicular to the c-axis. The thick slab is composed 

of BiS6 octahedra resembling a NaCl lattice and is four octahedra thick along the diagonal 

direction. The thin slab consists of pairs of BiS5 square pyramidal pillars interconnected by 

either AgS6 octahedra or interstitial copper atoms, depending on how much Cu is 

substituted for Ag (Figure 3). 

 

 

All the structures I, II, and III have three crystallographically unique Bi sites. Bi1 

and Bi2 are present in slightly distorted octahedra within the thick layer, with the Bi1/2 – 

S bond lengths in the range 2.651(3) – 3.070(4) and 2.657(3) – 3.0294(7) Å, respectively, 

and the Bi1 site is mixed occupied by Ag and in case of II, Bi2 site is also mixed occupied 

with Ag . Bi3 is part of the thin layer and is coordinated to five S atoms in a square 

(a) (b) (c) 

Figure 3. Makovickyite structures (4P pavonites) with four octahedra thick incremental 

layer (thick) and one octahedra thick non-incremental layer (thin) of compounds (a) 

Ag0.72Bi5.48Cu0.88S9, I; (b) Ag0.70Bi5.30Cu1.3S9, II; (c) Ag0.34Bi4.54Cu1.98PbS9, III. 
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pyramidal fashion, with four longer axial bonds in the range 2.8562(2) – 2.976(4) Å and a 

shorter equatorial bond from 2.546(4) – 2.595(3) Å. In III, Bi3 site is split between Bi3 and 

Pb1. because of the higher Ag content, some Ag is also present in the thin layer. In this 

case, Ag atoms adopt octahedral coordination and interconnect the Bi3S5 square pyramidal 

pairs, with Ag2 – S bond distances ranging between 2.233(3) – 2.902(2) Å. Cu adopts 

linear and tetrahedral coordination in the makovickyite/cupromakovickyite structures. 

Accordingly, in compounds I and III, all the Cu atoms are tetrahedrally coordinated; 

however, in compound II, among four crystallographically distinct partially occupied Cu 

sites, Cu4 adopts linear coordination with a Cu4 – S distance of 2.251(3) Å, while Cu1, 

Cu2 and Cu3 adopt flattened tetrahedral coordination in the thin layer, with the Cu – S  

 

Figure 4. Coordination environments of Bi and Cu in Ag0.70Bi5.30Cu1.3S9 (II). 
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bond lengths in the range 2.158(16) – 2.581(18) Å. Local coordination environments for 

Bi and Cu for II are given in Figure 4. The thick and thin slabs are joined by a shared S5 

atom resulting in a complex 3-D crystal structure. From the above discussion it is now 

amply clear that makovickyite structures offer excellent freedom in terms of tunable 

compositions and development of disorder as a function of Cu and Pb substitution, which 

enable independent tuning of the electrical and thermal properties and make them ideal 

candidates for thermoelectric applications. 

 

3.2. TRANSPORT PROPERTIES 

We selected one of the compositions to measure low temperature electrical 

conductivity and Seebeck coefficients. Thus, low temperature electrical conductivity and 

Seebeck coefficient measurements were performed on compound II in the temperature 

Figure 5. Low temperature charge transport measurements for compound 

Ag0.70Bi5.30Cu1.3S9, II (a) Electrical conductivity (b) Seebeck coefficient 
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range 5-300K (Figure 5). An increase in the electrical conductivity with temperature 

demonstrates the semiconducting nature of compound II. Compound II exhibits a moderate 

electrical conductivity of 60.7 S/cm at room temperature. Large negative Seebeck 

coefficients that increase linearly with temperature confirm the n-type charge carrier, 

reaching a value of 95 μVK–1 at 300 K. With these encouraging low-temperature transport 

properties we proceeded to investigate the high temperature TE properties of the three 

compositions.  

 

 

Figure 6. Temperature dependance of thermoelectric properties for compounds 

Ag0.72Bi5.48Cu0.88S9, I, Ag0.70Bi5.30Cu1.3S9, II, and Ag0.34Bi4.54Cu1.98PbS9, III; (a) 

Electrical conductivity, (b) Seebeck coefficient, (c) Thermal conductivity, (d) Figure 

of merit. 
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 Figure 6 shows the temperature dependence of thermoelectric properties for 

compounds I – III in the temperature range 300 – 500 K. Compounds I, II, and III exhibit 

room temperature electrical conductivities of 112, 95, and 65 S/cm, respectively, as shown 

in Figure 6a. Electrical conductivities did not change much in the measured temperature 

range, though decreased monotonically as in degenerate semiconductor. The electrical 

conductivity values of I – III are comparable to many other pavonite compounds, for 

example 79 S/cm for CdPb2Bi4S9 (n = 4)16 and 42 S/cm for AgBi3S5 (n = 5) at 300K.17 

Note that for CdPb2Bi4S9,
16 which is n =4 and structurally same as I – III also exhibit a 

monotonic decrease of electrical conductivity with temperature. 

As observed in Figure 6b, the Seebeck coefficients for compounds I, II and III are 

negative and consistent with electrons being the dominant charge carriers. Seebeck 

coefficient of compound I is 70 µV/K at 300 K and increased to 112 µV/K at 500 K. The 

Seebeck coefficient of compound II is 81 µV/K at 300 K and increased to 121 µV/K at 

500K whereas Seebeck coefficient of compound III is 100 µV/K at 300K and increased to 

150 µV/K at 500K. The power factor (PF = S2σ) as a function of temperature for all the 

three compounds are given in Figure 7a. The power factors are in the range of 0.6 – 1.2 

μW.cm–1K2 for compounds I – III which are in good agreement with other pavonites, such 

as CdPb2Bi4S9 (n = 4).16 The trend observed in electrical conductivity and Seebeck 

coefficients can be correlated. The Hall coefficient-derived carrier concentration values are 

of the order of 1.025×1020 cm–3 for compound II and 1.55×1019 cm–3 for compound III. 

Slightly higher carrier concentration in compound II compared to compound III resulted in 

an increase in the electrical conductivity and decrease in the Seebeck coefficient, since the 

σ is directly proportional to the carrier concentration and S has an inverse relation with 
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carrier concentration. Small variations in the values of electrical conductivity and Seebeck 

coefficient are observed in the room temperature data between the low temperature and 

above room temperature measurements because of the use of different batch of samples.  

 

Figure 6c shows κtot in the temperature range 300 – 800 K for compounds II and III 

and 300 – 500 K for compound I. These compounds possess ultra-low thermal 

conductivities in the range of 0.51 – 0.72 Wm–1K-1. The room temperature thermal 

conductivities are 0.72 Wm–1K-1 for I, 0.64 Wm–1K-1 for II, and 0.61 Wm–1K-1 for III. These 

values are comparable to the other reported pavonite family compounds, for example, 0.8 

Wm–1K-1 in LiSn2Bi5S10,
15 0.6 Wm–1K-1 in AgBi3S5,

17 0.78 Wm–1K-1  in CdPb2Bi4S9
16 and 

0.67 – 1 Wm–1K-1  in MBi4S7 (M = Mn, Fe)19 and as well as to many state of the art 

chalcogenide thermoelectric materials, for example, κtot <1 Wm–1K-1 in Cu2-xSe, 0.46 – 

0.68 Wm–1K-1 in SnSe.40,41 The electronic contribution to the total thermal conductivity 
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Figure 7. (a) Power factors (b) Lattice thermal conductivity (κlat) for 

Ag0.72Bi5.48Cu0.88S9, I, Ag0.70Bi5.30Cu1.3S9, II, and Ag0.34Bi4.54Cu1.98PbS9, III from 300 

to 475K. 
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can be calculated using κele = LσT (Wiedemann–Franz law). κlat can be calculated by 

subtracting the electronic contribution from the total thermal conductivity (κtot = κele + κlat). 

The Lorenz number L is calculated using the Seebeck coefficient via the equation L= 1.5 

+ exp [
−|𝑆|

116
] where L is in 10–8 WΩK–2 and S is in µV/K.42 

Lattice thermal conductivity, κlat, values for compounds, I – III, (Figure 7b) are 

close to the κtot values because of the negligible electronic contribution, which corroborates 

well with the low electrical conductivities. The room temperature κlat values are 0.65 Wm–

1K-1 for I, 0.58 Wm–1K-1 for II, and 0.57 Wm–1K-1 for III. Though there are significant 

differences in the electrical conductivity and Seebeck coefficient values of compounds II 

and III, the κlat values are similar, which suggest that there may be opportunities to improve 

the electrical conductivity without negatively affecting the thermal conductivity. 

The ultra-low and temperature independent thermal conductivity could originate 

from the very large anisotropic thermal vibration of partially occupied, disordered copper 

atoms, especially Cu1, Cu3 in compound II and Cu1, Cu2 in compound III. Additionally, 

for III, strong vibrational anharmonicity due to the presence of stereo-active lone pairs on 

Pb results in the lowest lattice thermal conductivity amongst the three compounds. These 

extremely low κlat values can be attributed to a combination effect of the complex electronic 

structure, mixed and partial occupancies, large unit cell volumes, and vibrational 

anharmonicities within the lattice. The partially occupied Cu atoms in the interstitial 

positions in the thin layer may be considered as rattling of atoms in a cage-like structure 

and can act as a source of enhance phonon scattering.43,44 However, to confirm this 

hypothesis, the nature of Cu atoms in the interstitial positions needs to be evaluated using 

phonon dispersion calculations. The zT values calculated using the above transport 
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properties are presented in Figure 6d. The zT values are 0.09 for I and II, 0.11 for III at 

475K. 

 

4. CONCLUSIONS 

 

Three quaternary complex chalcogenides, Ag0.72Bi5.48Cu0.88S9 (I), 

Ag0.70Bi5.30Cu1.3S9 (II), Ag0.34Bi4.54Cu1.98PbS9 (III) were synthesized by substituting Cu and 

Pb for Bi in the makovickyite family with general formula Agab
n-1Bia

4BiabBibn+2S2n+10. 

These materials are indirect-gap n-type semiconductors with band gaps < 0.5 eV. Inherent 

complex compositions and partial occupancies yield very low thermal conductivities < 0.75 

W.m–1K-1. Ultra-low thermal conductivity coupled with a large Seebeck coefficient and 

moderate electrical conductivity yielded a promising zT of ~ 0.1 at 475K. These pavonite 

phases would be ideal candidates for substitutions with various divalent and trivalent metal 

atoms for Bi to increase carrier concentration and electrical conductivity, while adding 

additional disorder to further retain the lattice thermal conductivity.  The amount of 

interstitial Cu can also be adjusted to tune the thermoelectric properties accordingly. 

Furthermore, once the role Cu atoms play in phonon suppression is understood, one can 

design an appropriate system with balanced electrical and thermal properties to achieve a 

higher zT. 
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SUPPLEMENTARY INFORMATION 

 

Table S1. Table showing the similar fit with the same number of refined parameters 

indicating reasonable support for split positions Bi3/Pb1 and no additional benefit for the 

anharmonic refinements. 

 R(obs) wR2(obs) R(all) wR2(all) GOF(all) N(ref) N(par) (max) (min) 

Split-

model 

0.0394 0.1154 0.0446 0.1194 1.42 1064 71 2.61 -2.66 

Anharm-

3 

0.0401 0.1160 0.0453 0.1196 1.43 1064 71 2.13 -2.81 

Anharm-

4 

0.0346 0.1037 0.0393 0.1070 1.28 1064 80 1.75 -1.73 

 

 

 

 

 



237 
 

Table S2. Final atomic coordinates and equivalent isotropic displacement parameters of 

the atoms for compounds I. U(eq) = 1/3 of the trace of the orthogonalized Ueq tensor. 

Atom Wyckoff S.O.F x Y z U(eq) 

Ag0.72Bi5.48Cu0.88S9 I 

Bi(1) 4i 0.74 0.3498(1) 0 0.4347(1) 0.0020(1) 

Ag(1) 4i 0.26 0.3498(1) 0 0.4347(1) 0.0020(1) 

Bi(2) 4i 1 0.0530(1) 0 0.3076(1) 0.0022(1) 

Bi(3) 4i 1 0.7480(1) 0 0.1232(1) 0.0026(1) 

Ag(2) 2a 0.20 0 0 0 0.0077(5) 

Cu(1) 4g 0.35 0 0.1963(16) 0 0.0037(2) 

Cu(2) 4i 0.07 0.0224(17) 0.5 0.0531(17) 0.0030(6) 

Cu(3) 4i 0.02 0.0410(60) 0.5 0.0040(60) 0.0029(6) 

S(1) 2c 1 0 0 0.5 0.0017(1) 

S(2) 4i 1 0.4100(2) 0 0.2707(2) 0.0020(1) 

S(3) 4i 1 0.3576(2) 0 0.0426(2) 0.0014(1) 

S(4) 4i 1 0.2928(2) 0 0.6249(3) 0.0026(1) 

S(5) 4i 1 0.1010(2) 0 0.1383(2) 0.0019(1) 

 

 

 

 

 

 

 

 

 



238 
 

Table S3. Final atomic coordinates and equivalent isotropic displacement parameters of 

the atoms for compounds II. U(eq) = 1/3 of the trace of the orthogonalized Ueq tensor. 

Atom Wyckoff S.O.F x y z U(eq) 

Ag0.70Bi5.30Cu1.3S9  II 

Bi(1) 4i 0.72 0.3494(1) 0 0.4347(1) 0.0021(1) 

Ag(1) 4i 0.28 0.3494(1) 0 0.4347(1) 0.0021(1) 

Bi(2) 4i 0.93 0.0524(1) 0 0.3086(1) 0.0020(1) 

Ag(2) 4i 0.07 0.0524(1)  0.3086(1) 0.0020(1) 

Bi(3) 4i 1 0.7482(1) 0 0.1237(1) 0.0026(1) 

Cu(1) 4g 0.34 0 0.2025(19) 0 0.0042(2) 

Cu(2) 4i 0.09 0.0216(12) 0.5 0.0513(13) 0.0033(4) 

Cu(3) 4i 0.1 0.270(20) 0 
-

0.0231(16) 
0.0038(8) 

Cu(4) 2a 0.24 0 0 0 0.0040(5) 

S(1) 2c 1 0 0 0.5 0.0017(1) 

S(2) 4i 1 0.4097(2) 0 0.2706(2) 0.0020(1) 

S(3) 4i 1 0.3572(2) 0 0.0424(2) 0.0016(1) 

S(4) 4i 1 0.2934(2) 0 0.6239(3) 0.0026(1) 

S(5) 4i 1 0.1017(2) 0 0.1394(2) 0.0021(1) 

 

  



239 
 

Table S4. Final atomic coordinates and equivalent isotropic displacement parameters of 

the atoms for compounds III. U(eq) = 1/3 of the trace of the orthogonalized Ueq tensor. 

Atom Wyckoff S.O.F x y z U(eq) 

Ag0.34Bi4.54Cu1.98PbS9 III 

Bi(1) 4i 0.83 0.3493(1) 0 0.4336(1) 0.0020(1) 

Ag(1) 4i 0.17 0.3493(1) 0 0.4336(1) 0.0020(1) 

Bi(2) 4i 0.94 0.0520(1) 0 0.3092(1) 0.0020(1) 

Cu(3) 4i 0.06 
-

0.002(30) 
 0.2570(30) 0.0045(7) 

Bi(3) 4i 0.5 0.7547(3) 0 0.1166(2) 0.0027(1) 

Pb(1) 4i 0.5 0.7437(4) 0 0.1387(2) 0.0049(1) 

Cu(1) 4i 0.4 
-

0.0210(4) 
0.5 -0.0762(7) 0.0059(3) 

Cu(2) 4i 0.33 0.0487(5) 0 -0.0444(8) 0.0046(2) 

Cu(2A) 4g 0.2 0 1780(40) 0 0.0064(5) 

S(1) 2c 1 0 0 0.5 0.0019(1) 

S(2) 4i 1 0.4094(2) 0 0.2707(2) 0.0020(1) 

S(3) 4i 1 0.3575(2) 0 0.0406(2) 0.0018(1) 

S(4) 4i 1 0.2933(4) 0 0.6258(2) 0.0026(1) 

S(5) 4i 1 0.0980(2) 0 0.1417(2) 0.0020(1) 
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Table S5.   Anisotropic displacement parameters (Å2x 103) for I.  The anisotropic 

displacement factor exponent takes the form: -2p2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 

Atoms U11 U22 U33 U23 U13 U12 

Ag0.72Bi5.48Cu0.88S9, I 

Bi(1) 18(1)  18(1) 24(1)  0 4(1)  0 

Ag(1) 18(1)  18(1) 24(1)  0 4(1)  0 

Bi(2) 24(1)  22(1) 20(1)  0 4(1)  0 

Bi(3) 29(1)  29(1) 18(1)  0 -2(1)  0 

Ag(2) 91(9)  59(6) 59(6)  0 -57(6)  0 

Cu(1) 20(2)  61(4) 30(3)  0 1(2)  0 

Cu(2) 20(9)  58(8) 11(8)  0 3(8)  0 

Cu(3) 18(14)  59(8) 7(11)  0 -4(11)  0 

S(1) 17(2)  20(2) 14(2)  0 3(2)  0 

S(2) 21(2)  18(2) 20(2)  0 1(1)  0 

S(3) 18(1)  15(1) 11(1)  0 4(1)  0 

S(4) 19(2)  18(2) 37(2)  0 0(1)  0 
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Table S6. Anisotropic displacement parameters (Å2x 103) for II.  The anisotropic 

displacement factor exponent takes the form: -2p2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 

Atoms U11 U22 U33 U23 U13 U12 

Ag0.70Bi5.30Cu1.3S9  II 

Bi(1) 20(1) 20(1) 21(1) 0 3(1) 0 

Ag(1) 20(1) 20(1) 21(1) 0 3(1) 0 

Bi(2) 24(1) 21(1) 16(1) 0 3(1) 0 

Ag(2) 24(1) 21(1) 16(1) 0 3(1) 0 

Bi(3) 31(1) 28(1) 16(1) 0 -3(1) 0 

Cu(1) 21(3) 78(5) 27(3) 0 1(2) 0 

Cu(2) 13(7) 64(7) 26(7) 0 14(6) 0 

Cu(3) 29(12) 65(8) 17(5) 0 -2(7) 0 

Cu(4) 24(10) 70(7) 23(6) 0 -3(6) 0 

S(1) 18(2) 19(2) 14(2) 0 2(2) 0 

S(2) 21(1) 21(2) 16(1) 0 0(1) 0 

S(3) 19(1) 19(1) 10(1) 0 1(1) 0 

S(4) 20(2) 19(2) 38(2) 0 -2(1) 0 

 

  



242 
 

Table S7. Anisotropic displacement parameters (Å2x 103) for III.  The anisotropic 

displacement factor exponent takes the form: -2p2[ h2a*2U11 + ... + 2 h k a* b* U12 ] 

Atoms U11 U22 U33 U23 U13 U12 

Ag0.34Bi4.54Cu1.98PbS9 III 

Bi(1) 16(1) 19(1) 24(1) 0 2(1) 0 

Ag(1) 16(1) 19(1) 24(1) 0 2(1) 0 

Bi(2) 19(1) 20(1) 19(1) 0 1(1) 0 

Cu(3) 59(15) 26(13) 51(15) 0 13(14) 0 

Bi(3) 31(1) 27(1) 15(1) 0 -14(1) 0 

Pb(1) 50(1) 24(1) 70(3) 0 6(2) 0 

Cu(1) 32(3) 41(3) 94(5) 0 -14(3) 0 

Cu(2) 31(3) 24(3) 74(5) 0 -17(3) 0 

Cu(2A) 23(5) 110(10) 56(7) 0 -4(5) 0 

S(1) 20(2) 15(2) 22(2) 0 2(2) 0 

S(2) 17(2) 22(2) 20(2) 0 1(1) 0 

S(3) 17(1) 18(1) 17(2) 0 0(1) 0 

S(4) 15(2) 19(2) 41(2) 0 -5(1) 0 
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Table S8. Refined lattice constants and final Rietveld refinement parameters for 

compounds, I – III.  

  I II III 

Formula Ag0.72Bi5.48Cu0.88S9 Ag0.70Bi5.30Cu1.3S9 Ag0.34Bi4.54Cu1.98PbS9 

Unit 

cell 
a = 13.1832(7) a = 13.1887(8) a = 13.3373(20) 

 b = 4.04828(15) b = 4.04196(16) b = 4.0391(3) 
 c = 14.6292(9) c = 14.6176(10) c = 14.7888(24) 
 β = 99.401(3) β = 99.501(4) β = 99.822(9) 

Volume 770.26(4) 768.54(4) 785.00(8) 

Rw 6.819 6.744 7.301 

RF2 9.526 8.494 10.866 

Figure S1. Diffraction pattern from the raw data frames projected on reciprocal lattice. 

The used cell, a = 13.45, b = 4.069, and c = 14.958,  = 99.86. It can be seen from the 

above figure that there are only a few additional spots. However, there are no 

systematic unaccounted spots that would call for a cell doubling along c-axis. 
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Figure S2. The probability density function p.d.f. is calculated from the refined 

anharmonic ADPs in the direct space (from a, b, and c-directions). This means that 

there are no termination effects in such maps. Introduction of 4th order tensor leads to 

an unrealistic distribution of atoms in the Bi3/Pd1 site. On the other hand, the shape of 

the p.d.f with using only 3rd term seems to indicate split atom positions as we have 

used in the regular model. 

View along c axis 

View along b axis 

View along a axis 

Fourier map for 

regular refinement 

p.d.f. map for anham 3+4 p.d.f. map for anharm 3 
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Figure S3. Rietveld refinement plots for (a) Ag0.72Bi5.48Cu0.88S9, I (b) 

Ag0.70Bi5.30Cu1.3S9, II (c) Ag0.34Bi4.54Cu1.98PbS9, III showing the observed, calculated 

and difference curve. Inset in (a) shows an enlarged view of the segment for 2θ = 14 

to 26°. The arrows indicate the presence of minute quantity of an unknown impurity 

phase. 
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Figure S4. PXRD comparison with of hot-pressed samples with the simulated patterns 

for Ag0.70Bi5.30Cu1.3S9 (II), Ag0.34Bi4.54Cu1.98PbS9(III). 

Figure S5. DSC curves for Ag0.72Bi5.48Cu0.88S9 (I), Ag0.70Bi5.30Cu1.3S9 (II), 

Ag0.34Bi4.54Cu1.98PbS9(III). 
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ABSTRACT 

 

Herein we report the synthesis and characterization of three complex quaternary 

chalcogenide compounds, CuxPbxBi2-xS3 (x = 0.2 (I), 0.33(II), 1.0(III)) in the bismuthinite 

(Bi2S3) – aikinite (CuPbBiS3) solid solution series. All the compounds in this solid solution 

series can be generated by replacing Bi and a vacancy by Pb and Cu. Compositions in 

between the end members of the series possess complex crystal structures with mixed 

occupied Bi/Pb and partially occupied Cu/vacancy sites. These intrinsic structural 

attributes lead to ultralow thermal conductivities < 0.65 W m–1 K–1 from 300 – 700 K. All 

the compounds exhibit narrow band gap below 1.0 eV confirmed by diffuse reflectance 

measurements. DFT band structure analysis shows that the band gap tends to decrease with 

increasing amount of Cu and Pb substitution due to increased contribution of the Cu d states 

to the valence band. High temperature charge transport properties are consistent with 
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electrons being dominant charge carriers with low electrical conductivities and large 

Seebeck coefficients. A promising figure of merit, zT, of 0.21 for II has be achieved at 475 

K. 

 

1. INTRODUCTION 

 

One of the key strategies to boost the thermoelectric performance is to minimize 

the total thermal conductivity, since the efficiency of thermoelectric materials is defined 

by the figure of merit, 𝑧𝑇 =
S2σT

κ𝑡𝑜𝑡𝑎𝑙
, where S is Seebeck coefficient, σ is electrical 

conductivity, κtotal is total thermal conductivity and T is the absolute temperature.1-3 It is 

challenging to reduce the thermal conductivity without adversely affecting the electrical 

properties.3,4 However, it is possible to suppress the lattice thermal conductivity by 

introducing defects, grain boundaries, and nano structuring, which are all in the hands of 

synthetic solid state chemists. In this scenario, it is also important to find materials with 

intrinsically low thermal conductivities with a room to tune the composition to further 

improve the electrical properties. Not every family of compounds are bestowed with the 

freedom to create disorder or vacancies, as it depends on the thermodynamic stabilities of 

both end members of the series. Hence, the doping strategy is limited to few specific 

dopants for which the coordination and bonding requirements must be satisfied. There 

exists a plethora of mineral compositions possessing complex crystal structures on which 

substitutional disorders and creation of vacancies are essential to tune the electronic and 

thermal components independently. For example, homologous series of  lillianite, 

cannizzarite,5-7 and pavonite, gives the freedom to tune the electrical properties as a 
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function of slab thickness.8-10 Recently, our group investigated Cu substitution in 

makovickyite family of compounds and found that the lattice thermal conductivity can be 

suppressed by introducing Cu+ ions in the interstitial void spaces, which effectively scatter 

the phonons.10 All of these intrinsic assets make complex chalcogenide based minerals, a 

potential platform for tunable compositions. 

Recently, working on a similar concept we sought to synthesize bismuthinite 

(Bi2S3) – aikinite (CuPbBiS3) series of complex composition through substitution of Bi 

with Pb and Cu, where Cu can take up interstitial site. The systematic substitution of Pb 

and Cu for Bi generates several compositions CuxPbxBi1-xS3 (x = 0 to 1) across the solid 

solution series with varied amount of Cu and Pb for Bi. For example, bismuthinite (Bi2S3, 

x = 0), pekoite (Cu0.2Pb0.2Bi1.8S3, x = 0.2), gladite (Cu0.33Pb0.33Bi1.66S3, x = 0.33), 

hammarite (Cu0.66Pb0.66Bi1.33S3, x = 0.66) and aikinite (CuPbBiS3, x = 1).11-15 Aikinite, an 

end member of the series, CuPbBiS3, can be generated by completely replacing one Bi and 

vacancy by Pb and Cu to maintain the charge neutrality, where both Pb and Cu occupy 

ordered independent position.16,17
 Any other composition with 1>x>0 will have disorder 

between Cu and vacancy as well as between Bi and Pb. This solid solution series has 

structural complexity, compositional flexibility and disorder to become potential 

thermoelectric material, however, not much work has been done in this direction. A 

promising figure of merit zT ≈ 0.42 at 723 K was reported by Liang et al. for the gladite, 

CuPbBi5S9, resulting from low Debye temperature, low average velocity, and large 

Grüneisen parameters.18 While we were preparing our manuscript, another extensive report 

thermoelectric properties appeared in bismuthinite (Bi2S3) – aikinite (CuPbBiS3) series.19 

In this recent article, Maji et al. showed that the synthetic gladite is disordered in contrast 
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to the natural gladite which is an ordered structure. A high thermoelectric figure of merit 

zT in the range of 0.30 and 0.43 at 700 K has been achieved by tuning the carrier 

concentration of gladite phase (CuPbBi5S9, x = 0.33) by replacing the S with Cl and Br.19 

These investigations by Liang et al and Maji et al reiterates the potential as thermoelectric 

materials in the bismuthinite – aikinite solid solution series and the opportunities to tune 

the compositions to achieve high zT. Therefore, it is important to investigate each 

composition within the solid solution series and understand the interplay between the 

composition and thermoelectric properties. As both recent reports are mainly focused on 

gladite (x = 0.33) structure, we sought to investigate pekoite (x = 0.2). In this work, we 

have synthesized three different compositions CuxPbxBi2-xS3 (x = 0.2(I), 0.33(II), 1(III)) 

using high temperature solid state reaction. Measurements of physical properties exhibited 

ultralow thermal conductivities (< 0.65 Wm−1 K−1) for all the phases, while high Seebeck 

coefficient value, and low electrical conductivity of I (x = 0.22) yielded a good zT at 

moderately low temperatures. The origin of low lattice thermal conductivity is further 

evaluated from DFT-based phonon dispersion calculations. 

 

2. EXPERIMENTAL 

 

2.1. SYNTHESIS 

Compounds I-III are derivatives of Bi2S3 structure. In our synthesis we targeted 

different amounts of Cu and Pb substitution for Bi in Bi2S3 with the nominal compositions, 

Cu0.2Pb0.2Bi1.8S3 (I), Cu0.33Pb0.33Bi1.66S3 (II), and CuPbBiS3 (III). Compounds I-III were 

synthesized by melting stoichiometric combinations of high purity Cu (Aldrich 99%), Bi 
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(Cominco electronic materials), Pb (Alfa Aesar 99.9%), and S (Alfa Aesar 99.99%) 

powders. All the powder precursors were weighed accordingly and loaded into 12 mm 

diameter quartz ampoule (total weight of 3 g) in an argon filled glove box (O2 < 0.1ppm). 

The loaded ampoules were taken out with the help of an adapter and flame sealed under 

vacuum. The sealed ampoules were heated to 700 °C at a rate of 20 °C h−1 and dwelled for 

four days before cooling down to room temperature at a rate of 35 °C h−1. A silvery single 

ingot was obtained in all cases. Well-ground powder samples were used for the evaluation 

of bulk purity and further characterization. 

 

2.2. POWDER X-RAY DIFFRACTION 

Bulk purity of the samples is evaluated using powder X-ray diffraction (PXRD) on 

hand-ground polycrystalline samples using PANalytical X'Pert diffractometer assembled 

with Cu Kα anode over a 2θ range of 5 to 90° with an average scanning rate of 0.0472° s−1. 

The crystal structures of compounds II and III, were reported in the ICSD 197450,14 ICSD 

9120,16 hence, we compared the simulated PXRD patterns of the reported structures with 

our as-synthesized powder samples. Comparison of simulated and experimental PXRD 

patterns of compounds I-III were provided in Figure 1. To further asses the phase purity, 

we carried out the Rietveld refinements of the PXRD patterns of as-synthesized products 

using single crystal atomic coordinates from the reported structures, ICSD 197450 

(gladite)14 for compound I, II, and ICSD 9120 (aikinite)16 for compound III. The 

refinements were performed using GSAS II software.20 Good convergence between the 

calculated and the experimental patterns along with the low values of weighted profile 

residuals, Rwp, (Figure S1) confirm the correctness of the model. The refined unit cell 
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parameters are in good agreement with the reported solutions. Rietveld refinements also 

show absence of any discernable impurity phase(s) in I–III. PXRDs were also collected on 

the hot-pressed samples to see any phase transformations during the hot pressing (Figure 

S2). No structural change or phase transition has been observed after the hot-pressing 

process. 

 

 

2.3. OPTICAL BAND GAP MEASUREMENTS 

Varian Cary 5000 UV-Vis-NIR spectrophotometer equipped with a praying mantis 

set up was used to measure the optical band gap using BaSO4 powder (Fisher, 99.2%) as a 

100% reflectance standard. Diffuse reflectance spectroscopy was performed on 
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Figure 1. Comparison of simulated (Cu0.33Pb0.33Bi1.67S3), ICSD 19745014 with 

experimental and powder X-ray diffraction patterns for compounds 

Cu0.2Pb0.2Bi1.8S3 (I), Cu0.33Pb0.33Bi1.66S3 (II), and CuPbBiS3 (III). 
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compounds I–III in the wavelength range 200–2500 nm. Band gap values were estimated 

using a Tauc plot. The equation αhν = A(hν − Eg)
m was employed to estimate the optical 

band gap, where α is absorption coefficient (Kubelka–Munk function),21 hν is the photon 

energy, and m = 2 and 1/2 depending on whether the transition is indirect or direct. 

Compounds I–III exhibit linearity in hν vs. (αhν)1/2 plot, suggesting that the samples 

possess indirect band gap. An indirect band gap of 0.98 eV for compound I, 0.87 eV for 

compound II, and 0.83eV for compound III was obtained. A band gap of 0.87 eV for gladite 

composition (II) is in very good agreement with the band gap value of 0.89 eV reported for 

CuPbBi5S9 by Maji et al.19 It is evident that as the amount of Cu and Pb increases in the 

composition, the optical band gap decreases as observed in compound I through III. 
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Figure 2. Diffuse reflectance spectra plotted as hν vs. (αhν)1/2 for compounds 

Cu0.2Pb0.2Bi1.8S3 (I), Cu0.33Pb0.33Bi1.66S3 (II), and CuPbBiS3 (III). 
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2.4. TRANSPORT PROPERTIES 

Bars with dimensions ∼10 mm × 2 mm × 1 mm were cut from the hot-pressed 

pellets using a Buehler diamond saw for high temperature resistivity and Seebeck 

coefficient measurements on a Linseis LSR-3. Measurements were done using a standard 

four-probe method under a helium atmosphere from 300 to 475 K. Compounds II and III 

were found to be too resistive to measure electrical resistivity on Linseis LSR-3. Hence, 

Seebeck, electrical resistivity measurements were performed only on compound I. 

Hot-pressed pellets were further polished and coated with graphite for thermal 

diffusivity α(T) measurements using the laser flash technique under high purity helium or 

argon atmosphere. Thermal diffusivity measurements were performed on compounds I–

III from 300 to 475 K in Davis and from 475 to 700 K in Rolla. Thermal conductivity was 

calculated using the formula κ = α(T)·CP·d, where α(T) is thermal diffusivity, CP is specific 

heat, d is the density. Specific heat (CP) is estimated by Dulong–Petit limit, CP = 

3R/M (where R = ideal gas constant, M = average molar mass of each element) and density 

of all the samples were measured from the dimensions and masses. The calculated densities 

are ∼95% of the theoretical densities. 

 

2.5. THEORETICAL CALCULATIONS 

Electronic band structure calculations were carried out using the density functional 

theory as implemented in the Vienna Ab-initio computational Package (VASP).22-25 We 

employed the revised Perdew–Burke–Ernzerhof generalized gradient approximation 

(PBESol) to the density functional and used Projected Augmented Wave (PAW) 

pseudopotential to describe the effect of the core electrons. Kinetic energy cut off was set 
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to 520 eV and Monkhorst-pack26 k-point grid size of 4×6×5 was used for Brillouin zone 

integration. For structure optimization, convergence threshold of 10-6 eV for total energy 

and 10-3 eV/Å for the maximum force was used.  

 

3. RESULTS AND DISCUSSION 

 

3.1. STRUCTURE DESCRIPTION 

Compounds I – III can be described as ordered derivatives of Bi2S3, with 

incremental Bi + vacancy → Pb + Cu substitution in a general formula, Cu1–x□xPb1–

xBi1+xS3.
11-17 To understand the crystal structure of the solid solution, it is necessary to 

understand the crystal structure of one of the end members, Bi2S3. The crystal structure of 

Bi2S3 consists of ribbons of Bi4S6 with two distinct metal sites Bi1 and Bi2. Bi1 adopts 6-

coordination distorted octahedral and Bi2 site adopts five coordination with S atoms in 

square pyramid fashion and edge-sharing between these polyhedra forms ribbons of Bi4S6.  

 

(a) (b) (c) 

Figure 3. Framework structure showing the occupancy of Cu in tetrahedral holes and 

mixed occupancy of Bi2/Pb1 compared to pristine Bi2S3 structure (a) Bi2S3, ICSD 

171864;35 (b) Cu0.33Pb0.33Bi1.68S3, ICSD 197450 (II);14 (c) CuPbBiS3 (III), ICSD 

9120.15 
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These ribbons are stacked along a-axis and held together through weaker Bi – S bonds with 

longer Bi – S distances (Bi1 – S ~3.38 and Bi2 – S ~ 3.32 Å). The inter-ribbon space is 

empty (a vacant site) in pure Bi2S3. As one starts to substitute Pb2+ and Cu+ for Bi3+, the 

Cu starts to fill up the empty tetrahedral site in the inter-ribbon space connecting the two 

individual ribbons and Pb2+ starts to share Bi2 site. A series of solid solutions are thus 

formed until Bi2 is fully replaced by a Pb and Cu to form another end member, the aikinite, 

CuPbBiS3. Figure 3 illustrates increase in the Cu occupancy in the inter ribbon space by 

replacing Bi by Cu and Pb. Although the natural and synthetic analogues of bismuthinite – 

aikinite series are compositionally similar, there exists differences in their long-range 

ordering. The synthetic analogues tend to form disordered structure between Cu/vacancy 

and Pb/Bi compared to naturally occurred compositions.19 Similar situation was observed 

in makovickyite type compound Ag0.34Bi4.54Cu1.98PbS9, the naturally occurred composition 

has ordered structure, whereas the synthetic analogue has disordered structure.10 These 

slight structural differences are obvious due to the high temperature synthesis procedure 

adopted in the laboratory compared to slow natural crystal growth process. From the above 

discussion it is now clear that bismuthinite – aikinite solid solution series offers an 

exceptional freedom to tune the composition and band gap for the optimum thermoelectric 

performance. 

 

3.2. BAND STRUCTURE ANALYSIS 

Electronic band structure calculations were performed on Bi2S3 and CuPbBiS3 (III) 

to understand the effect of Cu and Pb in modifying the states near valence and conduction 

band. A calculated band gap of 1.2 eV for Bi2S3 is in good agreement with other reported 
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values using GGA method27 and slightly lower than the experimental band gap value of 

1.35 eV.28 The band gap of CuPbBiS3 (III) was calculated for the first time and the 

calculated band gap of 0.5 eV is slightly lower than the experimental value of 0.83 eV. As 

shown in Figure 4, the band structure of Bi2S3 has major contribution from S p states in the 

valence band with Bi p and S p states in the conduction band. Upon substitution with Cu 

and Pb, the contribution of Cu d states to the valence band becomes predominant with Bi 

p admixed with S p states forming the conduction band. Narrowing of band gap upon 

substitution with Cu and Pb for Bi is observed from DFT calculations which is consistent 

with experimental band gap values calculated from diffuse reflectance method.  Strong 

overlap of Cu d states and S p states raises the Fermi level, thus narrowing the band gap.  

 

Figure 4. Density of states (a) Bi2S3, atomic coordinates are taken from ICSD 

171864,35 (b) CuPbBiS3 (III), atomic coordinates are taken from ICSD 912019. 

. 

(b) 

(a) 
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3.3. TRANSPORT PROPERTIES 

Figure 5 shows temperature dependence of thermoelectric properties of compound 

I between room temperature to 475 K, and thermal conductivity data for compounds, I – 

III between room temperature to 700 K.  

 

 

Compound I exhibits room temperature electrical conductivity of 25.9 S/cm as 

shown in Figure 5a. For compound I, Electrical conductivity did not change much in the 

measured temperature range indicating degenerate semiconducting nature. As shown in 
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Figure 5. Temperature dependance of thermoelectric properties for compounds 

Cu0.2Pb0.2Bi1.8S3, I, Cu0.33Pb0.33Bi1.66S3, II, and CuPbBiS3, III; (a) electrical 

conductivity, (b) Seebeck coefficient, (c) thermal conductivity, (d) figure of merit. 
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Figure 5b, very large negative Seebeck coefficient values are observed for compound I, 

indicating electrons being the dominant charge carriers. Seebeck coefficient of 

compound I is 257 μV K−1 at 300 K and increased to 300 μV K−1 at 475 K. Recently 

reported TE properties on compound CuPbBi5S9,
18

 which is isostructural to compound II 

has very low electrical conductivity of 2.85×10–4 S/cm and very large negative Seebeck 

coefficient value, S = −1370 μV K–1, at 375 K due to very low carrier concentration. 

However, for similar composition Liang et al reported a range of Seebeck coefficients and 

electrical conductivity values, highly dependent on the mode of synthesis adapted.18 These 

differences could arise due to slight nonstoichiometry in the composition and subsequent 

presence of various number of defects. Hence, it is now clear that highly resistive nature 

of compounds II and III may be resulted from very low charge carrier concentration 

indicative of a charge balanced compositions. In compound I, the large Seebeck 

coefficients are in consistent with low electrical conductivity values, indicative of low 

concentration of charge carriers. The power factors are in the range of 1.71–2.37 μW 

cm−1 K−2 for compound I in the measured temperature range.Figure. 5c shows the plot of 

κtot in the temperature range 300–700 K for compounds I – III. These compounds possess 

ultralow thermal conductivities in the range of 0.45–0.62 Wm−1 K−1. The room temperature 

thermal conductivities are 0.62 Wm−1 K−1 for I, 0.5 Wm−1 K−1 for II, and 0.6 

Wm−1 K−1 for III. These values are in good agreement with the data reported by Liang et 

al (0.44 W m−1K−1 at 298 K)18 and Maji et al (0.59 W m–1 K–1 at 300 K)19 for pristine 

CuPbBi5S9. These values are also comparable to many low thermal conductivity complex 

chalcogenide-based systems. For example, 0.6 Wm−1 K−1 in AgBi3S5,
29 0.67–1 

Wm−1 K−1 in MBi4S7 (M = Mn, Fe),30 and 0.61 Wm−1 K−1 in makovickyite type compound 
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Ag0.34Bi4.54Cu1.98PbS9.
10 The electronic contribution to the total thermal conductivity can be 

calculated using κele = LσT (Wiedemann–Franz law). κlat can be calculated by subtracting 

the electronic contribution from the total thermal conductivity (κtot = κele + κlat). The Lorenz 

number L is calculated using the Seebeck coefficient via the equation L= 1.5 + exp [
−|𝑆|

116
] 

where L is in 10−8 WΩ K−2 and S is in μV K−1. Room temperature lattice thermal 

conductivity, κlat, value (0.61 Wm−1 K−1) for compound I is very close to the κtot value 

(0.62 Wm−1 K−1) because of the negligible electronic contribution, which corroborates well 

with the low electrical conductivities. 

 

 

It needs to be pointed out here that the room temperature thermal conductivity of 

compounds I – III is two to three times lower than the bulk Bi2S3 compound.28 Among 

compounds I – III, compound II has intermediate composition between compounds I and 

III but showed lowest thermal conductivity of 0.5 Wm−1 K−1 at room temperature. It is clear 

that the lattice thermal conductivity is drastically suppressed by introducing Cu and Pb in 

(a) (b) 

Figure 6. (a) Power factors (b) Lattice thermal conductivity (κlat) for Cu0.2Pb0.2Bi1.8S3, I 

from 300 to 475K. 
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the structure, however, there may be an optimum Cu/vacancy ratio to display lowest 

thermal conductivity since further increase in the amount of Cu and Pb did not show a 

significant change. These insights will help in optimizing the electrical properties without 

affecting the low lattice thermal conductivity. Anharmonic rattling behavior of partially 

occupied interstitial Cu+ ions is critical in effectively scattering the acoustic phonon modes 

as it was observed in Cu intercalated TiS2 and Cu1.6Bi4.8S8 and .31.32 

Low thermal conductivity, large Seebeck coefficient values coupled with low 

electrical conductivity yielded a promising zT of 0.21 at 475 K for compound I. Note that 

Maji et al reported a zT value of 0.04 at 700 K for pristine CuPbBi5S9, which was further 

increased to 0.43 upon Cl doping. However, in this work a zT value of 0.21 has been 

achieved at moderate temperature of 475 K without any additional doping. Hence, 

compound I, Cu0.2Pb0.2Bi1.8S3 would be an ideal candidate for further aliovalent doping to 

increase the carrier concentration which will ultimately increase the zT. 

 

4. CONCLUSION 

 

Three quaternary complex chalcogenides, CuxPbxBi2-xS3 (x = 0.2 (I), 0.33(II), 

1(III)), are successfully synthesized in the bismuthine – aikinite solid solution series. These 

materials are indirect n-type narrow band gap semiconductors with band gaps in the range 

if 0.6 – 0.8 eV. Ultralow thermal conductivities < 0.65 Wm−1 K−1, which are two to three 

times lower than pristine Bi2S3 compound suggest the critical role of interstitial Cu ions 

and stereochemical lone pairs on Pb in suppressing the lattice thermal conductivity. A 

promising zT of 0.21 at 475 K for compound I warrants further investigation to tune the 
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thermoelectric properties especially in increasing the electrical conductivity through 

monovalent anion doping. 

 

SUPPLEMENTARY INFORMATION 

 

Table S1. Refined lattice constants and final Rietveld refinement parameters for 

compounds, I – III. 

  
I II 

 
III 

Formula Cu0.2Pb0.2Bi1.8S3 Cu0.33Pb0.33Bi1.68S3 
 

CuPbBiS3 

Unit cell a = 11.3579 a = 11.4314 
 

a = 11.6167 

 b = 3.99676 b = 4.00661 
 

b = 4.04342 

 c = 11.17939 c = 11.19316 
 

c = 11.33351 

Volume 507.486 512.66 
 

532.349 

Rw 10.543 8.394 
 

7.732 

RF2 13.8 19.2 
 

16.95 
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Figure S1. Rietveld refinement plots for (a) Cu0.2Pb0.2Bi1.8S3, I (b) Cu0.33Pb0.33Bi1.68S3, 

II (c) CuPbBiS3, III, showing the observed, calculated and difference curve. Inset in 

(c) shows an enlarged view of the segment for 2θ = 22 to 28°. The arrows indicate the 

presence of minute quantity of an unknown impurity phase 
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SECTION 

 

3. CONCLUSIONS 

 

In the first part of the dissertation, it is demonstrated that the building block 

approach can be used as a synthetic toolbox to systematically design new quaternary 

complex chalcogenides in a predictive manner. In operando synchrotron powder X-

ray diffraction experiments demonstrated instantaneous product formation during the 

reaction without the destruction of the building block. This building block approach 

involves no change in the oxidation state of the elements during the reaction, making 

it a more predictive and rational in nature compared to traditional exploratory based 

synthesis approach. Several new quaternary complex chalcogenide compounds were 

discovered employing building block approach, which were shown to exhibit 

interesting physicochemical properties for application in solid electrolytes, magnetic 

semiconductors, and nonlinear optics. This unique synthesis approach can pave the 

way for new materials discovery with target compositions and specified properties.      

In the second part of the dissertation, it is demonstrated that complex 

chalcogenide minerals can be engineered through the interplay of composition and 

disorder to tune thermoelectric properties. Accordingly, we have demonstrated that by 

varying the ratio of Cu and Pb in place of Bi, ultra-low thermal conductivities (<0.7 

W/m.K) can be achieved in makovickyite type structure. This strategy has been 

successfully applied to another complex chalcogenide system bismuthinite – aikinite 

where different amount of Cu/Pb substitution for Bi in Bi2S3 generates a series of 
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structures, CuxPbxBi2-xS3 (x = 0.2, 0.33, 1), with ultralow thermal conductivity (<0.6 

W/m.K) conducive to achieve high zT (thermoelectric figure of merit) at moderately 

high temperatures. 
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