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ABSTRACT: Two polytypic heterolayered salt-inclusion chalcogenides, o-[Na2Cl]GaQ2 and 
t-[Na2Cl]GaQ2, were obtained via a NaCl/NaI flux-assisted synthesis, as part of an investigation 
of the Na–Ga–Q (Q = S and Se) system. The use of a different flux, NaBr/NaI, in the Na–Ga–Se 
system did not led to the formation of salt-inclution phases, but instead the novel Na2GaSe3 and 
Na4Ga2Se5 phases were obtained. Thermal and electronic properties of [Na2Cl]GaS2 materials 
were investigated with differential scanning calorimetry, post-quenching ex situ powder X-ray 
diffraction (PXRD), high-temperature PXRD, and enthalpy and electronic structure calculations 
via density functional theory. Those studies determined the absence of any temperature-induced 
phase transition between the o-[Na2Cl]GaS2 and t-[Na2Cl]GaS2 polytypic compounds. Moreover, 
we probed the suitability of the heterolayered [Na2Cl]GaS2 single crystals as a sorbent for UO2

2+ 
uptake and monitored this process by energy-dispersive and infrared spectroscopies and PXRD, 
which revealed that the [Na2Cl]+ insert could be exchanged with UO2

2+ on the surface while the 
UO2

2+ intercalation decomposes the [Na2Cl]GaS2 structure.
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Hybrid materials consist of two or more building blocks that assemble to form structures 
that can, at times, exhibit desirable properties due to the simultaneous presence of different unique 
building units. In fact, hybrid materials have demonstrated outstanding potential for applications 
which include energy harvesting, solid-state lighting, and semiconductor technology.1–9 
Unsurprising, the field is dominated by organic-inorganic hybrid structures that include lead halide 
perovskites10–13 and metal-organic frameworks.14–17 Another hybrid material class is the inorganic-
inorganic hybrids, which are much less studied.18–21 An example of an inorganic-inorganic hybrid 
is a salt inclusion material (SIM), which contains both a covalent and an ionic building block. 
While numerous SIMs are known that consist of an oxide framework and a salt inclusion, far fewer 
chalcogenide SIMs have been reported. In the latter case, the salt-inclusion hybrid structure 
consists of a covalent chalcogenide MQn framework (M = p-, d-, or f-metal) that coexists with an 
ionic salt component, typically consisting of a XAm polyhedra (X = halogen and A = alkali and 
alkaline earth metals).22–29 The covalent and ionic building blocks can have different 
functionalities that can potentially be tuned through framework or salt structure modifications.

Similar to organic-inorganic hybrid structures, salt-inclusion materials can also be 
classified based on the framework’s dimensionality, but they can also be divided by the salt-
inclusion fragment’s dimensionality; both can vary from 0D to 3D. For example, the zur Loye 
group reported the structure of [Cs13Cl5](UO2)3Al2O(PO4)6 that contains a porous 3D uranyl 
aluminophosphate framework ‘stuffed’ with a 3D cesium chloride-based salt-inclusion.30 Another 
example is the [Cs6X]AGa6Q12 family consisting of 0D Cs6X and 2D gallium chalcogenide units.31 
Heterolayered compositions are structurally similar to salt-inclusion materials, as separate layers 
may be constructed from cation- and anion-centered polyhedra. For example, in [MO]CuQ (M = 
Bi and La; Q = S, Se, and Te), where the layered slabs consist of OM4 and CuQ4 tetrahedra.32 
Importantly, 2D-2D salt-inclusion materials can be considered heterolayered structures, and while 
the synthesis of oxide-chalcogenide heterolayered compositions is challenging,33,34 synthetic 
routes for salt-inclusion materials are more straightforward and can be achieved by adding salt to 
polychalcogenide flux. Herein, we report two polymorphs of salt-inclusion heterolayered 
compositions [Na2Cl]GaQ2 (Q = S and Se) obtained during the exploratory crystal growth in the 
Na–Ga–Q–NaCl system.

Using flux crystal growth, colorless square-block-like crystals of [Na2Cl]GaS2 were 
obtained in a reaction between Ga, S, Na2S, NaCl, and NaI (see an experimental section for more 
details). We discovered that [Na2Cl]GaS2 can crystallize in two polymorphic modifications: the 
reported orthorhombic o-[Na2Cl]GaS2 (space group, sp. gr., Cmcm)35 and the novel tetragonal t-
[Na2Cl]GaS2 (sp. gr. P42/nmc), which differ in the GaS2

– layer arrangement (Figures 1 and S1–S4 
and Tables S1–S2). Using a similar synthesis procedure, we were able to substitute Se for S and 
obtained two additional polymorphs: o-[Na2Cl0.9I0.1]GaSe2 and t-[Na2Cl0.9I0.1]GaSe2 which are 
isostructural to the sulfide analogs. Due to the softer selenide compared to the sulfide anion, the 
selenide analogs contain iodide in addition to chloride on the halogen site resulting in o-
[Na2Cl0.9I0.1]GaSe2 and t-[Na2Cl0.9I0.1]GaSe2, as confirmed by single crystal X-ray diffraction (SC-
XRD) and energy-dispersive spectroscopy (EDS, Figures S5–S8 and Table S3). The attempted 
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substitution of Na by other alkali metals (Li, K, Rb, and Cs) and of Cl by Br or I did not result in 
the formation of the salt-inclusion material but rather led to the formation of the known AGaS2 
phases (A = Li, K, Rb, and Cs) and, when a NaBr/NaI flux is used, to two novel selenide phases, 
Na2GaSe3 and Na4Ga2Se5 (see ESI for more information, Figures S9–S11 and Table S4). 
Previously, the o-[Na2Cl]GaS2 structure was obtained by Li et al. using Ga2S3, Na2S3, and NaCl; 
however, the formation of a tetragonal polymorph was not mentioned.35 It is possible that our use 
of NaI in the reaction mixture promoted the formation of the tetragonal polymorph. Moreover, Li 
reported that the reaction between Ga2S3, Na2Se, and NaCl/NaBr reagents led to the formation of 
the known NaGa3Se5

35 rather than the salt-inclusion material, highlighting the significance of the 
role and impact of the flux on the formation of [Na2Cl]GaQ2 structures.

Both t-[Na2Cl]GaQ2 (Figure 1c) and o-[Na2Cl]GaQ2 (Figure 1e) are heterolayered 
structures which are comprised of a 2D gallium chalcogenide slabs (Figure 1a) separated by 2D 
salt-inclusion layers (Figure 1b). The building block of the ionic layer is the ClNa6 trigonal prism 
(Figure 1b). The structure of the GaQ2

– layers is similar to the one observed in the NaGaS2 structure 
(KInS2 structure type, Figure S12),36 i.e., GaQ2

– layers consisting of Ga4S10 supertetrahedral T2 
clusters that are connected through corner-sharing to create a square-net topology (Figure 1a). 
While the o-[Na2Cl]GaQ2 and t-[Na2Cl]GaQ2 structures have identical 2D gallium chalcogenide 
slabs and salt-inclusion layers (Table S2), they differ in the stacking arrangement of the GaQ2

– 
layers. In the case of t-[Na2Cl]GaQ2 structure, there are two unique layers, A and B, where each 
successive layer is shifted by a/2 and b/2 relative to the preceding one (Figure 1d). While the t-
[Na2Cl]GaQ2 structure exhibits an AB layer stacking sequence, the o-[Na2Cl]GaQ2 material is 
built up from four unique GaQ2

– layers (Figure 1f), resulting in the doubling of the lattice 
parameter in comparison to the t-[Na2Cl]GaQ2 structure, i.e., 39.4434(10) Å vs. 19.7163(5) Å for 
sulfides. In the o-[Na2Cl]GaQ2 structure, the first two-layer stacking is identical to the t-
[Na2Cl]GaQ2 composition, i.e., AB (Figures 1d and 1f). However, the C layer is shifted by a/2 
relative to the B layer. The D layer is shifted half diagonal (a/2 and c/2) to the previous one, as in 
the AB stacking, and, finally, the A layer is shifted by c/2 relative to the D layer, as in the BC 
stacking (Figure 1f). 
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Figure 1. View of (a) the framework slabs and (b) the salt inclusion layer and the corresponding 
building blocks. Purple, green, blue, and yellow spheres and blue tetrahedra represent Na, Cl, Ga, 
and Q atoms and GaQ4 polyhedra, respectively. View of (c) t-[Na2Cl]GaS2 and (e) o-[Na2Cl]GaS2. 
Stacking of T2-corner-sharing layers in (d) t-[Na2Cl]GaS2 and (f) o-[Na2Cl]GaS2. Blue, purple, 
green, and yellow square-net present unique Tn-corner-sharing layers where a node is a T2 
supertetrahedral cluster. 

After optimizing the synthetic procedure (see ESI for more information), we obtained 
phase pure samples of [Na2Cl]GaQ2 (Figures S13–S16). To identify any possible phase transition 
between the two polymorphs, we studied their thermal behavior using differential scanning 
calorimetry (DSC) coupled with thermogravimetric analysis (TGA) under an N2 atmosphere 
(Figure S17). The DSC analysis demonstrated an irreversible event for [Na2Cl]GaS2 in the 570–
580 °C temperature range that did not correspond to a polymorphic transformation (Figure S18). 
Overall, the sample is stable up to 720 °C under an N2 atmosphere and, at higher temperatures, 
starts to decompose and oxidize in the presence of trace oxygen, as indicated by the weight loss 
on the TGA plot (Figure S19). Conversely, a vacuum-sealed single crystal sample of [Na2Cl]GaS2 
was annealed and quenched at different temperatures, followed by ex situ PXRD analysis that 
demonstrated the decomposition of [Na2Cl]GaS2 to NaGaS2 (which further transforms to 
NaGaS2·H2O in the presence of air) and NaCl above 550 °C (Figure S20). High-temperature 
PXRD was performed on a [Na2Cl]GaS2 sample sealed in a capillary over the 100–650 °C 
temperature range and did not reveal any conversion between the two polymorphs, o-[Na2Cl]GaS2 
and t-[Na2Cl]GaS2, at these temperatures (Figure S21). Hence we conclude that under thermal 
treatment, no phase transition takes place between the o-[Na2Cl]GaS2 and t-[Na2Cl]GaS2 
polymorphs.

To shed light on the stability of the different polymorphs discussed herein, we turned to 
density functional theory (DFT) calculations. We estimated the enthalpies of formation at 0K, Δ

, for the orthorhombic and the tetragonal polymorphs of [Na2Cl]GaS2.37,38 Our calculations H0𝐾
𝑓

demonstrated that Δ are similar for the two compositions, –1.41589 eV/atom and –1.41586 H0𝐾
𝑓
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eV/atom for o-[Na2Cl]GaS2 and t-[Na2Cl]GaS2, respectively (Table S5). This result helps to 
explain why we observed the formation of both polymorphs in the reaction mixture and why we 
could not isolate solely the orthorhombic or the tetragonal polymorph by performing the synthesis 
at different temperatures. DFT calculations also allow us to corroborate the decomposition 
pathway37,38 that we noticed in our ex situ PXRD quenching experiments. The convex hull in the 
Na–Ga–S–Cl landscape for both o-[Na2Cl]GaS2 and t-[Na2Cl]GaS2 polymorphs estimates that 
decomposition leads to NaGaS2 and NaCl with a positive Δ , confirming the stability of H0𝐾

𝑑𝑒𝑐𝑜𝑚
both polymorphs. Using t-[Na2Cl]GaS2 as a model, we also estimated Δ  for the H0𝐾

𝑑𝑒𝑐𝑜𝑚
t-[A2X]GaS2 structures where A = Li, Na, and K and X = F, Cl, and Br (Figure 2) in the Reaction 
1:

[A2X]GaS2→ AGaQS2 + AX (Reaction 1)

Figure 2. Contour plot of enthalpies of [A2X]GaS2 decomposition reactions leading to AGaS2 and 
AX, as a function of A and X.37,38 Note: only [Na2Cl]GaS2 was obtained synthetically.

A fast stability screening demonstrated a positive Δ  of 15.8 kJ/mol and 10.0 kJ/mol H0𝐾
𝑑𝑒𝑐𝑜𝑚

for t-[Na2Cl]GaS2 and t-[Na2Br]GaS2, respectively (Table S5). We were not able to obtain the 
[Na2Br]GaS2 analog; changing NaCl to NaBr in the synthesis resulted in the formation of NaGaS2. 
Moreover, we probed ion-exchange reactions that previously demonstrated strong potential as 
being one synthetic approach for obtaining new compositions of 0D salt-inclusion materials that 
cannot be prepared directly;31 however, our attempts to synthesize [Na2Br]GaS2 (see ESI for more 
information) using this approach did not succeed. In summary, the t-[Na2Cl]GaS2 composition is 
the most stable of the t-[A2X]GaS2 (A = Li, Na, and K; X = F, Cl, and Br) compositions based on 
their decomposition enthalpies (Figure 2 and Table S5).

To understand how structural differences affect the electronic structures of the o-
[Na2Cl]GaS2 and the t-[Na2Cl]GaS2 polymorphs, we calculated the density of states (DOS) for 
these materials (Figure 3). The DOS analysis indicates an analogous electronic structure for both 
polymorphs, which is not surprising considering that their structures are based on the same 
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covalent part, the GaS2
– layer. In both o-[Na2Cl]GaS2 and t-[Na2Cl]GaS2 compositions, the valence 

band is formed by S orbitals, while S and Ga orbitals form the conduction band. In other words, 
the electronic structure mainly depends on the GaS2

– layers; this was also demonstrated for 
NaGaS2 and NaGaS2·H2O,39,40and hence the specific stacking sequence of the GaS2

– layers only 
minimally alters the electronic structure. Furthermore, using the Tauc plot derived from UV-Vis 
spectroscopy, we estimated the direct band gap for the [Na2Cl]GaS2 sample to be 3.99 eV (Figure 
S22), which agrees well with the lack of color in the crystals of o-[Na2Cl]GaS2 and t-[Na2Cl]GaS2. 
Previously, the band gaps for NaGaS2 and NaGaS2·H2O were estimated to be 3.95 eV and 4.00 
eV, respectively,39,40 confirming that optical properties are dominated by the GaS2

– layers.

Figure 3. DOS of (a) t-[Na2Cl]GaS2 and (c) o-[Na2Cl]GaS2.

Previously, we reported that the layered NaGaS2 can ion exchange 3d metal cations and 
UO2

2+.40 In general, layered chalcogenide materials are known to be excellent sorbents for uranyl 
species due to effective UO2

2+···S2– bonding interactions.41–44 Therefore, we probed the ion-
exchange properties of the salt-inclusion layered chalcogenides. For the ion exchange experiments, 
we used single crystals of [Na2Cl]GaS2 materials and soaked them in uranyl nitrate solutions of 
different concentrations, ranging from 0.001 M to 0.01 M (see ESI for more information). To 
assess the presence of UO2

2+ in the final product, we confirmed the appearance of a U–O stretch 
around 890–910 cm–1 in the infrared (IR) spectrum (Figure S23). Furthermore, the uranyl sorption 
was monitored by EDS (Figures 4 and S24–S26), and we probed the sample's crystallinity via 
PXRD (Figures S28 and S29). After 3 hours of uranyl-uptake with [Na2Cl]GaS2 single crystals, 
we noticed uranium adsorption only on the crystal surface, as shown for a cleaved crystal (Figures 
4a, S24, and S25). The uranium uptake correlates with a decrease in the Na and Cl concentration 
(Figure 4a and Table S6). The salt-inclusion could be entirely exchanged with UO2

2+ after 24 hours 
of soaking in 0.01 M solutions (Figures 4b, 4c, and S26); however, it was accompanied by a loss 
of crystallinity, i.e., structure decomposition, as demonstrated by SEM and PXRD (Figures 4b, 
S26, and S27). As shown by the diffraction analysis of [Na2Cl]GaS2 that was soaked for 24 hours 
in 0.001–0.005 M UO2

2+ solutions (Figure S28), there is no shift in the position of the peaks that 
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reflect the interlayer separation, implying that uranyl does not intercalate between the GaS2
– layers. 

On the other hand, there is an intensity reduction for peaks that do not correspond to the [0k0]- or 
[hk0]-family (o-[Na2Cl]GaS2 or t-[Na2Cl]GaS2, respectively) (Figure S28). At lower uranyl 
concentrations, the crystallinity of [Na2Cl]GaS2 is preserved when the uranium deposits on the 
crystal surface. At higher UO2

2+ concentrations (0.01 M), uranyl uptake is accompanied by a 
reduction in crystallinity as shown by PXRD (Figure S29) and complete leaching of Na+ and Cl– 
ions (Figures 4b and 4c), resulting in total loss of crystallinity and structure decomposition since 
uranyl species do not intercalate between the GaS2

– layers to stabilize the structure. 

Figure 4. (a,b) EDS mapping and (c) EDS spectra of the [Na2Cl]GaS2 sample soaked in 0.01 M 
UO2

2+ solution for (a) 3 hours and (b) 24 hours. Pink and green boxes highlight U and Cl peak 
positions on EDS spectra, respectively.

In summary, we explored the role of the flux in assisting in the formation of new 
compositions and also in the formation of polymorphs. This approach resulted in the discovery of 
three novel structures of salt-inclusion materials, t-[Na2Cl]GaS2, o-[Na2Cl0.9I0.1]GaSe2, and 
t-[Na2Cl0.9I0.1]GaSe2, and two new sodium gallium selenides, Na2GaSe3 and Na4Ga2Se5. These 
results suggest that exploring different fluxes for a given system can lead to discovering new 
materials. 

To understand the stability of the o-[Na2Cl]GaQ2 and t-[Na2Cl]GaQ2 polymorphs, we 
performed DFT calculations to determine the enthalpy of formation, which demonstrated that the 
polymorphs have negligibly different formation energies. This result can explain the synthetic 
challenge of isolating only one of the two polymorphs, a process we studied via ex situ PXRD and 
HT-PXRD. The fast screening of stability was used as a tool to explore the compositional diversity 
of the t-[A2X]GaS2 (A = Li, Na, and K; X = F, Cl, and Br) family, showing that t-[Na2X]GaS2 (X = 
Cl and Br) are the most stable and that, as demonstrated by ex situ PXRD annealing experiments, 
all compositions decompose at elevated temperatures to AGaS2 and AX. While the stability of the 
layered salt-inclusion materials t-[A2X]GaS2 depends on the salt-inclusion identity, the DFT-
calculated electronic structures of o-[Na2Cl]GaS2 and t-[Na2Cl]GaS2 polymorphs are dominated 
by the GaS2

– slabs. Experiments to test uranyl uptake in these layered structures showed that the 
salt-inclusion moiety can be exchanged with uranium, however, only with a concomitant structure 
decomposition. 
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