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A Ga-enriched ternary alkali-metal sulfide Na;GagSi4 has been synthesized by a high temperature solid-
state reaction. It crystallizes in the centrosymmetric Pbca (no. 61) space group with cell parameters a =
13.5260(4) A, b = 11.4979(3) A, c = 29.9592(9) A, and Z = 8, and exhibits a three-dimensional (3D) network
structure constructed from unique [Ga;,S4,] 12-membered rings, one-dimensional .,[GasSy1] chains, indi-
vidual [GaS,4] units and Na* ions. The experimental band gap of Na;GagSi4 was measured as ~3.57 eV.
Theoretical calculations indicate that the title compound is a direct band gap compound and the band
gap is mainly determined by [GaS4] units. Meanwhile, statistical analysis shows that the atomic ratio N (N =
A'A"/Ga, where A' = alkali-metal, A" = alkaline earth-metal) can be used to regulate the connection of
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sional (2D) layers to 3D frameworks in Ga-containing alkali- and/or alkaline earth-metal chalcogenides.
The results enrich the diversity of alkali-metal sulfides and give an insight into the structural regulation of
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1. Introduction

The development of structural chemistry and the exploration
of new functional materials depend on the discovery of new
compounds with distinctive crystal structures.’® Metal chalco-
genides have recently attracted great interest in photoelectric
functional materials,"®* especially in infrared (IR) nonlinear
optical (NLO) materials, due to their abundant structural diver-
sity and adjustable band gaps.”®™” To enlarge the band gap
and enhance the laser-induced damage threshold (LIDT) of
chalcogenides, introduction of alkali- and/or alkaline earth-
metals has been demonstrated as a feasible method."®>"
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alkali- and/or alkaline earth-metal chalcogenides.

Recently, a great number of alkali- and/or alkaline earth-
metal chalcogenides with wide band gaps have been developed
by high temperature solid-state reactions.*>** For example, in
2008 Ye et al. reported the fabrication of IR NLO material
BaGa,S,,>* which exhibited a large band gap, high LIDT, wide
optically transparent region, and suitable second-order suscep-
tibility coefficients. After that, in 2010, Wu, Yao and co-
workers reported the fabrication of a-BaGa,Se; with enhanced
NLO coefficients compared with BaGa,S,.>> To regulate the
band gap of quaternary metal chalcogenides, alkali metal and
alkaline-earth metal LiS, and MgS, tetrahedral units were sim-
ultaneously introduced into the quaternary chalcogenides,
and, most recently, the first alkali and alkaline-earth diamond-
like IR NLO material Li,MgGe,S,; with an exceptionally large
band gap (4.12 eV) and a high LIDT (7 x AgGaS, at 1064 nm)
was successfully developed by Pan and co-workers.>®

In this work, taking BaGa,S, as the reference, we investi-
gated the Na-Ga-S system and reported a Ga-enriched alkali-
metal ternary sulfide Na,GagS;4. The compound crystallizes in
the orthorhombic Phca space group (no. 61) with cell para-
meters a = 13.5260(4) A, b = 11.4979(3) A, ¢ = 29.9592(9) A, and
Z = 8. Different from the formed 6-membered ring-like tunnel
structure in BaGa,S;, Na,GagS;4 shows a complex 3D network
structure constructed by rare [Ga;,S;,] 12-membered rings,
one-dimensional .[Ga,S;,] chains, individual [GaS,] units and
Na" ions. Statistical analyses on the structures of Ga-contain-

Dalton Trans., 2022, 51, 4903-4908 | 4903


www.rsc.li/dalton
http://orcid.org/0000-0002-1821-7158
http://crossmark.crossref.org/dialog/?doi=10.1039/d2dt00295g&domain=pdf&date_stamp=2022-03-16
https://doi.org/10.1039/d2dt00295g
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT051012

Published on 23 February 2022. Downloaded by Lanzhou University on 9/3/2022 10:03:40 AM.

Paper

ing alkali- and/or alkaline earth-metal chalcogenides indicate
that the atomic ratio N (N = A'A"/Ga, where A" = alkali-metal,
A" = alkaline earth-metal) plays a critical role in determining
the dimensions of [GaS,] units in the compounds. With the
decrease of the atomic ratio N, the [GaS,] units show a struc-
ture transformation from zero-dimensional (0D) isolated
groups, one-dimensional (1D) chains, and two-dimensional
(2D) layers to 3D frameworks. The experimental optical band
gap of Na,GagS;, is ~3.57 eV, close to that of 3.54 eV in
BaGa,S,.2* Theoretical calculations show that Na,GagS;, is a
direct band gap compound, and the band gap is mainly deter-
mined by the [GaS,] tetrahedron. Moreover, the birefringence
of Na,GagS,, was calculated to be 0.004@1064 nm.

2. Experimental sections
2.1 Chemical syntheses

Na, Ga, and S elemental substances with a high purity of
99.9% were used for the syntheses of Na,GagS;, single crystal
and pure phase powder samples. All starting chemicals were
obtained from Aladdin Industrial Corporation and used
without further purification.

Na,GagS,4 single crystals were prepared by high tempera-
ture solid state reactions via the following procedure: (1) Na,
Ga and S powders in a molar ratio of 2: 4 : 7 were weighed and
loaded into quartz tubes with an inner diameter of 10 mm; (2)
the tubes were then flame-sealed in a vacuum of ~107> Pa; (3)
the sealed tubes were placed into a computer-controlled
muffle furnace, heated to 900 °C in 70 h, and kept at this
temperature for 70 h; the temperature was then decreased
slowly to room temperature at a cooling rate of 6 °C h™'.
Finally, the plate-like colorless crystals were harvested. The
Na,GagS,4 pure phase powder samples were prepared by fol-
lowing a similar synthesis process, with the reaction tempera-
ture set to 850 °C.

2.2 Crystal structure determination

A Bruker D8 Venture using Mo Ka radiation (4 = 0.71073 A)
was used for the determination of the single crystal structure
at room temperature. After collection, the SADABS program
was used to perform the multiscan-type absorption correction
of the structural data.”” Afterwards the XPREP program in the
SHELXTL program package was used to determine the space
group, and the SHELXT and XL programs were used to solve
and refine the structural data by direct methods and full-
matrix least-squares on F>.*® Finally the PLATON program was
used to check the possible missing symmetry elements, and
no higher symmetry was found.”>>° The crystal data and struc-
ture refinement, atomic coordinates and bond-valence sum
(BVS), selected bond lengths and angles, and equivalent isotro-
pic displacement parameters are listed in Tables S1-S5.F

2.3 Energy-dispersive X-ray spectroscopy (EDS)

The EDS spectrum of the title compound was characterized on
a field emission scanning electron microscope (FE-SEM, JEOL
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JSM-7610F Plus, Japan) equipped with an energy-dispersive
X-ray spectrometer (Oxford, X-Max 50), which was operated at
5 kV.

2.4 Powder X-ray diffraction (PXRD)

A Bruker D2 PHASER diffractometer with Cu Ka radiation (4 =
1.5418 A) was used to record the PXRD diffraction patterns
and to check the purity of powder samples. The collected
angular 26 range was set to 10-70° with a scan rate of 0.02°.*"
The theoretical XRD pattern was calculated by Mercury soft-
ware based on the Na,GagS;; CIF file. The powder XRD
Rietveld refinement was implemented using GSAS
software.?*7°

2.5 UV-Vis-NIR diffuse reflectance spectroscopy

A Shimadzu SolidSpec-3700DUV spectrophotometer was used
to record the diffuse reflectance spectrum of the title com-
pound at room temperature.’®?” Then, the Kubelka-Munk
function, F(R) = a/S = (1 — R)*/2R (where F(R) is the ratio of
absorption coefficient to scattering coefficient; o is the
absorption coefficient; R the reflectance; S the scattering
coefficient) was used to calculate the absorption spectrum
from the reflection spectrum and the bandgap was

determined.?®**

2.6 Theoretical calculations

The first-principles calculations were performed by the plane
wave pseudopotential method implemented with the CASTEP
package.”® The Generalized Gradient Approximation (GGA)
and Perdew-Burke-Ernzerhof (PBE) functional were employed
in the calculations,** and the norm-conserving pseudopoten-
tials (NCP) were used to calculate electronic structure and
optical properties.”> The energy cut-off was set to 800.0 eV for
the title compound. To simulate the effective interactions
between valence electrons and the atomic cores, the valence
electrons were set as 3s" for Na, 4s® 4p" for Ga and 3s> 3p* for S
and the Monkhorst-Pack k-point grids were set as 3 X 3 x 1 in
the Brillouin Zone (BZ).

Besides, the Heyd-Scuseria-Ernzerhof 06 (HSE06) hybrid
functional*®™*® was employed using the PWmat code runs on
graphics processing unit processors (GPU). The NCPP-SG15-
PBE pseudo-potential and 50 Ryd plane wave cut-off energy
were used in the calculation:

.S S
BN —aB ) + (1~ B )
+ E)IZBE‘LR(’“) 4 EEBE

(1)

(: mixing parameter; u: adjustable parameter controlling the
short-range of the interaction; Ex °"(u): short range Hartree-
Fock exact exchange functional; 5> "% (i) and Er°"®(u): short
and long range components of the PBE exchange functional;
ELPE: PBE correlation functional). In HSE06, the parameters

are suggested as a = 0.25.
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Fig. 1 (a) The coordination environments of Na and Ga atoms; (b) the [GasS14] cluster and the formed .[Ga;S11] one-dimensional infinite chain; (c)
the [Ga1,S42] 12-membered ring; (d) the formed Ga-S 3D framework structure along the b direction; (e) the formed [NaSe]l 3D framework structure
along the b direction; (f) the whole 3D structure of NasGagS14 viewed along the b direction.

3. Results and discussion
3.1 Crystal structure

Na,GagS,4 crystallizes in the centrosymmetric Pbca space
group (no. 61) with cell parameters a = 13.5260(4) A, b =
11.4979(3) A, ¢ = 29.9592(9) A, and Z = 8. In the asymmetric
unit of the title compound, there are four crystallographically
independent Na atoms, eight Ga atoms and fourteen S atoms,
which are located at Wyckoff 8¢ positions. Meanwhile, the BVS
analyses indicate that all the atoms are in reasonable oxidation
states (Table S2t). The Ga atoms are coordinated with four S
atoms to form [Ga$,] tetrahedral units with Ga-S bond lengths
of 2.220-2.408 A (Fig. 1a and S1, Table S31).*° The Na atoms
are connected with six S atoms to build [NaSs] polyhedral
groups with Na-S bond lengths of 2.740-3.531 A (Fig. 1a and
S1, Table S31).°° The [Ga2S,], [Ga6S,], [Ga7S,] and [Ga8S,]
units are connected with each other to build [Ga,S,;] clusters
by sharing corners, which are further connected to construct a
[Ga,4S11] one-dimensional infinite chain along the b axis by
sharing S atoms (Fig. 1b). The [GalS,], [Ga3S,], [Ga5S,],
[Ga6S,] and [Ga8S,] units are organized to form [Ga;,Sss]
12-membered ring-like tunnels (marked by blue rings in
Fig. 1c), and the ,[Ga,S;1] chains (marked by a black ring in
Fig. 1c) are located in the center of the tunnels. The formed
ring-like tunnels are nested with each other, and are further
connected via the individual [GaS,] units (marked by the black
rings in Fig. 1d) to construct the Ga-S 3D framework (Fig. 1d).
The Na' ions are located in the tunnels to balance the charge

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 The relationship between the A'A"/Ga (A' = alkali-metal, A" = alka-
line earth-metal) atomic ratio and the dimensions of GaQ,4 (Q = S, Se) tetra-
hedral units in Ga-containing alkali/alkaline earth metal chalcogenides.

and result in the final 3D structures of the title compound
(Fig. 1e and f).

To investigate the influence of alkali- and/or alkaline earth-
metals on crystal structures in chalcogenides, a statistical analysis
was conducted. By searching the Ga-containing alkali metal and/
or alkaline earth metal chalcogenides in the Inorganic Crystal
Structure Database (ICSD), 88 target compounds were found for
the structure comparisons. The statistical results (Fig. 2) indicate
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that the atomic ratio N (N = A'A"/Ga, where A" = alkali-metal, A" =
alkaline earth-metal) plays a critical role in determining the
dimensions of [GaS,] units in the compounds. Specifically, with
the increase of Ga atoms, the [GaS,] units show a structure trans-
formation from 0D isolated groups, 1D chains, and 2D layers to
3D frameworks. For example, from Na;GaS; (N = 5),°' to
Ba,Ga,S6(S,) (N = 2),°*> MGaS, (M = Na and Rb; N = 1),*** and
BaGa,S, (N = 0.25),>* the linked Ga$S, units show a transformation
from isolated 0D [GasS,] clusters, to 1D [Ga,S;], chains, 2D [GaS,],
layers and 3D [GaS;], networks. Interestingly, for the tunnel-like
Ga-S 3D frameworks, the shape of the tunnels shows abundant
diversity. Different from the 6-membered ring tunnellike 3D
framework in BaGa,S,, BaGa,Se, and LiGaS,,>*?**>® and the
12-membered ring rectangular tunnellike 3D framework in
LiBa,GasSey,," the formed 12-membered ring-like tunnels in
Na,GagSy, are rarely reported.

3.2 Optical properties

To evaluate the experimental band gap of the title compound,
the pure phase powder samples were synthesized and charac-
terized by a high temperature solid-state reaction. The powder
XRD Rietveld refinement was carried out. The refined R, and
Ry, values are 4.63% and 6.31%, respectively, confirming the
phase purity of the synthesized Na,GagS;, polycrystalline
powder samples. Furthermore, the PXRD patterns of
Na,GagS;4 powder samples before and after exposure to air or
to water indicate that Na,GagS;; is comparably stable
(Fig. S21).

To check the chemical composition and bonding in
Na,GagSy4, EDS and Raman spectra of the crystalline samples
were investigated. The EDS spectrum demonstrates the exist-
ence of Na, Ga and S elements in the sample with a quantified
atomic ratio of Na:Ga:S = 4.0:7.3:15.1 (Table S6,} Fig. 3b
and S37), matched with the stoichiometric ratio in the formula
of Na,GagS;,. The Raman spectrum confirms the existence of
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Fig. 3 (a) The Rietveld refinement PXRD patterns of NasGagSy4; (b) EDS
spectrum; (c) Raman spectrum; and (d) the experimental band gap of
Na4Ga8$14.
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Na-S and Ga-S bonding. As shown in Fig. 3c, the peaks below
200 ecm ™' can be attributed to the characteristic vibrations of
Na-S bonding, while the peaks around 336, 374 and 394 cm ™"
can be attributed to the characteristic vibrations of the Ga-S
bond in the Gas, tetrahedral units.**°°8

The UV-vis-NIR diffuse reflectance spectrum of the title
compound was measured using the synthesized pure phase
polycrystalline powder samples. To evaluate the experimental
band gap of the title compound, the UV-vis-NIR diffuse reflec-
tance spectrum was transformed to the absorption spectrum
based on the Kubelka-Munk function. The experimental band
gap (Ey) of Na,GagS,, is measured as ~3.57 eV (Fig. 3d), which
is comparable to the value in Ga-enriched BaGa,S; (3.54 eV),**
and is larger than the values in PbGa,S, (3.08 eV)’ and
SnGa,S, (3.1 eV).*° The results indicate that the introduction
of alkali metal/alkaline earth-metal is beneficial for enlarging
the band gap of ternary chalcogenide compounds, which is
similar to the cases in the quaternary chalcogenides, such as
in Cu,ZnGeS, (2.2 eV)®" and a-Li,ZnGeS, (4.07 eV),** as well as
in Li;HgGeS, (2.75 eV)* and Li,MgGe,S, (4.12 eV).*

3.3 Theoretical calculations

To clarify the origin of the optical band and to evaluate the
birefringence of the title compound, the first-principles calcu-
lations based on density functional theory (DFT) were carried
out. The calculated band gap structure with GGA indicates that
Na,GagSy4 is a direct band gap compound since both the
valence band (VB) maximum and the conduction band (CB)
minimum are located at the G point as shown in Fig. 4a, and
the calculated band gap is 2.699 eV. Furthermore, based on
the calculated PDOS as shown in Fig. 4b, the bottom of the CB
is mainly occupied by Ga 4s and the VB maximum is mainly
occupied by S 3p states. To further confirm the contribution of
Ga atoms (there are 8 crystallographically independent Ga
atoms in the structure) to the band gap, each Ga PDOS was
further analyzed in detail. As shown in Fig. 4c, Gal 4s states
make a significant contribution to the bottom of the CB in
contrast to other Ga atoms. Hence, based on the results in
Fig. 4b and c, it can be concluded that the band gap of the
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Fig. 4 The calculated band structures (a), density of states (DOS) (b),
partial DOS (c), and calculated birefringence (d) of Na;GagS14.
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title compound is mainly determined by Ga-S bonding in
[Ga1S,] units. It’s worth noting that, the band gap calculated
by GGA is much smaller than the experimental result (3.57 eV)
because of the discontinuity of the exchange-correlation
energy functional. To ensure the accuracy of the calculated
band gap of the title compound, the HSE06 functional was
also employed.®*®® The calculated HSE06 band gap of
Na,GagSy4 is ~3.58 eV, which is in good agreement with the
experimental result (3.57 eV). In addition, the birefringence of
Na,GagSy, is calculated to be ~0.004@1064 nm (Fig. 4d).

4. Conclusions

In summary, a Ga-enriched ternary alkali-metal sulfide
Na,GagS;4 has been synthesized by a high temperature solid-
state reaction. The compound exhibits a complex 3D tunnel
structure with rare [Ga;,S4,] 12-membered rings. The statistical
analysis confirms that the crystal structure and the connection
of [GaS,] units in Ga-containing alkali- and/or alkaline earth-
metal chalcogenides can be effectively regulated by adjusting
the atomic ratio of alkali- and/or alkaline earth-metal to Ga
atoms in the compounds. The experimental optical band gap
of the title compound is measured as ~3.57 eV, which is com-
parable to the value in Ga-riched BaGa,S; (3.53 eV) and is
larger than those in PbGa,S; (3.08 eV) and SnGa,S; (3.1 eV).
Meanwhile, the calculated results show that the title com-
pound is a direct band gap compound, and the band gap is
mainly determined by the Ga-S bonding in [Ga1S,] units.
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