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ABSTRACT: The new zero-dimensional selenide
Ba,AsGaSes was synthesized via a solid-state reaction at 900
°C. It belongs to the orthorhombic space group Pnma with a =
12.632(3) A, b = 8.9726(18) A, ¢ = 9.2029(18) A, and Z = 4.
In the structure, the As atom adopts trigonal-pyramidal
coordination owing to the stereochemically active 4s* lone
pair electrons and the Ga atom is tetrahedrally coordinated
with four Se atoms. The AsSe; trigonal pyramids share edges
with GaSe, tetrahedra to form novel [AsGaSe;]*™ clusters,
which are further separated from each other by Ba®* cations.
The optical band gap was determined as 1.39 eV according to
UV—vis—NIR diffuse reflectance spectroscopy. Interestingly,
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the photocatalytic behavior investigated by decomposing rhodamine B indicates that the compound displays a 6.5 times higher

photocatalytic activity than does P2S.

B INTRODUCTION

Low-dimensional structures are of great interest due to their
intriguing structures and important electrical, optical, and
magnetic properties.l_10 From a structural point of view, low-
dimensional structures result from the coexistence and
separation of several building units with different bonding
nature (covalent, ionic, or van der Waals) in one compound.
The interplay of these different bonding units gives the
materials unique properties. For instance, the LnFeOPn (Ln =
rare-earth metal; Pn = P, As) oxypnictinide superconductors
contain alternately stacked ionic Ln,O, layers and covalent
Fe,Pn, layers."' The electron or hole doping is achieved by
varying the elements in the Ln,O, layers, which may induce
further change in the electronic structure of the Fe,Pn, layer,.
the main structural unit for the superconducting performance,
thus significantly influencing the superconducting behavior.
Similarly, in the p-type transparent conducting material
LnCuOTe (Ln = La, Ce, Nd)'* and BaCuQF (Q = S, Se),"’
the hole conduction is realized via the covalent Cu,Q, layers,
which form the valence band maximum, whereas the large band
gap and the high transparent quality are maintained through the
ionic Ln,0, or Ba,F, layers confining the Cu—S bonds in the
CuS layers.

In comparison with the large number of two-dimensional
(2D) and one-dimensional (1D) structures, the number of
zero-dimensional (0D), e.g. “molecular”, inorganic compounds
is much smaller. Furthermore, inorganic 0D compounds, often
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synthesized via high-temperature solid-state reactions, contain
anions with simple structures, such as the [BO,]*~ triangles in
Na;BO,'* and Ca,LnO(BO,); (Ln = rare-earth metal),"” the
[AsS;]>~ trigonal pyramids in Pr,As,Ss,"° the [GeCl,]™ trigonal
pyramids in CsGeCl,,'” the tetrahedral [WS,]*~ in A,WS, (A =
Cs, Rb)'® and [MSe,]°” in BasM,Se; (M = Al, Ga),"”’ the
[Ga,S,]*" anion (two tetrahedra with a common corner) in
Ba,Ga,S,,”" the [U,],,]*" anion (two octahedra with a common
edge) in [Ta,(Se,)14][UsL;ol, " and the [B;O4]* anion (three
triangles with three common corners) in the commercial NLO
crystal 5-BaB,O, (BBO).” In recently years, many interesting
and more complex anions have been discovered as a result of
the development of the synthesis methods.”> For example, the
novel uranyl sulfide Na,Ba,(UO,)S,”* comprises isolated
centrosymmetric [(UO,)S,]®” anions that are surrounded by
Na* and Ba®" cations and Csi[U,(u-S,),Clg]I*° contains the
[U,(-S,),Clg]*" anion with two US,Cl, square antiprisms
sharing two common S,*” anions, while CssPsSe,,”" contains
[PsSe;,]°” anions featuring an octahedrally coordinated P**
cation surrounded by two ethane-like [P,Ses]*” units and
exhibits a second harmonic generation response.

In the search for new As-containing chalcogenides, we
discovered a 0D quaternary selenide, namely Ba,AsGaSes,
through a solid-state reaction.”” It displays discrete unprece-
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dented [AsGaSes]*” anions consisting of edge-shared GaSe,
tetrahedra and AsSe; trigonal pyramids. Furthermore, inspired
by the research that many compounds containing cations with
electron lone pairs demonstrate excellent photocatalytic
L. 28-30 . .

activities, we studied the photocatalytic performance of
Ba,AsGaSe;. Interestingly, the compound exhibits a photo-
catalytic activity to RhB about 6.5 times that of P2S.

B EXPERIMENTAL SECTION

Syntheses. All elements, including Ba (3N), As (4N), Ga (SN),
and Se (6N), were obtained from Sinopharm Chemical Reagent Co.,
Ltd., and used without further purification. BaSe, As,Se;, and Ga,Se;
were first synthesized by traditional solid-state reactions of the
elements in sealed silica tubes at temperatures of 620, 450, and 980 °C,
respectively.

Crystal Growth of Ba,AsGaSe;. A mixture of 0.5 mmol of BaSe,
0.125 mmol of As,Se;, and 0.125 mmol of Ga,Se; was ground in a
glovebox and loaded into a fused-silica tube. The tube was then
evacuated to a high vacuum of 107> Pa atmosphere and sealed.
Afterward, the sample was heated in a resistance furnace to 900 °C in
15 h and kept at that temperature for 48 h. After the reaction, the
sample was slowly cooled at 3 °C/h to 350 °C, and then the furnace
was shut off. The resultant air-stable chip black crystals were manually
selected for structure characterization. Elemental analysis of the
crystals was performed on an EDX-equipped Hitachi S-4800 SEM
instrument, and the results showed that the crystals consisted of
Ba:As:Ga:Se in a molar ratio of 2:0.95:0.96:4.78.

A polycrystalline Ba,AsGaSes sample was synthesized by a
stoichiometric high-temperature reaction. A 0.531 g portion of BaSe,
0.238 g of As,Se;, and 0.231 g of Ga,Se; were ground and loaded into
a fused silica tube in a glovebox. The sample was sealed under 10~ Pa
vacuum and heated at 800 °C for 48 h. X-ray powder diffraction
analysis in the range 260 = 10—70° with a 0.02° scan step width and a
0.1 s/step counting time was performed with the use of an automated
Bruker D8 X-ray diffractometer equipped with Cu Kar (4 = 1.5418 A)
radiation. Figure 1 shows the XRD pattern of the polycrystalline
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Figure 1. Experimental (red) and simulated (black) X—ray powder
diffraction patterns of Ba,AsGaSes.

Ba,AsGaSe; sample along with the simulated pattern according to the
single-crystal crystallographic data. The experimental pattern agrees
with the calculated pattern except for a tiny extra peak at 22.5°
belonging to GaSe.

Structure Determination. Single-crystal X-ray diffraction data
were collected at 153 K on a Rigaku AFC10 diffractometer (Mo Ka, 4
= 071073 A). The program CrystalClear’" was used for the data
collection, cell refinement, and data reduction. Face-indexed
absorption corrections were performed with the program XPREP.*

The structure was solved with the direct methods program SHELXS
and refined with the least-squares program SHELXL of the
SHELXTL.PC suite of programs.:"2 Anisotropic displacement param-
eters and a secondary extinction correction were included in the final
refinement. Tables 1—-3 give additional experimental details and
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selected metrical data. Further details may be found in the Supporting
Information.

Table 1. Crystal Data and Structure Refinement Details for
Ba,AsGaSe;

fw 814.12

a (A) 12.632(3)
b (A) 8.9726(18)
¢ (A) 9.2029(18)
space group Pnma

V (A% 1043.1(4)
z 4

T (K) 153.15

2 (A) 0.71073
pe (g/cm®) 3.122

u (em™) 30.552
R(F)" 0.0422
R,(F2)" 0.0874

“R(F) = YIIE,| — IFl/YIF,| for F,? > 26(F,2). YR (F.2) = {(X[w(F,2
— F2)Y)/XwF, 2 for all data; w™' = 0*(F,%) + (zP)% where P =
(Max(F,%0) + 2F2)/3.

Table 2. Selected Bond Lengths (A) and Bond Angles for
Ba,AsGaSe;

Ba—Sel 3.435(1) Ba—Se4 3.380(1)
Ba—Sel 3.458(1) Ba—Se4 3.396(1)
Ba—Se2 3.386(1) As—Sel X 2 2.463(5)
Ba—Se2 3.414(1) Ga—Sel X 2 2.438(2)
Ba—Se3 3.407(1) Ga—Se2 2.353(5)
Ba—Se3 3.344(1) Ga—Se3 2.370(1)
As—Se4 2.393(6)
Sel—As—Sel 95.99(1) Sel—Ga—Se3 X 2 110.96(8)
Sel—As—Se4 X 2 98.659(3) Se2—Ga—Se3 111.44(5)
Sel—Ga—Sel 97.32(1) As—Sel—Ga X 2 82.97(1)
Sel—Ga—Se2 X 2 112.70(1)

Diffuse Reflectance Spectroscopy. The diffuse reflectance
spectrum of Ba,AsGaSes was measured on a Cary 5000 UV-vis—
NIR spectrophotometer with a BaSO, plate used as a reference
material (100% reflectance). The optical absorption spectra were
converted from diffuse reflectance spectra using the Kubelka—Munk
function,33 a/S = (1 — R)*/2R, where R is the diffuse reflectance and o
and S are the Kubelka—Munk absorption and scattering coeflicients.

Photocatalytic Activity Experiment. The organic dye molecule
Rhodamine B (RhB) was selected as the degradation model to
investigate the photocatalytic activity. In a typical photodegradation
process, 50 mg of photocatalyst was dispersed into 50 mL of 3 X 107
mol/L RhB aqueous solution. Before the light was turned on, the
mixture was strongly stirred for 0.5 h in the dark to achieve an
adsorption—desorption equilibrium between the RhB and the
photocatalysts. Then, the suspensions were exposed to a 1000 W Xe
lamp coupled with 420 filters (4 >420 nm). At appropriate intervals, S
mL of the suspension was collected and centrifuged at 5000 rpm for 10
min to remove the solid. Finally, the RhB concentration was measured
on a UV-5500 PC spectrophotometer according to the absorption
band of 554 nm. A P25 sample was used as a reference under the same
conditions.

B RESULTS AND DISCUSSION

Crystal Structure. Ba,AsGaSe; belongs to the orthorhom-
bic centrosymmetric space group Pnma with unit cell
parameters a 12.632(3) A, b 8.9726(18) A, ¢ =
9.2029(18) A, and Z = 4. As shown in Table 3, there is one
crystallographically unique Ba atom, one independent Ga atom,
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Table 3. Positional Coordinates and Equivalent Isotropic Displacement Parameters for Ba,GaAsSe;

atom Wyckoff symmetry x/a

Ba 8d 1 0.17459(3)
Ga 4¢ m 0.09704(8)
As 4¢ m 0.03643(8)
Sel 8d 1 0.05637(5)
Se2 4 m 0.01154(7)
Se3 4c m 0.27893(7)
Se4 4c m 0.21239(7)

y/b z/c Uy (A%
—0.00594(4) 0.36791(4) 0.00454(11)
0.2500 0.66405(11) 0.0045(2)

0.2500 1.00693(10) 0.00547(19)
0.04598(7) 0.82990(7) 0.00514(14)
—0.2500 0.54377(10) 0.00496(18)
0.2500 0.60087(10) 0.00493(18)
0.2500 0.10344(10) 0.00513(18)

one independent As atom, and four independent Se atoms
(Sel—Se4) in the asymmetric unit. Sel and Ba are at Wyckoff
positions 8d, while the other atoms occupy the 4¢ position. The
oxidation states for Ba, Ga, As, and Se are 2+, 3+, 3+, and 2—,
respectively.

Figure 2 illustrates the coordination environment of the
metal cations. The Ba*" cations are surrounded by a bicapped

Se3  Ses4

Se2

Figure 2. (a) Coordination environment of Ba. (b) Structure of the
[GaAsSes]*™ anion (bond lengths are given in A).

trigonal prism of eight Se atoms with the Ba—Se distances
ranging from 3.344(1) to 3.458(1) A, which are comparable to
those of 3.409(2)—3.873(1) A in BaAl,Se,”* 3.261(6)—
3.740(6) A in Ba,As,Ses,’” 3.228(1)-3.770(1) A in
BagSngSe;,>° and 3.366(1)—3.509(1) A in Ba,SbGaSe,.*’
Owing to the stereochemical activity of the 4s” electron lone
pair, the As* cations are trigonal pyramidally coordinated to
three Se atoms. The As—Se distances within the AsSe; trigonal
pyramid change from 2.393(6) to 2.463(5) A, and the Se—As—
Se bond angles vary from 95.99(1) to 98.659(3)°. Such values
are normal, as shown in Ba,As,Ses, which has As—Se distances
of 2.357(6)—2.554(7) A and Se—As—Se bond angles of
86.712(2)—106.425(2)°. Ga connects with four Se atoms to
form a tetrahedron with Ga—Se lengths varying from 2.353(3)
to 2.438(2) A, consistent with those of 2.362(2)—2.488(2) A in
BaGa,Se,, and 2.346(2)—2.438(1) A in Ba,SbGaSe:.

As shown in Figure 3, the crystal adopts a zero-dimensional
structure: each GaSe, tetrahedron connects with an AsSe,
trigonal pyramid by edge sharing to form a [AsGaSes]*”
cluster (Figure 2b). These [AsGaSes]* clusters are further
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Figure 3. Crystal structure of Ba,AsGaSe;.

separated by the Ba®" cations, resulting in discrete distribution
in the structure. Such an isolated cluster consisting of edge-
sharing GaSe, tetrahedra and AsSe; trigonal pyramids has been
observed for the first time. The GaSe, tetrahedra are the main
functional groups in a number of nonlinear optical materials,
including BaGa,Se, and AgGaSe,,”* while the AsSe, trigonal
pyramids are also the main contributors to the nonlinear optical
properties in NaAsSe,”” and Tl;AsSe;.*" The combined
[AsGaSe]*” anion may be a new kind of nonlinear optically
active structural unit, within which the interplay of the GaSe,
tetrahedra and AsSe; trigonal pyramids may increase the NLO
properties. Although the title compound adopts a centrosym-
metric structure and the contribution of [AsGaSe;]*™ anions to
NLO properties are annulled by the inversion center, chances
are high that [AsGaSe;]*” anions may be found in other
noncentrosymmetric structures and lead to increased NLO
properties.

Some other compounds with a similar stoichiometry have
been obtained, such as Ba,GaMQs (M = Sb, Bi; Q = Se, Te),
Ba,InSbTe;, and Ba,InSbSe;.’” Among them, Ba,InSbSe
belongs to the noncentrosymmetric polar space group Cmc2,,
while the other five crystallize in the same space group as
Ba,GaAsSe; (Pnma). However, due to the much larger size of
Sb and Bi, the Sb or Bi atoms are coordinated to heavily
distorted octahedra of six Q atoms in those Sb- or Bi-containing
compounds. Furthermore, these MQg octahedra connect with
(Ga/In)Q, tetrahedra, leading to infinite 1-D {°[GaSbQs]*™ or
©[InSbQ;]*" anionic chains, which is in contrast with the
isolated [GaAsSe;]*™ anions in Ba,GaAsSe;.
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Experimental Band Gap. Figure 4 shows the diffuse
reflectance spectrum of Ba,AsGaSes;. Through an absorption
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Figure 4. Diffuse reflectance spectrum of Ba,AsGaSe;.

edge and the linear part of absorption plot, the band gap of
Ba,AsGaSes is deduced as 1.39 eV by a straightforward
extrapolation method.”> This value agrees with the black color
of the crystal.

Photocatalytic Activities and Investigation of the
Mechanism. Photodegradation of the dye Rhodamine B
(RhB) is usually utilized to evaluate photocatalytic activity. For
the sake of comparison, the important photocatalyst P25 was
used for reference. Figure 5 displays the photodecomposition
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Figure 5. Photocatalytic degradation curves of RhB in the presence of
Ba,AsGaSe;.

curves of RhB over the obtained Ba,AsGaSes and P25 under
visible light irradiation (4 >420 nm). Obviously, RhB is stable
and photolysis can be ignored. Over 2.5 h of illumination, it can
be seen that only 23% of RhB can be degraded over P25. In
contrast, Ba,AsGaSe; exhibits a highly efficient photocatalytic
activity, which can remove almost 81% of the RhB in the same
period.

In order to quantitatively study the reaction kinetics during
the photodegradation process of RhB, the pseudo-first-order
model was fitted on the basis of the Langmuir—Hinshelwood
(L—H) kinetics model:*'

In(Cy/C) = ky,t (1)

Here, C, represents the initial RhB concentration (mol/L), C is
the instantaneous concentration at time ¢ (mol/L), and kypp is
the apparent pseudo-first-order rate constant (h™'). Figure 5
shows that the corresponding apparent rate constants are
0.6643 and 0.1025 for Ba,AsGaSes and P25, respectively. In
other words, the photocatalytic activity of Ba,AsGaSe;s is 6.5
times higher than that of P2S. Ba,AsGaSe; is much more
effective in photocatalytic degradation of RhB than the
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previously reported Dy,S,Te;, whose photocatalytic perform-
ance is just comparable to that of P25.*

The occurrence of organic molecule photodegradation is
attributed to photo-oxidation by the active radical species
generated during the photoreaction process. Under the
irradiation of photons with energy high enough to promote
the transition of electron across the band gap of the
semiconducting photocatalyst, the electron (e”)—hole (h*)
pairs will result. After jumping to the conduction band, the
electrons can further react with O, molecules adsorbed on the
surface of photocatalysts to form superoxide radicals (*O,”)
with powerful oxidization. Meanwhile, holes can oxidize the
OH™ ions in solution and generate reactive hydroxyl radicals
(*OH). *0,7, h* and *OH can all act as crucially active species
in the photo-oxidation process.

H CONCLUSION

Ba,AsGaSe; has been synthesized by a conventional solid state
reaction, crystallizing in the space group Pnma. The discrete
novel anion [AsGaSes]*”, formed by edge-sharing AsSe,
trigonal pyramids and GaSe, tetrahedra, is observed for the
first time. UV—vis—NIR spectroscopy measurements indicate
that Ba,AsGaSe; has an optical band gap of 1.39 eV. Moreover,
Ba,AsGaSe; exhibits high visible-light-induced photocatalytic
reactivity, which is 6.5 times higher than that of P2S. The
superoxide radicals (*O,”) and photogenerated holes (h*) play
crucial roles in the degradation of RhB, serving as the main
active species.
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