Inorganic Chemistry

pubs.acs.org/IC

From T2,2@Bmmim to Alkali@T2,2@Bmmim Ivory Ball-like Clusters:
lonothermal Syntheses, Precise Doping, and Photocatalytic

Properties

Cheng-Feng Dy, Jian-Rong Li*" Bo Zhang,“E Nan-Nan Shen,*

and Xiao-Ying HuangT

"State Key Laboratory of Structural Chemistry, Fujian Institute of Research on the Structure of Matter, Chinese Academy of Sciences,

Fuzhou, Fujian, 350002, People’s Republic of China

*University of Chinese Academy of Sciences, Beijing, 100049, People’s Republic of China

© Supporting Information

ABSTRACT: Presented here are the syntheses, structures,
and properties of an In-Sn-Se compound based on a ternary
super-supertetrahedral T2,2 cluster nested by Bmmim cations
and two of its alkali-doped quaternary analogues. By means of
a one-pot ionothermal method, an alkali metal ion (Cs* or
Rb*) could be precisely doped into the central cavity of the
cluster, forming an alkali@T2,2@Bmmim quaternary cluster.
Remarkably, the undoped compound exhibited excellent
stability and visible light photodegradation ability over a
wide range of pH, especially in acidic conditions.

B INTRODUCTION

Chalcogenidometallate compounds, normally being semi-
conductors, have caught much attention due to their potential
appllcatlons in energy harvest, catalysis, light emitting, sensing,
and so on." Doping is one of the most effectlve ways to achieve
the various applications of semiconductors.'*** By artificially
introducing “impurities”, the molecular and electronic
structures of semiconducting materials can be altered and
some intriguing physical and chemical properties can be
realized.®> For many practical applications, precise and uniform
doping is very much needed yet is a challenging task.'***
Recently, Wu et al. found that the precise doping could be
achieved in a class of crystalline compounds based on
nanosized coreless clusters.* These clusters belong to a class
of so-called chalcogenido supertetrahedral clusters with a well-
defined chemical composition. Since the cluster is in a single-
crystalline nature, they were able to probe the doping positions
precisely via single-crystal X-ray diffraction analysis. Through a
two-step synthetic strategy, the Cu* and Mn*" were exactly
doped at the vacant site of the coreless TS [CdgInygSs,(SH),]
supertetrahedral cluster, and the dopants brought tunable
photoelectric response behavior and photoluminescence
properties relative to the pristine host materials.”> Compared
to colloidal nanoparticles, in which the doped atoms tend to
randomly distribute in the matrix® such precise doping of
heterogeneous atoms in nanosized clusters is unique, but still
limited to thiometallate clusters, and the dopant is restricted to
transition metal ions. Compared to sulfides, the heavy
chalcogenides such as selenides are desirable for their
photoconductivity and electronic band gap tunability,"™”
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which make them be used extensively 1n xerography, semi-
conductor devices, and photovoltaic cells.® For this reason, an
accessible way of preparing selenide nanoclusters and carefully
evaluating their structure—property relationship is desperately
needed for materials design.

Room-temperature ionic liquids (RTILs) have been widely
used in material synthesis.” Our group has developed a new
synthetic route toward chalcogenido compounds with a discrete
nanosized cluster in RTILs.'® In this report, a core—shell T2,2
cluster-based layered structure with polyselenium Se, chains as
linker was first obtained by means of a one-pot ionothermal
method, namely, (Bmmim)gIngSngSeso(Se,), (1, denoted as
T2,2@Bmmim, Bmmim = 1-butyl-2,3-dimethyl imidazolium).
Further, the alkali metal ions could be precisely doped into the
central cavity of the nanosized clusters and form an ivory ball-
like core—shell—shell structure, namely, quaternary A@T2,2@
Bmmim, (A = Cs (2) and Rb (3)). To the best of our
knowledge, this is the first report of ternary In-Sn-Se and
quaternary A-In-Sn-Se T2,2 clusters. The visible light photo-
degradation of organic dye studies showed that 1 can retain
stability over a wide pH range from 1.5 to 10, and an
acceleration of degradation rate of MO for 1 in acidic
conditions was observed.

B EXPERIMENTAL SECTION

Materials and Physical Measurements. In (99.5%) powder and
hydrazine hydrate (85%) were purchased from Sinopharm Chemical
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Table 1. Crystal Data and Structure Refinement Parameters for Compounds 1—-3

1
formula C,H 36IngN | 4Se;Sng
M, (g mol™) 6094.53
temp (K) 100(2)

1 (A) 1.5418
crystal system tetragonal
space group I4,/a
Deyes (g em™) 2787

a (A) 19.59310(10)
¢ (A) 37.8365(8)
vV (A3) 14525.0(3)
Z 4

u (mm™) 31.866
Ry, 0.0324
R [I > 26()] 0.0472
wR,? [I > 26(I)] 0.1235
goodness of fit 1.016

“R, = Y(F, — F)/XF,. "wRy = [Tw(F,? — F2)*/ Yw(F )]V

2, 3
C7,H,36CsIngN  SezqSn; CrH 36IngN iRbSe345n;
6223.57 6176.13
100(2) 100(2)
1.5418 1.5418
tetragonal tetragonal
I4,/a I4,/a
2.843 2.827
19.6437(2) 19.6218(4)
37.7046(8) 37.6897(9)
14549.3(4) 14511.2(5)
4 4
33.638 32.205
0.0250 0.0318
0.0418 0.0423
0.1246 0.1221
1.003 1.007

Reagent, Na,SnO;-4H,0 (AR) and selenium (AR) powder were
purchased from Tianjin Yingda Rare Chemical Reagent, (Bmmim)Cl
(99%) was purchased from Lanzhou Greenchem ILS, LICP. CAS.
China, and CsCl (AR) and RbCl (AR) were purchased from Aladdin,
respectively. All the chemicals were used without further purification.
Powder X-ray diffraction (PXRD) patterns were recorded on a Rigaku
Miniflex-II diffractometer by using Cu Ke radiation. Elemental analysis
was performed on a German Elementary Vario EL III instrument.
Elemental ratios of In and Sn were determined by inductively coupled
plasma (ICP)-atomic emission spectrometry (AES) by using an
Ultima 2 instrument. Thermogravimetric analysis (TGA) was carried
out on a NETZSCH STA 449F3 unit at a heating rate of 10 K min™"
under a N, atmosphere. Optical diffuse reflectance spectra were
recorded at room temperature on a Shimadzu UV-2600 UV—vis
spectrophotometer, with a BaSO, plate as a standard (100%
reflectance). The absorption data were calculated from reflectance
spectra by using the Kubelka—Munk function F(R,,): F(R,,) = (1 —
Ry)*/2R,, where R, is the reflection coefficient of the sample."!

Syntheses of (Bmmim)glngSngSeso(Se,), (1). The synthesis of 1
was carried out by a one-pot ionothermal method. In a typical
reaction, 0.115 g (1 mmol) of In, 0.267 g (1 mmol) of Na,SnO5
3H,0, and 0.474 g (6 mmol) of Se powder were mixed with 1 g (5.3
mmol) of (Bmmim)Cl and 1 mL of hydrazine hydrate (85%). The
mixture was transferred to a 20 mL Teflon-lined steel autoclave and
kept at 150 °C for 6 days. After being cooled to room temperature, the
product was washed with ethanol. Then, the orange-red block crystals
of 1 were obtained (Yield: 0.401 g, ~53% based on Sn. Elemental
analysis, caled. (%) for C,,H 3IngN;Se;sSng: C 14.19, H 2.25, N
3.68; found: C 14.25, H 2.38, N 3.95).

Syntheses of Alkali Metal-Doped (Bmmim)gAlngSn;Se;q-
(Seq); (A = Cs for 2 and Rb for 3). To prepare the alkali metal
ion doped compounds A@T2,2@Bmmim, similar conditions were
applied, except that the alkali chloride (ACl, A = Cs* and Rb") was
added into the reactions for 2 and 3, respectively. Typically, 0.115 g (1
mmol) of In, 0.267 g (1 mmol) of Na,SnO;-3H,0, 0.474 g (6 mmol)
of Se powder, and 0.5 mmol of ACl were mixed with 1 g (5.3 mmol)
of (Bmmim)Cl and 1 mL of hydrazine hydrate (85%). The mixture
was transferred to a 20 mL Teflon-lined steel autoclave and kept at 150
°C for 6 days. After being cooled to room temperature, the product
was washed with ethanol. The block crystals of 2 (Yield: 0.393 g,
~60% based on Sn. Elemental analysis, calcd. (%) for C,,H,;,CsIn,-
N, SessSn: C 13.90, H 2.20, N 3.60; found: C 13.72, H 2.19, N 3.53)
and 3 (Yield: 0.498 g, ~76% based on Sn. Elemental analysis, calcd.
(%) for C,,H,;6RbIngN (Se;sSn,: C 14.00, H 2.22, N 3.63; found: C
14.22, H 2.32, N 3.66) were obtained.

X-ray Crystal Structure Determination. The intensity data were
collected on a SuperNova CCD diffractometer for 1, 2, and 3 at 100 K
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with graphite-monochromated Cu Ka radiation (1 = 1.5418 A). The
structures were solved by direct methods and refined by full-matrix
least-squares on F* using the SHELX2013 program package.'” Some
restraints (DFIX, SIMU, and SADI) were applied to the disordered
[Bmmim]* to obtain the chemical-reasonable models and reasonable
atomic displacement parameters. The occupancy ratio of In/Sn for
each metal ion site in compound 1 was set to be 0.50/0.50 according
to the results of EDX and ICP analyses, whereas, in compounds 2 and
3, the occupancy ratio of In/Sn for each metal ion site was set to be
0.5625/0.4375. The crystal data and details of refinements of
compounds 1—3 are depicted in Table 1.

Detailed Process of Dye Photodegradation. The photo-
degradation reactions under visible light irradiation (420—780 nm)
for the degradation of the MO were performed in a glass reactor with a
flat section of 18 cm® A SO W Xe lamp (Perfect Light, PLS-
SXE300UV) with a 420 nm cutoff filter was used as illuminating
source, ensuring irradiation with visible light only. The distance
between the Xe lamp and the reactor is 20 cm. The pH of MO
solutions is adjusted with diluted HCl and NaOH aqueous solutions.
Powdered photocatalysts (25 mg) were suspended in 100 mL of MO
(107° mol L") aqueous solution and stirred for 60 min in the dark
before irradiation to reach the adsorption/desorption equilibrium.
About S mL of the suspension was continually taken from the reaction
cell at certain time intervals during the irradiation and centrifuged
(Anke, TGL-16C). The resulting solution was analyzed on a Shimadzu
UV-2600 UV—vis spectrophotometer. The percentage of degradation
is reported as C/C,, where C is the main peak of the absorption of
methyl orange at each irradiated time interval at wavelength 464 nm
and C; is the absorption of the starting concentration when the
adsorption/desorption equilibrium was achieved.

B RESULTS AND DISCUSSION

Description of Crystal Structures of 1-3. All the
compounds belong to the I4,/a space group. Taking
compound 1 as an example, the structure features an infinite
2D-anionic [IngSngSe;o(Se,),], 2"~ layer composed of
IngSngSes,-T2,2 super-supertetrahedral clusters interconnected
by polyselenium Se, chains along the ab plane (Figure Sla,
Supporting Information).13 The asymmetric unit is composed
of four [MSe,] tetrahedra (M = 0.5In + 0.5Sn), two [Bmmim]*
cations, and half of the polyselenium Se, chain. Since the In*"
and Sn** atoms are isoelectronic, they cannot be distinguished
directly by X-ray diffraction. The In/Sn ratios in the clusters
were initially established to be 1:1 by energy-dispersive X-ray
spectroscopy (EDX) and confirmed by ICP-AES. In a
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IngSngSe;,-T2,2 cluster, the [MSe,] tetrahedra are intercon-
nected to each other by sharing vertical Se atoms to form a
hollow cage structure (Figure 1a). On the basis of the results of

a)

N
¢ Cavity

Figure 1. (a) The IngSngSes,-T2,2 cluster built up of InSe, and SnSe,
tetrahedra. (b) The T2,2 cluster with [Bmmim]* cations shell. (c) An
anionic layer of 1 constructed by interconnecting the IngSngSes,-T2,2
clusters via Se, chains.

structural refinements and the electroneutrality principle, the
atomic site at the center of the supertetrahedron is vacant,
which was also confirmed by EDX and elemental analysis.* To
date, the only cases of a T2,2 cluster were In;S;, in ICF-22
InS-Li and Gaj33,Gey883 GagnSnzgsSsy Injgr6GesasSs,
Gagg»SngggSes, in UCR-22 series.'* Hereby, the ternary T2,2
cluster simultaneously containing In and Sn was obtained for
the first time. Noteworthy, it is also the first case that the
polyselenium Se, chain was combined with the supertetrahedral
cluster. The layers are further packed into a supramolecular
three-dimensional structure along the ¢ axis, in which the
[Bmmim]* cations filled in the interlaminar spaces as the
charge compensator (Figure S1b, Supporting Information),
accompanied by the hydrogen-bonding interactions and
electrostatic interactions between the clusters and [Bmmim]*
cations. Interestingly, the [Bmmim]" cations completely
enclose every coreless IngSngSe;,-T2,2 cluster and form a
double-shell ivory ball-like T2,2@Bmmim cage (Figure 1b).
In an ideal T4 cluster, there is a chalcogen core, and all the
other chalcogen atoms are located on faces and edges. The four
face-centers are occupied by metal atoms, which are nearest to
the central atom, thus affording an electropositivity environ-
ment for charge compensation (Figure 2a). However, in the
IngSngSes,-T2,2 cluster, the central atom and its four nearest
neighbor metals are missing. Due to Pauling rule, such a
coreless feature ensures that all cations have tetrahedral
coordination and all anions have bicoordination.'** The 12
selenium atoms located on faces then become the closest sites
to the center (Figure 2b). Since the IngSngSes4-T2,2 cluster
cage is nearly 1.6 nm in size and possesses a negative central
cavity, we suspected that the void core site in the IngSngSes,-
T2,2 cluster could be filled with a third metal ion (Cs* and Rb*
here) with the appropriate valence state and ionic radius.
Indeed, two new quaternary compounds could be prepared
through a relatively mild one-pot ionothermal reaction. For 2
and 3, the In/Sn ratios in the formulas are altered from 8:8 to
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Figure 2. (a) An ideal T4 cluster. Yellow polyhedron denotes the
polyhedral core of the chalcogen center and the nearest four metal
atoms (blue balls). (b) The IngSngSes,-T2,2 cluster with a central
cavity. Yellow ball denotes the central site, and black dashed line shows
its 12 nearest selenium atoms.

9:7 to maintain the electroneutrality of the resulting
compounds, which were confirmed by ICP (for details, see
the Supporting Information). We also tried to dope other ions
with higher valence state such as alkaline earth ions (Ca*", Sr**)
and transition metal ions (Mn?**, Cu**) into the compound 1,
but failed.

Powder X-ray Diffraction Analyses, Thermal Proper-
ties, and Optical Properties. The phase purity of the
products was confirmed by PXRD patterns (Figure 3). Thermal

(101)

(516)

(518)

Experimental of 3

Experimental of 2
Experimental of 1

Simulated

Intensity / a.u.

T T T T T T T d T v T
30 o 40 50 60
291

Figure 3. PXRD patterns of compounds 1—3 (top) are comparable
with the simulated from the single-crystal X-ray data of 1 (bottom).

stabilities of 1, 2, and 3 were investigated on pure samples at a
heating rate of 10 K min™" in a N, atmosphere from 30 to 450
°C for 1 and 30 to 500 °C for 2 and 3. As shown in Figure SS
(Supporting Information), the TGA curves of these com-
pounds displayed multiple steps of weight losses from 250 to
400 °C, which are in correspondence with the losses of organic
components and H,Se molecules. The post-TGA residues were
identified as the mixture of In,Se; and SnSe, phases (Figure S4,
Supporting Information) by PXRD.

To further investigate the doping effect of alkali metal ions,
optical diffuse reflectance spectra of the compounds 1-3 are
investigated at room temperature and plotted in Figure 4. The
spectra indicate a sharp absorption edge at about 2.10 eV for 1,
2.18 eV for 2, and 2.20 eV for 3, respectively. As clearly
depicted in Figure 4, the doping of alkali metal ions results in a
blue shift of the absorption edges.

As stated above, the title compounds reveal a band gap in the
visible light region, which is suitable for photocatalytic
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Figure 4. Solid-state optical absorption spectra of 1-3.

applications. By choosing methyl orange (MO) and salicylic
acid (SA) as test pollutants, the photodegradation performance
of organic contaminants of the title compounds was evaluated
under visible light irradiation. Temporal changes in the
concentration of organic dyes were monitored by examining
the variations of the intensities in the maximal absorption in
UV—vis spectra (for details, see the Supporting Information).
The maximal absorption was selected at about 464 and 508 nm
in neutral, alkaline, and acidic conditions for MO and 296 nm
for SA, respectively.

pH-dependent photocatalytic activity of 1 was carried out in
MO solutions (0.25 g/L) at different pH values (pH = 1.5, 3,
4.5,6.8, 8, 10, and 11.8). As shown in Figure S, the degradation
ratios of MO were 0.9% (pH = 6.8), 33.6% (pH = 4.5), 95.7%
(pH = 3), and 79.5% (pH = 1.5), respectively, after 10 min
under visible light illumination. Compared to that in neutral
conditions (removal rate: 96% after 3 h), the photodegradation
rate was accelerated (99% in 30 min for pH < 4.5) and was
even 6 times faster when the pH was below 3 (Figure Sa; the
results are also summarized in Table 2). While turning into a
strong alkaline condition (pH = 11.8), the photodegradation
was faster than those in neutral and weak alkaline conditions in
the initial 30 min but terminated after S0 min. As a result of the
pH variation, the title compound can retain stability over a wide
pH range from 1.5 to 10 and the time for an entire MO
decomposition is sharply reduced from 180 min at pH = 6.8 to
30 min at pH = 4.5, which is much faster than those of TiO,
nanocrystals (removal rate: less than 10% after S h)'> and
comgarable to those of noble metal-doped TiO, nanomateri-
als.'® According to previous reports, the pH-dependent
photodecomposition can mainly be attributed to the variations
of surface charge properties of the photocatalyst.'” The
adsorption of MO is favored in the acidic solution due to its
anionic configuration. As for the photodegradation process, the
close contact of MO with the catalyst could facilitate its
oxidative degradation by positive holes or hydroxyl radical-
s 17ab18 1y addition, MO becomes unstable in acidic conditions,
which also makes the decolorization easier.'” As shown in
Figure 6, PXRD analysis after the selected experiments in the
pH range from 1.5 to 10 demonstrates that there are no phase
variations, indicating the high stability of compound 1 after the
photocatalytic processes, whereas compound 1 decomposed
into selenium and indium hydroxide after the photodegradation
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Figure 5. Photodegradation of MO in different pH values by
compound 1 monitored as the normalized change in concentration as
a function of irradiation time under visible light (Xe lamp, 420—780
nm). (a) The partial enlarged detail for the first 45 min of
photodegradation process and (b) the full graph.

experiment at pH = 11.8, according to the PXRD pattern. For
the doped compounds, the photodegradation rates of MO in
neutral conditions are much slower compared to that of 1,
which were 58.8% and 70.7% after 3 h over 2 and 3,
respectively (Figure S10, Supporting Information). However,
the stabilities of 2 and 3 after photodegradation experiments
were also confirmed by PXRD (Figure S3, Supporting
Information).

In addition, the photocatalytic activities of the catalysts have
also been evaluated by decomposing the colorless substrates SA
under visible light. However, no photodegradation of SA was
observed, which implied that the photodegradation of organic
dye may be through a self-sensitized mechanism.*

B CONCLUSION

In conclusion, by means of a one-pot ionothermal method, we
first obtained the ternary In-Sn-Se T2,2 cluster. Through a
doping method, the alkali metal ions of Cs* and Rb* were
successfully introduced into the central cavity of the as-
prepared T2,2 cluster. The photodegradation performance of
organic contaminants in different pH values shows that the title
compounds have excellent stability and visible light photo-
degradation ability. The ordered distribution of dopant in a
nanosized cluster provides an alternative way to prepare novel
semiconductor materials with tunable properties.
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Table 2. pH-Dependent Photocatalytic Activities of 1 Toward MO Photodegradationb

1.5
MO degradation (%) after 10 min illumination 79.5
MO degradation (%) after 30 min illumination 99.3

a

MO degradation (%) after 3 h illumination *

a«  »

%

3

98.7
98.0

%%

4.5 6.8 8.5 10 11.8

33.6 * *? * 7

96.0 7.6 42 7.6 13.2
* 96.0 90.6 54.1 15.7

represents the data at the condition was not recorded. Column headings are pH values.

*In(OH),
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Figure 6. PXRD patterns for 1 before and after the selected
photodegradation experiments in pH ranges from 1.5 to 11.8.

B ASSOCIATED CONTENT
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Crystal structural data for 1, 2, and 3 in CIF format, additional
structural details, PXRD, elemental analysis, TGA, EDX, ICP,
and photocatalytic activity measurements. The Supporting
Information is available free of charge on the ACS Publications
website at DOI: 10.1021/acs.inorgchem.5b00652. Also avail-
able from the CCDC: 1049291 for 1, 1049292 for 2, and
1049293 for 3.
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