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Abstract: Sillén—Aurivillius perovskite BisNbOgX (X = Cl, Br) is a promising photocatalyst for water
splitting under visible light, as well as a potential ferroelectric material. In this work, we investigate
the crystal growth conditions by mainly varying soak temperature, soak time and cooling rate. Under
the optimal conditions, we successfully obtained yellow platelet single crystals with an in-plane
distance of several hundred microns. As opposed to conventional crystal growth, a moderate cooling
is essential to suppress an evaporation of the Bi-O-Cl species from a melt zone. The single crystals of
BisNbOgBr were also grown using a similar condition. We suggest that the knowledge obtained in
this study can be generally applied to other Sillén—Aurivillius phases and related oxyhalides.
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1. Introduction

Mixed-anion compounds, where multiple anions are present in a single component, show novel
physical and chemical functions that are not accessible in single oxide materials. These functions arise
from differing anionic characters such as formal charge, polarizability, and electronegativity [1-3].
A representative example is visible-light driven photocatalysts for water splitting, where non-oxide
anions with less electronegativity leads to the reduction of band gap relative to corresponding
oxides [4-7]. Except for a few examples [4], however, stable photocatalytic activity has not been
achieved, mainly because of self-decomposition of catalysts by photo-generated holes near valence
band maximum.

We have recently reported that layered oxyhalides BisNbOgX (X = Cl, Br) can split water stably
and efficiently under visible light irradiation [8]. BiyNbOgCl, originally synthesized and structurally
characterized by Ackerman [9], belongs to Sillen-Aurivillius type layered perovskite (space group:
P21cn) with single perovskite NbOj layers sandwiched by double Bi,O, layers and a single halide X
layer along the c axis (Figure 1). What makes Bi4sNbOgX distinct from other mixed-anion photocatalysts
is the fact that the valence band maximum is predominantly occupied by oxygen 2p-orbitals. The
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unusual valence band structure is accounted for by the electrostatic destabilization of oxide 2p
orbitals [10] as well as the hybridization between Bi 6s and O 2p orbitals [11].
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Figure 1. Crystal structure of Sillén—Aurivillius type perovskite Bi;NbOgX (X = Cl, Br). The purple, red
and blue balls denote Bi, O and X atoms, respectively. Nb-centered octahedra are shown in green.

In order to obtain further insight into the photocatalytic properties of BisNbOgX, such as carrier
dynamics of photo-generated holes and electrons, the measurements using single crystals are desirable.
Ackerman obtained single crystal BisNbOgCl by a simple melt growth technique [9]; a sintered
BiyNbOgCl in an alumina crucible was sealed into an evacuated silica tube, heated to 1150 °C, kept
for 5 h and cooled to room temperature at a rate of 10 °C/h. However, without any reason, a large
amount of sample (1 kg) was used, which is hard to apply to a lab-scale experiment. Moreover, little
information on the obtained single crystals (e.g., size and morphology) was given. Thus, one only
knows that the crystal size was large enough for structural determination with single-crystal X-ray
diffraction (XRD) [9].

Mixed-anion compounds often encounter difficulties in forming a melt zone when anionic species
have differing volatilities. In the present case, we can deduce a difficulty of forming a stable melt
zone because of the volatility of BiOX (X = Cl, Br). In fact, BiOX can be grown by vapor transport
technique [12,13], and also used as a transport agent (BiOX(s) + H,O(g) <> Bi(H,0),X) [14]. In this
study, we devote our attention to optimum conditions for growing single crystals of Bis]NbOgCl and
BigsNbOgBr by mainly varying soak temperature, soak time and cooling rate.

2. Results and Discussion

2.1. Growth Condition of BigNbOgCl

We initially attempted to grow Bi4ZNbOgCl single crystals by simply scaling-down the growth
conditions reported to the scale of 1 kg [9]. BigNbOgCl powder (4 g) prepared by the conventional
solid state reaction was heated at 1150 °C for 5 h, followed by the cooling down to 25 °C at the rate
of 10 °C/h (Condition A in Table 1). We observed grey agglomerate at the alumina tube bottom
without any crystal-like particles, while some transparent platelet crystals (approx. 2 mm x 2 mm)
were adhered to the upper part of the tube. Powder XRD for both products in crushed powder form
revealed that the grey agglomerate is composed of BiyNbOgCl, BiOCl and BiNbO, with the refined
molar ratio of 21:24:55, while the transparent platelet crystals are entirely BiOCI (Figure S1). These
observations suggest that there is a continuous loss of Bi-O-Cl species from the melt as a vapor, leading
to nucleation and growth of BiOCl crystals. Hence, we decided to lower a soak temperature (1075 °C)
to prevent the Bi-O-Cl volatilization.
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Table 1. Conditions for single crystal growth of BigNbOgCl.
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Figure 2. Powder X-ray diffraction (XRD) of the products obtained from different conditions (B-F)
listed in Table 1. The top and bottom XRD data represent BiOCI [15] and BisNbOgCl [16], respectively
simulated from the ICSD database. The right panel is enlarged view of 20 = 11-14°. 20 = 12.0° belongs
to the 001 reflection of BiOCl and 26 = 12.3° is the 004 reflection of Bi4NbOgCl.

We also found that the cooling rate is important. As opposed to conventional cases where a slower
cooling rate is encouraged to obtain crystals of high quality [17,18], a slower cooling rate resulted
in the volatilization of Bi-O-Cl species; at a cooling rate of 2 °C/h and 5 °C/h (Condition B and C),
we observed grey agglomerate (4 mm in height) on top of yellow crystalline mass (3 mm in height),
as shown in Figure S2. The BiOCl single crystals were found on the walls of the crucible and on the
surface of the grey agglomerate. We picked up serveral crystals from the yellow crystalline mass and
measured their powder XRD (Figure 2), revealing multiple phases attributed to BisNbOgCl, BiOCI and
BiNbOj. In contrast, when the cooling rate of 10 °C/h (Condition D) was employed, we observed only
a bright yellow mass of crystals with clear facets (Figure 3a). In addition, powder XRD patterns of the
crushed crystals showed a single phase of BisNbOgCl (Figure 2). No BiOCl crystals were found on the

walls of the crucibles.

Figure 3. (a) The obtained crystalline mass; (b) A 120 x 80 x 20 um? crystal stripped from crystalline
mass; (c) A 340 x 210 x 40 um3 crystal consisting of two domains superimposed along the ¢ axis.

From these results, it can be proposed that the suppression of Bi-O-Cl loss from the melt is crucial.
As naturally expected, the soak time also provides a large influence on the products formed: the
soaking time of both 10 h and 20 h at 1075 °C (Condition E and F) resulted in the loss of Bi-O-Cl



Inorganics 2018, 6, 41 40f8

species, forming BiOCl single crystals outside the melt zone (see Figure 2). We deduce that the use of 1
kg sample in Ref. [9] caused the generation of a sizable Bi-O—Cl vapor pressure, which suppressed a
Bi-O-Cl loss from the melt zone at 1150 °C.

2.2. Characterization of BigzNbOgCl

Unless otherwise specified, we hereafter characterize the BiyNbOgCl crystals obtained in the
optimized condition (Condition D). The energy-dispersive X-ray spectroscopy (EDX) spectra of
a single crystal (based on inspection of 12 points) show an average elemental distribution of
Bi:Nb:Cl = 0.26:0.06:0.06 (Figure S3a), in accordance with the nominal molar ratio of 4:1:1 for BisNbOgCl.
A single-crystal XRD measurement was conducted for a platelet crystal of approx. 120 x 80 x 20 um3
(Figure 3b). All the in-plane (ab plane) spots can be indexed as shown in Figure 4a,b. The refinement in
the space group P2 cn provided the lattice parameters of a2 = 5.4835(3) A, b=5.4850(3) A, c = 28.682(2) A,
along with Ry = 0.0374, wRy = 0.1000. The atomic positions and isotropic thermal parameters for
BigNbOgCl are listed in Table S1 while the interatomic distances and angles are given in Table S2.

The structure of BiyNbOgCl was precisely refined by Lightfoot and his coworkers by using powder
neutron data (space group: P2;cn, a = 5.4472(1) A, b=5.4901(1) A, c = 28.8125(6) A) [16]. As compared
with the single-crystal work that yielded unusual bond valence sum values, e.g., 5.23 and 1.20 for
Bi(3) and O(8), respectively [9], our refinement shows reasonable atomic positions as well as the bond
valence sum, as shown in Table S3. However, the in-plane parameters in our study and Ref. [9] are
very close, indicating the obtained crystal is actually a pseudo-merohedral twin with domains existing
along a four-fold axis. The formation of the pseudo-merohedral twin may cause a certain deviation of
the O positions from the powder neutron data [16].
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Figure 4. Reciprocal lattice plane of BisNbOgCl along [001] direction for a crystal of (a) 120 um x
80 um x 20 pm (Figure 3b) and (c) 340 pm x 210 pm x 40 um (Figure 3c) indexed with the P2;cn cell
as shown in (b) and (d), respectively.

A larger crystal of 340 pm x 210 um x 40 um (Figure 3c) was also chosen for single crystal XRD
analysis. When viewed along the c direction (Figure 4c), some redundant spots are observed which
can be indexed by the superimposition of two different single crystals rotated along [001] (Figure 4d).

2.3. Polarized Raman Measurement of BiyNbOgCl

Figure 5a shows the results of parallel polarized Raman measurements obtained in parallel nicol
geometries in a spectral range from 0 to 1000 cm~! at 6 = 0°, 45°, 90°, where 0 shows the incident
polarization-direction with respect to the crystallographic [100] or [010] axis. From the point symmetry
of BigNbOgCl (mm?2), the Raman active modes are A1(z), Ay, B1(x) and B,(y). The angular dependence
of Raman intensity is shown in Figure 5b. Here, we focus our attention on the representative peaks
at 249.6 cm~! and 485.5 cm !, whose integrated intensities are shown in Figure 5c. Since the former
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takes maxima at © = 0°, 90°, 180°, this mode is assigned to be A;(z) symmetry. In contrast, the latter is
assigned to be Ay symmetry. The angular dependence of integrated intensity is shown in Figure 5b,c.
It can be found that the intensity of A;(z) mode varies with the angles, with equal intensity obtained
at 0° and 90°. This originates from the similar lattice parameters of a and b with close relation to
pseudo-tetragonal structure. The angular dependence of depolarized Raman spectrum in a cross-nicol
polarized geometry (Figure S4) shows that Aj(z) modes also have equal intensity at 0° and 90°. The
detailed analysis along with the temperature dependence will be discussed elsewhere.
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Figure 5. (a) Raman spectra in parallel nicol geometries obtained in a spectral range from 0 to 1000 cm~;

(b) Contour plots of angular dependences of the polarized Raman intensity; (c) Angular dependence of
the integrated Raman intensities of the modes at 249.6 cm ™! and 485.5 cm ™! indicated by vertical red
and pink lines in (c). These modes are assigned to be A;(z) and A, modes respectively.

2.4. Single Crystal Growth of BiyNbOgBr

A report on the single crystal growth of BisNbOgBr is absent to date. We applied the optimized
growth condition (Condition D) to the oxybromide and successfully obtained a yellow crystal aggregate
of single crystals with clear facets as found in Bi4NbOgCl. No BiOBr single crystal was formed on the
tube, indicating that the volatilization of Bi—-O-Br species was suppressed. The EDX study of a crystal
(75 x 60 x 20 pm3, Figure S3b) revealed the molar ratio Bi:Nb:Br = 4:1:1, while the powder XRD on
the crushed single crystals yielded a = 5.4711(4) A, b =55249(3) A and ¢ = 29.1206(5) A (Figure 6),
in agreement with earlier powder neutron refinement [19]. The single crystal XRD profiles of this
crystal are indexed as shown in Figure S5. The atomic positions and isotropic thermal parameters
for Bi4gNbOgBr are listed in Table 54 while the interatomic distances and angles are given in Table S5.
However, the in-plane lattice parameter is almost equal with a = 5.51190(10) A, b=5.51190(10) A and
¢ =29.0984(14) A, suggesting that the obtained platelet crystal is also a pseudo-merohedral twin as
was found in Bi4NbOgCl.
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Figure 6. Powder XRD pattern of crushed Bi4NbOgBr single crystals, showing a strong orientation to
the c axis.

3. Materials and Methods

3.1. Crystal Growth

As-received powders of Bi;O3 (Wako, 99.99%, Osaka, Japan), BiOCl (Wako, 99.5%, Osaka, Japan),
Nb;Os5 (Wako, 99.9%, Osaka, Japan) were used as the starting materials. BIOBr was prepared with
a soft liquid deposition method [20]. Reagents weighed according to the stoichiometric ratio were
mixed in an agate mortar, put into an alumina Tammann tube (inner diameter 13 mm, 8 cm in length;
Nikkato, Osaka, Japan), and then sealed into an evacuated silica tube (inner diameter 15 mm, ca. 15 cm
in length; Hayashi-factory, Kyoto, Japan). The tube was put in an electric furnace (NHK-170, Nitto
Kagaku, Nagoya, Japan) and heated at 1150 °C or 1075 °C in a heating rate of 200 °C/h in order to
form a melt. After maintaining the temperature for 5 h, 10 h and 20 h, the furnace was cooled to 875 °C
at a rate of 2 °C/h, 5 °C/h and 10 °C/h, followed by a faster cooling (30-50 °C/h) down to room
temperature, as summarized in Table 1.

3.2. Characterizations

The powder XRD patterns of the crushed crystals were collected using an X-ray powder
diffractometer (MiniFlex II, Rigaku, Cu Ke«, Tokyo, Japan), with the accelerating voltage and the
applied current of 40 kV and 40 mA. The diffraction peaks were recorded in a 20 range of 5-80°
with a scan step of 0.033°-s7!
energy-dispersive X-ray spectroscopy (EDX; Inca Oxford Instruments, Tokyo, Japan) equipped with
field emission scanning electron microscopy (SEM; 5-3400N, Hitachi, Tokyo, Japan). The single crystal
X-ray diffraction data were collected on a diffractometer (XtaLAB Pro, Rigaku, Mo K« radiation, Tokyo,
Japan). The data collections for the structure analysis were carried out using the single crystals with
approximate dimensions of 120 x 80 x 20 um3 and 340 x 210 x 40 um3 for BiyNbOgCl and 75 x 60 x
20 um? for BiyNbOgBr. The data reductions were carried out using CrysAlisPro (Oxford Diffraction ver.
1.171.39.20a, Rigaku, Tokyo, Japan). The empirical absorption correction was applied using spherical
harmonics implemented in SCALE3 ABSPACK scaling algorithm. The structural parameters were
refined by full-matrix least-squares on F using SHELXL-2016 [21], with the crystallographic data listed
in Table S6.

Polarized Raman measurements were performed in a backscattering geometry using an iHR320
monochromator (Horiba, Kyoto, Japan) equipped with an iDUS420 charge-coupled-device camera
(Andor, Tokyo, Japan) [22]. Linearly polarized incident light from a diode-pumped solid-state laser
(LCX-5325-300, Oxxius, Lannion, France) with single-frequency operation at 532 nm traveled toward
the sample through a polarization rotation device (Sigma Koki, Tokyo, Japan) [23] equipped with

a broadband half-wave plate (Kogakugiken, Kanagawa, Japan) in the microscope. The elastic stray
-1

. Elemental analysis of the crystals obtained was conducted by the

component below 3 cm™" was suppressed using three ultra-narrowband holographic notch filters
(OptiGrate, Oviedo, FL, USA).



Inorganics 2018, 6, 41 70f8

4. Conclusions

We investigated crystal growth conditions of Bi4sNbOgCl and found that the suppression of
volatilization of Bi-O-Cl species is essential. The single-crystal XRD on the platelet crystal revealed
that a pseudo-merohedral twin is likely present with domains in the ab plane, in addition to the
ferroelectric domains. We also report the growth of single crystal BisNbOgBr for the first time. The
successful preparation of these crystals enables various experiments, such as optical measurements
under high magnetic field, to be performed in future, offering us possibilities to gain deeper insight
into photocatalytic properties of BisNbOgX. Furthermore, the Sillén—-Aurivillius series, with the general
formula [(BipO2): X3 [A;_1BnO03,41 1>~ (1 =1, 2, 3, ...) constitutes a promising material platform not
only for the photocatalysis but also for ferroelectric [24] or multiferroic properties [25]. We believe that
the knowledge of single crystal growth obtained in this study on BisNbOgX can be applied to other
Sillén—Aurivillius oxyhalide compounds.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2304-6740/6/2/41/s1,
Figure S1: Powder XRD of obtained product when using reported condition, Figure S2: A picture of obtained
product with grey agglomerate and yellow crystalline mass, Figure S3: EDX spectra of (a) BisNbOgCl and (b)
BigNbOgBr crystal, Table S1: Refined structural parameters for BigNbOgCl at 293 K in the space group P2;cn,
Table S2: Selected bond lengths and angles for BiyNbOgCl. Table S3: Calculated bond valence sum values of
BigNbOgCl, Figure S4: Polarized Raman spectra of BiyNbOgCl in cross nicol geometries, Figure S5: Reciprocal
lattice plane of BisNbOgBr. Refined structural parameters for BiyNbOgBr at 293 K in the space group P2;cn,
Table S4: Refined structural parameters for BigNbOgBr at 293 K in the space group P2;cn. Lattice parameters:

2 =5.51190(10) A, b = 5.51190(10) A, ¢ = 29.0984(14) A, Table S5: Selected bond lengths and angles for Bi4NbOgBr,
Table S6: Crystallographic data for BiyNbOgCl and BigNbOgBr.
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