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defective fluorite-type structure is obtained by a coprecipitation Copreciptation, )
method starting from the bismuth oxido cluster s oy
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[Biz30,45(OMc),,(dmso),s]-2dmso-7H,0O (A) in the presence of //s \\’;

5-Bi,0;M ~

additives such as Na,SO, Na,SeO,, NH,ReO,, Na,SeO;-SH,0, M-S 5o Re) /./ &F
and Na,SO;. The coprecipitation of the starting materials with Eh‘f‘m‘a‘ys&{ ) &
aqueous NaOH results in the formation of alkaline reaction p e YN P
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mixtures, and the cubic bismuth(IIl)-based oxides Bi;,0,,(SO,)
(1¢), Bi;,0,0(Se0y4) (2¢), Bij;0,0(ReO,5) (3c¢),
Bij;25016625(S€03) 175 (4¢), and Bijgs1014765(S03)0.49(SO4)0s1
(5c) are obtained after microwave-assisted heating; formation of o
compound Sc is the result of partial oxidation of sulfur. The [Bisx9§sggfggfgms°)v] o s sm s s o
compounds 1c, 2¢, 4¢, and Sc absorb UV light only, whereas ’ et
compound 3c absorbs in the visible-light region of the solar

spectrum. Thermal treatment of the as-prepared metastable bismuth(III) oxide chalcogenates 1c and 2c at T = 600 °C provides a
monotropic phase transition into their tetragonal polymorphs Bi;,0,,(SO,) (1t) and Bi;;0,,(SeO,) (2t), while compound 3c is
transformed into the tetragonal modification of Bi;,0,(ReO,s) (3t) after calcination at T = 700 °C. Compounds of the systems
Bi,0;—SO, (x = 2 and 3) and Bi,O;—Re,0; are thermally stable up to T = 800 °C, whereas compounds of the system Bi,O;—SeO,
completely lose SeO;. Thermal treatment of 4c and Sc in air results in the oxidation of the tetravalent to hexavalent sulfur and
selenium, respectively, upon heating to T = 400—500 °C. The as-prepared cubic bismuth(III)-based oxides 1c—5c were studied with
regard to the photocatalytic decomposition of rhodamine B under visible-light irradiation with compound 3¢ showing the highest
turnover and efficiency.
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1. INTRODUCTION (III) oxide came into focus as a semiconductor in photo-
. 22-2 o .

Bismuth(III) oxide shows a distinctive polymorphism with catalytic processes 7 despite its lower efficiency compared
i i ificati ini hat of 1 f-Bi,0;.”** In addition, 5-Bi,O

eight well-characterized modifications to date: monoclinic a- to that of tetragonal /-Bi,O;. n addition, 0-Bi,03 was
BiZO3,l tetragonal /7’-B1203,l cubic ;/-Bi203,2 cubic 5-]31203,3 also inveflti_%eslted as a vanadium-stabilized phase (§-
triclinic -Bi,O,," trigonal 1-Bi,03,”° orthorhombic &-Bi,O;,” Bi;;VOy); . in combination with a cocatalyst (ie., &-
and monoclinic R-Bi,0;.° The latter is reported to be a Bi,0;-Ag),’* and in composites such as AgX/5-Bi,0; (X =
“relaxed” intermediate éahase that occurs during transition from Br,”” 1), 6-Bi,0;/Bi,0,C0O,,” and §-Bi,O;/Bi,MoOg.*’

n-Bi,O; into a-Bi,05.” In addition, the existence of {-Bi,O4 Thus, a plethora of synthetic approaches for 6-Bi,O; in the

was gostulated based on powder X-ray diffraction (PXRD) form of powders,18_22’24’26’27’39_41 films,*>**~*" nanosheets,*
data.” Cubic 5-Bi,O; represents the metastable high-temper- and nanowires*® was developed. However, stabilization of pure
ature (HT) modification that exists in a quite narrow 6-Bi,O; at room temperature is still a challenge; therefore, the
temperature range T = 717-824 °C.” The 6-modification of application of the metastable modification is restricted to a low

bismuth(III) oxide crystallizes in the space group Fm3m with 49-52
an oxygen-defective CaF,-type lattice.” Both the oxygen-
defective lattice” and the polarizability of the 6s* lone pair of
electrons of the bismuth(III) cation'’ in §-Bi,O; contribute to
the high oxygen ion conductivity. Therefore, the J-phase is
known as the best oxygen ion-conducting ceramic, making it
suitable as a solid electrolyte’ ™'* and as a gas sensing
material.'>™'7 Furthermore, some reports focus on the
application of 6-Bi,O; as an adsorbent for water purifica-
tion.'®™*' More recently, the cubic 5-modification of bismuth-

number of examples. Stabilization of §-Bi,O; to room
temperature can be achieved by doping,®® but it must be kept
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tetragonal superstructure (/4/m)
and fcc subunit (3-Bi203)

Figure 1. “Ball-and-stick” model (left) representing the general crystal structure of tetragonal Bi,M*O,,,,/, (M = $,%° Cr,"°%'%! Mo,'*" and W'*!
with x = +6; Re'%” with x = +7) with space group I4/m in the solid state with the corresponding Bi—O and M—Q coordination polyhedra (middle,
Bi—O distances >2.9 A are dashed). One possible tetrahedral orientation is shown for the [MO,,,/,]*” group. The cation sublattice of
Bi;,M*0,1,,/, (right) shows the structural relationship of the tetragonal superstructure to the fluorite-type subcell of 5-Bi,O; (highlighted in pink).
Based on drawings and structural data of tetragonal Bi;;0,,(CrO,) with permission from references 100 (Copyright 2000 Elsevier) and 101

(Copyright 2003 Elsevier).

in mind that incorporation of dopants into the crystal lattice of
bismuth(III) influences the physical properties and, for
example, reduces the oxygen ion conductivity by several
orders of magnitude.w’s“_‘6 In the last decades, numerous
reports have dealt with the stabilization of 6-Bi,O; using a
variety of main-group elements and transition metals (B,'* P,”’
1Tj, 5999 31734 B 60y 6162 N[}, 6263 g 0% T 65 g 00=68 iy 69
Tb,® Dy, "% Er,*” Tm,® Yb,”""® Lu”® and Th*) and
double-doping (Hf/Zr,81 Te/V,** Y/Yb,*® Er/Nb,** Er/Gd,*
Ho/Gd,86 Ho/Dy,87 Dy/W,88 Sm/Ce,89 Sm/Yb,90 La/Mo,91
Pr/Mo,” Dy/Tm,()3 Gd/Lu,>**° Yb/Dy',%’97 Eu, or Tb/Th’®).
Compounds with the composition Bi;,M*O,,,,,, (M = s,
Cr," " Mo,"”" W'" with x = +6; Re'”” with x = +7) exhibit
tetragonal symmetry with the space group I4/m (crystal
structure illustrated in Figure 1).7910L10% The tetragonal unit
cell of Bi;,M*O,,,,/, with the lattice parameters “a” and “c”
represents a superstructure related to a fluorite-type subcell of
5-Bi,0; (a;) with a = (\/10/2)-af and ¢ = 3-a; (Figure 1).”'%?

Among them, Bij,3WO,, is the only ternary exam(?le, for
which a cubic modification was additionally reported.'**'** In
the case of compounds related to Bi;,ReO,,s, the cubic &-
phase is reported for quaternary compounds with the
composition Bij,sLn, ReO,,s (Ln = Y,'>'% La,'»!0510
Pr, % Nd,">'%% §m,'%7 Eu,? Gd,'°° Dy,'® Ho,''
Er,'>'10112 yp 113 and Lu“z’lH’“S). Semi and nonmetal-
stabilized 6-Bi,O; is only known for the binary systems of
Bi,0;,—B,0;'* and Bi,O;—BiPO,, respectively.”’ Several
compounds of the binary system Bi,O;—SO; such as
Bi14020(so4))99 BiSOll(SO4))”6 B19012'5(504),117 and
B115021'5(804)“7 exhibit a fluorite-related superstructure, but
corresponding cubic modifications are still unknown to date. It
is noteworthy that Bi;,ReO, is the only known example for
this composition with a substituting heptavalent cation
providing an interesting charge balancing mechanism including
the incorporation of [ReO,]” and [ReO4]*” anions in a 3:1
ratio providing [ReO,]*".""” The parent geometry of the
[Bi(3)Os] group is a cube which is slightly rotated along one
4-fold axis toward an Archimedean antiprism resulting in four
short and four long Bi(3)—0O bonds.'” Taking into account
the 6s® electron lone pair of bismuth (e) extended along the 4-
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fold axis of the [Bi(3)Os] polyhedra, the repulsion of the O(2)
anions leads to a specific geometry. The Bi(2) cation forms a
distorted axially compressed tetragonal pyramid with addi-
tional long-bonded oxide anions (dg_q ~ 2.9 A).'"” The
substituting cation “M” on the C, axis is disordered over two
neighboring positions above and below the mirror plane
(Figure 1). Orientational disorder is assumed for the
coordinating oxide anions concentrated at the mirror plane
except for those located on the C, axis providing a pseudo-
octahedral geometry of the [M*O,,,/,]*~ group.wo’wl

In a previous study, the formation of Bi;;VO,g—a ternary
compound which is isostructural to §-Bi,O;—was demon-
strated by the coprecipitation method starting from the
bismuth oxido cluster [BiO,5(OMc),,(dmso),] (TOMc =
~0,CC4Hy) in the presence of NH,VO, with aqueous NaOH
followed by microwave-assisted heating.''® Additionally, we
briefly reported on the synthesis of sulfur- and selenium-doped
8-Bi,0O; with dopants in different oxidation states."'® In this
work, we report in detail the straightforward synthesis route
toward 6-Bi,O3:M (M = S, Se, Re) via the above-mentioned
coprecipitation method starting from the polynuclear bismuth
oxido cluster A in the presence of sulfur-, selenium-, and
rhenium-containing additives under alkaline conditions and
microwave-assisted heating. The characterization (i.e., PXRD
and Rietveld refinement) of the as-prepared cubic compounds
with an oxygen-defective fluorite-type structure is discussed.
Thermal stability and polymorphism are investigated by
thermogravimetry (TG) and differential scanning calorimetry
(DSC), PXRD, and Raman spectroscopy. The photocatalytic
decomposition of aqueous rhodamine B (RhB) in the presence
of 5-Bi,03:M (M = S, Se, and Re) powders under visible-light
irradiation is demonstrated.

2. EXPERIMENTAL SECTION

2.1. General. The precursor [BiyO4(OMc),,(dmso)y]-2dmso-
7H,0 (A) was prepared according to a previously reported
procedure.''” Na,SeO, and Na,SeO;-5SH,0 were purchased from
Sigma-Aldrich and VWR, respectively. Na,SO,, Na,SO;, and
NH,ReO, were purchased from Alfa Aesar. The aqueous NaOH
solutions were prepared in plastic beakers to ensure silicate-free

https://doi.org/10.1021/acs.inorgchem.1c03330
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conditions; otherwise, contamination of bismuth(III) oxide with
silicates favors the formation of the sillenite-type compound Bi;,SiO,,,
which cannot be separated from 6-Bi,O;:M (M = S, Se, Re).””>"*!
Silver sheets (99.9%) were purchased from ChemPur. Collected
powders were stored in resealable microvessels (V = 1.5 mlL,
polypropylene) purchased from Eppendorf AG. A HI 223 Calibration
Check pH meter (Hanna Instruments) was used to measure pH
values of the as-prepared reaction mixtures. The subsequent
microwave-assisted heating was carried out using a microwave
Discover-S DC 5061 (CEM MATTHEWS, NC) in Pyrex-vessels
equipped with PTFE-linings (V = 35 mL), and a special atmosphere
was not required. The heating procedure was carried out with a power
of P = 60 W and the setpoint temperature was achieved within ¢ = 5
min. The cooling procedure was performed within ¢ = 2 min using
compressed air. PXRD was carried out with a STOE STADI P
diffractometer (Darmstadt, Germany) using CuKa; radiation (1 =
1.54056 A, U = 40 kV, and I = 40 mA) and a Ge(111)-
monochromator. The full width at half maximum (FWHM) was
corrected for instrumental broadening using a LaB standard (SRM
660) purchased from NIST. The value of  was corrected from the
following equation:

2 _ 2 2
‘B - ‘B measured ‘B instrument (1)

where S casured a0 Singrumene ate the FWHM of measured and
standard profiles. Rietveld refinement of the PXRD patterns was
carried out using the TOPAS program (Version 5.0 from Bruker
Corp., Germany).">* TG/DSC experiments were carried out with a
Mettler Toledo TGA/DSC1 1600 system with an MX1 balance. The
measurements were performed in Al,O; crucibles from T = 30 to 800
°C with a heating rate of AT = 10 K-min™" in an air flow (V,, = 20
mL-min™") and hold time of t = 60 min followed by subsequent
cooling (AT = 2.5 K'min™") to T = 40 °C. Specific surface analyses
were performed using N, adsorption—desorption isotherms at liquid
nitrogen temperature (T = 77 K) using a Micromeritics Gemini 2370.
They were evaluated by the Brunauer—Emmett—Teller (BET)
method in the p/p, range of 0.001—0.25. The particle size distribution
(PSD) was determined using a Zetasizer Nano ZS (Malvern
Instruments) with dynamic light scattering (DLS). Using laser light
(A = 633 nm, P = 4 mW) as a light source, suspensions with a size
range from 0.6 nm to 6 pm can be investigated. The analyses were
performed at an angle of 173 ° (noninvasive backscatter (NIBS)
default). The powders were dispersed in deionized water (ff = 1.0 g-
L") and ultrasonicated (f = 35 kHz, t = 1 min), filled into glass
cuvettes (DTS0012), and measured at T = 25 °C. The calculation of
the PSD was automatically performed following the “Mie theory”
assuming spherical particles. Attenuated total reflectance Fourier
transform infrared spectroscopy (ATR-FTIR) was performed using an
FTS-16S spectrometer. UV—vis spectroscopy was performed using a
Cary 60 UV—vis (Co. Agilent Technologies) equipped with a
Barrelino (Co. Harrick Scientific Products) remote diffuse reflection
probe. The band-gap determination of the semiconductors was
carried out via the approach of Tauc et al. using optical absorbance
data."*® After further development by Davis and Mott,">* the “Tauc
model” is based on an energy-dependent absorption coefficient o
expressed by the following formula:'**~"%”

ahv = A(hv — Eg)”/2 (2)

where a is the absorption coefficient, & is the Planck constant, v is the
photon frequency, E, is the band-gap energy, and A is a
proportionality constant. The parameter n defines the type of electron
transfer in the semiconductor with n = 4 for indirect allowed and n =
1 for direct allowed electronic transitions."*’ Plotting (ahv)*" against
hv provides the corresponding Tauc plot, and a linear regression line
is used to determine the band-gap energy E,. The band-gap energy is
usually determined from diffuse reflectance spectra; by applying the
Kubelka—Munk function,"*®'?° these data can be transformed into
the corresponding absorption spectra:'*°

E(R,) =K/S=(1—-R_)*/2R,, 3)

where Ry, = Rymple/Rytandara 18 the reflectance of an infinitely thick
specimen, K is the absorption coeflicient, and S is the scattering

coefficient.'” Replacing of @ in eq 2 by F(R,) results in:"*°

F(R)hv = A(hw — E)"? )

A scanning electron microscope (SEM, NanoNovaSEM, Co. FEI, OR,
USA) was used for the energy-dispersive X-ray (EDX) spectroscopy
experiments. Elemental analysis for carbon, hydrogen, nitrogen, and
sulfur (CHNS) was performed using a “Vario EL” (Heraeus). Raman
spectra were recorded using a Raman spectrometer Horiba LabRam
HRS800, the laser excitation of a solid-state laser (A = 514.7 nm) or a
gas laser (4 = 632.8 nm) was focused on the sample with a 50X long
working distance objective (N.A. 0.5). The scattered Raman signal
was collected in the backscattering geometry and analyzed by a
diffraction grating with 600 lines/mm. Temperature-controlled
experiments were performed by placing the sample on a Linkam
TCI1 stage (Linkam Scientific Instruments Ltd., Surrey, England).
The temperature was changed from room temperature up to T = 600
°C. The photodegradation experiments were carried out in a water-
cooled glass reactor (T = 15 °C). The as-prepared samples (m = 40
mg) were dispersed in an aqueous solution of rhodamine B (RhB, V =
40 mL, ¢ = 10 gmol-L™}, pH=47atT=15 °C131) and stirred in the
dark for t = 30 min. The suspension was illuminated with a xenon
lamp (type Cermax VQTM ME300BF, Co. PerkinElmer, P = 300 W)
equipped with a hot mirror (4 < 700 nm) and a UV cutoff filter (4 >
420 nm, GG420, Co. Schott) to provide only visible light. The UV—
vis measurements were carried out by stopping to stir and switching
off the lamp followed by centrifugation of a withdrawn sample (V= §
mL). After the measurement, the solid was suspended and refilled into
the main reactor. The measurements were carried out with a 10 min
interval up to 60 min, 15 min interval up to 120 min, and a 30 min
interval up to 300 min. The degree of conversion is determined by
calculating the area under the UV—vis curve between A = 450 and 600
nm and plotted as a function of irradiation time.

2.2. Synthesis of §-Bi,05;:M (M = S, Se, and Re; 1c—5¢). In a
PTFE-lined vessel, the bismuth oxido cluster A (m = 250 mg and n =
0.021 mmol) was dissolved in EtOH (V = 2.5 mL) under stirring, and
an aqueous solution of Na,SO, (¢ = 1.64 M, V = 0.14 mL; L1),
Na,SeO, (¢ =2.43 M, V= 0.14 mL; L2), N2,SeO;-SH,0 (c = 1.64 M,
V = 0.14 mL; L3), or Na,SO; (¢ = 2.56 M, V = 0.18 mL; L4) was
added; NH,ReO, was added as a solid material (m = 85 mg, n = 0.32
mmol, S1). After addition of the aqueous NaOH solution (c = 0.5 M,
V = 14 mL for L1-14 and V = 1.6 mL for S1) under vigorous
stirring, a colorless precipitate was formed immediately in the
presence of L1-L4; a yellow precipitate was formed in the presence
of S1. The PTFE-lined vessel was closed and transferred into the
microwave reactor followed by heating of the alkaline reaction
mixture (pH = 13.6 (L1), 13.3 (L2), 13.2 (L3), and 13.2 (14)) to T
=100 °C for ¢ = 10 min; the mixture containing S1 (pH = 12.7) was
heated to T = 100 °C for t = 1 min. After cooling to room
temperature using compressed air, the as-prepared solid was collected
by centrifugation (f,, = 3000 min~", = 1 min), washed with EtOH/
water (V:V = 1:1) and three times with water, and dried under
vacuum (p = 107> mbar) for t = 60 min (T = 60 °C). Details are listed
in Table 1 (yield # is based on bismuth in A).

To remove J-Bi,O;, the as-prepared mixture consisting of
Biy,0,0(ReO,5) (3c) and f-Bi,O; (m = S87 mg) was dispersed in
deionized H,O (V = 10 mL) and ultrasonicated (f = 35 kHz) for t =
10 min. The suspension was centrifuged (f,,, = 1000 min~’, t = 1

Table 1. Products of the Coprecipitation Approaches

additive product m/mg n/%
L1 Bi;4,0,,(S0,) (1c) 172 90
L2 Bi;4,0,0(Se0,) (2¢) 175 90
S1 Bi 405 (ReO,5) (3c) + f-Bi,04 167 86
L3 Bi1525016625(S¢03) 175 (4¢) 174 86
L4 Bilo,SIO14.765(503)0.49(504)0.51 (5¢) 180 95

https://doi.org/10.1021/acs.inorgchem.1c03330
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min), and the supernatant dispersion (enriched with 3c) was T T Ty
separated from the resulting residue (enriched with $-Bi,O; Cl1) YObS
by decanting into a new centrifuge tube. This procedure was repeated cal
several times to ensure the complete separation of $-Bi,O; evaluated Se A e YOBSL ~Yeu
by PXRD analysis of the resulting residues C2—C$ (Figure S1, details . e
are listed in Table 2). 5 4
E] ¢ A A A
Table 2. Details of the Purification Procedure by E,
Centrifugation of 3c + #-Bi,O; Dispersed in Water g 3¢ A A
5}
residue  f,/min~'  t/min  m/mg  residue composition (PXRD) b= 2
= ¢ A A A
C1 1000 1 301 Bi,40,0(Re0, ) + f-Bi,O, =
c2 1000 1 25 Bi;;05(ReO, ) + f-Bi,O,
C3 1000 1 25 Bi;;05(ReO, 5) 1c 1 N R
c4 1000 1 17 Bi4,050(ReO, ;) ——— , , |
Cs 1000 1 15 Bi;4050(ReOy5) 20 30 40 50 60
c6 4000 10 175 Bij40,0(Re0,5) (3¢) 2Theta / °

The final centrifugation step (f,o; = 4000 min™", t = 10 min) was
carried out to completely retrieve the remaining particles of
compound 3c from the dispersion medium (H,0). After drying
under vacuum (p = 107 mbar) for t = 60 min (T = 60 °C), the
residue C6 consists of Bi;;0,0(ReOys) (m = 175 mg, n = 4.99 mmol,
7 = 30% based on initial mass of the mixture of 3c and $-Bi,O;) and is
labeled as compound 3c.

2.3. Thermal Treatment of §-Bi,O;:M (M = S, Se, and Re).
The as-prepared solids 1c—Sc were placed on a silver sheet and
transferred to a tubular furnace under air flow (V;, = 50 L-h™?). After
heating to the appropriate temperature (AT = 10 K-min™'), the
setpoint temperature was held for t = 60 min followed by cooling to
room temperature (AT = 2.5 K-min~"). The as-obtained solids were
collected and analyzed by PXRD (Table S1).

3. DISCUSSION

3.1. Synthesis and Characterization of §-Bi,03:M (M =
S, Se, and Re). Based on the preliminary results of our former
work,"'® the coprecipitation of the bismuth oxido cluster A in
the presence of Na,5SO, (L1), Na,SeO, (L2), NH,ReO, (S1),
Na,SeO;-5H,0 (L3), and Na,SO; (L4) with aqueous NaOH
results in the formation of compounds with the 0-Bi,O;
structure (space group Fmgm) and the composition
Bi ;M 0,,,,/, (M = S (1c), Se®* (2¢), x = 6; Re”* (3¢), «
7), Bi1;3.25016.625(Se03)1.75 (4c), and
Bij051014765(S03)049(SO4)0.51 (5¢). Structural data are based
on refined PXRD data (Figure 2, Table 3; refined atomic
positions and occupancies see Table S2).

The postulated formulas are confirmed by EDX-analysis
(Figure S2, Table S3). However, we were not able to
synthesize pure Bij,0,0(ReO,;s) (3c) by varying the reaction
parameters (i.e., Bi/Re ratio, volume, and concentration of the
NaOH solution, reaction temperature, and time) and the as-
prepared precipitate did always contain $-Bi,O; as a by-
product. The latter was removed by a centrifugation procedure
based on the higher density of binary $-Bi,O; (D, = 9.17 g
em™)"*” compared to the ternary Bi ,O,0(ReO,;) (D, = 8.62
g:em™) and gave the pure compound 3c after several steps
(Figure S1, Table 2). The most common accepted structure of
5-Bi,0; is based on the refinements of Battle et al.">> and the
theoretical calculations by Yashima and Ishimura'*’ confirming
0-Bi,O; as a highly defective fluorite-type structure. It is
noteworthy that the Willis model of 5-Bi,O; provides a more
differentiated view on the oxide anion sublattice in §-Bi,O; by
assuming a higher degree of disorder on the ideal 8c Wyckoff
positions resultin% in the occupation of additional 32f positions
by oxygen atoms. **~'*° The refinement of the PXRD patterns
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Figure 2. Refined PXRD patterns of 6-Bi,O3:M (M = S, Se, Re; 1c—
5c) based on the crystal structure of cubic §-Bi,O5 (Fm3m).13*713¢

of the compounds 1c—Sc reveals the statistical occupation of
the 4a Wyckoff positions by Bi** and the corresponding
cationic dopants. The oxygen atoms O1 and O2 are located on
the 8¢ and 32f Wyckoff positions in accordance with the above-
mentioned models,*”'3*713¢ resulting in Bi—O bond distances
in the range of dy;_o = 2.26—2.44 A for 1c—5c (Table 3). The
oxygen atom O3 occupies an additional 32f position and is
involved in the M—O bonds (M = S in 1¢, Sc; Se in 2c, 4c; Re
in 3c, respectively, Table 3).

The lattice parameters “a;” and thus the cell volumes “V;” of
the cubic compounds 1¢, 2¢, and 3c increase in accordance
with the ionic radius “r;,,” of the dopants “M” (r;,,(S°*) = 0.29
A <1, (Se®) = 042 A < r(Re™) = 0.53 A; CN = 6),"**
which are incorporated into the §-Bi,O;-type lattice with the
same quantities (Bi/M = 14:1). Compared to compounds lc—
3¢, the bismuth(III)-based oxides 4c and Sc exhibit
significantly decreased cell parameters because of the
increasing content of S* and Se** in the cation sublattice.
These dopants exhibit a significantly larger ionic radius
(ron(S*) = 037 A, r,.(Se™) = 0.50 A) compared to
hexavalent sulfur and selenium cations in 1c and 2c¢ (Table
3)."*® However, the lower values for the unit cell length “a;”
and the cell volume “V{” of 4c and Sc compared to 1c and 2¢
are caused by the replacement of the even larger bismuth(III)
cations (r;,, = 1.03 A, CN = 6)"*® by selenium(IV) and mixed
valent sulfur(IV/VI, Table 3). The cubic compound
Bi;405(ReO,45) (3c) with an oxygen-defective fluorite-type
structure represents a rare-earth-free compound of the
previously reported Bij,sLn, ReO,,s (Figure 3).'>'%°7'%°
The unit cell length of Bij;0,0(ReO,5) (3¢) with a; =
5.6469(3) A is very close to that of Bij, ;La; sReO,, s with a; =
5.6456(3) A because of the similar ionic radii of Bi** (r,,
1.03 A, CN = 6) and La* (r,, = 1.032 A, CN = 6)."*" The
substitution of Bij, Ln,;ReO,, with lanthanides of lower
ionic radii results in a decrease of the unit cell length “a;” in
accordance with the lanthanoid contraction (Figure
3).!#19715 The incorporation of the dopants into the &-
Bi,O;-type lattice of the compounds 1c—S5c is confirmed by
IR- and Raman spectroscopy (Figures 4 and S). In the IR
spectra, cubic Bi;;0,,(SO,) (1c) and Bi;;0,(Se0,) (2¢)
show characteristic vibration bands for the corresponding
chalcogenate groups ([SO,]*™: 1057 cm™ (13), 962 cm™ (vy),
and 599 cm~! (v,);"""" [Se0,]*": 836 cm™'(1v,)'*). For

https://doi.org/10.1021/acs.inorgchem.1c03330
Inorg. Chem. 2022, 61, 1571-1589


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c03330/suppl_file/ic1c03330_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c03330/suppl_file/ic1c03330_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c03330/suppl_file/ic1c03330_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c03330/suppl_file/ic1c03330_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c03330/suppl_file/ic1c03330_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c03330?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c03330?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c03330?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c03330?fig=fig2&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c03330?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

Table 3. Refined Lattice Parameters and Bond Distances of Bi;40,,(SO,) (1c), Bi;40,,(SeO,) (2¢), Bi;40,(ReO,;) (3¢),
Bijs25016.625(S€03) 175 (4¢), and Bijg.51014765(503)0.49(SO4) 051 (5¢) Based on the Crystal Structure of §-Bi,O; (Fm3m)'*>~'3¢

1c 2c 3c 4c Sc
Tion (M)?/A 0.29 0.42 0.53 0.50 0.37/0.29
a/A 5.5899(1) 5.6272(3) 5.6469(3) 5.5730(3) 5.5569(3)
V/AS 174.67(1) 178.19(3) 180.06(3) 173.09(3) 171.60(3)
dn1_or/A 2.4205(1) 2.4367(1) 2.4452(1) 2.4132(1) 2.4062(1)
dyi—oa/A 2.2829(4) 2.305(2) 2.305(2) 2281(2) 2.269(3)
dyi—os/A 1.43(18) 1.37(12) 2.1(4) 1.82(15) 1.5(2)
wt % Rietveld 100 100 100 100 100
dp/nm 247(9) 65.2(10) 230(20) 63.2(11) 680(140)
D,/g-em™ 8.470(1) 8.4210(13) 8.6169(13) 8.3552(15) 8.4774(14)
pr/% 7.83 4.72 6.83 5.22 5.79
Reags 0.612 0.477 0272 0.700 0.430
“Ionic radius of the dopant “M” (§*, S, Se**, Se®*, Re’*) with a coordination number (CN) of 6."*
T T T T T T T T T
1,04 | La*! . —— 1=514.7nm Y
1,00 | Nd* P’ Bi*" ] 964
< s 00 el g
~ 0,96 | 3 . S
g e T 5
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Figure 3. Correlation between the ionic radius “r;,,,” of Ln** (Ln = La,
Pr, Nd, Sm, Gd, Dy, Ho, and Lu; CN = 6)"*® and the cell parameter
“af in cubic Bij,sLn0,(Re0,5)'»'>™"" in comparison to
Bij4,0,0(ReO,s) (3c). Based on a diagram with permission from
reference 107 (Copyright 2014 Elsevier) and reference 109
(Copyright 2012 Elsevier).
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Figure 4. IR-spectra of §-Bi,053:M (M = S, Se, and Re; 1c—5c).

Bi;405(ReO,;), Crumpton et al. suggested the presence of
tetrahedral [ReQ,]” with additional octahedral [ReO4]>~
groups (3:1 ratio; [(ReO,)75(ReOg)os]*™ = [ReO,45]*7) to
provide charge compensation.'**

Thus, the mentioned perrhenate groups should be present in
the as-prepared cubic modification of Bi;;0,y(ReO,s) (3¢) as
well as in the tetragonal polymorph.'”> Regular [ReO,]”
tetrahedra (symmetry T;) exhibit four vibration modes
denoted as v, (A,), v, (E), v3 and v, (T,), and only the
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Figure 5. Raman spectra of §-Bi,O;:M (M = S, Se, and Re; 1c—5¢)
including the inset range from v = 800 to 1050 cm™" for Sc.

latter two modes are IR-active.'*' The 15 mode of the [ReO,]~
in 3c is located at approx. 896 cm™". The vibration band at 829
em™ is assigned to the v; (A;) mode of [ReOg > 1112
Thus, the IR spectrum of 3¢ confirms the presence of both
perrhenate groups, the tetrahedral [ReO,]™ and the octahedral
[ReO4]°", in agreement with the charge compensation
mechanism suggested by Crumpton et al.'"’* The presence of
[SeO;]* groups in 4c is confirmed by vibration bands at 786
em™! (,) and 709 cm™ (1,),"**'** whereas the existence of
both sulfite and sulfate groups in Sc is verified by the vibration
bands at 886 cm™! (v,[SO,;]*7),'* 1065 cm™ (15[S0,]*),
and 598 cm™ (1,[SO,]*7), respectively.''”"** The broad
bands in the range of 442—452 cm ™" are assigned to the Bi—O
vibrations in 1c—5c."*°

Raman spectra of compounds 1c—5c were recorded in the
range of v = 70—1050 cm™" (Figure 5). The Raman spectra of
5-Bi,0;:M (M = S, Se, Re; 1c—5c) show intense and broad
bands at approx. 100 cm™}, which are indicative of external
modes of the lattice vibrations in the unit cell.'*” Reference
experiments on a silicon sheet show that the cutoff laser filter is
not the origin of these low-frequency peaks (Figure S3). The
internal modes in the range of S81—597 cm™" are assigned to
the Bi—O stretching vibrations of distorted [BiO4] polyhe-
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dra.'*” The sulfate group in 1c shows a vibration band at 964
em™ (1,),"**'* and the presence of the selenate group in 2¢
is confirmed by bands located at 814 cm™ (z,), 401 ecm™ (v,),
and 321 em™! (1,)."**"°7"5% Several vibration modes of the
[ReO,]™ group in 3c lead to the bands at 956 cm™ (v,), 881
cm™! (1/_3 1_3(§), 866 cm™ (v3 E,), 382 cm™" (v), and 330 cm ™"
(v,)."**7"°% The v, Raman vibration mode of the [ReO4]>~
group at approx. 800 cm™' is overlapped by the very broad
vibration of the v; mode ([ReO,]”), but the vibration mode at
approx. 475 cm™" is assigned to the 5 mode of the [ReOg4]*~
group.'*">” The [SeO;]*~ groups in 4c cause vibration bands
at 790 em™! (1), 721 cm™ (v3), and 341 cm ™! (p,)./ 130152
The presence of mixed-valent sulfur in Sc is confirmed by the
vibration modes of the sulfite (927 cm™ (v,) and 598 cm™
(v,)) and sulfate group (964 cm™ (11))."**"* In comparison
to the compounds 1c, 2¢, 4¢c, and Sc of the systems Bi,O;—
SO, and Bi,0;—Se0O, (2 < x < 3), the v; mode of [ReO,]” in
3c exhibits a significantly higher intensity when the Raman
spectrum was recorded using a green laser (4 = 514.7 nm).
This behavior is attributed to the different absorption
properties of the as-prepared semiconductors. In the
corresponding diffuse reflectance UV—vis spectra (Figure
S4), the compounds 1c, 2¢, 4c, and Sc exhibit an absorption
edge in the UV region of the solar light spectrum with 4 ~
(430 + 3) nm, whereas the bismuth(III) oxide perrhenate 3¢
with 4 ~ (521 + 2) nm absorbs visible light. Therefore,
resonant excitation of the semiconductor 3c by the green laser
irradiation causes a significant increase in the intensity of the
perrhenate group because of the Resonance Raman Ef-
fect."**71% Recording the Raman spectrum of 3¢ with a red
laser (A = 632.8 nm) results in a significant decrease of the
[ReO,]” vibration bands because of the nonresonant excitation
of the semiconductor. Based on the results from Raman
spectroscopy, compound 3c is concluded to be a visible-light-
driven semiconductor, which might be suitable for photo-
catalytic decomposition of pollutants under visible-light
irradiation (see chapter 3.3).

To date, some contradictory reports were published
regarding 6-Bi,O; to be a direct or an indirect semiconductor.
Zayed reported on the physical properties of §-Bi,O; thin
films, and the behavior of the absorption coeflicient “@” in this
work was indicative of an indirect electronic transition.'®'
Depending on the film thickness, band—égap energy values in the
range of 2.38—2.79 €V were reported.'®’ The reports by Fan et
al. dealt with thin films of 6-Bi,Os; too, and the cubic
bismuth(III) oxide polymorph was characterized to be an
indirect semiconductor as well with band-gap energies from
1.73 to 2.81 eV depending on the annealing temperature.'©>'%
In the work by Zhou et al, Te*"/V°*-stabilized 5-Bi,O; was
characterized as an indirect allowed-type semiconductor with
E, ~ 24-25 eV.*” In contrast to the characterization of &-
Bi,O; as an indirect semiconductor, Huang et al. carried out
first-principles studies showing direct electronic transitions
from the O 2p state in the valence band (VB) to the Bi 6p state
in the conduction band (CB)."** Former studies dealing with
6-Bi,O; powders assumed direct allowed electronic transitions,
and band-gap energies in the range of 3.01°%°-3.59 eV’
were reported.

In the present work, the UV—vis spectra (Kubelka—Munk
function'**'*”) of the as-prepared cubic bismuth(III) oxides
reveal an extrapolated absorption edge in the range A = (390 +
3) nm to (403 £ 3) nm for compounds lc, 2¢, 4c, and Sc
(Figure 6).
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Figure 6. UV—vis absorption spectra (Kubelka—Munk function,'**">*

top) and Tauc plots'>*'**"** for the determination of the indirect
band-gap energy E, (bottom) of the as-prepared 5-Bi,0;:M (M = S,
Se, and Re; lc—Sci.

Similar to the diffuse reflectance UV—vis spectra (Figure
S4), the bismuth(III) oxide perrhenate 3c exhibits the highest
value with 4 = (442 = 3) nm indicating the absorption of
visible light, whereas the sulfur- and selenium containing
compounds are limited to the UV-range of the solar spectrum.
The extrapolated band-gap energies E, of 1¢, 2¢, 4¢, and Sc are
in the range of (2.89 + 0.02)—(3.01 + 0.01) €V for indirect
allowed electronic transitions (Figure 6); E, values for direct
allowed electronic transitions are in the range of (3.21 +
0.02)—(3.34 + 0.03) eV (Figure SS). For the bismuth(III)
oxide perrhante 3¢, E; values of (3.00 + 0.03) and (2.50 +
0.01) eV were determined for the direct and indirect band-gap
energies, respectively. Concerning the findings of the Raman
studies indicating the resonant excitation of cubic
Bi;405(ReO,5) (3c) by green laser irradiation (1 = 514.7
nm, corresponds to approx. 2.41 eV, Figure S), compound 3c
is assumed to be an indirect semiconductor. Excitation of 3c as
a direct semiconductor (Eg ~ 3 eV) by green laser irradiation
can be neglected because of the huge energy difference of
approx. 0.6 eV, whereas excitation of 3¢ as an indirect
semiconductor with E, &~ 2.5 eV seems to be more likely.
Compounds 1¢, 2¢, 4¢, and Sc cannot be excited by green laser
irradiation, independent of being a direct (E;, ~ 3.2 eV) or
indirect semiconductor (E, ~ 2.9 eV).

The as-obtained powders of §-Bi,0;:M (M = S, Se, and Re;
1c—5c) consist of submicrometer particles with diameters in
the range of d = 50—1000 nm based on PSD curves obtained
from DLS studies on aqueous suspensions of lc—5c (Figure
S6). N,-adsorption studies on the powders of 1c—5c revealed
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small specific surface areas with Agzr = 8 m*>g™' (1c, and 2c),
11 m*g~' (3c), 19 m*g™" (4¢c), and 11 m*>g ' (5c).

After storage of Bi;40,0(SO,) (1c), Bij405(SeO,) (2¢),
Bij; 25016.625(8e03),.,5 (4¢c), and
Bij051014765(503)049(SO4)os1 (S¢) for 2 years in closed
microvessels in air, the resulting aged compounds—Iabeled
as 1c¥, 2c¢¥, 4c¢*, and Sc*, respectively—were analyzed by
PXRD (Figure S7). The PXRD patterns of 1c* and 2c* reveal
a slight carbonation of Bi;,0,,(MO,) (M S and Se)
confirmed by the detection of reflections assigned to
Bi,0,CO;, whereas the PXRD patterns of 4c* and Sc* solely
contain reflections of the initial fluorite-type structure. It is
known that bismuth(III) oxide is sensitive to CO, from air and
also from Water (CO,(aq)) to give bismuth(III) oxide
carbonate.'®® The resistance of 4c and Sc against the reaction
with CO, to Bi,0,CO; is attributed to the higher content of
selenium(IV) and sulfur(IV/VI) cations replacing the trivalent
bismuth cations in the fluorite-type lattice in contrast to the
bismuth(III) oxide chalcogenates 1c and 2c.

3.2. Investigations on Polymorphism and Thermal
Stability of Bi,O;:M (M = S, Se, and Re). Calcination of
cubic Bi;4;0,,(S0,) (1c) at T = 600 °C and Bi;,;0,,(ReO,;)
(3c) at T =700 °C on a silver sheet results in the formation of
the corresponding known tetragonal polymorphs Bi;,0,,(SO,)
(1t)” and Bi;40,0(ReO, ) (3t)'** with the space group I4/m
(Figure 7, Table 4). Francesconi et al. and Crumpton et al.
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Figure 7. Refined PXRD patterns of Bi,,M*O,,,.,, (M = ¢ (1t),
Se® (2t), Re’* (3t)) with the space group I4/m based on the crystal
structures of tetragonal B114020(MO4) M = 8% Cr,"%%"" Mo,'"
and W'") and Bi ;05 (ReO,)."°

reported first on the synthesis and characterization of the
tetragonal modifications of Bi;;0,,(SO,) and Bi;;0,0(ReO, ),
obtained from solid-state reactions of a-Bi,O; with
(NH,),SO, and NH,ReO,, respectively, at T = 750—800
°C.”7'% The new tetragonal modification of Bij;O4(SeO,)
(2t) is formed after calcination of cubic Bi;;0,,(SeO,) (2¢c) on
a silver sheet at T = 600 °C. The compositions of the as-
obtained residues were confirmed by evaluation of the EDX
spectra (Figure S8 and Table S4). The crystal structure of the
tetragonal compounds 1t—3t with lattice parameters “a” and
“c” represents a superstructure related to a cubic fluorite-type
subcell with unit cell length “a;” by the correlation a = (\/ 10/
2)-a;and ¢ = 3-a;””"'*” The unit cell length values of the cubic
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Table 4. Refined Lattice Parameters of Bi; ;JM*O,,,,/, (M =
§%* (1t), Se®* (2t), Re™ (3t)) with the Space Group I4/m
Based on the Crystal Structures of Tetra§onal
Bi;,0,,(MO,) (M = S,”° Cr,"”'"" Mo,""" and W'*") and

Bi14020(Re04.5)102

1t 2t 3t
Fion (M)“/A 0.29 0.42 0.53
a/A 8.64958(5) 8.66779(8) 8.7192(1)
/A 17.2685(1) 17.3046(2) 17.4120(3)
V/A3 1291.95(2) 1300.11(3) 1323.74(4)
wt % Rietveld 100 100 96.0(10)"
dp/nm 307(3) 383(8) 243(5)
Ry,/% 0.073 0.075 0.103
Rppuge 1.178 2237 1.758

“lonic radius of the dopant “M” (S*, Se®*, and Re”*) with CN 6."**
bcontains a tiny amount of a-Bi,O; (4.0(10) wt %).

(1c—3c; Table 3) and tetragonal compounds (lt 3t; Table 4)
are in accordance with this correlation.””'” Similar to the
corresponding cubic modifications, the unit cell parameters
“a” “c,” and “V” of 1t—3t increase in accordance with the ionic
radius of the incorporated cations (Table 4).

The refined cell parameters of tetragonal Bi;;0,,(SO,) (1t,
a=8.64958(5) A, c = 17.2685(1) A) and Bi;4,0,5(ReO,;) (3t,
a=28.7192(1) A, c = 17.4120(3) A) are in agreement with the
reported values for Bij;0,,(SO,) (a = 8.664(1) A, ¢
17.282(2) A),” and Bi;,0,0(ReO,;) (a = 8.7216(1) A, ¢ =
17.4177(2) A),'** respectively. The new tetragonal
Bi;4;0,,(Se0,) (2t) is isomorphous to the bismuth(III)
oxide chalcogenate 1t. Thus, refinement of the PXRD pattern
of 2t was carried out following the reports by Francesconi et
al,”” Warda et al,,'” and Crumpton et al.'"”" (Tables S5—57).

In compound 2t, the selenium(VI) cations occupy the 4e
Wyckoff position, and Se—O bond distances in the range of
2.0(5)—2.3(3) A are determined, which are slightly larger
compared to the typical range of 1.6—1.7 A."°*'®” The Bi—
distances for Bi(1), Bi(2), and Bi(3) are in the range of dBlr—o
=2.27(4)-2.8(3) A, di_o = 2.07(4)—2.9(4) A, and dy;3_o =
2.22(4)—2.67(4) A, respectively. These values are in the
typical range of the Bi—O backbone in Bi;;0,,(MO,) (M =
Cr,'*%"%" Mo,'" and W'?") (Table S7).

TG analy51s of 5-Bi,O;:M (M = S (1c), Se®* (2¢), Re’*
(3c)) reveals a tiny weight loss with Aw = 0.6—1.4% upon
heating to T = 400 °C assigned to the desorption of adsorbed
water (Figures S9—S11, Table S8). The mass remains constant
upon heating to T = 600 °C. The corresponding DSC curves
of 1c and 2c reveal signals at Tp.y = (471 + 3) °C with AH =
—26.22 kJ-mol™" (¢, Figure S9) and Tpey = (442 + 2) °C
with AH = —7.76 kJ-mol™' (2¢, Figure S10), which are
assigned to the exothermic phase transition from the cubic to
the corresponding tetragonal phase of Bi;;0,,(MO,) (M =S
and Se, respectively). The DSC curve of 3c shows only a broad
signal at Tpey = (737 + 4) °C with AH = 95.44 kJ-mol”’,
which is assigned to melting (Figure S11). The residues 3t and
3t’, obtained after calcination of 3¢ at T = 700 °C and the TG/
DSC experiment up to T = 800 °C, contain the tetragonal
modification of Bi;;0,o(ReO,;) verified by PXRD studies
(Figure S12). It is assumed that AH for the phase transition
from cubic to tetragonal Bi;,0,o(ReO,) is quite low and thus
not detected in the DSC experiment.

For the selenium-containing compound 2c, a rapid weight
loss appears at T = 700 °C, which is assigned to the loss of
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SeO, (Figure S10)."® The broad signal in the DSC curve at
Tpeak = (776 £ 1) °C is assigned to both the loss of SeO; and
the phase transition of the bismuth(III) oxide into the HT §-
phase. Upon cooling, a signal appears at Tp.y = (630 + 6) °C,
which is indicative of the exothermic crystallization of y-Bi,O;
as it was demonstrated in a former study (Figure $10)."% The
formation of y-Bi,O; (BiO-a) is confirmed by the PXRD
pattern of the resulting residue after the TG/DSC experiment
(Figure S13). The metastability of the as-obtained y-Bi,O,
(BiO-a) is verified by the phase transition into a-Bi,O; (BiO-
b) after calcination of the selenium-free residue BiO-a at T =
600 °C (t = 60 min) on a silver sheet (Figure S13). The
thermal behavior of BiO-a is in line with our previous studies
on the metastability of y-Bi,O;."”"

Exemplarily for the phase transition from cubic to tetragonal
BijyM*O,,,» (M = S (1¢), Se® (2c), Re”™ (3c)), a HT
PXRD experiment was carried out for Bi;;0,,(SO,) (1c) in
the temperature range T = 30—700 °C using a quartz capillary
(Figure 8). The reflections of the cubic modification 1c

B114O70(SO4) [
tetragonal
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Figure 8. HT-PXRD experiment starting from Bi ;0,,(SO,) (1c) in a
quartz capillary in the temperature range of T = 30—700 °C in air.
The phase transition from cubic to tetragonal phase is marked by
green bars (T & 450—490 °C).

disappear at T ~ 450 °C and reflections of the corresponding
tetragonal phase appear immediately. At temperatures above T
~ 490 °C, no further changes are observed, and only
reflections of tetragonal Bij,0,0(SO,) are detected. The
temperature range for the phase transition from cubic to
tetragonal Bi;4;0,0(SO,) obtained from the HT-PXRD experi-
ment with T = 450—490 °C is in line with the result from the
TG/DSC analysis with T = 451—49S °C (Figure S9).

In addition to the DSC analysis and HT-PXRD experiment,
Raman spectra were recorded during heating of cubic
Bi;,0,,(S0,) (1c) from T = 30 °C to T = 600 °C followed
by subsequent cooling to T = 25 °C (Figure 9).

The Raman spectrum of cubic Bi;4;0,,(SO,) (1c) does
immediately change at temperatures above T = 460 °C, and
the broad Bi—O modes below 200 cm™ become significantly
sharper. The position of the ,(SO,*”) mode at v &~ 964 cm™
strongly depends on the temperature during heating and
cooling (Figure 10). The shift to lower wavenumbers upon
heating to T = 450 °C is assigned to temperature effects,
whereas a slightly stronger shift occurs in the temperature
range T = 460—490 °C. This change is caused by the cubic-to-
tetragonal phase transition of Bi;4;0,0(SO,). The shift of the
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Figure 9. Raman spectra (recorded with a green laser, 4 = 514.7 nm)
of Bi;,0,,(SO,) (1c) placed on a SiO, slide in the temperature range
of T = 25—600 °C in air followed by subsequent cooling to T = 25
°C. The “cubic-to-tetragonal” phase transition is highlighted by an
orange line (T = 460 °C).
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Figure 10. Top: Raman shift of the sulfate group (v,) in Bi;404,(SO,)
(1c) upon heating to T = 600 °C. Bottom: Temperature dependence
of the v,(SO,*”) Raman shift.

1(S0,*”) mode upon further heating to T = 600 °C is again
assigned to temperature effects. After cooling the tetragonal
Bi;,0,,(S0,) to T = 25 °C, the v,(SO,*”) mode is located at
approx. 956 cm™"."**'* The shift of the ,(S0,>~) mode from
964 cm™! in cubic Bi;40,,(SO,) to 956 cm™ in the tetragonal
phase demonstrates the structural changes caused by the
exothermic phase transition.

The 1,(Se0,*”) mode in Bi;40,(Se0,) (2¢) at v ~ 814
cm™' shows a similar behavior during heating and cooling
procedures in the temperature range T = 25—600 °C (Figure
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S14). In addition to the shift of the v,(Se0,>”) mode by
temperature effects, a significant stronger shift occurs in the
temperature range T = 440—470 °C, which is assigned to the
structural changes induced by the cubic-to-tetragonal phase
transition. The findings from temperature-dependent Raman
studies on compound 2¢ match those from the DSC analysis
discussed above (Figure S10). After the HT-Raman experi-
ment, the v, mode of the [SeO,]*” group in tetragonal
Bi;4O4(Se0,) is located at v ~ 811 cm™!.'#01507153

As mentioned above, the Bi—O lattlce of tetragonal
BijyM*0O,,,.,» (M = S (1t), Se® (2t), Re’* (3t)) consists
of the coordination polyhedra [Bi(1)O,0], [Bi(2)Os] (dis-
torted tetragonal pyramid), and [Bi(3)Og] (Figure 1). The
corresponding Raman spectra show several Bi—O vibrations in
the range of v = 60—700 cm™' (Figure 11). The evaluation
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Figure 11. Raman spectra of tetragonal Bi;;M*0,,,,, (M = S (1t),

Se®* (2t), Re’* (3t)).

approach reported by Hardcastle et al. dealt with empirical
relations between Bi—O bond lengths, bond strengths, and
Raman stretching frequencies “v” of ideal and symmetric Bi—O
coordination polyhedra (with Bi—O bond distance “dg;_¢,”
values given in A).'*” The least-squares exponential fit given by
eq 5 represents the relation between crystallographically
determined Bi—O bond lengths and Raman stretching
frequencies:'*

v = 92760-exp(—2.511-dy;,_) (5)

Based on the crystal structures of tetragonal Bi;,04,(SO,),”
Bi;404(Se0,), and Bi;,0,(Re0,;),""” ideal and symmetric
vibrations of [Bi(1)O,0], [Bi(2)Os], and [Bi(3)Og] are
expected to be located at v(Bil—O) =~ (91, 120, 234, 300,
330) cm™!, v(Bi2—0) ~ (91, 138, 164, 204, 348, 390, 500,
533) cm™, and v(Bi3—0) ~ (91, 118, 266, 300, 330) cm™!
(Table S9). Thus, the crystallographically determined Bi—O
bond lengths of the Bi—O coordination polyhedra match with
the observed Raman stretching frequencies of Bij,M*O,,,,/,
(M = $% (1t), Se®* (2t), Re”* (3t)). The typical v; modes of
the sulfate’*®'* and selenate'*” group in 1t and 2t are located
at 955 and 811 cm™, respectively. The [ReO,] group in 3t
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shows vibration bands at 957 cm™ (v,), 903 cm™ (v, B o) 871
em™! (1, E o), and 373 cm 1 (v,).!*115° The v1brat10n bands
of the [ReO ]°~ group are located at 821 and 842 cm ™" for the
v, mode; this splitting is suggested to be the result of a slight
distortion of the octahedra. Further vibration bands at 613
em™ (v;) and 306 cm™ (1) are indicative of the [ReOg4]>~
group (Figure 11).142’157

In the corresponding IR spectrum of compound 3t, the v,
mode [ReOg]*~ shows split vibration bands located at 808 and
841 cm™' (Figure S15), and the v3 mode of the [ReO,]™ group
is located at 901 cm™.

The UV—vis spectrum (Kubelka—Munk function'**'*) of
3t shows a broad absorption band with an absorption edge
located at A = (530 + 2) nm indicating the excitation of 3t by
visible-light absorption (Figure 12).
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Figure 12. UV-vis absorption spectra (Kubelka—Munk func-
tion,"*®'*’ top) and Tauc plots'>*"**"** for the determination of
the direct (middle) and indirect band-gap energy E, (bottom) of the
as-prepared Bi,M*O,,,,,, (M = S (1t), Se®* (2t) Re”* (3t)).
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Thus, illumination of 3t with the green laser (4 = $14.7 nm)
results in similarly increased Raman signals of the [ReO,]”
group because of the Resonance Raman Effect as discussed
above for the cubic phase 3c.”*'® Recording the Raman
spectrum of 3t using a green laser causes a significant increase
of intensity of the v5[ReO,]” mode at 903 cm™" in comparison
to the Raman spectrum recorded with a red laser (4 = 632.8
nm, Figure 11). The tetragonal bismuth(III) oxide chalcogen-
ates 1t and 2t absorb in the UV region of the light spectrum
and exhibit absorption edges at A &~ 420 nm. Thus, resonant
Raman spectroscopy is hindered for 1t and 2t when using a
laser with wavelength in the visible-light region. The
correlation between visible-light excitation and increased
Raman signal is obtained for both the cubic phase 3¢ and
the tetragonal modification 3t of Bi;;0,,(ReO,5). It is
concluded that both phases are visible-light-driven semi-
conductors, whereas Bi;0,0(MO,) (M = S (1t), Se (2t))
absorb only UV light. The evaluation of the Tauc plots of
tetragonal Bi;;M*O,,,,,, (M = S% (1t), Se®* (2t)) provides
band-gap energies of approx. 3 and 2.8 eV for direct and
indirect allowed electronic transitions, respectively (Figure 12).
For direct and indirect allowed electronic transitions in
compound 3t, corresponding band-gap energies of E
(2.47 £ 0.01) and (2.21 + 0.01) eV are determined from the
Tauc plots. Thus, excitation of 3t using a green laser seems to
be likely for both transitions, impeding a final conclusion of 3t
to be a direct or indirect semiconductor.

The TG/DSC analysis of Bi;,,50665(Se03),75 (4c) up to
T = 800 °C demonstrates the sensitivity to oxygen during
heating followed by thermal decomposition resulting in the
loss of SeO; (Figure S16). Upon heating to T = 300 °C,
desorption of adsorbed water and partial oxidation of Se** to
Se® occur for [Bij;;50665(S€03)175]-2.14H,0 40 (I) to
become Bij;,5016625(5€03)116(Se04)0s0 (II, Table S10).
Complete oxidation of II to give Bij;550146,5(SeO04)1 75 (III)
starts at T, = (341 + 4) °C and is completed at T = 532 °C
(AH = —79.33 kJ-mol™"); the increased weight by approx. Aw
= 0.60% corresponds to the required amount of oxygen (0.58
0,, Aw = 0.60%) for the oxidation of Se*" to Se®*. The mass
remains constant in the temperature range T = 520—650 °C,
and the DSC signal at Ty = (632 + 3) °C (AH = —7.11 kJ-
mol™") is assigned to an exothermic phase transition similar to
the cubic-to-tetragonal phase transition process starting from
the bismuth(III) oxide chalcogenates 1c and 2c. Heating of
Biy;5016625(S€04) 175 (III) to temperatures higher than
approx. 650 °C results in the complete loss of the incorporated
selenium(VI) oxide (—1.75 SeO;, Table S10), and the
obtained residue consists of bismuth(III) oxide (IV, Table
$10). The broad signal in the DSC curve at Tpey = (752 + 3)
°C is assigned to both the loss of SeO; and the phase transition
of the bismuth(III) oxide into the high-temperature -phase
similar to compound 2¢. During cooling, the DSC curve shows
a signal at Tpey = (640 + 1) °C with AH = —21.50 kJ-mol ™" in
accordance with the exothermic phase transition from 6- into
7-Bi,O; (Figure S16). After the TG/DSC analysis of 4c, the
PXRD pattern of the as-obtained residue confirms the
crystallization of y-Bi,O; (BiO-c, Figure S17). Similar to the
thermal behavior of y-Bi,O; (BiO-a), the as-obtained y-Bi,O,
(BiO-c) is transformed into monoclinic a-Bi,O, (BiO-d) after
calcination at T = 600 °C on a silver sheet (Figure S17). The
TG curve of compound Sc shows a weight loss upon heating to
T = 200 °C, which is assigned to the desorption of adsorbed
water (Aw = 0.46%) from [Biyo5;014765(SO3)049 (SO4)0s1]-
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0.65H,0 (a45) (I) to give Bijgs1014765(803)049(SO4)0s1 (ID)
(Figure S18, Table S11). Upon heating to T = 400 °C, the
difference Aw = 0.31% is assigned to the complete oxidation of
S* (0.49 SO, + 0.245 0, — 0.49 SO;; Aw = 0.31%) to the
bismuth(III) oxide sulfate Bi;¢;O0;4765(SO4) (IITI). The mass
remains constant upon heating to T = 800 °C and during the
subsequent cooling. The exothermic oxidation process of S*
to S is assigned to the broad signal in the DSC curve starting
at To, = (188 + 1) °C (AH = —318.87 kJ-mol™"), which is
finished at T ~ 400 °C. The crystallization of tetragonal
Bi;404,(SO,) is assigned to the DSC signal at Tpey = (619 %
4) °C (AH = -9.01 kJ-mol™").

Calcination of Sc at T = 800 °C results in the formation of
bismuth(III) oxide sulfate St containing a mixture of
Big0,,(SO,) (St-a, 58.1(10) %) and Bi;4;0,(SO,) (5t-b,
41.9(10) %,) with tetragonal unit cells based on the refined
PXRD pattern using Rietveld methods (Figure S19, Tables
S12—S14). The corresponding IR spectrum shows the v5-, v;-,
and v,- vibrations of the sulfate group in 5t located at 1040
cm™! (shoulder at 1110 cm™), 964 cm™!, and 589 cm™),
respectively (Figure $20)."* BigO,,(SO,) was first obtained
by Crumpton and Greaves after the solid-state reaction of
bismuth(III) oxide and (NH,),SO, at T = 800 °C."'® The
tetragonal phase of BigOy;(SO,) crystallizes in the space group
P4,2,2, and its superstructure is based on a defective fluorite-
type subcell (5-Bi,0;)."'® The refined cell parameters of
BigO0;,(SO,) (St-a) with a 11.7006(5) A and ¢
22.6217(12) A are in accordance with those of BigO;,(SO,)
reported by Crumpton and Greaves.''® The crystallization of
tetragonal BigO1,(SO,) is assigned to the DSC signal at Tpey =
(719 + 12) °C (AH = —12.22 kJ-mol™’, Figure S18) upon
cooling. The crystallization of tetragonal Bi;,0,,(SO,) (5t-b)
leads to the DSC signal in the temperature range T = 579—640
°C (AH = —9.01 kJ-mol™!, Figure S17) during heating.

In the Raman spectrum of St (Figure 13), the following
vibration bands are assigned to the bismuth—oxygen
coordination polyhedra of tetragonal Bi;4;0,0(SO,) (5t-b)
[Bi(1)Oyp], v = 349 cm™; [Bi(2)Os], v = 138 cm™, 204 cm™,
501 cm™, 537 cm™, and [Bi(3)Og], v = 121 cm™}, 275 em™
similar to Bi;40,0(SO,) (1t, Figure 11)."* Because of the
similar bismuth—oxygen bond distances in BigO,;(SO,) (5t-a)
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Figure 13. Raman spectrum (recorded with a green laser, 4 = 514.7
nm) of BigOy;(SO,)/Bi,0,0(SO,) (5t, 58:42) including the range
from v = 800 to 1200 cm ™.
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Figure 14. Degradation of RhB under visible-light irradiation (420 nm < 4 < 700 nm) in the presence of §-Bi,O3:M (B = 1.0 g-L™%; left: M = S*

(1¢), Se®* (2¢), and Re”™ (3c); right: M = Se™* (4¢) and $*/¢* (5¢)).
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Figure 15. UV—vis spectra of aqueous RhB under visible-light irradiation (420 nm < A < 700 nm) in the presence of Bi;4,0,,(SeO,) (2c, left) and

Bi;,040(ReOy;5) (3¢, right).

and Bi;4;0,0(SO,) (5t-b), it is difficult to distinguish the
Raman bands in the range of 60—700 cm™' between the
different bismuth—oxygen frameworks (Figure 13).

Usually, Bi—O bond distances exhibit values >2 A, but some
bonds in tetragonal BigO,;(SO,) are slightly shorter."'®
Crumpton and Greaves assigned this problem to the structural
incompleteness of the suggested model, which does not fully
consider the coordination of oxygen atoms around the sulfur
atoms, thus representing an average structure of the bismuth—
oxygen framework.''® The v, Raman mode of the sulfate group
in tetragonal Bi;40,0(SO,) (5t-b) is assigned to the vibration
band at v = 957 ecm™ in accordance with the v, mode in 1t
(955 cm™, Figure 11); thus the vibration band of the v, mode
of the sulfate group in BigO,;(SO,) (St-a) is located at v = 968
em™L"*'* The broad vibration band at v ~ 1057 cm™! is
assigned to the v; mode of the sulfate group in both
bismuth(IlI) oxide sulfates."**'*’ The presence of two
v,(SO,>") vibration bands confirms the formation of two

~
~
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different bismuth(III) oxide sulfates in St after calcination of
compound Sc at T = 800 °C.

3.3. Photoinduced Decomposition of RhB in the
Presence of 6-Bi,O;:M (M S, Se, and Re). The
photocatalytic conversion of aqueous RhB solution in the
presence of the as-prepared samples of 5-Bi,O3:M (M = S, Se,
and Re; 1c—Sc) was carried out under visible-light irradiation
(Figure S21). RhB was chosen because it is still used in the
paper industry despite its potential to cause mutagenic effects
and thus represents an important water contaminant.'”"'”*
Second, the dye represents a well-suited model compound for
photocatalytic decomposition experiments to purify waste
water because of its high stability under light irradiation in the
absence of a photocatalyst.'”>~""

Compounds lc—5c¢ (f = 1.0 gL™") were dispersed in
aqueous RhB solution (¢ = 10 yM) and stirred in the dark for ¢
= 30 min followed by visible-light illumination (420 nm < 4 <
700 nm) for + = 300 min or stirring in the dark (Figure 14).
After stirring the suspensions for ¢ = 30 min in the dark, 4—8%
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of the initial RhB concentration was decreased by adsorption
of the dye molecules on the particle surface of the compounds
lc—Sc (Table S15). When visible-light illumination started, a
progressive decrease of the RhB concentration was observed
for all tested compounds, which is indicative of the
photoinduced decomposition of the dye. The UV—vis spectra,
which show the decolorization of the RhB solution, are
exemplarily given for Bi;;0,,(SeO,) (2¢) and Bi;,0,o(ReO,;)
(3¢, Figure 15). Without illumination, approx. 15—43% of the
dye was adsorbed on the particle surface of lc—S5c.
Considering the adsorbed amount of RhB in the dark, the
photoinduced conversion of the dye after illumination for ¢ =
300 min in the presence of 1c—Sc is in the range of 19—67%.
Under the assumption of a first-order decomposition rate law,
the reaction rate constants for the conversion of RhB in the
presence of compound I¢, 2¢, 4¢, and Sc are in the range k =
0.001—0.005 min~"; compound 3c exhibits the highest value
with k = 0.03 min™" (Figure S22, Table S15). The highest
decrease in intensity of the RhB absorption band was obtained
in the presence of the bismuth(III) oxide perrhenate 3c (67%)
followed by the selenium-containing bismuth(II) oxides 2¢
(39%) and 4c (25%); sulfur-containing bismuth(III) oxides 1c
(8%, 20%) and Sc (S*/¢*, 19%) show the lowest decrease in
intensity of the RhB absorption band. Excitation of the sulfur
and selenium containing bismuth(III) oxides 1c, 2c, 4c, and Sc
by visible-light irradiation is not possible because of their large
band-gap energies of approx. 3 eV, whereas compound 3c is a
visible-light-driven semiconductor as it was concluded based
on the results from UV—vis and Raman spectroscopy. Thus,
under the present conditions, bismuth(III) oxides containing
sulfur and selenium oxide are low efficient photocatalysts
regarding the photoinduced decomposition of aqueous RhB
under visible-light irradiation. In comparison to the com-
pounds 1c, 2¢, 4¢, and Sc—absorbing solely UV light—the
visible-light-driven bismuth(III) oxide perrhenate 3c shows the
highest RhB conversion resulting in the almost complete
decolorization of the initial dye solution.

The corresponding UV—vis spectra of aqueous RhB under
visible-light irradiation in the presence of Bi;,0,o(ReO,;) (3¢)
show a rapid decrease of the dye absorption band without any
shift of the absorption maximum A, located at 554 nm, which
is indicative of the direct oxidation of the chromophoric system
by photogenerated active species via the photocatalytic
process.””>"”” In the presence of Bi,04(Se0,) (2¢), a
significant blue shift of A, to approx. 542 nm occurred
(Figure 15), which is indicative of the ongoing N-deethylation
process of RhB to give N,N,N"triethylrhodamine (4., = 539
nm) via the photosensitive mechanism.'”*'” In the photo-
induced decomposition of RhB, the photocatalytic and the
photosensitive mechanism are independent and competing
processes.’® The photocatalytic mechanism requires the
excitation of the semiconductor by light absorption to generate
charge carriers such as electrons (e”) and holes (h*) in the CB
and VB, respectively.'*”'*" The photosensitive mechanism is
based on the excitation of the dye molecule by light absorption
into its singlet state./’%180 However, the formation of the
thodamine B radical cation (RhB**) as a key species via
electron transfer from the dye molecule to the semiconductor
is essential for both mechanisms and adsorbed oxygen acts as
an electron scavenger.'”*'%!%2 The subsequent decomposition
of the conjugated z-system by the photocatalytic mechanism
can be traced by the continuously decreasing intensity of the
dye absorption band in the UV—vis spectrum in aqueous
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solution without any shift of the absorption maximum (4,,,, =
5SS nm) as it was demonstrated in the presence of
Bi,0,0(ReO,5) (3¢).'””'®* The stepwise N-deethylation of
RhB via the photosensitive mechanism gives intermediates
with characteristic absorption maxima in aqueous solution such
as N,N,N’-triethylthodamine (4., = $39 nm), N,N‘-
diethylrhodamine (4., = 522 nm), N-ethylrhodamine (4,
= 510 nm), and rhodamine (4, = 498 nm)."”*'”” Thus, the
N-deethylation of RhB can be traced by this significant blue
shift of the absorption maximum of the dye absorption band in
the UV—vis spectrum in aqueous solution as it was shown in
the presence of Bi ,05(Se0,) (2¢)."7%!7182183

The UV—vis spectra of aqueous RhB in the presence of
compounds 1c, 4c, and Sc show an ongoing decrease in
intensity and only a small blue shift of the absorption
maximum (A, = 554 nm) to approx. 552 nm, which is
indicative of the photosensitive mechanism (Figures S23 and
S24). Thus, the photosensitive mechanism exhibits a higher
contribution for the large-band-gap semiconductors 1¢, 2¢, 4c,
and Sc, whereas photoinduced decomposition of RhB mainly
follows the photocatalytic process in the presence of
compound 3c as it was demonstrated by UV—vis spectroscopy
(Figures 15, S23, and S24).

After dispersing §-Bi,O3:M (M = S, Se, and Re; lc—5c)
under visible-light irradiation and in the dark, the PXRD
patterns of compounds 1c—3c show low-intensity reflections of
Bi,0,CO; in addition to the fluorite-type 5-Bi,O3:M (M = §,
Se, and Re), whereas only reflections of the initial cubic phase
were detected in the corresponding patterns of 4c and Sc,
respectively (Figure S25). The formation of Bi,0,COj in the
presence of 1c—3c is the result of the so-called photocorrosion,
which is a well-known side reaction during photoinduced
decomposition of organic pollutants in the presence of
bismuth(II) oxide polymorphs as a photocatalyst such as
a-,'8H185 B 30180 and p-Bi,05.'7° It is noteworthy that
formation of Bi,0,COj is also possible by the contact of the
bismuth(II1)-based oxide with CO,(aq) or from air.'® As
mentioned before, the resistance of Bij;,501665(S€03); 75
(4c) and Bijg51014765(503)049(SO4)0s1 (5¢) compared to
Bi;40,,(SO,) (1c) and Bij,0,0(SeO,) (2c) against the
reaction with CO, to Bi,0,CO; is assigned to the higher
content of Se** and S$*/°* replacing the trivalent bismuth
cations in the fluorite-type lattice.

To date, “state-of-the-art” photocatalysts used in the
photocatalytic decomposition of RhB are ty}gically semi-
conductors such as UV-light-driven TiOz,187_19 7Zn0,"" as
well as visible-light-driven g-C3N,,"*”'%?'?* and
Bi,0,.°>"*"931%* However, it is challenging to compare the
efficiency of the different semiconductors because of the lack
of a uniform photocatalysis setup (catalyst loading, dye
concentration, particle surface area, and light source; see
Table S16). Comgared to visible-light-driven photocatalysts
such as g-C;N,,' 1% and a-/f-Bi03,'"* the as-prepared
Bi;;0,(ReO, ;) (3c) shows a lower RhB conversion. Under
UV irradiation, TiO,,'” and ZnO'"" also provide improved
RhB conversion compared to compound 3c. Still, under
visible-light illumination, the as-prepared bismuth(III) oxide
perrhenate 3c shows higher efficiency because of its lower
band-gap energy (E, < 3 €V) compared to TiO,'®" (Table
S16).

To provide a more reliable classification of Bi;;0,9(ReOys)
(3c), the obtained results of the photoinduced decomposition
experiments of RhB in the presence of visible-light-driven 3¢
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were compared to other systems using 6-Bi,O; or isostructural
compounds as a photocatalyst under similar conditions.
Almost complete decolorization of RhB (¢ = 10 uM) was
obtained in the presence of particles of compound 3¢ (Agpr =
11 m*g™", # = 1.0 g¢L™") under visible-light irradiation using a
Xe-lamp (420 nm < A < 700 nm, P = 300 W) for ¢ = 300 min.
In the work by Zhou et al., approx. 90% RhB conversion (c =
10 uM) was reported using particles of vanadate-stabilized &-
Bi,O; (B = 1.0 g¢'L™") with a much higher specific surface area
(Aggr ~ 70 m*g™") under visible-light irradiation (4 > 420
nm) for t = 150 min, which was gperformed using a much more
powerful Xe-lamp (P = 500 W).” Compared to the conditions
reported by Zhou et al., we conclude that Bi;,0,,(ReO,) is a
more efficient photocatalyst than vanadate-stabilized 6-Bi,O3.>
The vanadate-stabilized 6-Bi,O; reported by Wu et al. provides
the complete decolorization of the aqueous RhB solution (¢ =
10 uM) after illumination for ¢t = 120 min using a white-light
TS lamp (P = 64 W).>* Despite the five times lower power of
the light source, the photocatalyst loading was 15 times higher
compared to the loading of compound 3¢ in our work; thus we
conclude a higher efficiency for compound 3c.** Finally, Zhang
et al. demonstrated an almost complete decolorization of RhB
(c = 10 uM) in the presence of 5-Bi,O5 (f = 0.4 g'L™") under
visible-light irradiation for t = 120 min using a powerful Xe-
lamp (P = 500 W).”” This system is concluded to be equally
efficient compared to the efficiency of Bi;;0,,(ReO,s) (3c)
under visible-light irradiation in the present work.

4. CONCLUSIONS

Herein, we demonstrate in detail the synthesis and character-
ization of metastable 6-Bi,O;:M (M = S, Se, and Re) with an
oxygen-defective fluorite-type crystal structure obtained from
alkaline coprecipitation of the bismuth oxido cluster
[BiyO45(OMc),,(dmso),]-2dmso-7H,0 (A) in the presence
of appropriate sulfur-, selenium-, or rhenium-containing
additives followed by thermal treatment of the reaction
mixture in a microwave reactor. The as-prepared cubic
compounds (Fm3m) exhibit the formulas Bi;4;0,,(SO,) (1c),
Bi;;0,0(Se0,) (2¢), Bi40,0(ReOy45) (3¢),
Bijz.25016.625(Se03), 7,5 (4c), and
Bij051014765(803)049(SO4)os1 (5¢), where 2¢, 4¢, and Sc
represent new nonmetal containing bismuth(III) oxides. Thus,
the microwave-assisted coprecipitation approach is a well-
suited method to provide access to novel metastable
compounds in bismuth(III)-based chemistry. Calcination of
1c—3c results in a phase transition to give the corresponding
tetragonal modifications Bi;,0,0(SO,) (1t), Bi;4,0,0(SeOy)
(2t), and Bi;;0,,(ReO,s) (3t) with the space group I4/m.
Calcination of selenium-containing bismuth(III) oxides results
in the complete loss of SeO; (after previous oxidation of Se**
in 4c), whereas sulfur- and rhenium-containing compounds 1c,
3¢, and Sc are thermally stable. The results obtained from
UV-—vis and Raman spectroscopy revealed that both the cubic
(3¢) and tetragonal (3t) modifications of Bi;;0,o(ReO,s) are
visible-light-driven semiconductors (E, < 3 eV), whereas
sulfur- and selenium-containing bismuth(III) oxides are
limited to the UV-light region (E, > 3 eV). Thus, only the
rhenium-containing compound 3c¢ enables the photocatalytic
decomposition of RhB by direct excitation of the semi-
conductor by visible-light illumination. The cubic compounds
1¢, 2¢, 4¢, and Sc show low RhB conversions and blue shifted
absorption bands of the dye are the result of the photosensitive
mechanism. Photocorrosion (reaction of Bi,Oj-based semi-
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conductors with CO, to give Bi,0,CO;) occurred after the
RhB decomposition experiment under visible-light irradiation
and also in the dark for 1c—3c. Compounds 4¢ and Sc resist
the photocorrosion process presumably because of the higher
dopant content. Thus, high conversion in the photoinduced
decomposition of RhB under visible-light irradiation such as in
the presence of compound 3¢ is coupled with ongoing
consumption of the photocatalyst, whereas compounds 4¢ and
Sc still retain their composition but provide only moderate
RhB conversions.
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