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Abstract

It is still big challenge to facilely tune the energy bands of semiconductor. Herein, we
have mainly investigated energy bands and photochemical properties of BigS,0;5 and
Bi,O(OH),SO4, which have the very similar layered structure. It is found that the
hydroxyl have down shifted the conduction band (CB, 0.21 e¢V) and valence band (VB,
4.39 eV) of Bi,O(OH),SO4, compared with those (CB=0 eV; VB=3.36 ¢V) of BigS,0s.

Moreover, the main oxidative species over BicS,0s and Bi,O(OH),SO, are holes (h+) and
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hydroxyl radicals (*OH) for the degradation of rhodamine B (RhB) dye, respectively. This
obvious difference has been mainly attributed to the hydroxyl, which have changed
energy band structure and band gap. In addition, we have also investigated the
morphology-dependent properties of Bi;O(OH),SO,4. Under ultraviolet light irradiation
(A<420 nm), Bi,O(OH),SO, microspheres show an activity 1.3 times and 2.2 times higher
than long flakes and straw sheaves for the degradation of (RhB), respectively. This study
provides us a new idea that we can facilely tune energy band of semiconductor by

introducing or removing hydroxyl or the other anions.

Keywords: Hydroxyl; Energy band; Bi,O(OH),SO4; BigS,015
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1. Introduction

Up to now, the practical applications of photocatalysis technology are greatly
limited by the low quantum efficiency, light utilization efficiency and photo-activity.
Specifically, the low photochemistry activities for most of visible light and
near-infrared light responsive semiconductors and the low utilization of solar energy
for ultraviolet light responsive ones are still big challenges for photocatalysis
technology. Thus, it is desirable to obtain excellent photocatalysts with both a high
utilization of solar energy and high quantum efficiency simultaneously. On base of
BiPO4' and AgsPO4** as the efficient photocatalysts, we could expect that oxyacid
salts can be potentially developed as new photocatalysts through intercalation of
anions containing p-block nonmetals (e.g., B, P, S, etc.) in binary oxide (e.g., Bi;Os,
Cu,0, etc.), for example, Bi304C1,5 Bi202C03,6 etc. In these cases, the featured
layered structures are reported to produce an internal electric field that is favorable for
the efficient charges separation and transfer. These oxyacid salts have been
demonstrated to have high photoactivities. Moreover, the hydroxyl-containing
compounds with positive valence bands also have excellent photodegradation abilities
for organic pollutants, for example, ZnSn(OH)g,’ Il’l(OH)3,8 CaSbO(OH)3,9
Bi,0,(OH)(NO3)" etc. It has been reported that their positive valence bands not only
endow the photogenerated holes with a strong oxidizing ability that leads to the
complete mineralization of organic pollutants, but also facilitate to form the reactive

hydroxyl radicals by exciting the abundant surface OH (E°(*OH/OH") = 2.38 eV). In



Dalton Transactions

addition, it has been reported'" that sulfate-modified TiO, has also shown an increased
photodecomposition rate, which has been ascribed to both a strong bonding ability of
sulfate anion with H,O and a high drawing force for holes by the negative charged

2 we have demonstrated Bi,O(OH),SO, as a

sulfate anion. In our previous study,'
potential new photocatalyst by theory calculation. However, to the best of our

knowledge, there is no extensive study on morphology control of Bi,O(OH),SO4.

Herein, Bi,O(OH),SO4 with well-controlled morphology has been achieved by a
simple and mild hydrothermal method. Firstly, we demonstrate the influences of
temperature, reaction medium, pH, the addition amount of SO,* ion added on the
shapes of Bi,O(OH),SO, samples. Our studies show that, by tuning appropriate
reaction parameters, Bi,O(OH),SO4 with different shapes, grain sizes, and structures
can be controllably synthesized. Secondly, we have investigated the
morphology-dependent photocatalytic activity for the degradation of rhodamine B
(RhB). Moreover, the effect of hydroxyl on crystal structure, electronic and band
structures and photocatalytic activity is also investigated. It is interesting that the main
oxidative species transform from holes (h") to the hydroxyl radicals (*OH) due to the
induction of hydroxyl. The tuning strategy is useful and promising, although the
activity of Bi;O(OH),SO4 is not higher than that of Bi,O(OH),SO4. This study
provides us a new idea that we can facilely tune energy band of semiconductor by
introducing or removing hydroxyl or the other anions so as to develop new
photocatalysts. For example, most of visible light responsive photocatalysts (e.g.,

Fe,0;, CuO, etc.) usually have lower photochemistry activities than ultraviolet light
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responsive ones. In particular, near-infrared light responsive semiconductors have
fairly low or even have no photocatalytic activity (e.g., Cu(OH)POj,), which limits the
utilization of solar energy. We can introduce hydroxyl or the other suitable anions to
adjust appropriate energy bands of visible light responsive photocatalysts to develop a
new photocatalyst with an improved activity; besides, for ultraviolet light responsive
photocatalysts, the low utilization of solar energy is very low, which limits the
practical application. We can remove anion from the appropriate anion to reduce band

gap to develop new visible light responsive photocatalyst.
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2. Experimental section

2.1. Sample preparation

All reagents were of analytical grade, purchased from Beijing Chemical
Reagents Industrial Company of China, and were used without further purification. A
simple hydrothermal method was used to prepare the samples.

Preparation of Bi;O(OH),SOy straw sheaves. Typically, 1 mmol Bi(NO3);*5H,0
was firstly dissolved in 15 mL ethylene glycol (EG) and 15 mL distilled water. Then 1
mmol Na,SO, was added to the solution above. After stirring for 30 min, the solution
was transferred into a 40 mL Teflon-lined stainless steel autoclave, and was then
heated at 90 °C for 24 h. After the hydrothermal treatment, the autoclave was cooled
to room temperature naturally. Sequentially, a white precipitate was collected by
centrifuging, and washed with distilled water and ethanol three times. Finally, the
sample was dried in an oven at 60 °C for 5 h.

Preparation of Bi;O(OH),SO4 long flakes. The same procedures were used
except that EG was replaced by ethanol.

Preparation of Bi;O(OH),SO, microspheres. The same procedures were used
except that the amount of Na,SO4 added was varied from 1 mmol to 0.67 mmol.

Preparation of BisS,0s. In a typical procedure, 0.67 mmol Na,SO4 and 2 mmol
Bi(NOs3)3°5H,0 (1:3 molar ratio) were added into 30 mL of distilled water, and then
0.5 mL of 25~28 wt.% NH3*H,O were added to the mixture above. The resulting
precursor suspension was magnetically stirred for 30 min at room temperature and
then transferred into a 40 ml Teflon -lined stainless steel autoclave. The autoclave was

sealed and maintained at 180 °C for 24 h in an oven. After 24 h, the autoclave was

Page 6 of 46



Page 7 of 46 Dalton Transactions

cooled to room temperature naturally. The white precipitate was washed with distilled

water three times and dried at 60 °C in air.

2.2. Characterization

The crystal structures of the samples were determined by X-ray powder
polycrystalline  diffractometer  (Rigaku = D/max-2550VB), using  graphite
monochromatized Cu K radiation (A= 0.154 nm), operating at 40 kV and 50mA. The
XRD patterns were obtained in the range of 20-80° (20) at a scanning rate of 7 * min™".
The samples were characterized on a scanning electron microscope (SEM, Hitachi
SU-1510) with an acceleration voltage of 15 keV. The samples were coated with
5-nm-thick gold layer before observations. The fine surface structures of the samples
were determined by high-resolution transmission electron microscopy (HRTEM,
JEOL JEM-2100F) equipped with an electron diffraction (ED) attachment with an
acceleration voltage of 200 kV. UV-vis diffused reflectance spectra (UV-DRS) of the
samples were obtained using a UV-vis spectrophotometer (UV-2550, Shimadzu,
Japan). BaSO, was used as a reflectance standard in a UV-vis diffuse reflectance
experiment. The photoluminescence (PL) spectra were obtained on Cary Eclipse
fluorescence spectrophotometer at room temperature. The PL lifetime was measured
using time-resolved fluorescence decay spectra by time-correlated single-photon
counting under the 260 nm laser excitation (Cary Eclipse, Agilent). Nitrogen sorption
isotherms were performed at 77 K and < 10 bar on a Micromeritics ASAP2010 gas
adsorption analyzer. Each sample was degassed at 150 °C for 5 h before

measurements. Surface area was calculated by the Brunauer-Emmett-Teller (BET)
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method.

2.3. Transient photocurrents and electrochemical impedance spectroscopy (ELS)

An electrochemical system (CHI-660B, China) was employed to measure the
photocurrents and electrochemical impedance spectroscopy (EIS). Electrochemical
impedance spectroscopy (EIS) was performed from 0.1 Hz to 100 kHz at an open
circuit potential of 0.3 V and an alternating current (AC) voltage amplitude of 5 mV.
The data were analyzed by ZSimWin software. Photocurrent measurements were
carried out in a conventional three-electrode system, in which indium-tin oxide (ITO)
glass was used as the current collector to fabricate photo electrode, and 0.1 M Na,SO,
was used as the electrolyte solution. BigS,0,5/ITO and Bi,O(OH),SO4ITO photo

electrode were prepared by a coating method.

2.4. Evaluation of photocatalytic activity

The photo catalytic activity of the sample was evaluated by the degradation of
rhodamine B (RhB) aqueous solution under UV light (A<420 nm), using a 300 W Xe
arc lamp (CEL-HXF 300) equipped with an ultraviolet cutoff filter as a light source.
The reaction system was placed in a sealed black box with the top opened, and was
maintained a distance of 15 cm from the light source. The photocatalysts (100 mg)
were dispersed in 200 mL of 10 mg/L RhB aqueous solution in a Pyrex beaker at
room temperature. Before lighting on, the suspension was continuously stirred for 30
min in the dark to ensure the establishment of an adsorption—desorption equilibrium

between the catalysts and RhB solution. During degradation, 3 mL of solution was
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collected by pipette at an interval of irradiation, and subsequently centrifuged to
remove the catalysts. UV-vis absorption spectra were recorded on a Spectrumlab
722sp spectrophotometer to determine the concentration of RhB. The degradation
reaction could be expressed by an apparent first-order rate constant (k,), which could
be calculated using the following equation:

In(Cy/C) = k,xt, or C = Cyxexp(-k,*t) (D
where Cj is the initial concentration of RhB solution, and C is the concentration of
RhB at t-min irradiation, respectively. The active species generated in the
photocatalytic reaction were detected through trapping experiments, in which 10 mL
dimethyl sulfoxide (DMSO) and 1 mmol ammonium oxalate (NH4),C,04) were used

as hydroxyl radicals scavenger and holes scavenger, respectively.

2.5. Theoretical calculation

The simulated results of band structures, total and partial densities of states (DOS)
were calculated by density functional theory (DFT) as implemented in the CASTEP.
The calculations were carried out using the generalized gradient approximation (GGA)
level, and Perdew-Burke-Emzerh (PBE) formalism for combination of exchange and
correlation function. The cut-off energy is chosen as 380 eV, and a density of (3x2x5)

Monkhorst-Pack K-point were adopted to sample the Brillouin zone.
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3. Results and discussion

3.1 Bi;O(OH),;S04 vs. BigS:015: Role of hydroxyl:
3.1.1 Effect on crystal structure

In order to understand the role of hydroxyl, BiS,0,5 nanowires are prepared and
compared Bi,O(OH),SO,4 microspheres, in which no hydroxyl is contained. The
surface morphologies and particle sizes of BigS;0;5 and Bi,O(OH),SO4 were
observed by scanning electron microscope (SEM). Fig. Sla shows that the BigS,05
products are composed of nanowires with diameter about 60 nm and the length more
than tens of micrometers. The SEM micrographs of Bi,O(OH),SO, were illustrated in
Fig. S1b. It reveals that products of Bi,O(OH),SO4 consist of uniform microspheres
with the diameters of 20-25 um. The X-ray diffraction (XRD) patterns of BisS;0;5
and Bi,O(OH),SOy are presented in Fig. S2a and b, respectively. Fig. S2a shows the
diffraction peaks of BiS;0;s are in agreement with the previous report of BigS,0;s
nanowires."”> The XRD patterns of Bi,O(OH),SO4 are shown in Fig. S2b. All the
diffraction peaks are in good agreement with the standard card (JCPDS 76-1102). No
impurities peaks, e.g., Bi(OH); or Bi,O; or Bi, are observed, which confirms the
formation of phase-pure BigS,0;5 and Bi;O(OH),SO4 Fig. la shows the crystal
structure of BigS,0;s with the unit cell parameters of @ =12.206(1) A, b =19.611(2) A,
¢ =5.8388(7) A."® The unit cell of BigS,0;5 1s (Bi12014)n8n+ columns extending alone

the ¢ axis, which are surrounded by eight tetrahedral SO4*."* Two different Bi can be

10
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found in a unit cell: the [BiOg] unit with only Bi-O-Bi bonds, and [BiO3] unit with
Bi-O-Bi and Bi-O-S bonds. Fig. 1b presents the super cell of Bi,O(OH),SO4, which
has a monoclinic space P21/c with the unit cell parameters of a =7.692(3) A, b =
13.87(1) A, ¢ = 5.688(2) A, and g = 109.01(3)°."? Tt consists of sulfate anions and
infinite [BiO(OH),*], double chains, with a featured layered structure. It is observed
that each hydroxyl (OH) connects two Bi atoms, and each O atom connects three Bi
atoms. In this case, the induction of hydroxyl (OH") has changed the crystal structure,
which may have an effect on the photocatalytic activity. And this will be further

discussed in the following.

3.1.2 Effect on optical property

Fig. 2 displays the UV-vis diffuse reflectance absorption spectra (DRS) of the
as-prepared BisS;0;s. It can be observed that BisS,0;sexhibits optical absorption in

UV ranges. The band gap energy of BisS,0,5 can be calculated by Eq. 1 as follows:
E, = 1240/A (1)

where E, is the band gap energy (eV) and 4 is the wavelength (nm) of absorption edge
in the spectrum. Accordingly, the band gap energy of BigS,0;5 is determined to be
3.36 eV, and the absorption edge is 369 nm

In absorption edge region of semiconductor, the square of absorption coefficient
is liner with direct optical transition energy, whereas the square root of absorption
coefficient linear with indirect optical transition energy.ls’16 The insets of Fig. 2 shows
the plots of absorption® versus energy and absorptionl/2 versus energy in the

absorption edge region. For BisS,0;s, the absorption® versus energy plot is nearly
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liner, while the absorption'” versus energy deviates from the fitted straight line (Fig.
2). In our previous study,12 we have demonstrated that Bi;O(OH),SOy is direct optical
transition and the band gap is determined to be 4.18 eV that is increased by 0.82 eV.
In consideration of their same layered structures, we could hold that their greatly
different absorption edges may be caused by hydroxyl. This has been further

demonstrated as follows.

3.1.3 Effect on energy band and electron structures

The electronic structures of BigS,0;5 have been calculated by using the Ab initio
density functional theory (DFT) calculations. The band structures of BigS;0;5 are
shown in Fig. 3a. The Fermi energy, defined as the highest occupied energy level, has
been taken as the valence band maximum (VBM); and the lowest unoccupied state is
the conduction band minimum (CBM). For BigS;0;5, VBM and CBM are located at
the Z point, further confirming the fact that BisS,O;s is a direct band gap
semiconductor. In our previous study,'? Bi,O(OH),SO4 are demonstrated also to be a
direct band gap. These results are all consistent with those revealed from the
absorption spectra, as demonstrated above.

The total density of states (TDOS) and main partial density of states (PDOS) are
shown in Fig. 3b. For BisS;0;5, the VB upper is mainly composed of O 2p orbital;
while the CB bottom is composed of the Bi 6p. For Bi,O(OH),SO,, the previous
study'? has demonstrated the VB upper is mainly composed of O (bonding to S and H)

2p orbital; while the CB bottom is not only composed of Bi 6p, but also a little of H

12
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Is orbital. The band gap of BisS;0;5 is determined to be 3.36 eV, Eyg and E¢p are
determined to be 3.36 and 0 eV, respectively.16 While the band gap of Bi;,O(OH),SO4
i1s determined to be 4.18 eV, Eyp and Ecp are determined to be 4.39 and 0.21 eV,
respectively.12 Compared with the Ey (3.36 eV) of BisS,0;5, that of Bi;O(OH),SOy4 is
increased to 4.39 eV, which is induced by the O (bonding to H) 2p orbital of hydroxyl;
whereas the Ecp (0.21 eV) of Bi;O(OH),SO4 becomes more positive than that (0 eV)
of BisS,0;5, which is induced by the H 1s orbital of hydroxyl. It is clear that hydroxyl

has a significant influence on the energy band structure of semiconductor.

3.1.4 Effect on photocatalytic activity

Although the formulas and crystal structures of BicS,0,5 and Bi;O(OH),SO4 are
different, both of tem have featured layered structures. The unit cell of BigS;0;5 is
(Bi;2014),"™" columns extending alone the ¢ axis, which are surrounded by eight
tetrahedral SO,*; and Bi,0(OH),SO4 consists of infinite [BizO(OH)22+]rl double chain
and SO42'. It is obvious that Bi;O(OH),SO, has a wider band gap than BisS,015 due to
the hydroxyl (Fig. 4). To investigate the effect of hydroxyl on photocatalytic activity,
the degradation activities and the reaction kinetic curves of BigS;0;5 and
Bi,O(OH),SO4 are evaluated for RhB under UV light irradiation (A<420 nm). Fig. 5a
shows the photocatalytic activities of BisS,0,5 and Bi,O(OH),SO4 for the degradation
of RhB. After 50 min of irradiation, 87% and 44% of RhB have been degraded by
BisS;0;5 and Bi;O(OH),;SO4, respectively. The BigS;0;5 shows a higher

photocatalytic activity than the Bi,O(OH),SOs. The apparent reaction rate constants
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are determined to be 0.03972 and 0.01461 min™ for BisS;05 and Bi,O(OH),SO4,
respectively (Fig. 5b). The apparent reaction kinetic rate of BigS;0;s is 2.72 times
higher than that of Bi,O(OH),SO.. Fig. 5c shows the photoluminescence (PL) spectra
of BisS,0,5 and Bi,O(OH),SO, under excitation wavelength of 248 nm. As indicated,
both BigS;0;5 and Bi,O(OH),SO4 show an intrinsic fluorescence emission peak at
around 425 nm. The separation efficiency of the photogenerated electrons and holes
can be investigated by pL."” Generally, a low PL emission intensity indicates a low
recombination efficiency of photogenerated charges, and thus a high photocatalytic
activity. From Fig. 5c, BigS,0;5 sample shows an obviously lower emission intensity
than Bi,O(OH),SO4 sample. Moreover, electrochemical impedance spectroscopy (EIS)
is measured to investigate the electron transfer rate (Fig. 5d). In the high frequency
region of EIS Nyquist plot, the semicircle radius of BigS;0;5is smaller than that of
Bi;0O(OH),SO4. A smaller semicircle radius in EIS Nyquist plot means a smaller
electric resistance of electrode. It is well-known that the separation efficiency of
photoexcited electron-hole pairs is a crucial factor for the photo catalytic activity. A
high conductivity of BisS,0;5 also favors for electron transportation, thus leading to
an efficient charge separation. The result is in accordance with that from PL spectra.17
This is also in good agreement with their photocatalytic activities. The photocurrent
shows the mobility of electrons generated in the photocatalyst, and the electronic
transfer rate could directly correlate with the photocatalytic activity of material.'*"’
The photocurrent of BigS;0;5 and Bi,O(OH),SO4 samples (inset in Fig. 5d) generated

in electrolyte under UV light. The photocurrent of BigS;0;s5 electrode can

14
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continuously generate while light-on, and its photocurrent density is greatly larger
than that of Bi;O(OH),SO4. These results are in accord with the order of
photocatalytic activity, because the generation of photogenerated carriers is a crucial
step of photocatalytic reaction. The band gap of Bi,O(OH),SOy is greatly expanded
because of the introduction of hydroxyl. The UV-vis diffused reflectance spectra
(DRS) shows that the absorption edge of BiS,0;5 is about 369 nm, corresponding to
the band gap of 3.36 eV. Compared with BigS,0s, the absorption edge and the highest
absorption peak of Bi,O(OH),SO4 are higher. However, both absorbance and band
gap of Bi;O(OH),SO,4 are 296.6 nm and 4.18 eV, respectively; which may be induced
by hydroxyl. The band gap of Bi,O(OH),SO;, is wider than that of BisS,0s, but the
absorption of light is weaker than that of BiS,0;s. Therefore, the photocatalytic
performance could result from the light absorption due to the wide band gap of
Bi,0O(OH),SO4 induced by hydroxyl.

To elucidate the photocatalytic mechanisms of BigS,;015 and Bi,O(OH),SOy, the
trapping experiments are performed to detect main oxidative species (radicals or holes)
in the photocatalytic process. The holes (h") and hydroxyl radicals (*OH) during the
photodegradation of RhB over BisS;0;5 and Bi;O(OH),SO4 are investigated with
adding (NH4),C,04°H,0 (holes scavenger) and DMSO (hydroxyl radicals scavenger)
(Fig. 6). In the BisS;0;5 system, the addition of DMSO only causes a small change in
the photocatalytic degradation of RhB. On the contrary, the photodegradation of RhB
is greatly reduced with adding (NHy4),C,04°H,0, indicating that the holes are the main

oxidative species of BigS;0;5 (Fig. 6a). In the Bi,O(OH),SO4 system (Fig. 6b), the
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photo catalytic degradation is slightly suppressed by the addition of (NH4),C,04°H;0,
while it is obviously inhibited when adding DMSO. These results above suggest that
the main oxidative species transform from holes (h") to hydroxyl radicals (*OH) from
BisS;015 to Bi;O(OH),S0Os. It is obvious that the hydroxyl have widened the band gap
and changed the position of VB and CB. Compared to BisS,0,5, Bi,O(OH),SO, has a
positive CBM and VBM, which results in the transition of main oxidative species
from hole (h") to hydroxyl radicals (*OH) (Fig. 6). Moreover, the introduction of
hydroxyl has expanded the band gap, which contributes to increasing the separation
efficiency of photoinduced electron-hole pairs, but the band gap of Bi,O(OH),SO; is
about 4.18 eV, which can only absorb light wavelength less than 296.6 nm, leading to
the reduce of photocatalytic activity.

Efficient separation and transfer of photoinduced electrons and holes and the
band gap structure greatly affect the photocatalytic oxidation of organic
contaminants.”” In the process of photocatalytic degradation, charge separation is
important and necessary to prevent recombination of photoinduced electrons and
holes. For BisS;0;5 and Bi,O(OH),SO4, the featured layered configuration is
considered to be very beneficial for the high photocatalytic activity.21 The internal
electric fields are one of the most important parameters to evaluate the ability of
electron-hole separation and transport in crystal lattice. Generally, the presence of
internal electric fields between [Bi,O,] and [SO4] is favorable for the efficient
separation and transfer of photoinduced electrons and holes, which is also propitious

to the high photocatalytic efficiencies for BiS,0,5 and Bi,O(OH),SQOy4, but the band

16
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gap of Bi,O(OH),SOy is too wider to absorb light wavelength less than 296.6 nm. As
a result, the photocatalytic activity of BiS;015 has higher than that of Bi;O(OH),SO4.

Summarily, although the photocatalytic activity of Bi;O(OH),SO; is not higher
than that of BisS;0;5, the tuning strategy is useful and promising that we can facilely
tune energy band of semiconductor by introducing or removing hydroxyl or the other
anions so as to develop new photocatalysts. For example, most of visible light
responsive photocatalysts (e.g., Fe;Os, CuO, etc.) usually have lower photochemistry
activities than ultraviolet light responsive ones. In particular, near-infrared light
responsive semiconductors have fairly low or even have no photocatalytic activity
(e.g., Cu(OH)PO,), which limits the utilization of solar energy. We can introduce
hydroxyl or the other suitable anions to adjust appropriate energy bands of visible
light responsive photocatalysts to develop a new photocatalyst with an improved
activity; besides, for ultraviolet light responsive photocatalysts, the low utilization of
solar energy is very low, which limits the practical application. We can remove anion
from the appropriate anion to reduce band gap to develop new visible light responsive

photocatalyst.

3.2 Morphology control of Bi;O(OH),SO4

3.2.1 Influences of reaction temperature and medium

First, we investigated the influence of hydrothermal temperature on the sample.
The hydrothermal temperature was varied from room temperature to 50, 70, 90, 110,

130, 150 and 170 °C, while the other processing parameters were kept same. At room
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temperature, the irregular sample forms (Fig. 7a); at 50 °C, the sample consists of
uniform microspheres of 40-45 um in sizes (Fig. 7b); at 70 °C, the straw sheaves form,
in which the nanoplates are about 700 nm thick (Fig. 7c); compared with that prepared
at 70 °C, the sample at 90 °C shows the similar morphology, but its sizes (42-50 pm)
are slightly larger than latter (Fig. 7d); at 110 °C, uniform flowers have formed, in
which the nanoplates are about 500 nm thick (Fig. 7¢); at 130 °C, the straw sheaves
have also formed, of which the nanoplates are about 600 nm thick (Fig. 7f); at 150 °C
and 170 °C, the samples are composed of places and particles (Fig.s 7g and h). Fig.
7(i) shows their XRD patterns. In the temperature range of 50-130 °C, the phase-pure
Bi,O(OH),SO4 samples form, in agreement with the standard card (JCPDS 76-1102)
(Fig. 7b-f). At 150 °C and 170 °C, the samples mainly consist of Bi;O(OH),SO4,
along with a small amount of impurities unknown. It is obvious that the reaction
temperature has an important influence on the morphology and the crystalline phase
of the products.

Secondly, the influence of reaction medium was also investigated on the sample.
Fig. 8a demonstrates that the phase-pure Bi,O(OH),SO4 can be achieved in glycerol,
or ethylene glycol (EG), or ethanol. Moreover, the short rods form in ethanol, which
are about 20 um long (Fig. 8b). In EG, the straw sheaves are obtained, of which the
nanoplates are about 700 nm thick (Fig. 8c). When glycerol is used as the medium,
the formed flowers consist of numerous nanosheets (Fig. 8d). Our results have shown
that the reaction medium has a significant influence on the particle morphology.

Considering the different viscosities of ethanol (y = 1.074 mPa s, 20 °C), ethylene

18
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glycol (# =21 mPa s, 20 °C) and glycerol (n = 1412 mPa s, 20 °C), we could assume
that the viscosity of medium may affect the mobility or reactivity of ions, thus
affecting crystal growth. Besides, it seems that the self-assembly process is favored by
the medium molecules with hydroxyl groups (i.e. ethanol, ethylene glycol and
glycerol). Herein, we could only assume that the surface adsorption of these
molecules may occurs, thus affecting the self-assembly process. In the present time,
however, we can not provide a direct proof because of the system complexity. This
needs further study in future.

Thirdly, we have also investigated the influence of the EG amount added on the
samples. Herein, EG/H,0O volumetric ratio was varied from 2/3 to 1/1 and 3/2, while
keeping the other preparation parameters same. The XRD patterns (Fig. 9a) indicate
all the samples are phase-pure Bi,O(OH),SO, at different amounts of EG added. At
EG/H,0=2/3, the sample is composed of (1.5-2)-um-thick plates (Fig. 9b). The straw
sheaves form at EG/H,0=1/1, of which the nanoplates are about 700 nm thick (Fig. 9c
and 9d). Typically, HRTEM is used to characterize the straw sheaves (Fig. 9e-g). The
selected area electron diffraction pattern (SAED) reveals its single crystalline nature
(Fig. 9f); and the lattice fringe image (Fig. 9g) demonstrates that the nanoplates grow
preferentially along the [131] direction. At EG/H,0=3/2, the flowers are obtained (Fig.
Oh). It is obvious that reacting medium has a significant influence on the samples. It is
well known that the viscosity of EG (7 =21 mPa s, 20 °C) is much higher than that of
water (n = 1.0087 x 10° mPa s, 20 °C). We could assume that a high EG content may

lead to a slow mobility or reactivity of ions, which would affect crystal growth. The
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fundamental physical and chemical interactions in our process need further

investigation.

3.2.2 Influences of the addition amount of SO42' and pH value

The effect of the amount of SO,* added on the samples was mainly investigated
while keeping the other experimental parameters constant. As shown in Fig. 4a, the
XRD patterns of the samples can be well in agreement with the standard card (JCPDS
76-1102). At a low amount of Na,SO4 added (0.67mmol), the as-prepared sample
consists of uniform microspheres with the diameters of 20-25 um (Fig. 10b), of which
the petals show a triangular shape and are about 700 nm thick. When the amount of
Na,S0y is increased to 1 and 1.5 mmol, the straw sheaves are obtained (Fig.s 10c and
d). It seems that the SO4* concentration has an important influence on the shapes and
sizes of the sample. Herein we could assume that the straw sheaves may evolve from

the splitting growth of the flowers. It has been reported®*™’

that crystal splitting is
associated with the fast crystal growh rate that is strongly dependent on the
supersaturation of solution. As a result, the different SO4> concentrations may result
in different splitting degrees of crystals. According to the classical crystallography
theory,”® a large number of nuclei burst out rapidly at a high concentration of Na,SOs.
Generally, a lower monomer concentration favors isotropic growth, while a higher
monomer concentration favors anisotropic grow‘ch.29

Further, we have investigated the effect of pH value on the samples. Fig. 1la

shows the XRD patterns of the products obtained at different amounts of HNO; added
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(0 uL, 45 uL, 90 uL, 135 uL). All the XRD patterns can be well in agreement with the
standard card (JCPDS 76-1102), but their crystallinities are not high. The straw
sheaves form without adding HNOs, of which the nanoplates are about 700 nm thick
(Fig. 11b). When 45 pL HNOs is added, the microspheres form (Fig. 11c¢). When the
amount of HNOs is increased to 90 puL and 145 pL (Fig. 11d and e), the similar
microspheres form, but their sizes are different (27 um/90 plL, 33 pum/145 pL).
Moreover, we have investigated the effect of the amount of ammonia (NH3*H,0)
added on the sample. Without adding NH3*H,O (Fig. 12a), the straw sheaves form, of
which the nanoplate is about 700 nm thick. With the increase of adding the amount of
NH3H,O (45 pL and 90 pL), the straw sheaves grow continuously, but both ends of
straw sheave (Fig.s 12b and c) become smaller. When 145 uL. NH3*H,O is added (Fig.
12d), the nanoplate is about 500 nm thick and 10 um long. Moreover, all the XRD
patterns can be well in agreement with the standard card (JCPDS 76-1102) and the
peak intensities increase with the amount of ammonia added (Fig. 12¢). We assume
that the pH value mainly affects the hydrolysis rate of Bi(Ill). With the increase of
adding the amount of HNO;, the assembly becomes plump and tends to form
microsphere. But with the increase of adding NH3*H,0O, the particles morphologies
are similar but the size becomes smaller, so the pH value has an important influence

on the morphologies.

3.2.3 Morphology-dependent photocatalytic activity

Fig. 13 shows the activity and reaction kinetic curves of three Bi;O(OH),SO4
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samples for the degradation of RhB dye under ultraviolet light irradiation (A<420 nm).
The microspheres show a photocatalytic activity 1.3 and 2.2 times higher than long
flakes and straw sheaves. We hold that the microsphere structure is beneficial to the
reflection and absorption of light structure.'” After 150 min, 98% of RhB is evidently
decolorized by microsphere, while only 25% of RhB degrade due to the
photosensitization. Moreover, the apparent rate constant (k,) of RhB by microsphere
is 0.02 min”, which is 10 times higher than that without catalyst. Calculated by
Scherer formulae, the average grain sizes of three samples are almost the same (Table
1). Moreover, the long flakes have a crystallinity slightly higher than straw sheaves
and microspheres. However, the degradation rate of long flakes is 1.7 times as high as
that of straw sheaves, which may be attributed to the high surface area (3.1 vs. 6.5
ng'l) of long flakes. Bi,O(OH),SO4 has a small solubility product value (1.8><10'3 1)
in water,” indicating a good stability in aqueous solution. Furthermore, we have
investigated their stabilities by analyzing their XRD patterns before and after
photocatalytic reaction (Fig. 14). Their crystallinities have nearly not changed, also
confirming a high stability of Bi,O(OH),SOs.

Moreover, electrochemical impedance spectroscopy (EIS) is used to investigate
the electron transfer properties of Bi,O(OH),SO4 (Fig. 15). In the high frequency
region of Nyquist plot, the semicircle radius of microsphere is smaller than those of
long flakes and straw sheaves. A smaller semicircle radius in the EIS Nyquist plot
means a smaller electric resistance of electrode. It is well-known that the separation

efficiency of photoexcited electron-hole pairs is a crucial factor for photocatalytic
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activity. A high conductivity of microsphere also favors electron transport, leading to

30,31

an efficient charge separation, so the microsphere has the highest photocatalytic

activity.

4. Conclusions

Comparing Bi,O(OH),SO,s with BigS;0,5 with the same layered structure, the
introduction of hydroxyl leads to the significantly different band gaps (4.18 eV vs.
3.36 eV). The tuning strategy is useful and promising, new photocatalysts can be

developed by introducing or removing hydroxyl and/or the other anions.
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Fig. 14. X-ray diffraction patterns of Bi,O(OH),SO4 samples: (A, A,) Long flakes;
(B1, By) Straw sheaves; (C,, C,) Microspheres
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Table 1
Sample @ICrystallinity *IAverage grain size 'BET area
(%) (nm) (m’g’")
Long flakes 96.9 1.65 6.5
Straw sheaves 94.5 1.68 3.1
Microspheres 93.8 1.75 3.7

Notes: ™, calculated using jade software;

[b]

calculated by the Brunauer-Emmett-Teller (BET) method.

29
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