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ABSTRACT

In this study, Bi(OH), doped with different contents of zinc were successfully prepared via a facile
solvothermal approach and characterized by various characterization technologies. The photocat-
alytic performance of the obtained samples was evaluated by degradation of Rhodamine B (RhB)
under visible light irradiation (A > 420 nm). The results revealed that Zn doping changed the energy
band structure of the catalysts and caused upward band bending. Accordingly, the adsorption capa-
bility of the catalysts was enhanced. The transfer rate of photogenerated carriers was improved and
the recombination of carriers was inhibited. When the optimum Zn/Bi molar ratio was 0.02, the reac-
tion rate constant of the obtained sample was as 5.0 times high as that of pure Bi(OH),. Active species
experiments demonstrated that photogenerated holes played the key role for degradation of RhB.
The possible carriers transfer route was discussed on the basis of the experiment results.
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1. Introduction

Effluent containing large amounts of dyes can pose a threat
to aquatic life and endanger human health. Accordingly, the
treatment for dye wastewaters was the growing needs of the
present time [1-3]. Semiconductor photocatalysis as a “green”
technology has been widely applied for decomposing envi-
ronmental pollutants especially for the wastewater [4,5].
It is well known that catalyst is the most important part of
the photocatalytic technology. Therefore, the exploitation and
preparation of new efficient photocatalysts have become a hot
topic in current photocatalytic research. Bismuth hydroxide
(Bi(OH),) is the less studied semiconductor material of the
containing bismuth compounds. Zhang et al. [6] reported
Bi(OH), nanoflakes as the pseudocapacitor material and there
are no reports about single-phase Bi(OH), catalyst applied for
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photocatalytic degradation of pollutants. As we all known,
single-phase catalyst has usually the disadvantages of quick
recombination of the photogenerated electron-hole pairs in
the process of photocatalytic reaction, which limits its prac-
tical application [7,8]. Up to now, numerous techniques have
been employed to enhance the photocatalytic efficiency, such
as deposition of noble metals [9], ion doping or coupled with
metal oxide [10] and co-catalysts [11,12]. Among these, ion
doping is a simple and much more research way. Pare et al. [13]
reported that manganese-doped BiOCl showed an enhanced
photocatalytic activity for degradation of malachite green
dye. It was proved that Mn doping enabled the catalyst to
absorb more visible light due to absorption edge shift toward
higher wavelength. Additionally Mn?* ions by scavenging
electrons increase life time of photogenerated electrons and
holes. Li et al. [14] reported that Zn doping could promote

1944-3994/1944-3986 © 2020 Desalination Publications. All rights reserved.



X. Zeng et al. / Desalination and Water Treatment 177 (2020) 186-196 187

the separation of photogenerated electron-hole pairs of the
catalyst and improve the specific surface area comparing with
the pure BiOCL. Song et al. [15] reported that Zn-doped BiOBr
hierarchical nanostructures exhibited excellent visible light
activity for the degradation of RhB. The excellent photocata-
lytic activity of the Zn-doped BiOBr ascribed to the Zn dopant
acting as the holes traps, which suppressed the recombination
of the electrons and holes.

The difference of density of electrons between the bulk
and surface of the semiconductor may induce surface band
bending [16,17]. Doping ions with different numbers of
charges substituting metal ions in semiconductors may
result in the formation of space electric field, which could
change the energy band edges in the semiconductor [18-21].
Since the band positions were closely related to the surface
physical and chemical properties of the semiconductors
[22-24], the surface band bending and the associated elec-
tric field in the space charge region can not only promote
the separation of electrons and holes but also influence the
thermal adsorption or desorption of reactant on surface of
the catalyst [25-28].

In the present study, band bending and band potential
shifts were identified at the surface of the Zn-doped Bi(OH),
catalysts. Accordingly, the photocatalytic degradation for
RhB of the obtained catalysts was investigated. The interac-
tion between the semiconductors and the attached RhB was
discussed. This interaction may be important with regard
to understanding and controlling photogenerated carriers
transfer due to carriers transfer rate depending on the energy
band edges and interfacial electric fields.

2. Experimental
2.1. Preparation of photocatalysts

All the chemicals were of analytical purity and used
without further purification. The preparation procedure was
modified on the basis of the literature [6]. Typically, 2 mmoL
Bi(NO,),.5H,0 and different amounts of Zn(NO,),6H,0
with a Zn/Bi molar ratio (denoted as R) of 0, 0.01, 0.02, 0.03
and 0.04 were dissolved in 50 mL ethylene glycol (EG) with
strong stirring, respectively. Then another 20 mL H,O solu-
tion containing 2 mmoL CH,COONa-3H,0 was dropped into
the above solution under continuous stirring. After contin-
uous stirring for 0.5 h, the resulting suspension was trans-
ferred into a 100 mL Teflon-lined stainless autoclave and
maintained at 180°C for 12 h. After cooling down to room
temperature naturally, the precipitate was washed with abso-
lute ethanol and distilled water several times, and dried at
60°C in air. The obtained samples were denoted as BOH and
BOH-ZnR (R =0.01, 0.02, 0.03 and 0.04).

2.2. Characterization

XRD patterns were acquired with a Bruker D8 advance
X-ray diffractometer employing Cu Ka (A = 1.5418 A) radi-
ation. The voltage and current were 40 kV and 40 mA,
respectively. Scanning electron microscopy (SEM) images
were taken with a JSM 6701F field emission scanning
electron microscope. Transmission electron microscopy
(TEM) images were taken using a JEM-2100 field emission

transmission electron microscope working at 200 kV. UV-Vis
diffuse reflectance spectra were obtained using a TU-1900
spectrophotometer using BaSO, as a reference and were con-
verted from reflection to absorbance via the Kubelka-Munk
method. UV-Vis absorption spectra were obtained using a
Shimadzu UV-2501PC spectrophotometer. Fluorescence emis-
sion spectra (PL) were recorded using a Hitachi F-4500 type
fluorescence spectrophotometer with a 360 nm excitation
source over a wavelength range of 400-600 nm. X-ray pho-
toelectron spectroscopy (XPS) spectra using an Al Ka X-ray
source with 1,486.6 eV energy were performed on a Thermo
Scientific Escalab 250Xi and the binding energy was cali-
brated against Cls (284.8 eV). Fourier transform infrared
spectra (FTIR) were recorded at room temperature with a
KBr pellet on Nicolet 5700 spectrometer. The specific surface
areas and nitrogen adsorption-desorption curves of the sam-
ples were determined using a JW-BK132F analyzer. Before
the nitrogen adsorption—-desorption analysis, the samples
were heated and dehydrated for 2 h at 110°C and under N,
atmosphere.

2.3. Photocatalytic activity

The photocatalytic activity of the prepared samples was
evaluated via degradation of RhB aqueous solution under
visible light irradiation (A > 420 nm). A 300 W Xe lamp with
420 nm cut off filter was used as the light source. 500 mL of
quartz photoreactor was equipped with a magnetic bar and
a water circulating jacket. In a typical photocatalytic exper-
iment, 0.10 g of the as-prepared catalysts were added to
250 mL of RhB aqueous solution (10 mg L™). The suspension
was treated via ultrasonication and then magnetic stirring
in the dark for 40 min to reach an adsorption-desorption
equilibrium between the photocatalyst and RhB before irra-
diation. Subsequently, at intervals of every 20 min, about
4 mL of suspension was sampled and separated via the fil-
ter membrane of a syringe to remove the catalyst particles.
The absorbance of the solution was analyzed via using a
UV-Vis spectrophotometer. The degradation efficiency of tar-
get pollutant (RhB) was calculated by the following equation:

Removal —(1 —ngloo% (1)

0

where C; is the concentration of RhB after adsorption—
desorption equilibrium, C is the residual concentration of
RhB at different illumination intervals.

2.4. Detection of reactive species

Isopropanol (IPA) and triethanolamine (TEOA) were
the quencher of hydroxyl radicals ("“OH) and holes (h*)
under light illumination, respectively. In order to detect the
active species during photocatalytic reaction, photocatalytic
efficiency of the samples was investigated via further add-
ing 1.0 mmol L IPA and 1.0 mmoL L™ TEOA solution into
the photoreaction suspension, respectively. Additionally,
nitroblue tetrazolium (NBT, 2.5 x 10° moL L7, exhibiting
an absorption maximum at 259 nm) was used to determine
the amount of superoxide radical (O;") generated from the
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photocatalysts. The method was similar to the former pho-
tocatalytic activity test only replacing the RhB solution with
NBT solution.

3. Results and discussion
3.1. Crystallographic study

Fig. 1 shows the XRD patterns of all the samples. All the
diffraction peaks are matched well with the standard pattern
for Bi(OH), (JCPDS: 01-0898) and no other diffraction peaks
could be observed, indicating that Zn doping do not change
the phase composition. However, it is worth noting that the
peak intensities of BOH-Zn become weaker with increase of
the zinc content (Fig. 1a), indicating the reduction in crys-
tallization of the obtained samples. Further observation of
diffraction peaks in the range of 20°-35° is shown in Fig. 1b.
The peak positions of BOH-Zn shift towards the higher
angle with increase of the zinc concentrations. Based on
the Bragg equation: d(hkl) = A/(2sin0), the diffraction peaks
shifting to the higher angles result in the decrease in inter-
planar distance (d). As the ionic radius of Zn*" (0.074 nm)
is smaller than that of Bi** (0.103 nm) [14,15], the interpla-
nar distances of BOH-ZnR are expected to decrease due to
substitution of Zn* for Bi*. Therefore the results demon-
strate that the Zn*" ions have incorporated into the crystal
lattice of Bi(OH), and substituted for the fractional Bi**ions.
According to the Scherrer equation: D = kA/(Bcos0), where
Kk is a constant related to the crystallite shape, A is the X-ray
wavelength, and 0 is the diffraction angle. The full width
at half maximum (B) was obtained by fitting the diffraction
peaks at 23.9° applying the Gaussian function. The mean
crystallite size (D) of 19.2, 17.6, 16.9, 15.8, 13.9 nm corre-
spond to the samples BOH and BOH-ZnR (R = 0.01, 0.02,
0.03 and 0.04), respectively. It displays that the mean crys-
tallite size reduces due to Zn doping.

3.2. Morphology analysis

The SEM images of the samples BOH and BOH-ZnR are
shown in Fig. 2. It can be seen from Fig. 2a that BOH consists
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of interconnected nanosheets with a thickness of less than
20 nm, which are consistent with the previously reported
data [6]. From Figs. 2b—e, the samples are composed of face-
to-face closely accumulated nanosheets. And size of the
sheets is smaller than that of the BOH, which agrees with
the results of XRD. The EDS analysis was utilized to deter-
mine the element composition of the samples. Taking the
BOH-Zn0.02 as an example, as shown in Fig. 2f, the obvious
signals of Bi and O and Zn elements was observed, which
prove the coexistence of Zn and Bi and O elements in the
final products. The Zn/Bi molar ratio is 0.0183, which is
close to the theoretical value in the experiment.

The TEM image of the sample BOH-Zn0.02 is shown
in Fig. 3. It can be seen that the sample consists of thin
nanosheets. Through further observation, we can find some
white dots adhered to the surface of the nanosheets, it was
speculated that white dots may be bismuth oxide. Bismuth
hydroxide is not very stable in the synthesis process and a
minute quantity of the particles could be decomposed into
bismuth oxide. However, the bismuth oxide content is so
low that it is not be observed on the XRD patterns. Fig. 3b
shows the high evolution image of the sample BOH-Zn0.02.
It is clear that the lattice spacing of 0.232 nm corresponds to
the (121) planes of Bi,O,. It demonstrates that the little Bi,O,
crystals distribute on the interface of Bi(OH), nanosheets.

3.3. Chemical states analysis

In order to determine the chemical state of surface ele-
ments present in the samples, the samples BOH-ZnR with
different R values were investigated by XPS. The results
are shown in Fig. 4. The XPS survey spectra of all the sam-
ples show Bi, O, C elements peaks, similar to the sample
BOH-Zn0.02 (Fig. 4a). Among them, C peaks have the source
from the contamination carbon in the atmosphere. But no Zn
element peaks could be found, which is due to Zn element
with low concentration. The high-resolution XPS spectra
of Bi 4f and O 1s are shown in Figs. 4b and c. Clearly, the
peaks at ca. 164.8 and 159.5 eV can be assigned to Bi 4f 7/2
and Bi 4f 5/2, respectively, which were assigned to the Bi-O
bonds [29,30]. The Ols spectra are fitted into the two peaks
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Fig. 1. (a) XRD diffraction patterns and (b) enlargement in the range of 20°-35°of the BOH and BOH-ZnR (R =0.01, 0.02, 0.03 and 0.04).
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Fig. 2. SEM images of the obtained samples (a) BOH, (b) BOH-Zn0.01, (c) BOH-Zn0.02, (d) BOH-Zn0.03, (e) BOH-Zn0.04, and

(f) EDS of the BOH-Zn0.02.

Fig. 3. TEM (a) and HRTEM image (b) of the sample BOH-Zn0.02.

at ca. 530.2 and 531.3 eV. The high binding energy (531.3 eV)
is usually attributed to the chemisorbed or dissociated oxy-
gen on the particles or OH species of hydroxides. The low
binding energy (530.2 eV) is assigned to lattice oxygen of
metal oxide [31]. It can be found from Figs. 4b and c that
the binding energies of Bi 4f and O 1s both shift to lower
binding energy with increase of the Zn content. It attributes
to that the redundant electrons have been formed after Zn?*
ions replace Bi** ions, and the repulsive interaction leads to
increase of the kinetic energy and decrease of the binding
energies of photo electrons. The Zn 2p core level spectrum
of the sample BOH-Zn0.02 is shown in Fig. 4d. The Zn 2p1
and Zn 2p3 spin-orbital photo electrons are located at bind-
ing energies of 1,044.8 and 1,021.9 eV, respectively, indicat-
ing that the existence of Zn*" on the surface of the sample

[32]. According to the XPS analysis, the Zn/Bi molar ratio is
about 2.4, which is beyond the error correction of the theoret-
ical value 2.0. It further indicates that the much more Zn ions
are just doped on the surface of the samples.

3.4. Optical properties

The UV-Vis diffuse reflectance spectra of the obtained
samples are shown in Fig. 5. It can be seen that all the sam-
ples almost have the same absorption edges, and the band
gaps of BOH-ZnR samples have no significant change
(Fig. 5a). The band gaps of semiconductors can be calculated
according to the following Eq. (2): (aE, ) = A(E,.E g)”/z,
where «, Ephom, A and n are the absorption Coefficient, the
photo energy, constant and an integer, respectively. The # is
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Fig. 4. XPS spectra of the samples. (a) Survey of the BOH-Zn0.02, (b, c) the high-resolution XPS spectra of Bi 4f and O 1s of BOH and
BOH-ZnR (R =0.01, 0.02, 0.03 and 0.04), respectively, (d) the high-resolution XPS spectra of Zn 2p of BOH-Zn0.02.

equal to 1 for an indirect band gap, and it is 4 for a direct
band gap. According to this equation, the value of the band
gap of the samples was about 3.22 eV. It is interesting that
an obvious absorption tailing to about 600 nm of all the
samples is observed. The absorption tailing is guessed to be
caused by the BiO, on the surface of the samples [33].

3.5. Photocatalytic activity

The photocatalytic performances of the obtained samples
were investigated by the degradation of RhB under visible
light irradiation (A > 420 nm). Fig. 6a shows the absorption
peaks intensities of RhB solution changed as function of irra-
diation time in the presence of BOH-Zn0.02. It can be seen the
absorbance of RhB decreased gradually with the increasing
irradiation time, and 85.0% RhB was degraded after 120 min.
No new absorption bands and negligible hypsochromic shift
is observed, implying that the absence of N-de-ethylation
of RhB [34]. It indicates that the sample BOH-Zn0.02
shows excellent photocatalytic activity under visible light
irradiation.

Fig. 6b shows the variations of RhB concentration (C/C)
vs. irradiation time over the obtained samples. The adsorp-
tion rates of the as-prepared samples are 28.9%, 41.8%,
44.1%, 34.7% and 33.5% for BOH and BOH-ZnR (R= 0.01,
0.02, 0.03 and 0.04), respectively. It can be seen that BOH is

the catalyst with good adsorption ability and Zn doping can
further improve the adsorption capability of the catalyst.
After visible light irradiation for 120 min, about 45.6% RhB
was degraded by the BOH. Compared with the BOH, all the
BOH-ZnR catalysts show higher photocatalytic efficiency.
The optimum Zn/Bi molar ratio for the photocatalytic deg-
radation of RhB is 0.02, while further increase of Zn-doping
concentration led to a little decrease of photocatalytic activ-
ity. Fig. 6¢c shows a linear relationship between In(C /C) and
irradiation time f (min) of the obtained samples. The pho-
tocatalytic degradation of RhB follows pseudo-first-order
kinetics,that is, ln(C/CU = kt) where k is the kinetic constant
(min). The kinetic constants of the samples are showed in
Fig. 6d. It can be seen the k values increase and reach to the
largest value (0.01093) for the BOH-Zn0.02, which was as
high as about five times as that of BOH, then decrease as
the Zn doping concentration increases. The results further
confirm that the Zn doping plays an important role on the
improvement of photocatalytic activity of the samples.

3.6. Possible photocatalytic mechanism
3.6.1. Active species

The trapping experiments were carried out to evaluate
the role of the active species in the photodegradation process.
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Fig. 6. (a) Temporal UV-Vis absorption spectral changes of RhB aqueous solution as a function of irradiation time in the presence of
the sample BOH-Zn0.02 (0 min denoted as adsorption-desorption equilibrium and light on), (b) the photocatalytic activity, (c) plots
of In (C//C) vs. irradiation time, and (d) the kinetic constants of the BOH and BOH-ZnR (R = 0.01, 0.02, 0.03 and 0.04).

According to Fig. 7a, after adding 1 mmol L' IPA into photo-
catalytic reaction system, the degradation efficiency for RhB
was reduced by ca. 9.0% compared with no scavenger. It indi-
cates that *OH can be produced and plays some roles in the
photodegradation process. When adding 1 mmol L™ TEOA
into the reaction system, the photocatalytic degradation of
RhB was fully suppressed. It indicates that holes play a key
role in the photocatalytic process. Fig. 7b shows the UV-Vis
absorption spectra of NBT in the suspension of BOH-Zn0.02
under visible light irradiation (A > 420 nm). The maximum
absorbance has no obvious decline as the irradiation time

increases, indicating without formation of O, in the pho-
tocatalytic process. Therefore, it can be concluded that the
degradation of RhB was mainly due to the reaction with the
photogenerated holes directly.

3.6.2. Band gap structures and the possible degradation
mechanism

Usually, photocatalytic efficiency depends on the
transformation and recombination rate of electron-hole
pairs. The transfer rate of electron-hole pairs is related with
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Fig. 7. (a) Effect of IPA and TEOA on the photocatalytic activity of BOH-0.02 for degradation of RhB. and (b) UV-Vis absorption
spectra of NBT in the suspension of BOH-Zn0.02 under visible light irradiation (A > 420 nm).

interface and energy band structure of the semiconductor
[36]. In other word, the conduction and valence band posi-
tions determine the reducing and oxidation capability of cat-
alysts. As for Bi-base semiconductors, the conduction band
is composed of Bi 6p orbits. And the Bi 6s and O 2p levels
can form a preferable hybridized valence band [37,38]. And
these band structures are beneficial to the potential require-
ment of organic oxidation. We determined the valence band
(VB) XPS spectra of the prepared samples. And we found
that an interesting thing occurred. Zn doping could change
the valence band top position of the samples. The results are
shown in Fig. 8. The VB top estimated from the VB-XPS was
2.43,2.25,2.12,2.23 and 2.34 eV for the BOH and BOH-ZnR
(R=0.01, 0.02, 0.03 and 0.04), respectively. Compared with
BOH, the VB position of the BOH-Zn0.02 was upward shifts
by 0.31 eV. According to the DRS analysis, the band gaps of
all the obtained samples were 3.22 eV. Based on the formula:
Eg= EVB—E‘, the conduction band (CB) minimum values of
the BOH and BOH-ZnR (R = 0.01, 0.02, 0.03 and 0.04) occur
at about —0.79, -0.97, -1.10, -0.99 and —0.88 eV, respectively.
To investigate the adsorption and interaction between
the BOH-Zn0.02 and RhB, we determined the chemical
states of the Bi element on the surface of BOH-Zn0.02 after
adsorption of RhB. The results are shown in Fig. 9. The Bi
4f spectra were fitted into the two groups of peaks, which
were located at 159.5, 165.0 eV and 161.0, 166.4 eV. The first
group of peaks can be assigned to the Bi-O bonds [29,30].
Compared with the Bi-O bands, the second group of peaks
was shifted to the higher binding energy. We speculate the
higher Bi 4f binding energies are due to the chemical inter-
action between Bi** and the adsorbed RhB species on the
surface of BOH-Zn0.02. The chemical interaction between
Bi** and RhB can effectively reduce the contact energy bar-
rier [39], which is advantageous to the transformation of
electrons from the RhB to the BOH-Zn0.02 during the pho-
tocatalytic degradation. Since the upwards of energy band
structures, direction of the electric field is from the bulk
to the surface of the catalysts. It is in favor of the adsorp-
tion of the electron acceptor molecular (RhB), which is
demonstrated by the excellent adsorption property of the
BOH-Zn0.02. Meanwhile, direction of the electric field from
the bulk to interface of catalysts accelerates the enrichment
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Fig. 8. Valence band XPS spectra of the BOH and BOH-ZnR
(R=0.01, 0.02, 0.03, 0.04).

of holes on the interface. The photoreaction with holes as
reactive species easily takes place, which was proved by the
previous trapping experiments.

And we further verified the interaction between Bi ions
and RhB species by FTIR spectra. The results are shown
in Fig. 10. Preparation procedure of the sample BOH-
Zn0.02 adsorbing RhB is as follows: 0.10 g of the sample
BOH-Zn0.02 was added into the 250 mL of RhB solution
with the concentration of 10 mg L. And the suspen-
sion was ultrasounded for 10 min and stirred for 40 min
in the dark in order to reach the adsorption—desorption
equilibrium, then filtered and dried at 60°C in air. For the
sample BOH-Zn0.02 (Fig. 10a), the IR bands at 1,604 and
1,385 cm™ are assigned as antisymmetric and symmetric v
(-CO*) modes, respectively, of carboxylate [40], which were
applied during the preparation of the catalysts. All peaks
below 1,000 cm™ are typical of various vibration modes of
M-O and M-OH where M signifies the metal (in this case
Bi). Broad band at 3,400 cm™ are linked to the OH vibrations
of the water molecules and the hydrogen atoms bound to
the OH groups in the metal hydroxide [40].
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Fig. 9. XPS spectra of the Bi 4f of the sample BOH-Zn0.02 after
adsorption of RhB.

300
c

— i il [{o]

< 240 = Sl

~ & 3 o

O - O

o 1804 i

4]

E=| b Py

g 1201 1635 3

= 2

[y

(1

-

|_

2000

3000
-1
wavenumbers (cm )

-
[=]
o
o

Fig. 10. FTIR spectra of (a) BOH-Zn0.02, (b) RhB molecules
adsorbed onto BOH-Zn0.02, and (c) RhB powder.

RhB possesses inorganic functional groups (deproton-
ated carboxylic acid group and two amino groups) possibly
interact with the interface of photocatalyst through coor-
dination with metal ions and electrostatic attraction and
H-bonding. For the pure RhB (Fig. 10c), the stretching vibra-
tion of the carboxyl group is located at 1,706 cm™. The N-aryl
bond vibrations are located at the 1,339 cm™ band. The C=N
bond is located at 1,643 cm™. The OH stretching vibration of
the adsorbed water was at ca. 3,418 cm™ [41].

After the sample BOH-Zn0.02 adsorbing RhB (Fig. 10b),
the stretching vibration band of the carboxylic group
(1,706 cm™) over the sample was disappeared. Meanwhile,
the stretch at 1,604 cm™ shifts to ca. 1,635 cm™ and is strength-
ened and broadened, and the vibration at 1,385 cm™ is much
weaker compared with the band of the carboxylate in the
BOH. This splitting vibration was also observed in the RhB
coordination with TiO, [42,43]. Generally, the frequency
difference (A) between the antisymmetric and symmetric
stretching vibration of carboxyl group in various chemi-
cal environment is in the order of -(monodentate) > -(ionic)
-(bridging) > -(bidentate)- [44—46]. In our work, the A value
(250 cm™) of carboxyl group illustrates that carboxyl group

links with the Bi*" by monodentate coordination. In other
words, it is likely that Bi ions further coordinating with
carboxyl groups in the RhB species leads to increased vibra-
tion dipole moments of carboxyl groups, corresponding
to the vibration transmittance peak intensity undergoing
changes.

We estimated the separation of photogenerated electron
and hole pairs of the samples by the PL spectra. Fig. 11a
shows the PL spectra of the as-prepared samples using an
excitation wavelength of 360 nm. The two PL emission peaks
at 404 nm (3.07 eV) and 472 nm (2.62 eV) were found. The
lower PL photon energy, compared with the bandgap energy
of the obtained samples (3.22 eV) indicates that the electron—
hole pairs may recombine via the trap states. Additionally, it
can be seen that all the Zn-doped BOH samples show lower
PL intensities than the bare BOH, proving that Zn doping can
inhibit the recombination of electron-hole pairs. PL results
indicate that upward of energy band can improve the trans-
fer rate of carriers and decrease their recombination.

The photocatalytic activity of catalysts was influenced
by several factors such as morphology, particle size, spe-
cific surface area, optical absorption ability and energy band
structure [47,48]. We determined the specific surface area of
the obtained samples. The specific surface areas of the BOH
and BOH-Zn (R=0.01, 0.02, 0.03 and 0.04) were estimated to
be 27.5, 26.8, 26.1, 25.7, 25.5 m? g™, respectively. All of sam-
ples had similar specific surface areas. Then we determined
the N, adsorption-desorption isotherms and pore volume
and pore diameter distribution of BOH and BOH-Zn0.02
(Fig. 11b). The results displayed the type IV isotherms with
obvious hysteresis (P/P,= 0.4-1.0) between the adsorption
and desorption branches, indicating the presence of meso-
pores. The inset graphs of Fig. 11b show the pore volume and
pore diameter distribution of BOH and BOH-Zn0.02 were
similar. Moreover, the light absorption curves of the sam-
ples are almost consistent, which indicates that the specific
surface area and light absorption property are not the main
effecting factor in this system.

Then what results in the enhancement of photocatalytic
performance of the Zn dopant Bi(OH), under visible light
illumination?

According to the discussion above, the energy band
bending of the products is possibly the key factor of
improvement of photoactivity. Band bending can influ-
ence the photoreaction process by the following way [21].
(1) Thermal adsorption or desorption of the objective spe-
cies on the surface of semiconductors, which were proved
by the results of adsorption experiment of RhB on the
products. (2) Modulating photogeneration carriers recom-
bination and transfer process between the semiconductors
and adsorbates.

The potential of LUMO and HOMO levels of RhB are
-1.42 and 0.95 eV, respectively, which match very well with
A, of 553 nm [49,50]. Since the potential of LUMO of RhB
is more negative than position of conduction band of the
BOH-Zn0.02. So the photoexcited electrons from RhB can
transfer to conduction band of the BOH-Zn0.02. Based on
the above analysis and discussion, a plausible photocatalytic
process was proposed, as illustrated in Fig. 12. When the
adsorbed RhB species are excited by visible light, the pho-
togenerated electrons are injected into the conduction band
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Fig. 12. Photogenerated carriers transfer process on the surface
of the BOH-Zn0.02 absorbing RhB by visible light illumination
(A 2420 nm).

of the BOH-Zn0.02. Meanwhile, the BOH-Zn0.02 is irradi-
ated by visible light and the photogenerated electrons on
the surface easily transfer into the bulk of the BOH-Zn0.02
due to upward band bending. However the photogenerated
holes could transport the HOMO level of RhB since the
BOH-Zn0.02 has more positive potential level. So photogene-
rated electrons and holes can be effectively separated. Much
more holes can be applied for degradation of RhB.

4. Conclusions

In summary, BOH-Zn with different contents of zinc
was successfully synthesized via a solvothermal method.
The Zn doping did not change the BET surface area and
the light absorption property of BOH. However, Zn dop-
ant could induce the upward band bending. Accordingly,
Zn doping could highly improve the photocatalytic activity
for degradation of Rhodamine B (RhB) under visible light
irradiation (A 2 420 nm). The sample with the Zn/Bi molar
ratio of 0.02 showed the highest photocatalytic activities,
and its apparent rate constant was five times higher than the
bare Bi(OH),. The photogenerated holes played a key role in
this photocatalytic reaction process. The high photocatalytic

activity could be attributed to high adsorption capability
and photogenerated carriers rapidly transfer between the
Zn-doped Bi(OH), and RhB species due to upward band
bending.
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