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photocatalytic degradation of
rhodamine B over Bi2Ga4�xFexO9 solid solutions
under visible light irradiation†

Jia Yang,*a Xiaorui Sun, *a Chunmei Zeng,b Xiaoting Wang,a Yilan Hu,a Ting Zenga

and Jianwei Shia

In this work, Bi2Ga4�xFexO9 (0 # x # 1.2) solid solutions were prepared via the traditional high-temperature

solid-state reaction. The Le Bail fitting on the powder X-ray diffraction patterns shows that these solid

solutions were successfully synthesized. Scanning electron microscopy showed that the Bi2Ga3.2Fe0.8O9

sample was composed of sub-micron particle crystallites. Energy dispersive spectroscopy analysis and X-

ray photoelectron spectroscopy were used to identify that the Fe element is trivalent when doping into the

crystal structure. Ultraviolet-visible diffused reflectance spectra suggested that the bandgap of

Bi2Ga3.2Fe0.8O9 is narrower than that of the undoped Bi2Ga4O9 sample. Three strategies, including Fe3+

doping, addition of H2O2, and loading of the cocatalyst, were utilized to improve the photocatalytic

degradation activity. The optimum photocatalytic performance was obtained over 2.5 wt% Cu/

Bi2Ga3.2Fe0.8O9 sample in 20 ppm RhB aqueous solution (containing 1.5 mL H2O2) under visible light

irradiation. Its photodegradation rate is 8.0 times that of Bi2Ga4O9 containing 0.5 mL H2O2. The 2.5 wt%

Cu/Bi2Ga3.2Fe0.8O9 photocatalyst remained stable and active even after four cycles. Also, its photocatalytic

conversion efficiency for RhB was nearly 100%, which was achieved in 3 hours. The photocatalytic

mechanism indicated that $OH and h+ played an important role in the photocatalytic degradation reaction.
1. Introduction

Dye effluents from textile industries and photographic indus-
tries are becoming a serious environmental problem because of
their toxicity, unacceptable color, high chemical oxygen
demand, and biological degradation.1–3 Many advanced oxida-
tion technologies, especially photocatalytic technology, were
developed to treat industrial wastewater.4 Photocatalysis is
a green technique for the degradation of various dyes such as
rhodamine B (RhB), brilliant blue, thionine, and methylene
orange.5–8 The most important point is that the semiconducting
material, such as single semiconductor, semiconducting het-
erostructure, or solid solution, was utilized as the photocatalyst
in this type of reaction.9–14 However, a majority of semi-
conductors, such as TiO2, Ca2PbGa8O15, and ZnO, only have
a response under ultraviolet light irradiation.15–17 The ultraviolet
spectrum and visible spectrum account for 4% and 46% of the
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solar spectrum, respectively.18 Hence, discovering a new pho-
tocatalyst for the photocatalytic degradation reaction is an event
of signicance.

Usually, the Bi-based oxides have sensitive activity under
visible light. The famous BiVO4 material was extensively studied
for visible-light photocatalytic applications such as oxygen
evolution, water splitting, carbon dioxide reduction, and dye
degradation.19–22 The other Bi-based oxides, such as Bi2O3,
Bi2MoO6, Bi2WO6, BiTaO4, PbBi2Nb2O9, and CdBiYO4, were
studied as visible-light-driven photocatalysts for photocatalytic
applications as well.23–28 The visible-light response of these
materials arises due to the presence of the Bi3+ lone pair of
electrons. It was found that the bandgap shrinking was due to
the contribution of Bi 6s orbitals to the valence band compo-
sition. However, the conduction bands of these Bi-based oxide
compounds are more positive than 0 V, which means that they
cannot be used for hydrogen evolution by themselves. Recently,
Bi2Ga4O9 was employed as the photocatalyst for water splitting
under visible-light irradiation.29 Therefore, it is interesting to
investigate the visible-light photocatalytic degradation perfor-
mance of Bi2Ga4O9.

To the best of our knowledge, there has been no report
regarding the application of Bi2Ga4O9 in the visible-light driven
degradation of dyes. Herein, the photocatalytic degradation
performance of mullite type Bi2Ga4O9 was improved by doping
Fe3+ ions, adding H2O2, and loading cocatalysts (such as Cu, Ag,
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 The powder XRD patterns for the solid solutions, where the
simulated XRD pattern for the un-doped Bi2Ga4O9 is also given at the
bottom. Also, the inserted red rectangle was magnified to the right of
the XRD patterns.
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Au, Pt, Ni, and Ru). RhB was used as the model organic dye to
study the photocatalytic property of the as-prepared samples. In
particular, the composition, morphology, physical property,
and photocatalytic mechanism of Bi2Ga3.2Fe0.8O9 were system-
atically investigated.

2. Materials and methods
2.1 Preparation of the catalysts

The solid-state method was applied to synthesize Bi2Ga4�xFexO9

(0 # x # 1.2) samples. The starting materials, Bi2O3 (99.9%,
Sinopharm Chemical Reagent Co., Ltd.), Ga2O3 (99.99%, Alfa
Aesar), and Fe2O3 (99.5%, Sinopharm Chemical Reagent Co.,
Ltd.), were used aer pre-calcination at 600 �C to remove the
possible absorbed moisture or CO2. Typically, for the synthesis
of Bi2Ga3.2Fe0.8O9, stoichiometric amounts of the reagents were
homogenized using an agate mortar, followed by preheating at
600 �C for 10 h. The resultant powder was manually re-ground
thoroughly. Finally, it was heated at 850 �C for another 15 h
in air.

2.2 Preparation of the cocatalysts

The metal cocatalyst was loaded on Bi2Ga3.2Fe0.8O9 by a photo-
deposition method.29 For instance, 100 mg Bi2Ga3.2Fe0.8O9

sample together with 7.8 mL of CuCl2 (0.32 mg mL�1) was
mixed in 200 mL 2 vol% methanol aqueous solution. This
solution, in a 300 mL Pyrex glass reactor, was stirred for 10
minutes and then the mixture was irradiated by a 300 W high-
pressure Hg-lamp (CEL-LAM300, Beijing AuLight Ltd. Co.,
intensity of light is 49.5 mW cm�2) for 1 hour. Aer this, the
sample was washed with distilled water and dried to be used as
a photocatalyst. This sample was denoted as 2.5 wt% Cu/
Bi2Ga3.2Fe0.8O9.

2.3 Characterization

The crystal structure of the as-prepared sample was character-
ized by X-ray diffraction (XRD, XRD-6100AS, Cu Ka irradiation,
Shimadzu, Japan). Le Bail renements were performed to
obtain the cell parameters using TOPAS soware package. The
morphology and size of the samples were characterized by
scanning electron microscopy (SEM FEI verios 460) equipped
with an energy dispersive spectrometer (EDS). The composi-
tions of the Bi2Ga3.2Fe0.8O9 sample were analyzed with induc-
tively coupled plasma-atomic emission spectroscopy (ICP-OES,
PerkinElmer 8300). X-ray photoelectron spectroscopy (XPS) was
carried out using a PHI5000 spectrometer with an Al Ka (15 kV)
X-ray source. Ultraviolet-visible diffused reectance spectra
(DRS) were obtained on a Shimadzu UV-3600 spectrometer
equipped with an integrating sphere attachment. The analysis
range was from 200 to 1100 nm and BaSO4 was used as the
reectance standard. The number of incident photons was
measured by using a calibrated Si photodiode (CEL-NP2000).

2.4 Photocatalytic performance evaluation

The photocatalytic performance was tested on the reaction
equipment, which contains a 300 mL Pyrex glass reactor and
This journal is © The Royal Society of Chemistry 2019
a quartz cold trap. In a typical run, 100 mg of the catalyst was
dispersed by a magnetic stirrer in 250 mL of 20 ppm RhB
aqueous solution. The solution was continuously stirred and
a self-made circulating cooling water system maintained the
temperature of the reaction system at 25 � 5 �C. The light
irradiation source was generated by an external 300 W long-arc
xenon lamp (CEL-LAX300, Beijing AuLight Ltd. Co., intensity of
light is 38.5 mW cm�2).

These photocatalysts with 250 mL Rh (20 ppm) solution were
stirred in dark for 30 min to achieve the adsorption–desorption
equilibrium. Aer light illumination at regular time intervals,
the concentration of the RhB solution was monitored with
a Shimadzu UV2600 UV-Vis spectrophotometer at 10 minute
intervals.
2.5 Determination of the reactive species

The photocatalytic mechanism of 2.5 wt% Cu/Bi2Ga3.2Fe0.8O9

was studied in accordance with part 2.4, but before the start of
the reaction, some quenchers (1 mmol L�1) were added into the
RhB solution, such as p-benzoquinone (BQ; $O2

� radical scav-
enger), disodium ethylenediaminetetraacetate (EDTA-2Na; h+

scavenger), and isopropanol (IPA; $OH radical scavenger).
3. Results and discussion

Fig. 1 presents the XRD patterns of Bi2Ga4�xFexO9 (0 < x < 1.2)
solid solutions and the sharp peaks indicate the high crystal-
linity of these samples. Compared to the simulated XRD pattern
(ICSD-250413) of Bi2Ga4O9, it is evident that the pure phases of
the Bi2Ga4�xFexO9 (0# x# 1.2) solid solutions were synthesized
without any impurity peak. As shown in the inserted red rect-
angle of Fig. 1, we selected the section of 2q from 28� to 29.5� to
observe the peak shi by Fe3+-doping. The peaks of the solid
solutions shied linearly to a smaller angle. This means that the
Fe3+ ions were incorporated successfully into the crystal struc-
ture of Bi2Ga4O9.30 We can determine the change in the cell
lattice parameters (a, b, c, and V) by Le Bail tting of the whole
RSC Adv., 2019, 9, 26894–26901 | 26895
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XRD patterns. The plot of the crystallographic data for a, b, c,
and V along with an increase in x suggests a linear swell (see
Fig. S1†).31 The crystal structure of Bi2Ga3.2Fe0.8O9 can be
conrmed by TOPAS (see Fig. S2†). These results strongly
suggest that Fe3+ has been successfully doped into Bi2Ga4O9

without any structural change.
The as-prepared Bi2Ga4O9 and Bi2Ga3.2Fe0.8O9 were observed by

electron microscopy. The SEM images of the Bi2Ga3.2Fe0.8O9

powders were composed of uneven sized particles in the range of
0.4–1 mm (see Fig. 2). The particle size of the Bi2Ga3.2Fe0.8O9

powder was remarkably smaller than that of the undoped
Bi2Ga4O9 powder, which is in the range of 0.8–1.5 mm (see
Fig. S3†). Both the particles were well-crystallized, which is
consistent with the XRD analysis. Elemental analysis was per-
formed on the Bi2Ga3.2Fe0.8O9 sample, which gave an average
atomic ratio of Bi : Ga : Fe : O ¼ 2.00 : 3.35 : 0.83 : 9.18 (see
Fig. S4†). Also, this sample was analyzed by ICP, which gave a close
metallic atomic ratio of Bi : Ga : Fe ¼ 2 : 3.27 : 0.73. Besides, the
XPS spectra for Bi2Ga3.2Fe0.8O9 indicated that not only the
elemental compositions are in agreement with the EDS result but
also support the fact that the Fe element is trivalent (see Fig. S5†).

Fig. 3 shows the DRS of the Bi2Ga4O9 and Bi2Ga3.2Fe0.8O9

samples. The spectrum of Bi2Ga4O9 showed a typical bandgap
transition similar to the other semiconductors, such as C3N4
Fig. 2 SEM images for Bi2Ga3.2Fe0.8O9.

Fig. 3 (a) UV-Vis diffused reflectance spectrum for Bi2Ga4O9 and Bi2Ga
against the photon energy (hn).

26896 | RSC Adv., 2019, 9, 26894–26901
and CuFeS2.32,33 The spectrum of Bi2Ga3.2Fe0.8O9 showed an
obvious red shi and enhancement in comparison to the
spectrum of Bi2Ga4O9 (see Fig. 3a). There is an absorption peak
in the range of 625–750 nm, which is due to the d–d transition
of the Fe3+ ion.29 For most semiconductors, the bandgap energy
Eg can be calculated by the following equation: ahn ¼ A(hn �
Eg)

n/2, where h, v, and A are the Planck's constant, light
frequency, and proportionality, respectively; n is determined on
the basis of the transition type (i.e., n¼ 1 for direct transition, n
¼ 4 for indirect transition).13 The best t of (ahn)2 vs. Eg was
obtained only when n is 1, suggesting that direct transitions
across the energy bandgaps of Bi2Ga4O9 and Bi2Ga3.2Fe0.8O9 are
allowed (see Fig. 3b). The extrapolated value of hn at a ¼ 0 gives
an absorption edge energy corresponding to Eg, which are
2.99 eV and 2.59 eV for Bi2Ga4O9 and Bi2Ga3.2Fe0.8O9, respec-
tively. Besides, on comparing the absorption spectra of Bi2-
Ga4�xFexO9 with different Fe contents (0 < x < 1.2), the
absorption edge appeared to show a “red shi” with increasing
Fe3+ concentration (see Fig. S6†).

The photocatalytic activities were evaluated for the Bi2-
Ga4�xFexO9 (0 < x < 1.2) samples using the catalytic degradation
of RhB as a probe reaction under visible light irradiation. The
absorption–desorption equilibrium was established by stirring
the reaction solution mixed with the photocatalyst powder in
3.2Fe0.8O9. (b) The estimated bandgap energy Eg with a plot of (ahn)2

This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra04632a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
A

ug
us

t 2
01

9.
 D

ow
nl

oa
de

d 
on

 7
/2

3/
20

25
 6

:2
3:

48
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
a darkroom for 30 min before illumination. Fig. 4 displays the
results for RhB degradation using the Bi2Ga4�xFexO9 (0 < x < 1.2)
samples under the same reaction conditions. As shown in
Fig. 4a, the absorbance of the RhB reaction solution decreased
rapidly aer the visible light irradiation. To quantitatively
assess the photocatalytic performance of the solid solutions, the
reaction kinetics of RhB degradation were calculated by the
rst-order model with the ln(C0/C) versus time plot (see
Fig. 4b).34 The calculated k values of Bi2Ga4�xFexO9, where x¼ 0,
0.2, 0.4, 0.6, 0.8, 1.0, and 1.2, are 0.0022 min�1, 0.0026 min�1,
0.0030 min�1, 0.0053 min�1, 0.0091 min�1, 0.0082 min�1, and
0.0060 min�1, respectively. The k value of Bi2Ga3.2Fe0.8O9 is 4.1
times larger than that of the undoped Bi2Ga4O9. Also, the
kinetic constant for RhB degradation catalyzed by the undoped
sample is the smallest. The conversion efficiency of the solid
solutions displayed that the photocatalytic activity of Bi2Ga3.2-
Fe0.8O9 is better than that of the undoped Bi2Ga4O9 as well (see
Fig. 4c). The above results illustrate that doping a slight amount
of Fe3+ into the Bi2Ga4O9 crystal structure not only makes the
photocatalyst economical but also signicantly promotes the
photocatalytic performance.35 However, an excessive amount of
Fe3+ plays the role of a recombination center for photo-
generated electrons and holes.18,36 Owing to the two effects,
the optimum Fe3+ amount was 20 wt%; hence, the Bi2Ga3.2-
Fe0.8O9 sample exhibits the highest photocatalytic performance
Fig. 4 (a) Photocatalytic degradation of RhB using Bi2Ga4�xFexO9 solid
for the degradation of RhB under visible light irradiation. (c) The conversio
(d) The UV-Vis absorption spectra of RhB at different concentrations us
Photocatalytic conditions: 100 mg photocatalyst, 250 mL solution, RhB

This journal is © The Royal Society of Chemistry 2019
among the solid solutions. Fig. 4d displays that RhB was pho-
tocatalytically oxidized in one hour using the Bi2Ga3.2Fe0.8O9

sample.
Fig. 5 presents the conversion efficiency of RhB over the

Bi2Ga3.2Fe0.8O9 sample under visible light irradiation. Usually,
H2O2 plays a key role in the degradation of various dyes.37,38 In
this work, using the above optimum Bi2Ga3.2Fe0.8O9 sample
without H2O2 displayed a very low conversion efficiency of RhB
in the photocatalytic reaction. The conversion efficiency of RhB
was signicantly improved on increasing the usage amount of
H2O2 by comparing the photocatalytic activity of Bi2Ga3.2Fe0.8O9

with 0 mL H2O2 (see Fig. 5a). Since excess H2O2 acts as a scav-
enger of $OH and exhausts $OH in the solution, an optimum
amount of H2O2 is used.39 The optimum k value of Bi2Ga3.2-
Fe0.8O9 with 1.5 mLH2O2 is 0.0108min�1 (see Fig. S7†). Besides,
the photodecomposition activity for RhB using only 1.5 mL
H2O2 is better (see Fig. S8†). Six kinds of cocatalysts were loaded
on the Bi2Ga3.2Fe0.8O9 sample to improve its photocatalytic
performance. Generally, the metal cocatalyst played the role of
an active site, which is benecial for the separation of photo-
generated electrons and holes.40,41 However, only the Cu and
Ag cocatalysts have a positive inuence on the photocatalytic
activity in our experiment (see Fig. 5b). Also, the optimum k
value of Bi2Ga3.2Fe0.8O9 with 1 wt% Cu cocatalyst is
solutions under visible light irradiation. (b) First-order kinetic constants
n efficiency of RhB over the solid solutions under visible light irradiation.
ing Bi2Ga3.2Fe0.8O9 as the photocatalyst under visible light irradiation.
20 ppm, pH ¼ 6, V(H2O2) ¼ 0.5 mL, 300 W long-arc xenon lamp.

RSC Adv., 2019, 9, 26894–26901 | 26897
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Fig. 5 The conversion efficiency of RhB over the Bi2Ga3.2Fe0.8O9 sample under visible light irradiation: (a) addition of different volumes of H2O2

in 250 mL solution; (b) loading 1 wt% of different cocatalysts on the photocatalyst. Photocatalytic conditions: 100 mg photocatalyst, 250 mL
solution, RhB 20 ppm, pH ¼ 6, 300 W long-arc xenon lamp.
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0.0131 min�1 (see Fig. S9†). The possible reason will be dis-
cussed in the photocatalytic mechanism section.

The usage amount of Cu cocatalyst was tested for the pho-
tocatalytic degradation of RhB under visible light. The 2.5 wt%
Cu/Bi2Ga3.2Fe0.8O9 displays the optimum photocatalytic activity
(see Fig. 6a). Also, the corresponding optimum k value is
0.0175 min�1 (see Fig. S10†). The negative effect of excessive Cu
may be caused by the interfacial charge recombination.42 Other
Fig. 6 (a) The conversion efficiency of RhB using Bi2Ga3.2Fe0.8O9 with diff
photocatalytic degradation of RhB using 2.5 wt% Cu/Bi2Ga3.2Fe0.8O9 und
different concentrations using 2.5 wt% Cu/Bi2Ga3.2Fe0.8O9 as the photoc
RhB using 0.5 wt% Cu/Bi2Ga3.2Fe0.8O9 under visible light irradiation. Ph
20 ppm, pH ¼ 6, V(H2O2) ¼ 1.5 mL, 300 W long-arc xenon lamp.

26898 | RSC Adv., 2019, 9, 26894–26901
than photocatalytic efficiency, the stability and reusability of the
photocatalyst is also an important factor to evaluate the prop-
erty of the catalyst.43 Therefore, the stability of the best per-
forming 2.5 wt% Cu/Bi2Ga3.2Fe0.8O9 sample by photocatalytic
degradation of RhB for four cycles under the same conditions
was studied. Specically, each cycle consisted of 60 min of
photocatalytic reaction, followed by the separation of the pho-
tocatalyst by centrifugation, then washing with distilled water,
erent amounts of Cu-cocatalyst under visible light irradiation. (b) Cyclic
er visible light irradiation. (c) The UV-Vis absorption spectra of RhB with
atalyst under visible light irradiation. (d) Photocatalytic degradation of
otocatalytic conditions: 100 mg photocatalyst, 250 mL solution, RhB

This journal is © The Royal Society of Chemistry 2019
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and nally drying of the photocatalyst in an oven at 60 �C. The
change in the normalized concentration of RhB (C/C0) over four
cycles is displayed in Fig. 6b. The photocatalytic conversion
efficiency of 2.5 wt% Cu/Bi2Ga3.2Fe0.8O9 sample decreased
slightly aer each cycle, such that 65% and 50% of RhB was
degraded aer the rst and fourth cycles, respectively. The
reduction in the photocatalytic activity is attributable to the
inevitable loss of the photocatalyst during the separation and
cleaning steps.6 This demonstrates that the sample is relatively
photo-stable in the photocatalytic reaction. Also, the XRD
patterns of the photocatalysts aer the photocatalytic reaction
display the photo-stability of these samples (see Fig. S11†).
Fig. 6c and d display that nearly 100% RhB was completely
degraded in 3 hours.

The photocatalytic mechanism for the 1.5 wt% Cu/Bi2Ga3.2-
Fe0.8O9 sample was tested. We employ electronegativity to esti-
mate the energy potential of the conduction band (CB) and
valence band (VB) semi-quantitatively. The applied equations
are EVB ¼ c � Ee + 1/2Eg and ECB ¼ EVB � Eg, where, c is the
Mulliken electronegativity; Ee is the energy of free electrons on
the hydrogen scale, which is 4.50 eV.29 Eg is the observed
bandgap energy for Bi2Ga4O9 and Bi2Ga3.2Fe0.8O9, which are
2.99 eV and 2.59 eV from DRS, respectively. c for Bi2Ga4O9 and
Bi2Ga3.2Fe0.8O9 can be calculated by their molecular formulas,
which were found to be 5.63 eV and 5.70 eV, respectively. So, the
ECB and EVB of Bi2Ga4O9 are �0.37 V and 2.62 V, respectively.
The ECB and EVB of Bi2Ga3.2Fe0.8O9 are �0.09 V and 2.50 V,
respectively. It can be clearly seen that the bandgap of Bi2-
Ga3.2Fe0.8O9 is narrower than that of Bi2Ga4O9, and the absolute
values of the CB and VB potentials for Bi2Ga3.2Fe0.8O9 are
smaller than those of Bi2Ga4O9. This shows that the photo-
catalytic activity of Bi2Ga3.2Fe0.8O9 is better than that of
Bi2Ga4O9. As we know, the photocatalytic active species,
including h+, $OH, and $O2

�, play a very important role in the
photocatalytic degradation reaction.44,45 Therefore, the relative
redox potentials of O2/$O2

�, OH�/$OH, and H2O/$OH are dis-
played in Fig. 7a.43 We can conclude that $O2

� has a slight
inuence over the Bi2Ga3.2Fe0.8O9 sample in the photocatalytic
reaction. EDTA-2Na, IPA, and BQ were used as the quenchers for
h+, $OH, and $O2

�, respectively (see Fig. 7b). It can be seen that
Fig. 7 (a) Schematic illustration of the band structure diagram of Bi2Ga4O
2.5 wt% Cu/Bi2Ga3.2Fe0.8O9 for the degradation of RhB in the presence

This journal is © The Royal Society of Chemistry 2019
the photocatalytic performance was slightly affected by adding
BQ and the photo-degradation rate was 50.6%, indicating that
$O2

� played a small role in the photocatalytic degradation
reaction. In contrast, compared with that without a quencher
(64.6%), the photo-degradation rate reduced to 18.7% and
7.3%, respectively, which demonstrated that $OH and h+ played
an important role in the photocatalytic degradation reaction. All
the relevant reactions are described as follows:

Bi2Ga3.2Fe0.8O9 + hn / Bi2Ga3.2Fe0.8O9(e
� + h+)

e�(Bi2Ga3.2Fe0.8O9) + H+ / 1/2H2

h+(Bi2Ga3.2Fe0.8O9) + OH� / $OH

h+(Bi2Ga3.2Fe0.8O9) + H2O / $OH + H+

Fe3+ + e�(Bi2Ga3.2Fe0.8O9) / Fe2+

Fe2+ + H2O2 / Fe3+ + $OH + OH�

H2O / H+ + OH�

$OH + RhB / product

h+(Bi2Ga3.2Fe0.8O9) + RhB / product

These processes can be used to explain the improvement in
the photocatalytic activity of Bi2Ga3.2Fe0.8O9 using Cu and Ag.
The active species other than the $O2

� play an important role in
the photocatalytic degradation reaction. This means that the
photo-generated electron plays a small role in the photocatalytic
reaction. Owing to the presence of methanol in the photo-
deposition process, these cocatalysts mainly tend to be metals
on the surface of the photocatalyst. As we know, the introduced
metal mostly functions as the electron acceptor to manifest
electron accumulation at the metal and hole localization at the
semiconductor.46,47 Besides, the cocatalyst has an inuence on
the reduction of the chemical barrier. Hence, with the assis-
tance of the cocatalyst, the photo-generated electron was used
to form H2 and even $O2

�. However, RhB is a cationic dye,
which is not easily absorbed on the surface of the photocatalyst.
9 and Bi2Ga3.2Fe0.8O9. (b) The photocatalytic conversion efficiency of
of different scavengers (1 mmol L�1) under visible light irradiation.
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On the contrary, without the cocatalyst, the photo-generated
electron can hardly produce H2. Hence, the electron is mainly
transferred on the RhB, which leads to a relatively large blank
(see Fig. 5b). According this opinion, the cocatalyst has more
positive inuence on the reducing capacity, which decreases the
decomposition of RhB. Usually, Au, Ni, Pd, and Pt cocatalysts
are good for reduction reactions, such as H2 production.18
4. Conclusions

We prepared Bi2Ga4�xFexO9 (0.0 # x # 1.2) solid solutions by
high-temperature solid-state reaction. Le Bail tting on powder
XRD veried the high purity and crystallinity of the as-prepared
samples, and the SEM images show that the Bi2Ga4O9 and
Bi2Ga3.2Fe0.8O9 samples are composed of micron and submi-
cron crystallites, respectively. EDS, ICP, and XPS analyses indi-
cated that Fe element is trivalent when incorporated into the
Bi2Ga4O9 crystal structure. DRS of Bi2Ga4O9 and Bi2Ga3.2Fe0.8O9

samples suggest wide bandgap characteristics and the observed
bandgaps are 2.99 eV and 2.59 eV, respectively, assuming the
direct semiconductor model. The photocatalytic degradation
performance of Bi2Ga4O9 was improved by doping Fe3+, adding
H2O2, and loading a cocatalyst. The optimum photocatalytic
performance was obtained using 2.5 wt% Cu/Bi2Ga3.2Fe0.8O9

sample in the presence of 1.5 mL H2O2 under visible light
irradiation, whose photo-degradation rate is 8.0 times that of
Bi2Ga4O9 in the presence of 0.5 mL H2O2. This photocatalyst
remained stable and active even aer four cycles (4 hours in
total). The photocatalytic mechanism was suggested as well; the
$OH and h+ played important roles in the photocatalytic
degradation reaction.
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