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ucted hydrothermal BiYO3

catalysts for enhanced formic acid formation from
the photocatalytic reduction of carbon dioxide

Zuzeng Qin,*ab Hui Tian,a Tongming Su,a Hongbing Jiac and Zhanhu Guo*b

Bismuth yttrium oxide (BiYO3) photocatalysts were hydrothermally prepared using sodium dodecyl

benzene sulfonate (SDBS), disodium ethylenediamine tetraacetate (EDTA), and citric acid (CA) as soft

templates. The effects of templates on the formed BiYO3 nanostructures were revealed. The BiYO3

nanostructures prepared without the existing template and with the existence of SDBS, EDTA, and CA as

templates had flaked structures, sliced, rectangular lath structures with fine particles, and scaly uniform

particles, respectively. The photocatalytic reduction of CO2 under visible-light irradiation with these

synthesized BiYO3 nanostructures was studied and compared. Due to the larger specific surface area,

higher adsorbed edge, and lower band gap, BiYO3 prepared using EDTA as a template produced fewer

hydroxyl free radicals ($OH) to give a higher yield of formic acid (HCOOH) in the process of the

photocatalytic reduction of CO2. The HCOOH yield from the photocatalytic reduction of CO2 by the

EDTA synthesized BiYO3 was 1.68 mmol L�1, which was 1.9 times higher than that produced from BiYO3

prepared without a template, and 2.6 times higher than that of BiYO3 prepared by a solid-state reaction.
1. Introduction

With accelerated industrialization and urbanization processes
and continuously upgraded consumption structures, CO2

generated from the combustion of coal, oil, natural gas and
other hydrocarbon fuels has increased unbelievably over the
past decade, and the subsequent energy crisis and global
warming have become increasingly serious.1,2 Therefore, it is
very urgent to transform and utilize CO2. At present, the
conversion technology of CO2 includes biological,3 electro-
chemical,4 photochemical,5 and photocatalytic reduction6

methods. Due to the required clean and renewable solar energy,
mild reaction conditions, and lack of pollution, the photo-
catalytic reduction is considered favorably for CO2 conversion to
valuable chemicals.

The photocatalytic conversion of CO2 into hydrocarbons
uses solar energy to excite semiconductor photocatalysts to
produce photogenerated electron–hole pairs and to induce
a redox reaction to synthesize hydrocarbons from CO2.7–8 For
example, Halmann9 used GaP as a photoelectric pole to reduce
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CO2 to CH3OH in an aqueous solution in 1978. Inoue et al. used
TiO2, CdS, GaP, ZnO, and SiC photocatalysts to photocatalyti-
cally reduce CO2 in 1979.10 TiO2 is the most popular material
used in the photocatalytic reduction of CO2, however, the band
gap of TiO2 is 3.2 eV, which can only respond to ultraviolet light
(UV) (about 3–5% in the solar light) for the photocatalytic
reaction. In recent years, to utilize visible light, modication of
TiO2 with Ag,11 Cu2O,12 and CeO2

13 has been reported to shi
the absorption edge of TiO2 from the UV range to the visible
light range. On the other hand, developed new “second gener-
ation” photocatalysts have been used in the photocatalytic
reduction of CO2, such as Zn2GeO4,14 HNb3O8,15 ZnGa2O4,16 and
BiVO4.17 Although the photocatalytic reduction of CO2 has made
signicant progress, there are still many problems, for example,
the low utilization rate of solar energy, low quantum yield, low
adsorption of CO2 on the photocatalyst, and poor light stability.
All these lead to a very low yield of hydrocarbons. Meanwhile,
a template can effectively control crystal nucleation, growth and
the assembly process of inorganic materials by simulating the
biological mineralization process, and subsequently can inu-
ence the surface morphology, catalyst particle size and the
interaction between the photocatalyst and the reactant.20,25 Bi-
based oxide semiconductors have unique electronic struc-
tures, forming a valence band between the Bi-6s and the O-2p,18

for example, BiVO4,19 Bi2MoO6,20 BiWO6,21 and BiYO3.22–23

However, their application for the photocatalytic reduction of
CO2 has rarely been reported.

In this work, BiYO3 photocatalysts were prepared using
a hydrothermal method. The inuence of a so template
RSC Adv., 2016, 6, 52665–52673 | 52665
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Fig. 1 XRD patterns of the BiYO3 photocatalysts prepared by SDBS,
EDTA and CA and without template using a hydrothermal method.

RSC Advances Paper

Pu
bl

is
he

d 
on

 2
0 

M
ay

 2
01

6.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
T

en
ne

ss
ee

 a
t K

no
xv

ill
e 

on
 0

2/
06

/2
01

6 
20

:0
3:

10
. 

View Article Online
sodium dodecyl benzene sulfonate (SDBS), disodium ethyl-
enediamine tetraacetate (EDTA), and citric acid (CA) on the
photocatalysts were studied. The photocatalytic reduction of
CO2 conversion was studied and compared.

2. Experimental
2.1. Preparation of photocatalysts

The BiYO3 photocatalysts with different templates were
prepared by a hydrothermal method. Briey, 0.5 mol L�1

Bi(NO3)3 aqueous solution and 0.5 mol L�1 Y(NO3)3 aqueous
solution were mixed evenly. Then, 4 mol L�1 NH4OH was added
into the mixture with stirring at 100 rpm to adjust the pH ¼ 8.0;
aer that 2.0 g SDBS, EDTA, or CA were added into the mixture
as a template. Aer being stirred at room temperature for 0.5 h,
the mixture was transferred into a Teon-lined stainless sealed
autoclave and heated at 180 �C for 12 h. Aer natural cooling,
the reactant was vacuum ltrated and washed with deionized
water, and then dried at 90 �C for 10 h and calcined at 700 �C for
2 h to obtain BiYO3. The BiYO3 prepared by SDBS, EDTA, and CA
were marked as BiYO3-SDBS, BiYO3-EDTA, and BiYO3-CA,
respectively. For comparison, the BiYO3 catalyst (marked as
BiYO3-blank) was prepared following the same method without
adding a template. Meanwhile, the BiYO3 catalyst was further
prepared by a solid state reaction following the prior procedures
for comparison.22

2.2. Photocatalytic activity tests

The photocatalytic reduction of CO2 was carried out in a SGY-I
photochemical reactor (Nanjing Stonetech Electric Equipment
Co., Ltd.). A 300 W Xe lamp was used as the light source and the
UV light was removed by UV cut-off lter. 200 mL NaOH (0.25
mol L�1) and Na2SO3 (0.1mol L�1) aqueous solution was used to
maintain an alkaline environment in the reaction process, and
2.00 g L�1 BiYO3 catalysts were added into the reactor. Before
illuminating, CO2 was allowed to ow into the reactor at 100 mL
min�1 for 0.5 h with solution stirring to reach an absorption
equilibrium. During the reaction process, about 5 mL of the
reaction suspension was extracted every 1.0 h. The products,
mainly formic acid (HCOOH), were detected by a TU-1901 dual
beam UV-visible spectrophotometer (Beijing Purkinje General
Instrument Co., Ltd) according to the method described in the
literature.24

2.3. Characterizations and measurements

XRD was conducted on a Bruker D8 Advance X-ray diffractom-
eter with Cu Ka radiation at 36 kV, 55 mA using a graphite
monochromator. The morphology of the photocatalysts was
investigated using a Hitachi SU-8020 scanning electron micro-
scope (SEM). The oxidation state and surface composition were
analyzed using an X-ray photoelectron spectrometer (XPS)
(Kratos Ultra Axis DLD), equipped with an Al Ka radiation
source, and the XPS analysis was conducted at 150 W with
a pass energy of 40 eV. The Fourier transform infrared (FTIR)
spectrum of BiYO3 samples was studied in a Nicolet NEXUS 470
infrared spectrometer (Thermo Nicolet, USA), and BiYO3 was
52666 | RSC Adv., 2016, 6, 52665–52673
pressed into a tablet aer being dispersed in a KBr matrix, and
scanned 20 times at a resolution of 4 cm�1 from 400 to 4000
cm�1. The N2 adsorption/desorption was conducted using
a Micromeritics TriStar II 3020 surface area and porosity
analyzer with N2 (at 77.3 K) as sorbate, the total specic surface
areas were calculated by the multi-point Brunauer–Emmett–
Teller (BET) method and the pore size distributions were eval-
uated using the standard Barrett–Joyner–Halenda (BJH)
method. The UV-vis diffuse reection spectra of the catalysts
were collected by a TU-1901 dual beam UV visible spectropho-
tometer (Beijing Purkinje General Instrument Co., Ltd.), and
were converted from reectance to absorbance by the Kubelka–
Munk method. A photoluminescence (PL) technique with ter-
ephthalic acid as a probe molecule was used to detect the
formation of $OH free radicals on the surface of the UV-
illuminated photocatalyst, the details of the PL test were
documented elsewhere.25 The zeta potentials of the BiYO3

samples were obtained in a Zeta Potential Analyzer (Broo-
kHaven, American) in 0.1 mM KCl aqueous solution and at 25
�C.
3. Results and discussion
3.1. XRD and zeta potential analysis

Fig. 1 shows the XRD patterns of the BiYO3 photocatalysts
prepared by SDBS, EDTA and CA and with no template using
a hydrothermal method aer being calcined at 700 �C for 2 h.
The XRD patterns of the four photocatalysts can be indexed to
BiYO3 (JCPDF card no. 27-1047); the peaks at 2q ¼ 28.58�,
33.01�, 47.36�,56.14�, 58.85�, 69.06�, 76.44�, and 78.69� corre-
sponded to the crystal planes of (111), (200), (220), (311), (222),
(400), (331), and (420) of BiYO3, respectively, indicating that
BiYO3 can be obtained by a hydrothermal method with SDBS,
EDTA, and CA as a template or without a template.
This journal is © The Royal Society of Chemistry 2016
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A weak diffraction peak observed in all the four samples was
found at 2q ¼ 30.40�, attributed to the diffraction peak of Bi2O3,
which was the intermediate product during the hydrothermal
reaction process. The formation of Bi2O3 would consume the
Bi3+ ions, leading to a decreased Bi3+ concentration in the
reaction solution. A lower concentration of the reactants (Bi3+)
can promote the growth of the BiYO3 crystal.26 The diffraction
peak of the BiYO3 photocatalyst without a template was narrow,
while the diffraction peaks of the BiYO3 photocatalysts prepared
with adding SDBS, EDTA, and CA were slightly wide. A
decreasing grain size of crystallite was observed using Scherrer’s
equation according to the BiYO3 (111) peaks, the crystallite sizes
of photocatalysts were 21.44, 18.42, 18.02, and 16.34 nm,
respectively.

The interactions between the adsorbents and the BiYO3

samples strongly depend on the surface charge of the templates.
The zeta potentials of the surface charged particles were
measured and are shown in Table 1. The zeta potential of the
BiYO3 prepared using SDBS, EDTA, and CA as templates was
2.98, 4.70 and 3.09 mV, respectively, lower than that of the
BiYO3 prepared by no template (16.47 mV). This indicates that
the addition of anionic surfactant caused a decrease of the zeta
potential.27 SDBS and CA are anionic surfactants, and EDTA is
a chelate with four carboxyl groups, which may easily dissociate
negative charge. The decreased zeta potential for the BiYO3

prepared using SDBS, EDTA, and CA as templates with adsorbed
positive and negative charges had a signicant effect on the
crystallite size.28 This indicates that the template has a structure
directing effect on the formed BiYO3 during its crystal nucle-
ation and growth in the reaction process. According to the
measured zeta potential value, the stronger the adsorption force
between the template and BiYO3, the more the inhibition of the
crystal growth, and thus, the crystallite size of BiYO3 aer
adding SDBS, EDTA, and CA was decreased.

3.2. SEM analysis

Fig. 2 shows SEM images of the BiYO3 photocatalysts prepared
with no template, and with SDBS, EDTA, and CA as templates by
a hydrothermal method. As shown in Fig. 2(a), the BiYO3 pho-
tocatalyst prepared without template was aky with a ake
length of 100–600 nm. In Fig. 2(b) it can be seen that the BiYO3

prepared using SDBS as a template formed slices with a length
of 100–800 nm and a thickness of about 10 nm. SDBS is an
anionic surface active agent and can produce negatively charged
surface active agents in aqueous solution. These adsorbed
negative charges cover the photocatalyst surface to promote the
crystal growth and form a thin slice.26 In Fig. 2(c) it can be seen
Table 1 The effects of the type of template on the zeta potential

Sample name
Zeta potential
(mV)

BiYO3-blank 16.47
BiYO3-SDBS 2.98
BiYO3-EDTA 4.70
BiYO3-CA 3.09

This journal is © The Royal Society of Chemistry 2016
that the BiYO3 catalysts prepared using EDTA as a template
showed a rectangular lath structures with ne particles with size
less than 10 nm on the surface, different from the BiYO3 cata-
lysts formed with SDBS. When the chelating agent EDTA with
six atoms was added into the aqueous solution, the Bi–EDTA
chelate compound decreased the concentration of free Bi3+ in
the solution, slowed down the growth rate of BiYO3 crystal,29

and thus generated tiny nanoparticles26 with uniform disper-
sion. When the photocatalytic reaction was carried out, the edge
of the rectangular lath structure serves as sites for electronic
transition, and thus an accelerated photocatalytic reaction was
observed on the BiYO3 powders. In Fig. 2(d) it can be seen that
the BiYO3 photocatalyst prepared using CA as a template
formed scaly uniform particles. When the complexing agent CA
with three carboxyl groups was added into the solution, three H+

were dissociated and the complex compound of –COOBi would
be formed to promote the growth rate of BiYO3 crystal.30
3.3. XPS analysis

The elementary oxidation states and surface composition of
BiYO3 prepared without template, and with SDBS, EDTA and CA
as templates were investigated using XPS analysis, Fig. 3. The
binding energies of the core electrons of the four BiYO3 pho-
tocatalysts are shown in Table 2. In the Bi 4f spectrum, the
binding energy of Bi 4f7/2 in the four samples was about 164
and 156 eV,31 and the binding energy of Bi 4f5/2, a weak peak,
was 156 eV,32 suggesting that Bi occurred in the form of Bi3+ in
BiYO3. As shown in Table 2, with the addition the template of
SDBS, EDTA, or CA, the binding energies of Bi 4f7/2 and Bi 4f5/2
of BiYO3 had a blue shi of 0.1 eV. As mentioned previously,
SDBS, an anionic surface active agent, can produce negative
charges in aqueous solutions and absorb on the surface of the
photocatalyst, increasing the extra nuclear electron density of
the Bi atomic nucleus. The chelating agent EDTA with six atoms
can form Bi–EDTA chelates with Bi3+ in alkaline conditions; the
complexing agent CA with three carboxyl groups can dissociate
and give three H+ in water, and form three –COOBi complexes
with Bi3+ ions. When the chemical bonds were formed between
the Bi atom and EDTA or CA, the nuclear electron density of Bi
increases and the binding energy decreases due to the transfer
of valence electron to the Bi.33 For the Y 3p spectra in Fig. 3, the
Y 3p3/2 (312 eV) and Y 3p1/2 (300 eV) of the catalysts aer using
three templates were similar to the catalysts without template
and could be assigned to the surface of Y3+ species.34 In the O 1s
spectrum, three kinds of binding oxygen were observed,
namely, (a) oxygen in the lattice (O2�) located at 529.3 eV,35 (b)
oxygen in the hydroxyl group on the photocatalysts surface
(–OH) located at 531.4 eV,36 and (c) oxygen absorbed on the
surface (O�) located at 533.2 eV.35–36 From the spectra and the
data in Table 2, the content of surface adsorbed oxygen of the
BiYO3 prepared by EDTA (0.92%) was signicantly lower than
that of the other three kinds of catalysts.

In a photocatalytic reaction, the oxygen species played an
important role in the reaction process.37–38 Especially, in a pho-
tocatalytic reduction reaction system, the adsorbed oxygen
species can be used as the electron acceptor to compete for the
RSC Adv., 2016, 6, 52665–52673 | 52667
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Fig. 2 SEM images of the BiYO3 catalysts prepared (a) without any template, and with a template of (b) SDBS, (c) EDTA, and (d) CA using
a hydrothermal method.
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photoelectron, thus the presence of adsorbed oxygen species
will prevent the photocatalytic reduction reaction.39 The oxygen
species of chemical adsorption, such as surface hydroxyl
groups, are scavengers of photo-induced holes and can generate
active species $OH free radicals. The $OH in the adsorbed phase
and solution phase is a strong oxidant and can easily initiate an
oxidation reaction. The physically adsorbed oxygen species,
such as O2, act as scavengers of the photo-induced electrons.
Thus, an increased amount of the physically adsorbed oxygen
would help to improve the capture of the photo-induced elec-
trons and decrease the recombination probability of the photo-
Fig. 3 The Bi 4f, Y 3p, and O 1s XPS spectra of BiYO3 prepared (a) witho
a hydrothermal method.

52668 | RSC Adv., 2016, 6, 52665–52673
induced electrons and the photo-induced holes, which will
inhibit the photocatalytic reduction reaction. The total adsor-
bed oxygen species (including the surface hydroxyl oxygen and
surface adsorbed oxygen) content of BiYO3 prepared with no
template, and using SDBS, EDTA, and CA as templates were
38.9%, 51.6%, 48.84%, and 51.32%, respectively.
3.4. N2 adsorption–desorption analysis

Fig. 4 shows N2 adsorption–desorption isotherms and the pore
size distribution curves of the different BiYO3 catalysts. The
ut template, and with a template of (b) SDBS, (c) EDTA, and (d) CA by

This journal is © The Royal Society of Chemistry 2016
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Table 2 Binding energy (BE, eV) of core electrons of BiYO3 catalysts prepared by using SDBS, EDTA, and CA as template and no template by
a hydrothermal method

XPS spectra Element valence

BE (percent of valence state, %)

BiYO3-blank SDBS-BiYO3 EDTA-BiYO3 CA-BiYO3

Bi 4f Bi3+(Bi 4f7/2) 164.41(34.63) 164.32 (34.75) 164.34(31.50) 164.33(32.06)
Bi3+(Bi 4f5/2) 159.03(59.67) 158.92(62.07) 158.91(61.91) 158.90(62.94)
Bi3+(Bi 4f7/2) 156.61(5.71) 156.38(3.19) 156.54(6.59) 156.38(5.00)

Y 3p Y3+(Y 3p3/2) 311.89(38.28) 311.98(35.60) 311.91(36.57) 311.90(36.35)
Y3+(Y 3p1/2) 300.03(61.72) 300.12(64.40) 300.03(63.43) 300.02(63.65)

O 1s OH� 531.36(35.18) 531.39(49.53) 531.44(47.92) 531.41(48.51)
O� 533.16(3.72) 533.39(2.07) 533.20(0.92) 533.28(2.80)
O2� 529.36(61.10) 529.31(48.40) 529.26(51.16) 529.23(48.68)
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specic surface areas of the different BiYO3 photocatalysts ob-
tained by a multi-point BET method and other parameters are
shown in Table 3. It can be found that the N2 adsorption
isotherm of the four samples belonged to a III-type isotherm
with an H3-type hysteresis loop. At low pressures (P/P0 ¼ 0–0.8),
the adsorption capacity of N2 increased slowly with increasing
relative pressure, indicating that the adsorption of N2molecules
on the surface of catalyst was converted to a multi-layer
adsorption.40 At high pressures (P/P0 ¼ 0.8–1.0), the isotherms
obtained by desorption were not coincident with the adsorption
isotherms, attributed to the occurrence of capillary condensa-
tion. From Fig. 4(A) it can be seen that the hysteresis loop of
BiYO3 prepared using EDTA as template began at P/P0 ¼ 0.8 and
ended at P/P0 of about 1.0, the beginning relative pressure was
0.05 lower that other samples, indicating that the amount of
adsorption and desorption by the BiYO3 prepared using EDTA
as template was larger than that of other catalysts according to
the capillary condensed theory and Kelvin equation.41

As shown in Fig. 4(B) and Table 2, the four BiYO3 photo-
catalysts were mesoporous. The pore size of BiYO3 prepared
without a template was 4.72 nm, while it was 2.14, 20.20, and
30.17 nm for the BiYO3 prepared using SDBS, EDTA, and CA as
Fig. 4 (A) Nitrogen adsorption/desorption isotherms and (B) pore size d
EDTA, and (d) CA as templates with a hydrothermal method.

This journal is © The Royal Society of Chemistry 2016
templates, respectively, showing that the templates had
a signicant effect on the pore size of the photocatalyst.42

The specic surface areas of BiYO3 prepared using SDBS,
EDTA, and CA are 15.62, 20.87, and 12.20 m2 g�1, respectively,
which are higher than that of the BiYO3 prepared without
a template (6.75 m2 g�1). Obviously, aer using templates, the
surface areas and pore volume of BiYO3 were increased. Among
these samples, the BiYO3 prepared using EDTA as template had
a larger specic surface area and a bigger pore volume than the
other three BiYO3 samples.
3.5. UV-vis diffuse reectance spectra and FTIR analysis

Fig. 5 shows the UV-vis diffuse reectance spectra and the FTIR
spectra of BiYO3 prepared without a template, and using SDBS,
EDTA, and CA as templates with a hydrothermal method.
Obviously, these four BiYO3 samples absorbed visible light, and
the absorbed edges of the BiYO3 prepared without a template,
and using SDBS, EDTA, and CA as templates were 517, 533, 569,
and 539 nm, indicating that the adsorbed edges had a red shi
aer the templates were added. For a semiconductor sample, it
is possible to determine the optical absorption near the band
edge using a Kubelka–Munk method,43 as show in eqn (1).
istribution of BiYO3 prepared by (a) no template and using (b) SDBS, (c)

RSC Adv., 2016, 6, 52665–52673 | 52669
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Table 3 Textural properties of the BiYO3 catalysts prepared using
SDBS, EDTA, and CA as templates and no template with a hydro-
thermal method

Sample name
BET surface
area (m2 g�1)

Pore diameter
(nm)

Pore volume
(mL g�1)

BiYO3-blank 6.75 4.72 0.034
BiYO3-SDBS 15.62 2.14 0.080
BiYO3-EDTA 20.87 20.20 0.164
BiYO3-CA 12.20 30.17 0.109

Fig. 6 PL spectra observed after illumination of BiYO3 prepared by no
template and using SDBS, EDTA, and CA as templates with a hydro-
thermal method in 2 � 10�3 mol L�1 NaOH solution of terephthalic
acid (excitation at 315 nm), and the blank was the the fluorescence
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ahn ¼ A(hn � Eg)
n/2 (1)

where a is the absorption coefficient; n is the radiation
frequency; h is the Planck constant; A is a constant; and Eg is the
band gap. According to eqn (1), the band gap values of the BiYO3

prepared without a template, and using SDBS, EDTA, and CA as
templates were 2.39, 2.32, 2.18, and 2.30 eV, respectively. Aer
the introduction of a template, red shis were observed on the
three samples, because the Bi–EDTA or –COOBi covalent bonds
were formed between Bi atom and three templates through the
negative charges in the aqueous solution. Therefore, the
transfer of valence electrons to the Bi atom and the hybrid
orbital of Bi 6s and O 2p became narrow.30 This increased the
activity of photoelectrons and holes and electronic transition
becomes easier aer being photo-excited.

The FT-IR spectra (Fig. 5(B)) of the four samples show main
absorption bands at 3440 and 1600 cm�1, which correspond to
the O–H stretching and H–O–H bending vibrations of the
adsorbed moisture in the samples,44 and the peaks at about 848
cm�1 were attributed to the stretching vibrations of the Bi–O in
BiYO3.45 The weak bands at about 2990 and 2831 cm�1 were
ascribed to the stretching vibrations of the aliphatic CH2 and
CH3 groups,27 respectively, which were not found in the spec-
trum of the BiYO3 prepared without a template, indicating very
small amount of the templates were found on the BiYO3 surface.
This further conrmed the zeta potential results.
Fig. 5 UV-vis diffuse reflectance spectra (A) and FT-IR spectra (B) of th
SDBS, and (d) CA as templates with a hydrothermal method.

52670 | RSC Adv., 2016, 6, 52665–52673
3.6. Fluorescence spectroscopy analysis

The charges (electron e� and hole h+), photogenerated from the
inside of the photocatalyst to the surface in a photocatalytic
process, react with water to produce a very strong oxidation
ability species, i.e., hydroxyl radicals. Hydroxyl radicals are an
important active species in preventing the activity of the pho-
tocatalytic reduction. The higher the content of hydroxyl radi-
cals, the easier it is to capture the light, and the more difficult it
is to undergo the photocatalytic reduction reaction.46–47 Ter-
ephthalic acid reacts with hydroxyl groups readily to produce
a highly uorescent product, 2-hydroxyterephthalic acid, whose
PL peak intensity is in proportion to the amount of hydroxyl
radicals produced in water.48 A photoluminescence (PL) tech-
nique with terephthalic acid as a probe molecule was used to
detect the formation of free hydroxyl radicals on the surface of
the BiYO3 photocatalyst with different template agents, Fig. 6.
e BiYO3 catalysts prepared by (a) no template, and using (b) EDTA, (c)

spectrum of pureterephthalic acid.

This journal is © The Royal Society of Chemistry 2016
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From Fig. 6, an obvious difference in PL intensity at about
425 nm can be observed when using BiYO3 prepared by
different templates as photocatalysts. No PL intensity at about
425 nm was observed without a photocatalyst. The PL intensity
order of the as-prepared BiYO3 photocatalysts was: EDTA <
SDBS < CA < no template, indicating that the addition of
a template can effectively inhibit the formation of hydroxyl
radicals, which were the active substances in the photocatalytic
oxidation. The PL intensity of the 2-hydroxyterephthalic acid
with the BiYO3-EDTA photocatalyst was much lower than that of
other three BiYO3 photocatalysts, indicating that the BiYO3

prepared by EDTA could promote the electron transfer and
prevent the recombination of photogenerated electrons and
holes.49 Furthermore, the relatively lower PL intensity of BiYO3-
EDTA indicates that the electron–hole recombination on the
surface of catalysts is largely inhibited to generate more
photoelectrons and holes to trigger the photocatalytic
reaction.50
3.7. Photocatalytic reduction of CO2 under visible-light
irradiation

Fig. 7(A) shows the HCOOH products of the BiYO3 photo-
catalysts prepared by no template and using SDBS, EDTA, and
CA as templates with a hydrothermal method. The yields of
HCOOH using BiYO3 prepared by no template and using SDBS,
EDTA, and CA as templates were 0.90, 1.36, 1.68, and 1.06 mmol
L�1, respectively. For comparison, the yield of HCOOH using
BiYO3 prepared by a solid–state reaction was measured to be
0.64 mmol L�1 and there was almost no yield of HCOOH in the
dark condition. Obviously, there was an enhancement of pho-
tocatalytic activity aer using SDBS, EDTA, and CA as template,
the yield of HCOOH by photocatalytic reduction of CO2 by BiYO3

prepared by using EDTA as template was 1.9 times higher than
BiYO3 prepared without template, and 2.6 times higher than
that of BiYO3 prepared by a solid-state reaction, or other pho-
tocatalysts, such as RuReCl,51 and GN–TiO2,52 for the photo-
catalytic reduction of CO2. Combined with the results of
Fig. 7 (A) Yield of HCOOH, and (B) the kinetics (ln(HCOOH concentratio
cycle time effect on HCOOH yield with the BiYO3 catalysts prepared us

This journal is © The Royal Society of Chemistry 2016
characterization, when SDBS was used as the template, the
surface of the photocatalyst was covered by the adsorbed
negative charges to inhibit the crystal growth, while EDTA and
CA mainly formed Bi–EDTA chelation and –COOBi complexing
agent with Bi3+ in the reaction solution to inhibit the crystal
growth, then slice-like BiYO3, rectangular lath-like BiYO3, and
scale-like BiYO3 were obtained. At the same time, the addition
of SDBS, EDTA, and CA also increased the specic surface area
of BiYO3 from 6.75 m2 g�1 to 15.62, 20.87, and 12.20 m2 g�1,
respectively, and decreased the band gap of the BiYO3 photo-
catalysts from 2.39 eV to 2.32, 2.18, and 2.30 eV. Among all the
BiYO3 photocatalysts, the BiYO3 prepared using EDTA as
a template had a higher specic surface area (20.79 m2 g�1) and
a larger visible light absorbed edge (569 nm) or lower band gap
(2.18 eV), which greatly increased the adsorption capacity of
CO2, and provided more active sites on the catalyst surface, and
accelerated the mass transfer rate of the photogenerated elec-
tron and the hole, and enhanced the separation efficiency of the
photogenerated electron–hole pairs, which led to a higher
photocatalytic reduction activity.7

The photocatalytic reduction of CO2 can be described by eqn
(2).

CO2 + H2O 4 1/2O2 + HCOOH (2)

For most of the photocatalytic processes, the kinetics can be
described by a pseudo rst-order reaction.53 Therefore, using
the pseudo rst-order relationship between the reaction time,
rate constant, and the concentration of HCOOH, the linear
relationship was described by eqn (3), and Fig. 7(B) shows the
plot of reaction time t and ln c.

ln(c/c0) ¼ �kt (3)

where c0 is the initial concentration and c is the concentration
of the HCOOH, t is the reaction time, and k is the rst order rate
constant. The logarithmic plot of the concentration data gives
a straight line. From the data in Fig. 7(B), the reaction rate
n) vs. reaction time) of the photocatalytic reduction of CO2, and (C) the
ing EDTA as template.
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constants of the photocatalytic reduction of CO2 on BiYO3

prepared using EDTA, SDBS, CA as templates and with no
template, and prepared by a solid state reaction, and the
reduction of CO2 in a dark reaction were calculated to be 0.0147,
0.0136, 0.0110, 0.0102, 0.0096, and 0.0056 min�1, indicating
that the BiYO3 prepared using EDTA exhibited the fastest
reaction rate among the studied samples.

Fig. 7(C) shows the reproducibility of the BiYO3 catalyst on
the photocatalytic reduction of CO2. In the same conditions, the
HCOOH yield was 1.68 mmol mL�1 aer the 1st round of reac-
tion. When the photocatalysts were used for their sixth round,
the HCOOH yield was reduced by 6.5% to 1.57 mmol mL�1. This
shows that the catalyst maintains a good stability aer a six-
time reaction. The photo-generated electrons, exhibiting
strong reducing capability in the presence of H2O, and with
their reducing ability dependent on the reduction potential and
the number of the transferred electrons, caused the reduction of
CO2 to HCOOH. Based on our obtained experimental results
and reports in the literature,54–55 the possible reaction mecha-
nism for the photocatalytic reduction of CO2 in aqueous solu-
tion is suggested in Fig. 8. The CO2 is rst absorbed on the
BiYO3 surface and becomes a distorted molecule. The C]O
bond of absorbed CO2 becomes long and its p bond is activated,
thus, the activated C]O bond is attacked by an electron from
the conduction band of BiYO3 to form $CO2

�. The reaction of H+

with an electron generates $H, and the $CO2
� by reaction with

$H is subsequently transformed to HCOOH.

4. Conclusions

Three templates, including SDBS, EDTA, and CA, were added to
prepare BiYO3 using a hydrothermal method. The effects of
templates on the structure and the photocatalytic reduction
properties of BiYO3 were studied. The results show that, the
surface area and band gap of BiYO3 prepared with no template
and using SDBS, EDTA, and CA as templates were 6.75, 15.62,
20.87, 12.20 m2 g�1 and 2.99, 2.84, 2.64, and 2.86 eV, respec-
tively. The addition of templates affected the production of
$OH, and the $OH concentration was the lowest when using the
BiYO3 catalysts prepared by EDTA. When using BiYO3 prepared
Fig. 8 Possible mechanism for the reduction of CO2 to formic acid.

52672 | RSC Adv., 2016, 6, 52665–52673
by EDTA as a photocatalyst for the photocatalytic reduction of
CO2, the HCOOH yield was 1.68 mmol L�1, 1.9 times higher than
that produced using the BiYO3 prepared with no template, and
2.6 times higher than that of BiYO3 catalysts prepared by a solid-
state reaction, due to the higher surface area and lower band
gap, and the accelerated mass transfer rate of the photo-
generated electrons and the holes.
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