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Abstract
Photocatalytic oxidation of formaldehyde (HCHO) is considered as one of the promising ways to resolve indoor air HCHO
pollution. TiO2 has been well known as the most extended application in photocatalysis due to its strong oxidizing ability and
stability. Owing to high activity under visible light irradiation, TiO2 and Bi2O3 doping mixed with Bi2WO6 was analyzed in this
study. The formation of two kinds of heterojunction caused efficient charge separation, leading to the effective reduction in the
recombination of photo-generated electron and hole. The special structure and enhanced performance of these catalysts were
analyzed. For the first time, the loading of alkali salts was researched for photocatalytic oxidation. In order to understand the
reaction mechanism of alkali salts enhanced effects, the catalysts were investigated by using BET, XRD, UV–Vis, FT-IR, SEM,
and XPS. The results found more than 2 wt% of Na2SO4 loading and the mixed methods with different solutions were key factors
affecting the performance of catalysts. Nearly 92% HCHO conversion could be completed over Bi2WO6/Bi0.15Ti0.85O2

(Na2SO4), and the concentration of HCHO was only 0.07 mg/m3 for 24 h, which was below the limit of specification in
China. The results also indicated that the solution mixing method was more favorable to increase the HCHO conversion due
to decrease the size of Bi0.15Ti0.85O2 particles. The catalysts with Na2SO4 loading provided more surface-adsorbed oxygen that
facilitated the desorption of CO2 and markedly increased the photocatalytic oxidation of HCHO.
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Introduction

Volatile organic compounds (VOCs) have been identified as
the potential environmental pollutants due to their strong tox-
icity to the environment (Sanz et al. 2011; Topka et al. 2016),
particularly in developing countries (Yang 2014; Yang et al.
2018a). Among VOCs, formaldehyde (HCHO) is a kind of
major indoor air pollutant and longtime exposure of high con-
centration HCHO may lead to health damages (Portela et al.
2017; Yang et al. 2000; Yang et al. 2018b). Photocatalytic
oxidation is considered as one of the promising ways to re-
move HCHO due to its advantages of visible light reaction
and energy-saving (Zhu et al. 2018). TiO2, as one of the im-
portant semiconductor materials, has been known as the most
extended application in photocatalysis, and it has been prover-
bially considered due to its strong oxidizing ability, non-toxic,
and stable structure (Hwang et al. 2017). Recently, an unusual
strong absorption band spanning the full spectrum of visible
light has been accomplished in anatase TiO2 by introducing
atomic hydrogen-mediated oxygen vacancies (Yang et al.

Research highlights
1. The structure and performance of different Bi2WO6/Bi0.15Ti0.85O2

catalysts were discussed in details and understand the strong interaction.
2. The reason for the liquid combining method instead of by the
mechanism mixing that showed more favorable for HCHO conversion
could be interpreted.
3. A possible photocatalytic mechanism for HCHO oxidation over these
catalysts is proposed to interpret the increased activity.
4. The effect of alkali salts, especially for Na2SO4 for the increased
activity for HCHO oxidation, can be discussed and explained by XPS
and FT-IR.

Responsible editor: Suresh Pillai

* Qiong Huang
hqhaixia@163.com

1 Jiangsu Collaborative Innovation Center of Atmospheric
Environment and Equipment Technologies, Jiangsu Key Laboratory
of Atmospheric Environmental Monitoring and Pollution Control,
School of Environmental Science and Engineering, Nanjing
University of Information Science and Technology, No. 219 Ningliu
Road, Nanjing 210044, China

Environmental Science and Pollution Research (2019) 26:9672–9685
https://doi.org/10.1007/s11356-019-04277-0

http://orcid.org/0000-0002-3137-3104
mailto:hqhaixia@163.com


2018c), which cause active photo-electrochemical water oxi-
dation in visible light. Some researchers focused on the recent
development of modified TiO2 used for degrading gas phase
pollutants under ambient temperature (Shayegan et al. 2018).
Modification techniques, such as metal and non-metal doping,
co-doping, and the heterojunction of TiO2 with other semicon-
ductors, have also been developed. Meantime, lots of efforts
have been investigated to improve the activity and extend the
absorption band into the visible region. In particular, an enor-
mous amount of researches worked on the regulation of TiO2

with metal, non-metal, or other as organic photosensitizers
(Lucky et al. 2010; Mattsson et al. 2013; Wang et al. 2012).
Owing to the narrow energy gap, Bi2O3 doping has been dem-
onstrated to be one of the effective ways to get a high activity
under visible light irradiation (Hu et al. 2012; Liu et al. 2010),
while Zhang et al. (2018) reported that Bi/Bi2O3 showed
much higher efficiency as compared to bare Bi2O3, which
may be attributed to the synergistic effects of porous struc-
tures, improved optical absorption, and surface plasmon reso-
nance. One research exhibited that the structure of mixed TiO2

and Bi2O3 was heterojunction state (Huang et al. 2017), which
may be beneficial to improve the activity, owing to enhance
the separation of photo-generated electrons and holes, and
decrease the recombination with electron transformation. But
this tiny Bi2O3 could be easily subjected to phase transforma-
tion and lead to poor stability (Zhu et al. 2011). Recently, the
structure and morphology of photocatalysts have attracted
enormous attention due to the absorption of organic com-
pounds and visible light.

Bismuth oxides (He et al., 2018a, b; Huang et al. 2016; Li
et al. 2015), as one of the photocatalysts, have received more
attention owing to individual structure and high photo-
corrosion stabilization. Among of them, pure Bi2WO6 was
considered as a perfect photocatalyst in the application of
photocatalytic oxidation under visible light (Wang et al.
2014). In general, the material structure is one of the most
important factors to affect the activity of catalysts.
Meanwhile, a great number of the different structures of
Bi2WO6, such as nanoplates, nanosheet, microsphere, and
flower-like (Cui et al. 2016; Wang et al. 2013; Zhang et al.
2015), have been synthesized to increase the activity and sta-
bility. However, the performance of Bi2WO6 is usually re-
stricted by the poor absorption of light, slow rate of charge
transfer, and the high recombination of photo-generated elec-
trons and holes (Xia et al. 2014). Therefore, some of the strat-
egies have been used to further improve the performance of
Bi2WO6. Just as TiO2, some of the metal or non-metal mate-
rials were appended in order to improve the visible light re-
sponse (Tian et al. 2014; Wang et al. 2018; Yan et al. 2018).
However, the thermal stability of the ions could be decreased
and the ions turned into the recombination centers of photo-
generated electron and hole (Tian et al. 2013). In addition,
these surface defects on the reactive surface could be formed

and change photocatalytic activities due to strongly affect its
chemical and electronic structure (Liu et al. 2015). More im-
portantly, the formation of heterojunction states, such as g-
C3N4/TiO2 (Low et al. 2017), Bi2O3/g-C3N4 (He et al.,
2018a, b), BiOI/TiO2 (Li et al. 2018), β-Bi2O3@Bi2S3 (Yu
et al . 2018), BiOI@La (OH)3 (Sun et al . 2017),
Bi2WO6@Bi2S3 (Huang et al., 2018a, b), BiVO4/g-C3N4

(Cui et al. 2018), and Bi2O3NPs/ZnMeLDH (Me=Al, Cr)
(Carja et al. 2018), have been confirmed as a fascinating
way for improving the activities owing to amplify the absorp-
tion range of light and enhance the efficiency of charge sepa-
ration. Therefore, the combination of Bi2WO6 and TiO2 with
Bi2O3 doping could be a peculiar strategy to improve the
photocatalytic activity and efficiency. To the best of our
knowledge, synthesized Bi2WO6/Bi-TiO2 heterostructure
photocatalysts and the performances with visible light irradi-
ation have not been reported.

Recently, it is widely recognized that alkali modification of
catalysts is an effective method to enhance the activity for
HCHO and CO oxidation. For instance, the Ag/CeO2 catalyst
with sodium doping might demonstrate in the forms of
NaHCO3 and Na2CO3, which could induce that surface hy-
droxyl (OH−) concentrations increased markedly on the sur-
face of CeO2 nanospheres (Ma et al. 2018). The existing of
sodium could prevent hydrogen spillover from Ag to CeO2,
indicating that the inhibiting effect of sodium shows in the
process of reduction. For another example, Nie et al. (2013)
investigated a successful alkali modification of Pt/TiO2 cata-
lyst owing to the formation of massive mesopores for the
improvement of mass transfer and reaction kinetics, which
was advantaged to improve catalytic oxidation of HCHO at
room temperature. Furthermore, ceramic honeycombs with
NaOH (Na-CH) modification were prepared by impregnating
CH into NaOH aqueous solution (Yu et al. 2013). The en-
hanced performance of CH with NaOHmodification obtained
was attributed to the existence of NaOH and enhancement of
surface areas and hydroxyl groups on the surface of these
catalysts. Furthermore, nanoporous gold catalysts modified
by alkali for CO oxidation were investigated and the results
exhibited that hydroxyl ion adlayers (Au-OH-ads) produced
can increase the activity (Han et al. 2011).

Herein, we reported a kind of sphere Bi2WO6 and Bi-
TiO2 with alkali-modification, as a kind of heterojunction
structure in order to increase the efficiency of charge sepa-
ration and decrease the recombination of photo-generated
electrons and holes. In the meantime time, according to
XRD, UV–Vis, FT-IR, and XPS, this paper figured out the
processes of photocatalytic oxidation and mechanism, espe-
cially for the mixed catalysts with loading Na2SO4

exhibiting a high activity. Moreover, the stability of these
catalysts was investigated and applied repetitively more than
five times due to the favorable interaction of Bi2WO6 and
Bi0.15Ti0.85O2.
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Experimental

Syntheses

The flower-like Bi-TiO2 was prepared by a hydrothermal
method (Huang et al., 2018a, b). In a typical synthesis,
41.4 mL of tetrabutyl titanate was added into a mixed solu-
tion A including an equal volume of ethanol and glycerol
(24.3 mL). In addition, 9.3 g of Bi (NO3)3 was appended into
a mixed solution B, which contained an equal volume of
ethanol and glycerol (24.3 mL) and 19.2 mL of acetic acid,
respectively. Under continuous stirring of solution A, the so-
lution B was dropped into the solution A and then vigorously
stirred for 30 min. The mixed solution was transferred into a
Teflon-lined autoclave and heated at 110 °C for 48 h, and
then it was taken out of the oven and cooled naturally.
Afterward, these powders were collected with centrifugation
and washed three times with ethanol. Finally, the powders of
Bi-TiO2 photocatalysts were dried at 80 °C for 4 h and cal-
cined at 450 °C for 8.5 h. The sample of Bi-TiO2 could be
denoted as Bi0.15Ti0.85O2 due to the molar ratio of Bi and Ti
as 3:17.

The sphere of Bi2WO6 was synthesized by the hydrother-
mal method. Na2WO4·2H2O (2.5 g) and 7.3 g of Bi (NO3)3·
5H2O were dropped into 60 mL deionized water respectively
and kept stirring until completely dissolved. These two kinds
of solution were mixed dropwise and kept stirring for another
30 min. And then, the solution was transferred into a Teflon-
lined autoclave and heated at 180 °C for 12 h. After that, the
yellow powders of samples were cooled and washed for three
times until pH = 7.0. Then, the powders of Bi2WO6were dried
at 80 °C for 6 h. Finally, as for Bi2WO6 and Bi0.15Ti0.85O2,
these two kinds of powders were blended with according to a
certain molar ratio and then ground into fine powders with dry
conditions. The catalysts of Bi2WO6/TiO2 and Bi2WO6/
Bi0.15Ti0.85O2 were denoted as D-BT and D-BBT, and the
different molar ratios were identified as D-BT(1:4) and D-
BBT(1:4).

In order to improve the activity of the mixed catalysts,
the catalysts with alkali-modification were prepared with
two different methods. One way was to append some alkali
salts, such as NaOH, Na2CO3, Na2SO4, and K2CO3, into
the D-BBT(1:4), which had been prepared before the
appending of these alkali salts. The powders of D-
BBT(1:4) were impregnated into these alkali salt solution
for 2 h and then took out and calcinated at 450 °C for 2 h.
The other way was to append these alkali salts into the
solution for Bi0.15Ti0.85O2 synthesizing, and then the
Bi0.15Ti0.85O2 with the dropping of alkali salts were dried
at 80 °C for 4 h, calcined at 450 °C for 8.5 h, then mixed
with Bi2WO6 together. These two kinds of catalysts were
denoted as D-BBT(1:4)-NaOH, D-BBT-Na2SO4 (1:4), and
so on.

Instead of dry mixing, a sample of BBT-Na2SO4 (1:4)
was mixed with wet conditions in a solution, including an
appropriate amount of Bi2WO6 and Bi0.15Ti0.85O2 powders
with Na2SO4 loading and identifying as W-BBT-Na2SO4

(1:4).

Characterizations

Powder X-ray diffraction of these catalysts were recorded
by using a D/max-RB X-ray diffractometer equipped with
Cu Kα radiation (λ = 0.15406 nm) in a 2θ range from 10
to 80° and the step size was 5°. BET surface areas were
determined by using an automated gas sorption analyzer
(Autosorb-iQ-AG-MP, Quantachrome Co., USA) with ni-
trogen adsorption at 77 K. These samples were all
degassed at 300 °C for 2 h in a vacuum. The morphology
of these catalysts was investigated using scanning electron
microscopy (SEM, SU1510, Hitachi, Japan). The UV–Vis
spectra were recorded by the Cary 100 UV–Vis spectro-
photometer (Agilent, USA) with an integrating sphere at-
tachment. The scanning range was from 200 to 800 nm,
and BaSO4 was used as a reference. The chemical binding
energies of the Bi, Ti, O, Na, and S atoms were examined
by X-ray photoelectron spectroscopy (XPS, ESCALAB250
Thermo VG, USA) using an Al Kα X-ray source
(1486.6 eV) operated at 15 kV and 300 W. The infrared
spectra (IR) were scanned in the range of 4000–600 cm−1

by using IR spectrometer (MAGNA-IR750, USA).

Activity measurements

Catalytic activities were measured on a self-designed glass
reactor (600 × 600 × 600 mm). A certain amount of liquid
formaldehyde was injected into the glass reactor with a
microsyringe at dark, and then, the formaldehyde was vola-
tilized. The concentration of formaldehyde was kept at a
range of 1.05 ± 0.05 mg/m3 at the beginning of the experi-
ment and measured by Formaldehyde Meter (PPM-400ST,
PPM Technology Ltd., England) from 0 to 12.28 mg/m3.
After that, 0.4 g of photocatalysts powers was laid into a
culture dish evenly and then well placed at the bottom of the
glass reactor under the LED light. The 36-W LED light was
provided as the light source and was located 10 cm above
these powders. The incident photon flux and average illumi-
nation on the surface of catalysts were 116 lm and 14,772
Lux, respectively, which was detected by using an
illuminometer (Fluke 941, USA). And then, the energy-
saving lamp was turned on and the formaldehyde concentra-
tion was measured at every 12 h. Degradation experiments
were all carried out for 48 h at least. To investigate the
activity of different catalysts, a set of gaseous experiments
were carried out at room temperature.
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Results and discussion

Catalyst characterization

Crystal structure

The phase and crystallographic structure of D-BT and D-BBT
with Na2SO4 loading or different solutions mixing were investi-
gated by using XRD. As shown in Fig. 1a, the diffraction peak
from anatase TiO2 (PDF no. 21-1272) was observed at 25.3° and
48.0° and increased with the increasing amount of TiO2.
Meanwhile, the diffraction peaks of Bi2WO6 (PDF no. 39-
0256) were also detected at 28.3°, 32.8°, 47.1°, 56.0°, and
58.5°, but decreased with the decrease amount of Bi2WO6.
Owing to TiO2 with Bi2O3 doping in the D-BBT samples, the
diffraction pattern fromBi2O3 and composite oxides of Bi2Ti2O7

could be found. The composite oxides of Bi2Ti2O7 and Bi2O3

were also beneficial to increase the separation of electron and
hole and improving the activities of HCHOoxidation (Qian et al.
2017; Sood et al. 2016). Therefore, the samples of D-BBT ex-
hibited higher activity than D-BT. As depicted in Fig. 1b, the
catalysts prepared with Na2SO4 loading and different mixed so-
lution were able to keep the crystallographic structure of
Bi2WO6, TiO2, and Bi2Ti2O7, but the diffraction peak of Bi2O3

disappeared due to Na2SO4 increase the diffraction intensity of
Bi2Ti2O7 and Bi2WO6. In the meantime, a residual diffraction
peak from Na2SO4 was observed at 2θ = 32.1° (PDF no. 37-
1465) in the samples of W-BBT-Na2SO4(1:4) mixed with the
ethanol and sulfuric acids, while for D-BBT-Na2SO4(1:4), the
crystallographic structure of Bi2WO6 disappeared owing to
Na2SO4 loading and mechanical mixture. While adding increas-
ing amount of Na2SO4 for W-BBT- Na2SO4(1:4) (Fig. 1c), the
diffraction patterns did not change substantially and were similar
to that of as-prepared W-BBT-Na2SO4(1:4)-water.

N2 adsorption

The specific surface areas, average pore size, and total pore
volume of Bi2WO6 and Bi0.15Ti0.85O2 mixed catalysts are
listed in Table 1. The surface areas, pore size, and pore volume
of D-BBT increased with increasing the molar ratios of
Bi2WO6 and Bi0.15Ti0.85O2. Therefore, as for these catalysts,
the D-BBT(1:4) showed the highest activity for HCHO oxi-
dation with the highest surface areas. But for the W-BBT-
Na2SO4(1:4) mixing with the different solutions, the SBET
and dp increased in the W-BBT-Na2SO4(1:4)-sulfuric acid,
while the volume decreased, possibly due to the corrosion of
sulfuric acid and reacted with TiO2 and Bi2O3. Therefore, the
sample exhibited an extremely poor HCHO conversion prob-
ably due to this chemical reaction. As for W-BBT-Na2SO4

(1:4) with the different Na2SO4 loading amounts, the SBET,
dp, and V were higher than the samples of D-BBT(1:4) attrib-
uted to solution mixture, which was beneficial to improve the

activities. However, the SBET would be firstly increased and
then decreased with enhancing Na2SO4 loading and the sam-
ple with 2 wt% Na2SO4 showed the highest activity for
HCHO oxidation with the highest surface areas, pore size,
and pore volume probably due to the deposition of Na2SO4.

Fig. 1 XRD patterns of catalysts (a D-BT and D-BBT, b D-BBT-
Na2SO4, and c W-BBT-Na2SO4 (1:4))
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Catalyst morphology

The microstructures and morphology of catalysts with al-
kali salt loading or solution mixing were investigated by
using SEM. As shown in Fig. 2, the D-BBT(1:4)-Na2SO4

exhibited some mixed particles with spherical particles of
Bi2WO6 and irregular particles and the size of spherical
particles was about 8–10 μm. But the samples of D-
BBT(1:4)-Na2SO4 (Fig. 2b) exhibited more sphere parti-
cles than D-BBT(1:4)-NaOH (Fig. 2a). The results indi-
cated that the sodium hydroxide may react with Bi2WO6

and destroy the sphere structure. However, the D-BBT-
Na2SO4(1:4) catalysts did not show any sphere particles
and exhibited only a large number of irregular particles
with rough surface due to dry mixed with a strong me-
chanical lapping, which was a disadvantage for defending
the spherical particles of Bi2WO6. Owing to protect the
structure, the dry mixed method was instead of wet mixed
with water, ethanol, or sulfuric acid, and the results are
exhibited in the Fig. 2d–f. From the results, three kinds of
catalysts exhibited mixed particles with Bi2WO6 and their
structure did not damage obviously. The SEM images of
Fig. 2d exhibited highly dispersed particles consisting of
spherical particles, and it was favorable to increase the
oxidation activity for HCHO. However, compared with
W-BBT-Na2SO4(1:4) with water, the sizes of these cata-
lysts with the mixing of ethanol or sulfuric acid increased
and the surface particles decomposed obviously for sulfu-
ric acid owing to reaction with TiO2 and Bi2O3. The sam-
ples, as shown in Fig. 2f, exhibited the high surface areas
with corrosion, but the results indicated that the activity
for HCHO oxidation decreased obviously. In addition, the
water instead of ethanol was disadvantageous for improv-
ing the activity.

UV–visible absorption and PL spectra

The UV–Vis DRS spectra of D-BT, D-BBT, D-BBT(1:4)-
alkali salts, D-BBT-alkali salts (1:4), and the band gaps of
D-BBT with the different molar ratios of Bi2WO6 and
Bi0.15Ti0.85O2 are shown in Fig. 3a–d. Compared with pure
TiO2 (Yao et al. 2011), which was inactive owing to its big
band gap (3.23 eV), the result demonstrated that D-BT
samples showed a spectral response in visible areas due
to the photosensitizing effect of Bi2WO6, which possibly
owing to the multiple light reflections. The absorption edge
of Bi2WO6 was identified as 464 nm (Ge and Liu 2011)
attributed to the transition from the hybrid orbital of O 2p
and Bi 6s to the W 5d orbital. However, accompanied by
Bi2O3 doping, the absorption intensity of visible light for
D-BBT samples was apparently increased with the in-
creased amount of Bi0.15Ti0.85O2 and a red shift appeared
compared with D-BBT(4:1) samples owing to the enhanced
number of surface Bi2O3 particles (Zhu et al. 2011). The
enhancement of absorption with visible light should be at-
tributed to the TiO2 with Bi2O3 doping (Neppoliana et al.
2010). The band gap energies of D-BBT samples were
confirmed from the plots of (ahv)2 versus the energy of
absorbed light. As shown in Fig. 3c, the estimated band
gap values are approximately 2.80, 2.67, 2.60, 2.60, and
2.55 eV for D-BBT(4:1)~(1:4), respectively. Therefore, the
activities increased with a large amount of Bi0.15Ti0.85O2.
More importantly, the D-BBT samples prepared with differ-
ent methods and alkali salt loading, especially for Na2SO4,
exhibited the diverse adsorption for visible light. As for
Na2SO4 loading, the intensity of visible light absorption
was higher than other samples, possibly due to sulfate
(SO4

2−), and it showed higher activity for HCHO oxida-
tion. However, the UV–Vis DRS spectra of catalysts were
almost the same as the different mixed solutions and load-
ing amounts of Na2SO4.

The photoluminescence spectrogram (PL) displayed the
photogenerated electrons and holes can be discovered under
excitation, and these photogenerated electrons and holes may
be recombined again with the releasing of fluorescence in the
form of light energy. The intensity of fluorescence emission
peak shows the recombination probability of these
photogenerated electron and hole. As shown in Fig. 3e, the
sample of W-BBT-Na2SO4(1:4) showed the lowest spectral
intensity of fluorescence, indicating that the heterogeneous
structure of W-BBT-Na2SO4(1:4) can effectively suppress
the recombination of photogenerated electron and hole. The
sample of Bi2WO6 displayed the highest, and D-BBT-
Na2SO4 (1:4) was the second. Therefore, it could be specu-
lated that the sample of W-BBT-Na2SO4(1:4) might be
displayed the highest activity for HCHO oxidation, while
the Bi2WO6 showed the lowest, which was consistent with
the results of activities.

Table 1 The specific surface area (BET), average pore size (dp), and
total pore volume (V) of Bi2WO6 and Bi0.15Ti0.85O2 mixed catalysts

Samples BET (m2/g) dp (cm
3/g) V (nm)

D-BBT(4:1) 22.14 0.082 3.80

D-BBT(2:1) 25.71 0.087 3.80

D-BBT(1:1) 25.12 0.085 3.81

D-BBT(1:2) 32.80 0.095 3.83

D-BBT(1:4) 37.81 0.102 3.83

W-BBT-Na2SO4 (1:4)-water 32.03 0.10 4.81

W-BBT-Na2SO4 (1:4)-ethanol 23.00 0.074 5.19

W-BBT-Na2SO4 (1:4)-sulfuric acid 44.45 0.112 3.83

W-BBT-0.5wt%Na2SO4 (1:4) 50.95 0.114 5.18

W-BBT-1.0wt%Na2SO4 (1:4) 42.85 0.110 5.61

W-BBT-2.0wt%Na2SO4 (1:4) 57.15 0.122 5.65

W-BBT-5.0wt%Na2SO4 (1:4) 48.58 0.120 5.60

W-BBT-10.0wt%Na2SO4 (1:4) 44.26 0.110 5.63
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FT-IR spectrum

In order to further investigate the effect of alkali salt loading,
FT-IR was applied to find the functional groups on the surface
of these catalysts. As shown in Fig. 4, the broadbands around
at 3385 cm−1 and 1624 cm−1 in all samples are attributed to the
stretching vibration and bending vibration of the hydroxyl
group from the adsorption of water (Liu et al. 2008).
Moreover, it could be found that the performance of water
adsorption varied obviously with the different alkali salt load-
ing. Some researchers reported that loading of NaOH would

graft extra surface OH− groups (Yu et al. 2013; Zhang et al.
2012), but it was difficult to explain in the current experiment
owing to these catalysts calcinated at 400 °C for 2 h. For D-
BBT(1:4)-alkali salts (Fig. 4a), three absorption bands cen-
tered around 1375 cm−1, 2906 cm−1, and 2990 cm−1 corre-
spond to the symmetric or different C–H orientations
stretching vibration of formate (Vs (COO

−)) due to the inade-
quate oxidation of HCHO, especially for K2CO3. Therefore,
they exhibited low activities for HCHO oxidation owing to the
by-product as HCOOH. However, as shown in Fig. 4b, the
weak peak at 1312 cm−1 was attributed to the stretching

Fig. 2 SEM images of catalysts (a D-BBT(1:4)-NaOH, b D-BBT(1:4)-Na2SO4, c D-BBT-Na2SO4(1:4), dW-BBT-Na2SO4(1:4) with water, eW-BBT-
Na2SO4(1:4) with ethanol and f W-BBT-Na2SO4(1:4) with sulfuric acid)
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vibration of C–O (ν CO3
2−) due to the absorbing of carbonate

or hydrocarbonate on the surface for D-BBT-alkali salts (1:4),
particularly for Na2CO3, K2CO3, and NaOH loading. That
was because that some oxidation products of carbon dioxide
could be detected on the surface, so they exhibited a better
activity than the samples as shown in Fig. 4a. Meanwhile, the
catalyst with Na2SO4 loading could not find carbon dioxide
due to the desorption with a larger amount of carbon dioxide,
which showed higher activity than the other samples. From
Fig. 4c, the broadband at 1127 cm−1 in Na2SO4 modification
denoted to stretching vibration of sulfate (SO4

2−) and the band

firstly increased and then decreased with the of increase in
Na2SO4. The results also denoted that these alkali salts were
successfully doped into the catalysts and the functional groups
on the surface were changed. It could not detect the stretching
vibration of C-O (ν CO3

2−) due to the high activity for HCHO
oxidation.

XPS result

X-ray photoelectron spectroscopy (XPS) was utilized to in-
vestigate the chemical composition and states on the surface

Fig. 3 UV–Vis DRS spectra, bands gaps and PL spectrogram of catalysts (aD-BT, b, cD-BBT, dD-BBT(1:4)-alkali salts andD-BBT-alkali salts (1:4), e
W-BBT-Na2SO4(1:4))
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of catalysts. The XPS survey spectra in Fig. 5a identified that
the catalysts were composed of Bi, Ti,W, O, Na, S, and a trace

amount of C elements. As shown in Fig. 5b, the peaks at
159.1 eV and 164.4 eV were observed ascribed to Bi 4f7/2
and Bi 4f5/2, respectively (Liang et al. 2014). These two peaks
were attributed to the Bi3+ species of Bi2WO6 and Bi2O3. In
the meantime, the peaks for Bi3+ species did not change with
the different mixed approaches of Bi2WO6 and Bi0.15Ti0.85O2,
even for alkali salt loading. The results indicated that the
mixed approaches and alkali salt loading could not change
the chemical states of Bi, the same for Ti. The XPS peaks in
Fig. 5c were related to Ti 2p attributed to 458.7 eV (Ti 2p3/2)
and 464.7 eV (Ti 2p1/2) (Liu et al. 2017), which is not in
agreement with pure TiO2 owing to Bi2O3 doping. As shown
in Fig. 5d, it could be indicated that the O 1s peak of D-
BBT(1:4)-Na2SO4 catalysts was deconvoluted into two sym-
metric Gaussian curves at peaks around 529.7 and 531.8 eV,
which were ascribed to oxygen in the prepared sample lattice
and surface-adsorbed oxygen, respectively (Zhou et al. 2015).
The results indicated that the powders of D-BBT(1:4) modi-
fied with Na2SO4 were beneficial for the increasing of
surface-adsorbed oxygen. While for the sample of W-BBT-
2.0wt%Na2SO4 (1:4), it did not find the significant amounts
of surface-adsorbed oxygen. The results demonstrated that the
Na2SO4 dipped into the inner of Bi0.15Ti0.85O2 and was not
advantaged to adsorb oxygen in the air. The same results were
as for the samples of D-BBT(1:4). Consequently, the peaks at
1072.2 eV (Fig. 2e) were attributed to the binding energies of
Na 1s for Na+ in the sample of D-BBT(1:4)-Na2SO4, which
was consistent with the above results.

Catalytic activities

In all activity measurement, catalysts were subjected to a feed
stream including 1.05 ± 0.05 mg/m3 HCHO with a static air.
As shown in Fig. 6a, these D-BT catalysts exhibited a low
activity in HCHO degradation, obviously. However, as a re-
sult, it could be easily found that the activity of photocatalytic
oxidation of HCHO increased with the growth of TiO2 and the
activities of these catalysts were mostly depended on TiO2.
Therefore, when the molar ratio was 1:4, the catalyst showed
the highest conversion of HCHO among these catalysts. The
concentration of HCHO was 0.348 mg/m3 for 48 h, but it was
still higher than the limitation of specification in China.
However, the pure Bi2WO6 and TiO2 were both exhibited a
lower activity than the mixed samples. The results indicated
that the enhanced photocatalytic effect of these mixed cata-
lysts was attributed to the strong interaction between Bi2WO6

and TiO2. From Fig. 6b, it can be found that the D-BBT cat-
alysts exhibited a higher activity than the samples of D-BT
(Fig. 6a). Moreover, the rate of HCHO degradation and the
surface areas were enhanced simultaneously with the increas-
ing amount of Bi0.15Ti0.85O2. More importantly, the result was
also confirmed that the photocatalytic activity was mainly
depended on the Bi0.15Ti0.85O2. The effect of Bi2WO6 may

Fig. 4 FT-IR spectrum for catalysts (aD-BBT(1:4)-alkali salts, bD-BBT-
alkali salts (1:4), and c W-BBT-Na2SO4 (1:4))
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be assisted to improve the activity. Therefore, the D-BBT
catalysts with the molar ratio at 1:4 exhibited the highest ac-
tivity among these samples and the degradation rate of HCHO
was 90.1% for 48 h. However, the pure Bi0.15Ti0.85O2 cata-
lysts exhibited a lower activity than D-BBT(1:4). The similar-
ly synergistic effect between Bi2WO6 and Bi0.15Ti0.85O2 was
exhibited in these mixed catalysts.

In order to further increase the photocatalytic activity, the
best catalysts of D-BBT(1:4) were used to be modified.
Meanwhile, it was well known that catalyst with alkali salt
modification was a possible effective strategy to improve the

activity for HCHO oxidation. Therefore, the catalysts with
NaOH, Na2CO3, Na2SO4, and K2CO3 loading were investi-
gated. The catalysts of D-BBT(1:4)-alkali salts and D-BBT-
alkali salts (1:4) are exhibited in Fig. 7a, b, respectively. As
shown in Fig. 7a, four types of alkali salt loading were all
disadvantage for improving the activity for photocatalytic ox-
idation of HCHOdue to the by-product of formic acid with the
inadequate oxidation, which could be confirmed by FT-IR.
Samples presented in Fig. 7b exhibited higher activity than
samples in Fig. 7a due to the deep oxidation of formic acid
to carbon dioxide. However, samples in Fig. 7b also showed

Fig. 5 XPS spectra of 1: D-BBT(1:4), 2: D-BBT(1:4)-Na2SO4 and 3: W-BBT-2.0wt%Na2SO4 (1:4): a survey, b Bi 4f, c Ti 2p, d O 1s, and e Na 1s
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low activities for HCHO oxidation, except for Na2SO4, which
attributed to the desorption of carbon dioxide on the surface
and more active sites. The results indicated that Na2SO4 offer
more surface-adsorbed oxygen for deep oxidation of HCHO
and promote the desorption of carbon dioxide, which was
consistent with XPS.

In order to change the mixed method and further improve
the activity, a simple mixed method by a mechanism was
replaced by merging with the solution, including an appropri-
ate amount of Bi2WO6 and Bi0.15Ti0.85O2 powders with
Na2SO4 loading. The results of W-BBT-Na2SO4 (1:4) with
water, ethanol, or sulfuric acid (Fig. 8a) indicated that the
liquid combining method was more favorable than the simple
mechanical mixing to increase the activity for photocatalytic
oxidation of HCHO. In these three kinds of solutions, the
samples mixed with H2O exhibited the largest activity for
HCHO oxidation and the concentration of HCHO dropped
from 1.09 to 0.10 mg/m3 for 36 h due to the small size of
Bi0.15Ti0.85O2 particles (Fig. 3d). However, when the aqueous
solution was replaced by ethanol or sulfuric acid, the W-BBT-

Na2SO4 (1:4) catalysts with sulfuric acid showed a higher
surface area than aqueous solution. This could be confirmed
by BET and SEM. The activity for HCHO oxidation de-
creased. These results indicated that the specific surface area
of catalysts was not the key to increase the activity for photo-
catalytic oxidation of HCHO.

The above results exhibited that Na2SO4 was advan-
tageous to improve the performance, and so, the effects
of increasing amounts of Na2SO4 were investigated and
are exhibited in Fig. 8b. The specific surface areas of
these catalysts decreased with the enhancing of Na2SO4,
but the whole change was not obvious. For W-BBT-
Na2SO4(1:4), it could be found that the activity was
first decreased and then increased with the increasing
amount of Na2SO4. When the loading amount was more
than 2.0 wt%, the catalysts exhibited almost the same
activity and the conversion of HCHO was 92.2% for
24 h, which was the best result and the concentration
of HCHO was only 0.07 mg/m3 below the limitation of
specification in China.

Fig. 7 Photocatalytic oxidation of HCHO over catalysts (A:D-BBT
(1:4)-alkali salts and B: D-BBT-alkali salts (1:4)) (HCHO concentration
1.05 ± 0.05 mg/m3, catalyst amount 0.4 g, light source 36 W LED)

Fig. 6 Photocatalytic oxidation of HCHO over D-BT and D-BBT cata-
lysts (HCHO concentration 1.05 ± 0.05 mg/m3, catalyst amount 0.4 g,
light source 36 W LED)
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Plausible mechanism

In view of the above results, a possible photocatalytic mech-
anism and oxidation process (Abdelraheem et al. 2016,
Abdelraheem et al. 2019, Al-Anazia et al. 2018) for HCHO
oxidation over Bi2WO6/Bi0.15Ti0.85O2 catalysts was proposed
to interpret the increased activity (Fig. 9). The Ebg for Bi2O3,
TiO2, and Bi2WO6 were about 2.70, 3.23, and 2.72 eV from
UV–Vis DRS results, respectively. The equation was as fol-
lows (Sood et al. 2016):

Evb ¼ X–Ee þ 0:5 Ebg

Evb Valence band edge potential
X Electronegativity of the semiconductor
Ee Energy of free electrons
Ebg Corresponding energy band gap
Ecb Conduction band edge potential

Based on the above equation, Ecb and Evb of Bi2O3 were
calculated as 0.065 eVand 2.835 eV, respectively. Meanwhile,
the Ecb and Evb of TiO2 were calculated as − 0.25 eV and
2.98 eV, respectively. Further, the Ecb of TiO2 was higher than
that of the H+/H2 reduction potential. Because the Ecb of TiO2

was more active than Bi2O3 (0.065 eV), the Ecb of TiO2 was
more active than Bi2O3. The different CB and VB cause a
possible difference with the interface of these two semicon-
ductors leading to the formation of heterojunction, same as
Bi2WO6 and TiO2. As a result, the photogenerated electron
could be easily transferred from TiO2 to Bi2O3. In the mean-
time, the holes migrated in the opposite direction, and the
holes on the surface of Bi2O3 can easily move to TiO2 through
the interface. The formation of the heterojunction causes effi-
cient charge separation leading to the effective reduction in the
recombination of photo-generated electrons and holes. It is a
simple generation of electrons and holes owing to hybridiza-
tion of O (2p), Bi (6s), and Bi (6p) orbitals of Bi2O3, and the
electrons could react with electron acceptors such as O2, pro-
ducing superoxide radical anion ·O2

− under visible light.
Meanwhile, Bi2WO6 could be easily excited photogenerated
electron and holes due to the narrow band gap energy. When
the Bi2WO6 and TiO2 were combined and applied as
photocatalysts, electrons would transfer from the CB of
Bi2WO6 to TiO2 under visible light illumination due to the
well-matched band level and the construction of tight hetero-
geneous interface, which effectively avoided the recombina-
tion of photogenerated electron and holes (Li et al. 2017). A
plausible mechanism for photocatalytic degradation of HCHO
over Bi2WO6/TiO2 composite was proposed to interpret the
increased photocatalytic activity, which showed in Fig. 9.
Under visible light, Bi2WO6 with narrow band gap energy
(2.72 eV) could be easily motivated and produced photo-
generated electrons and holes, while TiO2 could not be moti-
vated due to its wide energy gap of 3.23 eV. When the
Bi2WO6/TiO2 composite was applied as photocatalysts for
catalytic oxidation, photo-generated electrons will shift from
the CB of Bi2WO6 to TiO2 due to the well-matched band level
and the construction of tight heterogeneous interface, which
prevent the recombination of photogenerated charges, effec-
tively. The separation of photogenerated electrons and holes in
the Bi2WO6/TiO2 heterostructure could be confirmed by PL
emission spectra. What is more, the structure of TiO2 with
Bi2O3 doping exhibits excellent visible light scattering prop-
erty, the scattering light overlaps with the absorption light of
Bi2WO6, which can enhance the utility of incident light and
produce more photoexcited electrons and holes. Hence, the
photocatalytic efficiency as heterostructures was enhanced
and complete degradation of HCHO took place. On the one
hand, the alkali salts as Na2SO4, which could induce that
surface hydroxyl (OH−) concentrations markedly enhanced
on the surface of these catalysts, could facilitate the partial
adsorption of the by-product of HCOOH and CO2. These

Fig. 8 Photocatalytic oxidation of HCHO over W-BBT-Na2SO4 (1:4)
catalysts with the different solution and Na2SO4 amount (HCHO
concentration 1.05 ± 0.05 mg/m3, catalyst amount 0.4 g, light source
36 W LED)
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surface hydroxyl groups were important reaction species and
could react with adsorbed surface, as HCOO−, to form H2O
and CO2, directly. On the other hand, it could increase the
amount of surface-adsorbed oxygen for catalytic oxidation
of HCHO.

Stabilities of W-BBT-2.0%Na2SO4 (1:4)

The stability and efficiency are very important for these high
activities of catalysts in applications. In order to investigate
the stability of W-BBT-2.0%Na2SO4 (1:4) in HCHO oxida-
tion, the oxidation reaction on photocatalytic decomposition
of HCHOwas repeated five times with 10 days and the results
are exhibited in Fig. 10. The data demonstrated that the deg-
radation rate of HCHO markedly decreased as compared with
the result of fresh catalysts due to the adsorption of HCHO,
especially in the first 12 h, but the final result for 48 h did not
change indicating that the W-BBT-2.0%Na2SO4 (1:4)

catalysts may keep a stable and efficient performance under
visible light.

Conclusions

This work demonstrates that the molar ratios of Bi2WO6 and
Bi0.15Ti0.85O2, mixed methods, and Na2SO4 loading all had
the obvious promotion effect on HCHO oxidation over these
mixed catalysts. The significant synergistic effects between
Bi2WO6 and TiO2, TiO2, and Bi2O3 were exhibited in these
mixed catalysts to improve the activity. The formation of two
kinds of heterojunction causes efficient charge separation
leading to the effective reduction in the recombination of
photo-generated electrons and holes. The results also indicat-
ed that the liquid combining method instead by the mecha-
nism mixing was more favorable to increase the HCHO con-
version due to decrease the size of Bi0.15Ti0.85O2 particles.
Moreover, Na2SO4 loading to the catalysts led to more
surface-adsorbed oxygen and facilitated the partial adsorption
of the by-product of HCOOH and CO2, which markedly in-
creased the deep photocatalytic oxidation of HCHO. This
work further demonstrated the promotion effect of Na2SO4,
not for any alkali salts, on the activity for TiO2 catalysts with
metal oxide doping.
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Fig. 10 The stability of photocatalytic oxidation of HCHO over W-BBT-
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catalyst amount 0.4 g, light source 36 W LED)
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