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Photocatalytic partial oxidation of methanol to
methyl formate under visible light irradiation on Bi-
doped TiO, via tuning band structure and surface
hydroxyls+

Yue Ma, Xuzhuang Yang, (D} Guanjun Gao, Zhe Yan, Haigquan Su,©® Bingbing Zhang,
Yangiu Lei and Yanbing Zhang

Preparing visible light responsive catalysts for partial oxidation of methanol to methyl formate is
a challenging issue. This work addresses the synthesis, characterization and theoretical calculation of Bi
doped TiO, catalysts as well as their photocatalytic performance and reaction mechanism for MF
synthesis from methanol. The catalysts were prepared by a simple wet chemical method. The results of
the characterization and theoretical calculation evidenced that bismuth was intercalated in the lattice of
anatase by the substitution of titanium. Impurity levels were formed in the valence band, conduction
band and between the two bands. The Bi 6s and 5p orbitals contributed to the formation of the impurity
levels. The photo-excited electrons transited from the valence band via impurity levels, formed by Bi 6s
orbitals, to the conduction band. The doping of Bi enhanced surface hydroxyls, reduced the band gaps
and raised the valence band edges (VBE) of the Bi doped catalyst. The Bi doped catalysts were visible
light responsive due to the reduced band gap. The surface hydroxyls were beneficial to the methanol
conversion, and the rise of the VBE enhanced the redox potential of the photogenerated holes. Only
moderate redox potentials and sufficient surface hydroxyls could lead to high methanol conversion and
MF selectivity. This study is of great significance to the development of the photocatalytic synthesis
theory and provides a green route for MF synthesis from methanol.

Introduction

From coal via methanol to methyl formate (MF), a key inter-
mediate to produce important chemicals such as formic acid,
formamide, acetic acid and ethylene glycol,® is a promising
route in coal chemical industry.® The photocatalytic synthesis of
MF from methanol is a new green route and has become a hot
research topic in recent years due to the ambient reaction
conditions and high MF selectivity.”**

TiO,-based materials have been widely studied for many
reactions.”*" The secondary alcohol photo-oxidation on TiO,
and ZnO was first reported by J. Cunningham and B. K. Hodnett
in 1981, and Liu et al reported the photocatalytic methanol
oxidation on MoO;/TiO, and TiO, as early as 1985.>* H. Komi-
nami et al. studied this reaction on an anatase-type TiO, in
2010." In our previous studies, we have reported Au, Ag, Au-Ag
alloy and Cu nanoparticles supported on TiO, and ZnO for
photocatalytic partial oxidation of methanol at 15 °C-45 °C
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since 2014.77>"?]J. C. Colmenares et al. studied the same reaction
on Pd-Au/TiO, and Pd-Cu/TiO,.'*** However, all studies used
UV irradiation as light source so far. It has great potential of
application if the reaction can occur under the irradiation of
visible light.

Titania is an effective photocatalyst for partial oxidation of
methanol because, on the one hand, there are plenty of surface
hydroxyls which can react with methanol molecules to give rise
to methoxy, a key intermediate for the reaction, at room
temperature without irradiation,>*** and on the other hand, it
has suitable valence band edge that can generate photoexcited
holes being able to oxidize methoxy to formaldehyde under UV
irradiation.”*>*>** However, TiO, cannot work as a photo-
catalyst for partial oxidation of methanol to MF under visible
light irradiation due to the wide band gap (3.0 eV).>* Even so,
TiO, is still the most promising visible light responsive photo-
catalyst for this reaction if proper modification is carried out.
Doping TiO, with metallic or non-metallic elements can form
impurity energy levels between the conduction band and
valence band of TiO,, and thus was often employed to lower the
threshold energy for excitation in order to utilize a wide range of
solar energy.”’** Such a modification usually works in a lot of
photocatalytic processes such as the degradation of

This journal is © The Royal Society of Chemistry 2020
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organics,**** but it is a challenge in photocatalytic partial
oxidation process, especially for partial oxidation of methanol.
This is because the doping process can cause not only the
reduction of the band gap but also the shift of valence and/or
conduction band edges, leading to the variation of the redox
potential of the photoexcited holes and thus the partial oxida-
tion reaction. In addition, the doping may change the surface
hydroxyls of titania as well, remarkably influencing the meth-
anol conversion and methyl formate selectivity.

Bismuth has d'° electronic configuration. Bi-doped TiO,
extends the spectral range of TiO, to visible light responsive
region and inhibits electron-hole recombination, and thus has
been extensively studied for the degradation of organic pollut-
ants,>”**333%3¢ antibacterial application®” and photocathode for
fuel cell®® etc. However, it is seldom used in photocatalytic
partial oxidation reactions due to the more complicated reac-
tion mechanism. In this study, Bi-doped TiO, was prepared by
the wet chemical method and the photocatalytic performance
for partial oxidation of methanol to MF was investigated. The
band structure and surface species of the catalyst were charac-
terized by a UV-visible spectrometer (UV-vis), electrochemical
workstation, X-ray photoelectron spectroscopy (XPS) and
a Fourier transform infrared spectrometer (FTIR) etc., and the
band structure and optical properties before and after doping
was studied by the first principal theory as well. The purpose of
this study is to investigate the effect of the Bi doping on the
band structure, especially the valence band edges and band
gaps, and the surface hydroxyls, as well as their effect on the
photocatalytic performance for partial oxidation of methanol to
MF under visible light irradiation.

Experimental

Materials

Tetrabutyl titanate (TBOT), Bi(NOj;);-5H,0, absolute ethanol
and methanol were purchased from J & K Scientific. All chem-
icals were used as received.

Catalyst preparation

Typically, 6.8 ml of TBOT was dissolved in 60 ml of absolute
ethanol and keep stirring for 30 min to obtain solution A. A
certain amount of Bi(NO;);-5H,0 was dissolved in a solution of
30 ml of absolute ethanol and 8 ml of deionized water to obtain
solution B. Add solution B to solution A dropwise with

Gas flowmeter
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CH30H
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Fig. 1 Schematic diagram of the reaction process.
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vigorously stirring, and keep stirring for 8 hours. The obtained
solid was washed with deionized water and absolute ethanol
several times and dried under supercritical condition (245 °C, 8
MPa), and finally the catalyst was obtained after calcination at
500 °C for 2 h, and labelled as XBi-TiO,, where X = n(Bi/Ti) is the
percentage of Bi in the catalyst.

Catalyst characterization

X-ray diffraction (XRD) profiles were obtained using a Bruker D8
Advance diffractometer with a Cu Ka radiation operated at 40
kv. The scanning range (26) was 10-80°. The morphology of the
samples was investigated by a FEI Tecnai S-Twin field emission
high resolution transmission electron microscope (HR-TEM).
The optical property was determined by a UVIKON/XL UV-vis
diffuse reflectance spectrometer (UV-vis) with a scanning
range of 200-800 nm. The X-ray photoelectron spectra (XPS) of
the catalysts were recorded by a Kratos Amicus spectrometer
using an Al K (1486.6 eV) radiation source. The binding energy
(BE) was adjusted by the C1s transition at 284.6 eV. The Fourier
transform infrared (FTIR) spectrum was recorded on a Bruker
Vertex 70 FTIR spectrometer. The temperature programmed
reduction with hydrogen (H,-TPR) was performed with
a Micromeritics AutoChem 2910 analyzer. The gas mixture is
10% H, balanced with N, and the flow rate is 50 mL min~*. The
heating rate is 10°C min™" 10 mg sample was loaded in the
quartz tube for each run. The N, adsorption-desorption
isotherms were measured using a Micromeritics ASAP 2020
analyzer. The specific surface areas were calculated by the
Brunauer-Emmett-Teller (BET) equation from the N, adsorp-
tion isotherm. The pore structure parameters were obtained
from the adsorption branch using the BJH model. Prior to the
experiment of adsorption, all samples were degassed under
vacuum at 150 °C for 12 h. The electrochemical properties of the
catalyst were carried out in liquid junction cells on a Shanghai
Chenhua CHI700E Chemical Station.

Photocatalytic reaction

The photocatalytic activity of the catalyst was performed in
a continuous flow magnesium-aluminium alloy reactor with
a rectangle quartz window on the top and a dividing wall-type
heat exchanger connected to the back of the reactor.” Three
pieces of rectangle glass which were used as the catalyst holders
were installed in the bottom of the reactor, with a thermocouple
fixed in touch with the middle catalyst holder. The catalyst of
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Fig.2 XRD patterns of (a) bare TiO5, (b) 0.25Bi-TiO,, (c) 0.5Bi-TiO, (d)
1Bi-TiO,, and (e) 2Bi-TiO,.

0.02 g was loaded on the holders for each run. The dimension of
each piece of the glass holders was 26 mm x 80 mm x 1 mm.
The cooling water flowed through the heat exchanger to main-
tain a constant temperature. A 500 W xenon lamp without filter
was positioned 10 cm over the quartz window of the reactor
(light intensity, 100 mW c¢m™?). A gas mixture containing 1-
3 vol% methanol and 0.17-20 vol% O, balanced with N, was
supplied at the flow rate of 50 ml min~" into the reactor. Oxygen
and nitrogen in the mixture were measured by mass flowmeters.
The reaction temperature was from 15 to 45 °C. The products
were qualified by a GC-MS and a LC-MS in batches and quan-
tified on line by a Shimadzu GC2014C equipped with a FID
detector (Fig. 1).

The methanol conversion was obtained by eqn (1), assuming
the volume flow rate was constant before and after the reaction
due to the low reactant content in the feed gas.

Pymo = PML 1009, 1)

Pmo

C =

where C is the methanol conversion, %; pyo is the initial
methanol content, mg L% pu1 is the methanol content in the
off gas after reaction, mg L™,

S= 2P 1oov 2)
Pmo — Pmi

where S is the methyl formate selectivity, %;j pyr is the methyl
formate content in the off gas after reaction, mg L™ ™.

Table 1 The lattice parameters and average size of anatase

Lattice
parameter (A)

Crystal size,  Cell volume,

Samples a=b ¢ nm A®

Bare TiO, 3.7853 9.4944 9.47 136.0375
0.25Bi-TiO, 3.7869 9.5001 9.45 136.2365
0.5Bi-TiO, 3.7866 9.5036 9.17 136.2623
1Bi-TiO, 3.7880 9.5040 8.58 136.3704
2Bi-TiO, 3.7906 9.5007 7.60 136.5137
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Fig. 3 TEM images of (a and b) bare TiO,, (c and d) 0.5Bi-TiO,.

The formation rate of methyl formate was calculated by the
following eqn (3).

_ PV CS

F
' 2mM

®)
where Fr is the formation rate, mmol g ' h™"; py is the initial
methanol content in feed gas, mg L™"; V is the flow rate of feed
gas, L h™'; C is the methanol conversion, %; S is the methyl
formate selectivity, %; M is the molecular weight of methanol, g
mol'; m is the weight of catalyst, g.

Results and discussion

Catalyst characterization

Fig. 2 shows the XRD patterns of TiO, and Bi-doped TiO,. The
diffraction peaks at 25.35°, 37.60°, 48.10°, 53.89°, 55.30°, 63.20°,
69.00°, 70.18°, 75.37° are assigned to the (101), (004), (200),
(105), (211), (204), (116), (210), (215) faces of anatase, tetragonal
crystal system (reference code 00-002-0406). No diffractions

Intensity (a.u.)
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Fig. 4 Raman spectra of (a) bare TiO,, (b) 0.25Bi-TiO,, (c) 0.5Bi-TiO,,
(d) 1Bi-TiO,, and (e) 2Bi-TiO,.
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Fig. 5 UV-visible spectra (A) and Kubelka—Munk plot (B) of the
samples. (a) Bare TiO,, (b) 0.25Bi-TiO,, (c) 0.5Bi-TiO,, (d) 1Bi-TiO,, and
(e) 2Bi-TiO,.

attributed to bismuth species could be identified in the profiles.
With the increase of the Bi content from 0.25 wt% to 2.00 wt%,
the width of the (101) diffraction peak is broadened and the
intensity is weakened gradually. The average crystal sizes of
anatase becomes smaller and smaller from 9.47 to 7.60 nm,
calculated by the Debye-Scherrer's equation. The lattice
parameters of each sample were calculated and listed in Table
1. It can be observed that the cell volume gradually swells with
increasing the content of bismuth, indicating that Bi was doped
in the lattice of anatase.

Fig. 3 and s1f show TEM images of bare TiO, and XBi-TiO,
samples. The size of the nanoparticles distributed uniformly
and it becomes smaller and smaller with the increase of the Bi
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content, which is in line with the result calculated by the Debye-
Scherrer's equation from the XRD profile. The d(;01) spacing of
anatase can be observed from the HR-TEM images, which is the
only phase that can be identified from the lattice fringes. The
d spacing enlarges with increasing the Bi content (Fig. 3d, s1h
and jt). This is consistent with the cell parameters listed in
Table 1, suggesting that Bi was intercalated into the lattice of
anatase. This is consistent with the result calculated from the
XRD.

Raman spectra can also evidence the intercalation of Bi into
the lattice of anatase. As shown in Fig. 4, the bands at 144, 197,
399, 516 and 639 cm ™' are the Raman active fundamentals of
anatase.>®3%3%° The three Raman bands at 144, 197 and
639 cm™ ! are definitely assigned to the three E, modes, the
band at 516 cm ™' is from the doublet of A;¢ and By, modes and
that at 399 ecm ! is attributed to the B;; mode. It can be
observed that the E, bands centered at 144 cm ™, attributed to
the shift of Ti-O-Ti frame of anatase, shift to higher position,
the peak width is broadened and the intensity of the peaks is
weakened with the increase of the Bi content, indicating poorer
crystallinity and evidencing the intercalation of Bi into the
lattice of anatase from another angle.

Fig. 5A shows the UV-visible diffuse reflection spectra of bare
TiO, and XBi-TiO, samples, and Fig. 5B shows the Kubelka-
Munk plot of the samples.** The bare TiO, exhibits absorption
edge at 400 nm, corresponding to 3.1 eV of the band gap. The
absorption bands of the Bi doped samples exhibit obvious red
shift. With the increase of the Bi content from 0.25 wt% to
2 wt%, the absorption band edge shifts from 407 nm to 427 nm,
and the band gap energy varies from 3.04 eV to 2.90 eV. The
absorption bands of the Bi doped samples extend to visible light
region. The Bi dopant in the lattice of TiO, can form impurity
levels in the band gap of TiO, and reduce the recombination of
the photoexcited electron and hole pair, as well as the excitation
energy.***% In addition, the doping process can result in
oxygen vacancies in the lattice, which play the role of photoex-
cited electron traps and is beneficial to inhibiting the recom-
bination of the electron and hole as well.

The N, adsorption-desorption results of all the five samples
exhibit type IV isotherm, suggesting mesopores in these
samples*® (see Fig. s21). The bare TiO,, 1Bi-doped TiO, and 2Bi-
doped TiO, show a H3 hysteresis loop and the samples 0.25Bi-
doped TiO, and 0.5Bi-doped TiO, show a H1 hysteresis loop.
The H1 loop is associated with the mesopores composed by
relatively uniform particles and the H3 loop is often regarded as

Table 2 BET specific surface areas, pore volumes and Bi content of catalysts

Pore volume Pore size Nominal value Actual value
Samples Sper (M> g™ 1) (m*g™ (nm) n(Bi/Ti) n(Bi/Ti)
Bare TiO, 100.60 0.16 6.65 0.00 0.00
0.25Bi-TiO, 112.30 0.35 9.43 0.25 0.23
0.5Bi-TiO, 131.50 0.41 9.64 0.50 0.44
1Bi-TiO, 106.80 0.28 8.62 1.00 0.93
2Bi-TiO, 103.50 0.23 7.80 2.00 1.96

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 FTIR spectra of (a) bare TiO,, (b) 0.25Bi-TiO,, (c) 0.5Bi-TiO, (d)
1Bi-TiO,, and (e) 2Bi-TiO,.

from the slit-like pores.*® However, it can be observed that the
onset of the hysteresis loop starts from 0.8 of the relative
pressure. Such a hysteresis loop is not from structure meso-
pores of the nanoparticles but from the pores of agglomerates
composed by nanoparticles.** As a result, the isotherms of the
samples just indicates that the particle size of 0.25Bi-doped
TiO, and 0.5Bi-doped TiO, was relatively evenly distributed
while that of samples bare TiO,, 1Bi-doped TiO, and 2Bi-doped
TiO, was unevenly distributed. The incompact pore structure is
resulted from the supercritical drying process. Table 2 lists the
specific surface area, pore volume, pore size and Bi content of
the catalyst. The actual Bi content in each sample is slightly less

View Article Online
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than that of the nominal one. Although the pores in the samples
were from the accumulation of the nanoparticles, it is easier to
be dispersed and thus beneficial to the reaction.

Fig. 6 shows the normalized FTIR spectra of the samples. It is
considered that the amount of the total surface (Ti, Bi)-O bond
in each sample should be similar in the case that the Bi content
in the sample varied from 0 to 2 wt%. Thus, the intensity vari-
ation of the (Ti, Bi)-O vibrations in the spectrum may be from
the difference of the sample amount in the light spot due to the
inhomogeneous blending of KBr and the sample for FTIR
investigation. In order to compared the surface hydroxyls of
each sample, the stretching vibrations of (Ti, Bi)-O, the band
from 400 to 800 cm ', of each sample are considered as equal or
very close.*>* Set the intensity of the Ti-O stretching vibration
of any sample as a standard, and those of the other samples are
normalized to the same level. So the whole spectrum of the
sample other than the standard one may enlarge or reduce the
same times as the Ti-O vibrations of the same sample. Such
a treatment is expected to eliminate the operation errors for
FTIR investigation.

The band around 3400 cm ™" is attributed to the stretching
vibration of the surface hydroxyls.*””*° In comparison of this
band in Fig. 6, it can be observed that more surface hydroxyls on
the Bi-doped samples than those on bare TiO,. The number of
hydroxyls on the Bi-doped samples rises first and then declines
with the increase of the samples rises first and then declines
with the increase of the Bi content, and the sample 0.5Bi-doped
TiO, has the most surface hydroxyls.

Fig. 7 shows the XPS spectra of the catalysts. The binding
energy at 458.4 and 464.2 eV are ascribed to the 2p;, and 2p;,,
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Fig.7 XPS spectra of Ti 2p (A), O 1s (B), enlarged O 1s of bare TiO, (C), and Bi 4f (D). (a) Bare TiO,, (b) 0.25Bi-TiO,, (c) 0.5Bi-TiO,, (d) 1Bi-TiO,, and

(e) 2Bi-TiO,.
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of Ti**, respectively.®®** A remarkable shift of the two peaks to
low binding energy can be observed in the spectrum of sample
2Bi-doped TiO,, suggesting Ti*" in this sample obtained addi-
tional electrons.*® The binding energy of O 1s is shown in
Fig. 7B. Three oxygen species can be identified from the spec-
trum of each sample. Fig. 7C is the enlarged O 1s spectrum of
sample TiO,. The three deconvoluted peaks at 529.6, 531.6 and
533.2 eV are ascribed to oxygen in the framework of TiO,,
oxygen in surface hydroxyl and oxygen in absorbed water,
respectively.>*”® From Fig. 7B, it can be observed that the
binding energy of the framework oxygen in sample 2Bi-doped
TiO, shifts to low binding energy direction, suggesting oxygen
in the framework obtained electron as well.** Fig. 7D shows the
binding energy of Bi 4f;,, and 4f5, in the samples. From the
deconvoluted spectra, two Bi species can be identified in each
sample. The peaks near 158.7 and 164 eV are ascribed to Bi**
species, and those near 157 and 162 eV are ascribed to Bi’,
suggesting very little amount of Bi species was reduced to Bi’
during preparation.®”*® With the increase of the Bi content, the
peak near 158.7 eV shift to high value, especially for sample 2Bi-
doped TiO,. Given that the binding energy of the framework Ti
and O in this sample shifts to low value, it indicates that bond
Bi-O-Ti might be formed and electron transfer from Bi to O and
Ti might occur in these samples.*

In order to exclude that Bi** species was from Bi,O3, the H,-
TPR experiment was carried out for the samples (Fig. 8). For
comparison, additional H,-TPR experiment was performed
using high-purity Bi,O; at a temperature range from 100 to
800 °C. A broadened hump starting from 350 °C and ending by
670 °C can be observed in the profile, which can be attributed to
the reduction of Bi*" species in sample Bi,03.*>*° However, no
reduction peaks can be observed from the profiles of the Bi-
doped TiO, samples, indicating that no Bi,O; species exist in
these samples. In combination of results from XRD, HRTEM,
Raman and XPS, Bi species was intercalated in the lattice of
TiO,.

Photocatalytic performance

Fig. 9 shows the methanol conversion (Fig. 9a), MF selectivity
(Fig. 9b) and MF formation rate (Fig. 9c) of the catalysts for

This journal is © The Royal Society of Chemistry 2020
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photocatalytic partial oxidation methanol at a temperature
range from 25 °C to 45 °C under the irradiation of visible light.
The catalysts are not active in the temperature range without
irradiation. But temperature exhibits positive effect on meth-
anol conversion, in line with the Arrhenius's rule relating to
temperature and reaction rate, under irradiation, suggesting
photon provides energy to overcome the barrier in the key step
of the reaction and the subsequent steps can occur at low
temperatures. The bare TiO, exhibits very low activity for the
reaction. This is because the band gap of this sample is 3.1 eV,
corresponding to 400 nm of the absorption wavelength, which
just lies on the edge of the visible light spectrum. The Bi-doped
samples exhibit far better photocatalytic activity than the bare
TiO,. The methanol conversion and MF selectivity of the Bi-
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Fig. 9 Photocatalytic activity of Bi-TiO, catalysts, (a) methanol
conversion; (b) MF selectivity; (c) MF formation rate.
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Fig. 10 Mott—Schottky diagram of the catalyst at 500 Hz in 0.2 M
Na,SO,4 solution.

doped TiO, catalyst are all about 50%, while those of the bare
TiO, are less than 20% and 35%, respectively, suggesting the
doping of Bi remarkably enhanced the photocatalytic perfor-
mance. However, the photocatalytic performance of the Bi-
doped TiO, varies with the Bi content in the sample. With the
increase of the Bi content, the MF selectivity rises first and then
goes down. The 0.5Bi-doped TiO, exhibits the best MF forma-
tion rate. Such a phenomenon has a close relation with the fine
band structure of the catalyst, which will be further discussed
later. In order to understand the fine band structure of the
catalyst, the flat band potentials of the samples were deter-
mined by the electrochemical impedance spectra and calcu-
lated by the Mott-Schottky plot. Fig. 10 presents typical Mott-
Schottky plots constructed from capacitance vs. electrode
potential measurements at 0.5 kHz in 0.2 M Na,SO, solution. All
samples show a positive slope in Mott-Schottky plots, which
means that they exhibit n-type semiconductor properties.®* The
flat band positions of bare TiO,, 0.25Bi-doped TiO,, 0.5Bi-doped
TiO,, 1Bi-doped TiO, and 2Bi-doped TiO, were 0.40, 0.51, 0.69,
0.62 and 0.61 V vs. RHE, respectively. In general, the conduction
band is more negative about —0.1 or —0.2 eV than the flat band
for a lot of n-type semiconductor.®® If —0.2 eV is taken, the
conduction bands lie on 0.2, 0.31, 0.49, 0.42 and 0.41 V for bare
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Fig. 11 Band energy diagram of the catalysts with different Bi content.
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TiO,, 0.25Bi-doped TiO,, 0.5Bi-doped TiO,, 1Bi-doped TiO, and
2Bi-doped TiO,, respectively. Combining the band gap energy of
the samples calculated from the UV-vis investigation, the band
energy diagram can be obtained as shown in Fig. 11.

Density functional theory calculations

Bismuth doped titania prepared by the wet chemical method in
this study is efficient for photocatalytic partial oxidation of
methanol to MF under visible light irradiation. Based on the
series characterizations, bismuth species were intercalated in
the lattice of anatase. However, it is not yet clear where bismuth
exists in the lattice. In order to clarify the possible state of
bismuth in the lattice of titania, the DFT method which was
implemented in the Cambridge Sequential Total Energy
Package (CASTEP) was employed to calculate possible structure,
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Fig. 12 Comparison of PDOS, (a) total state density; (b) fractal density
of TiO,; (c) fractal density of Bi-TiO,.
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as well as its band structure, density of states and optical
properties.®**” The calculated results indicate that bismuth
most possibly occupied the sites of Ti substitutively but not was
in the interstitial space of the lattice (see Fig. s3 and s4+). It can
be observed in Fig. S3t that the energy levels comprising the
valence band and conduction band of Bi-doped TiO, is more
dense than that of pure TiO,, and both the valence band and
conduction band move downward, which is consistent with the
experimental results (Fig. 11). The band gap of the Bi-doped
TiO, is narrower than that of pure TiO,, which is resulted
from the formation of impurity levels between the valence band
and conduction of TiO,. Fig. 12 shows the total and fractal state
density of pure TiO, and Bi-doped TiO,. Apparently, the band
positions of the Bi-doped TiO, lowered and new impurity energy
levels are formed. The conduction and valence bands of pure
TiO, are mainly composed by the 3d orbitals of Ti and 2p
orbitals of O. The 3d orbitals of Ti play a major role in the
formation of the conduction band, and the 2p orbitals of O
mainly contribute to the formation of the valence band. The 6s
and 6p orbitals of Bi involve in the band formation of Bi-doped
TiO,, and the 6s orbitals of Bi play the major role in the
formation of the impurity level and are responsible for the

CH30H
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A

)
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narrowing of the band gap. The calculated light absorption
spectrum is shown in Fig. S4.f An obvious red-shift can be
observed in the Bi-doped TiO,, and the absorption band extends
to visible light spectrum, which is in line with the experimental
results (Fig. 5). By comparison of the calculated and the exper-
imental results, it can be confirmed that Bi species substitute
some Ti sites to form Bi doped TiO,.

The Bi content in the catalyst has remarkable impact on the
valence band edge (VBE) and surface hydroxyls, and the VBE
and the surface hydroxyls exhibit obvious correlation with the
photocatalytic performance (Fig. 13). The surface hydroxyls
almost show linear relation with the methanol conversion and
the VBE exhibits positive correlation with methanol conver-
sion as well. The MF selectivity exhibits remarkable depen-
dence on both the VBE and the surface hydroxyls. The bare
TiO, and 2Bi-TiO, have similar VBE, and the surface hydroxyls
on 2Bi-TiO, is about 2 times than those on bare TiO,. However,
the bare TiO, exhibits the lowest methanol conversion of 18%
and MF selectivity of 36%, while 2Bi-TiO, exhibits the highest
MF selectivity of 53% and relatively high methanol conversion
of 50%. The sample 0.25Bi-TiO, and sample 1Bi-TiO, have
almost equal VBE and similar surface hydroxyls, and they also
exhibit similar methanol conversion and MF selectivity. The
sample 1Bi-TiO, has a little more surface hydroxyls than
sample 1Bi-TiO, and the VBE of 1Bi-TiO, is 0.03 eV higher than
that of 2Bi-TiO,, while the MF selectivity of 1Bi-TiO, is lower
than that of 2Bi-TiO, although the methanol conversion of 1Bi-
TiO, is slightly higher. The sample 0.5Bi-TiO, has the most
surface hydroxyls and VBE, but it exhibits only the highest
methanol conversion but moderate MF selectivity. From the
above facts, it is definite that the surface hydroxyls play
important roles for methanol conversion and MF selectivity.
The VBE plays a part role for MF selectivity. Actually, the
photocatalytic partial oxidation of methanol to MF must
undergo the following important steps.

Firstly, methanol molecules react with surface hydroxyls to
give rise to methoxy groups. This step can occur at room
temperature without irradiation. Secondly, the methoxy groups

Fig. 14 Reaction mechanism of selective oxidation of methanol to methyl formate with Bi-TiO, catalyst under simulated sunlight.

This journal is © The Royal Society of Chemistry 2020
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are oxidized to coordinated formaldehyde by the photoexcited
holes. If the redox potential of the hole is higher than that from
methoxy to formaldehyde the reaction can occur, or the reaction
stops. However, if the redox potential is far higher than
required, deep oxidation may occur, resulting in low MF selec-
tivity. Thirdly, the methoxy group reacts with coordinated
formaldehyde through coupling reaction to give rise to MF or is
deeply oxidized to CO,.*® The surface hydroxyls lost during the
reaction can be recovered by oxygen in flow gas filling the
oxygen vacancies and combining with hydrogen from methoxy
in the second step. Apparently, surface hydroxyls are important
intermediate reactant, the more surface hydroxyls the faster the
reaction proceeds.*” This is why the methanol conversion is
proportional to the surface hydroxyls. The photocatalytic
oxidation of methanol can occur on bare TiO,, although it has
the lowest VBE, indicating the VBEs of all the Bi-doped catalysts
can generate photoexcited holes that enable to oxidize methoxy.
The second step and the third step determine the MF selectivity.
In order to obtain high MF selectivity, there must be sufficient
methoxy groups being able to closely contact with coordinated
formaldehyde on the surface of the catalyst. So, over strong
redox potential of the holes will result in excess formaldehyde
and lean methoxy on the surface of catalyst, and thus low MF
selectivity. A moderate redox potential of the photogenerated
holes and sufficient surface hydroxyls can maintain reasonable
distribution of methoxy groups and coordinated formaldehyde
to achieve high methanol conversion and MF selectivity. This is
why 2Bi-TiO, exhibits the highest MF selectivity but the lowest
methanol conversion, while 0.5Bi-TiO, exhibits the high meth-
anol conversion but moderate MF selectivity.

In addition, all of the Bi-doped samples display stronger
photocurrent density (see Fig. S6T) than bare TiO,. The 0.5Bi-
TiO, exhibits the best photocurrent, implying the best photo
response. With increasing the Bi content, the photocurrent
density increases first and then decrease. The worse of photo
response for the higher Bi content samples may be resulted
from the charge trapping effect.®® The relation between the
photocurrent density and irradiation time is in line with valence
band edges of the catalysts.

Photocatalytic mechanism

The reaction mechanism of photocatalytic partial oxidation of
methanol to MF on Bi-doped TiO, is similar to those in litera-
ture, including the steps mentioned above, except the photo-
excited process under visible light irradiation in Bi-doped TiO,.
The schematic diagram is shown in Fig. 14. The photons in the
band of visible light spectrum is absorbed by electrons in the
valence band of Bi-doped TiO,, and the electrons are excited to
the conduction band via the impurity level, mainly composed by
the 6s orbitals of Bi. The conduction band is mainly composed
by the O 2p orbitals and a small part of Ti 3d and Bi 6p orbitals.
The overcharged surface can adsorb and dissociate oxygen
molecules into active oxygen atoms to fill the surface oxygen
vacancies resulted from the loss of surface hydroxyls during the
reaction. Besides, H from the methanol or methoxy can react
with hydroxyl to form water, in the case of lean methoxy on the
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surface of catalyst, the coordinated formaldehyde can be further
oxidized to CO, and water.

Conclusions

A series of Bi-TiO, catalysts were prepared by wet chemical
method. The catalysts exhibit visible light photoactive to partial
oxidation of methanol to MF. Bismuth is intercalated in the
lattice of anatase by substitution of titanium. Impurity levels are
formed in the valence band, conduction band as well as
between the two bands. The Bi 6s and 5p orbitals contribute to
the formation of the impurity levels. The Bi doped TiO,
enhances the surface hydroxyls, reduces the band gaps and
raises the VBEs. The reduced band gap makes the catalyst
respond to visible light. The surface hydroxyls are beneficial to
the methanol conversion, and the rise of VBE enhances the
redox potential of the photogenerated holes. Only moderate
redox potentials and sufficient surface hydroxyls can result in
high methanol conversion and MF selectivity.
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