CHAPTER ENERGY AREA

PHOTOCATALYTIC
GENERATION OF HYDROGEN
USING TITANIUM AND BISMUTH
OXIDE CATALYSTS

J. O. Peralta-Cruz', M. L. Hernandez-Pichardo",
P. del Angel-Vicente®

! Instituto Politécnico Nacional, ESIQIE, Laboratotio de nanomateriales susten-
tables; Av. IPN S/N Col. Zacatenco, 07738, México City, México.

* Instituto Mexicano del Petréleo, Direccion de Investigacion y Posgrado, Eje
Central L. Cardenas 152, 07730 México City, México.

mhernandezp@ipn.mx

Peralta-Cruz, J. O., Hernandez-Pichardo, M. L., & del Angel-Vicente, P.
(2023). Photocatalytic generation of hydrogen using titanium and bismuth
oxide catalysts. In E. San Martin-Martinez (Ed.). Research advances in nano-
sciences, micro and nanotechnologies. 1 olume 11 (pp. 213-230). Barcelona, Spain:
Omniascience.



214 RESEARCH ADVANCES IN NANOSCIENCES, MICRO AND NANOTECHNOLOGIES. VOLUME 4

Abstract

Bismuth-based photocatalysts were prepared by a hydrothermal method. The
binary Bi, Ti,0_/Bi,Ti,O,, nanocomposite was obtained by the coupling of both
semiconductors. The heterojunction allows an efficient hydrogen generation
under UV irradiation, which is superior to the TiO, and the Bi O, oxides. The in-
terfaces observed by HRTEM are possibly in favor of the photoinduced-carriers
transport between both semiconductors, assisting the separation of photoge-
nerated electrons and holes. The enhanced photocatalytic hydrogen evolution
activity was attributed to an increase of light absorption to generate more pho-
toelectrons and an improved separation of photoinduced electrons and holes,
which arises from the internal electric field formed by the heterojunction be-
tween Bi,Ti,O_ and Bi T1,0 .

Keywords: Hydrogen, photocatalysis, titanium oxide, bismuth oxide,
Bi,Ti,0_./Bi ,T1,0,, nanocomposite.
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1. Introduction

The United Nations estimates that the world population will increase by al-
most 2 billion in the next 30 years. Due to this increase in population and the
economic growth associated, it is projected that global energy consumption will
increase 2-fold by the midcentury [1]. These human activities will inevitably im-
pact the environment without counting the imminent depletion of fossil fuels.
Thus, the serious problem of environmental pollution coupled with the current
energy crisis makes the development of clean and renewable energy sources a

priority [2].

Therefore, one of the main global challenges is to find a sustainable energy
source. Hydrogen, as a carbon-neutral energy carrier, is considered an envi-
ronmentally friendly and regenerative energy vector [3]. However, most of the
hydrogen presently generated is not coming from a clean energy source; the most
common is gray or black hydrogen which is neither environmentally friendly nor
economical [4, 5]. On the other hand, green hydrogen is produced from a clean
source and is a more sustainable alternative. In this sense, solar energy is the most
promising exploitable resource since it can provide the energy needed by humans
in a year, just in one hour [1]. Thus, hydrogen production from water and solar
energy by using a semiconductor is a promising idea that has attracted increa-
sing attention [0, 7]. Photocatalytic production of hydrogen is one of the most
promising ways, and the key part of this process is the development of active
photocatalysts toward H, or O, evolution reactions under visible light.

Titanium dioxide (Ti0O,) is one of the most widely used semiconductors in
photocatalytic processes due to its ability to decompose pollutants into non-toxic
substances related to its potential for the formation of photogenerated electrons
and holes [8]. Nevertheless, the main drawbacks are wide band gap energy, high
recombination of electron-hole pairs generated from visible light, as well as its
low quantum efficiency [9]. Then, many efforts have been devoted to improving
its efficacy. In this sense, TiO, nanostructures to increase the effective photoca-
talytic surface through the formation of Schottky junctions or heterojunctions
have recently been developed [3].

In this regard, bismuth-based photocatalysts are good options for visible-li-
ght-driven catalysts [10 — 16]. Among them, bismuth titanates such as Bi, T1i,O,
and Bi Ti,0 , are part of a large Bi—Ti—O family that have been shown to be
effective UV-vis-light photocatalysts [12]. Both materials present a layered



216 RESEARCH ADVANCES IN NANOSCIENCES, MICRO AND NANOTECHNOLOGIES. VOLUME 4

perovskite structure and exhibit good photocatalytic activity due to their ade-
quate bandgap energy and high electron-hole pair separation efficiency. Bi,Ti,O,
possesses a bandgap energy of around 2.8 eV [14], which makes it suitable for
the photocatalytic splitting of water and degradation of organic contaminants
under ultraviolet light irradiation. Meanwhile, Bi,Ti,O ., on the other hand, has
a lower bandgap energy of around 2.9 eV [17], which allows it to respond to
visible light in addition to ultraviolet light. It has been used for a variety of pho-
tocatalytic applications, including pollutant degradation, water splitting, and CO,
reduction. Recent studies have shown that combining Bi, T1,0_ and Bi Ti,0,,
can further enhance their photocatalytic performance, leading to better hydro-
gen evolution [18]. In this work, we describe the preparation of bismuth-based
photocatalysts through and hydrothermal method. The Bi Ti,0./Bi,Ti,O,, he-
terojunction increased the generation of hydrogen through the improvement of
charge separation of photogenerated charge carriers.

2. Experimental Methodology
2.1. Photocatalysts Preparation

2.1.1. Synthesis of the Bi,O, by the hydrothermal method

The preparation of the bismuth oxides photocatalyst was done by using
bismuth (III) chloride (BiCl,, analytical grade, 98 %) as the precursort, which is
dispersed in an aqueous sodium hydroxide solution (1.5 M). Then the hydrother-
mal process was carried out, transferring the solution to a 100 mL Teflon-lined
stainless-steel autoclave at a constant temperature of 220 °C for 18 h. Once the
hydrothermal process is complete, the autoclave is allowed to cool down to a
temperature of 20 °C. The precipitate is collected by centrifugation for 20 min
to separate the product formed. The product was washed with distilled water and
finally dried at 100 °C for 6 h.

2.1.2. Synthesis of the Bi,1i,0,/Bi Ti,0 , nanocomposite

Bi,Ti,0./Bi,Ti,O , nanocomposite was prepared using bismuth (III) chloride
(BiCl,, analytical grade, 98 %) and titanium (IV) oxide (TiO,, analytical grade,
nanopowder, 21 nm primary particle size (TEM), 299.5 %) both dispersed in a
caustic soda solution (1.5 M). The solution is transferred to a 100 mL Teflon-lined
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stainless-steel autoclave and maintained at a constant temperature of 220 °C for
a period of 18 h. Once the reaction is complete, the autoclave is allowed to
cool to room temperature naturally. The precipitate is collected by centrifugation
for 20 minutes at 7000 rpm to separate the product formed. The product was
washed with distilled water and finally dried at 100 °C for 6 h. This sample was
identified as BT2/BT4.

2.2. Samples characterization

The samples were characterized by X-ray diffraction by using a RIGAKU Mi-
niflex 600 diffractometer with an X-ray tube with CuKa radiation (A\=1.5418 A)
with linear focus. The power used is 40 kV and 15 mA. An area Dtex high-speed
detector is used to obtain high-quality diffraction patterns in less time. The step
size is 0.02, and the speed is 5 °/min.

To carry out the X-ray photoelectric spectroscopy (XPS) analysis, a Thermo
Scientific K-Alpha equipment with an AlIK « source and a monochromator was
used. The general spectra are obtained using a step energy of 160 eV and 60 eV
for the high-resolution spectra using a load compensation system. Raman spec-
troscopy analyses were carried out using a HORIBA, Jobin Yvon spectrometer
equipped with a CCD detector using a helium-neon laser (wavelength 633 nm).
The UV-vis spectroscopy analysis was performed using a Perkin Elmer LLambda
365 UV-Vis equipment at 200-800 nm wavelength.

Finally, the samples were studied by high-resolution transmission electron mi-
croscopy (HRTEM), and the micrographs were obtained in a TITAN 80-300 with
Schottky-type field emission gun operating at 300 kV. The point resolution and the
information limit were better than 0.085 nm. HRTEM digital images were obtained
using a CCD camera and Digital Micrograph Software from GATAN. In order to
prepare the materials for observation, the powder samples were ultrasonically dis-
persed in ethanol and supported on holey carbon-coated copper grids.

2.3. Photocatalytic Test for hydrogen production

The photocatalytic behavior of the samples for the generation of H, was
carried out using a water/methanol solution under UV irradiation. In a typical
experiment, 0.01 g of the photocatalyst is dispersed in 150 mL of the water/
methanol (1:1 volume) solution. The reactor is closed and irradiated with a Pen
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Ray Hg UV lamp (254 nm, 4.4 mW/cm?). The products were identified using a
Perkin-Elmer model Clarus 480 chromatograph.

3. Results and discussion
3.1. Physicochemical characterization of the samples

Samples of bismuth oxide (Bi,0,) and the hybrid nanocomposite Bi, Ti,0_/
Bi,Ti,O , (BT2/BT4) were synthesized. The results were compared with com-
mercial TiO,. Figure 1 shows the diffraction patterns of the pure oxides of TiO,
and Bi,O,. In the TiO, sample (Figure 1a), the diffraction peaks are identified
as the anatase and rutile phases [19], while for the Bi,O, sample (Figure 1b),
the peaks were identified as the monoclinic («- Bi,0,) and tetragonal (8- Bi,O,)
phases [20].
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Figure 1. Diffraction patterns for the pristine oxides: a) TiO, and b) Bi,O..

Also, Figure 2 shows the diffraction patterns of the three samples of TiO,,
Bi,0,, and BT2 /BT4 in order to show the formation of the new bismuth titanate
phases cleatly. In the BT2/BT4 sample, the peaks corresponding to the cubic
phases of Bi, Ti,0_ (JCPDS-32-0118) and orthorhombic perovskite of Bi, Ti,O,,
(JCPDS-35-0795) [21] appear. The simultaneous presence of all the diffraction
peaks of the Bi, Ti,0./Bi, Ti,O,, phases in the BT2/BT4 sample indicates the for-
mation of the nanocomposite. The fraction of the Bi,Ti,O,, phase in BT2 /BT4
was estimated using the Match ® program, and it was found that 56.9 % corres-
ponds to Bi,Ti,O,,, while 43.1 % was assigned to the formation of Bi, Ti,O..
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Figure 2. Comparison of the diffraction patterns of the individual oxides with the nanocompo-
site formed Bi,Ti,0./Bi, Ti,0,, (BT2/BT4).
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The surface composition and analysis of the chemical states of the BT2/BT4
hybrid composite were analyzed by XPS (Figure 3). Figure 3a shows the survey
spectrum of the BT2/BT4 sample in which the peaks of the elements Bi, T1, and
O are observed. Likewise, the high-resolution spectra in the Bi 4f, Ti 2p, Bi 4d
regions, and O 1s are shown in Figures 3b to 3d.

The high-resolution spectrum in the Bi 4f region is shown in Figure 3b. The
presence of two peaks at 163.9 and 158.6 eV corresponding to the Bi 4f, , and
4 P signals, respectively, indicating the presence of Bi** [20], is observed. In
Figure 3c, the maximum signal of Ti 2p, P is observed at 457.5 eV, while the
maximum signal of Ti 2p, , at 463.6 ¢V is partially covered by the maximum
signal of Bi4d, , at 465.7 ¢V, which leads to an overall maximum signal at about
465.5 eV. As shown in Figure 3d, the maximum signals at 529.26 eV and 531.08
eV are assigned to lattice oxygen and adsorbed oxygen. Therefore, with the pre-
vious results, there is evidence of the formation and presence of bismuth titanate

on the catalyst surface.

Raman spectroscopy was used to verify the structure of the nanomaterials.
Figure 4 shows the Raman spectrum of Bi,O, between 100 and 700 cm™ . It is
observed that the spectrum presents many signals because a-Bi,O, is a double
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Figure 3. XPS spectra of the BT2/BT4 composite: a) Sutvey spectrum, b) Bi 4f region,
¢) Ti 2p-Bi 4d region, and d) O 1s region.
refraction biaxial crystal with a lower symmetry of the monoclinic structure. Ten
typical Bi,O, Raman peaks are observed above 100 cm™ [22], confirming the

formation of monoclinic oc—BiZOS. The mode at 119 cm™!

comes from the Ag
symmetry caused mainly by the participation of Biatoms. The 138 (Ag) and 153
cm™!' (Bg) modes can come from the displacements of the Bi and O atoms in the

«-Bi,O, lattice.
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Figure 4. Raman spectra of Bi O, in the range of 100 to 700 cm-1.
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On the other hand, Figure 5 shows the Raman spectrum of TiO, between
100 and 700 cm™". Four characteristic Raman active modes of anatase TiO, were
observed with symmetries Eg, Blg, Alg, and Eg at 142, 394, 515, and 639 cm™,
respectively, corresponding to the anatase TiO, phase [23]. No peaks correspon-
ding to the formation of traces of rutile were observed due to the low amount
of this phase in the material.
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Figure 5. Raman spectra of TiO, in the range from 100 to 700 cm’.

Finally, Figure 6 shows the Raman spectrum of the BT2/BT4 composite be-
tween 100 and 1000 cm™. The spectrum exhibits signals at approximately 117,
142,229,271, 323, 537, 566, 617, and 850 cm™, which are attributed to the internal
vibrational modes of Bi, Ti,0,, [23]. The signals corresponding to Bi,Ti,O. were
not observed since they overlap with the other titanate, Bi, 11,0, [24].
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Figure 6. Raman spectra of composite BT2/BT4 in the range of 100 to 900 cm-1.
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On the other hand, Figures 7a and 8a show the UV-vis absorption spectra
of Bi,O, and the BT2/BT4 composite, respectively, in the wavelength range of
200 to 800 nm in which deionized water has been used as a reference solvent.
The optical bandgap has been calculated using the formula of the Tauc method,
which relates the optical bandgap (Eg) to the absorption coefficient F(R) and the
photon energy (hv) with respect to the relationship (F( R)*hv)” « (hv-Eg), where
n is associated with the different types of electronic transitions, in which it can
take values of 1/2 or 2 for direct and indirect transitions respectively [25]. Here
we have calculated the optical band gap considering the direct transition allowed
(n=1/2) because it presents the best fit to the data.

Figures 7b and 8b show a plot between F(R)*hv and the photon energy of
bismuth oxide (Bi,O,) and the BT2/BT4 composite, respectively. The optical
bandgap energy has been determined by extrapolating the linear portion of
[F(R)*hv]"/? vs. hv to the x-axis (see Figures 7b and 8b). The Bi,O, bandgap value

05 24

(@ : () —Bi0,
044 Bi,0; 224

0.3+ 204

0.2

Absorbance

0.1 L 16

0.0+ 144
225eV

-0.1 1.2

/
/
4
/
/
/
/
/
/
) /
02 10 -

T T T T T
200 300 400 500 600 700 8 18 20 22 24 26 28 30 32 34
Wavelength (nm) Photon Energy (eV)

Figure 7. a) UV-vis spectra of Bi, O, in the range 200 to 800 nm. b) Graph of the
Tauc method for determining the optical band gap of Bi,O..
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Figure 8. 2) UV-vis spectra of the BT2/BT4 composite in the range 200 to 800 nm. b) Graph
of the Tauc method for the determination of the optical band gap of the BT2/BT4 composite.
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has been found to be 2.25 eV, while the BT2/BT4 composite shows a slightly
narrower bandgap than the Bi O, nanoparticles, with a value of 2.62 eV; these
values are close to the bandgap values previously reported [21, 22, 26, 27].

Finally, transmission electron microscopy indicates that the sample presents
large crystals of more than 100 nm, which are in contact with nanocrystals of
different sizes and shapes smaller than 30 nm, as observed in Figure 9.
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Figure 9. HRTEM image of the BT2/BT4 sample and its corresponding FFT in three zones.
A) The FFT indicates that there are two phases, Bi, Ti,0, and Bi,Ti,0O, ,, B) The same phases
were identified as Bi,Ti,O. and Bi T1,0,,, C) This crystal was identified as Bi T1,0,; it is an

122 37127
“irregular laminar” crystal that contains planes from 5.5 A down to less than 2 A.

The large crystals correspond to the Bi, Ti O, phase, while nanocrystals gene-
rally correspond to Bi,T1,0,,. In the image, three zones were chosen, and the fast
Fourier transform (FFT) of each of them was obtained. In regions A and B, the
presence of both phases, Bi, Ti,O_and Bi, Ti,0 ,,
C it was possible to analyze a single crystal with atomic planes that correspond

to the Bi Ti,O , phase. Here planes of 5.5 A and 4.5 A are observed, mainly ob-
serving a laminar formation. These interfaces observed by HRTEM are possibly

were identified, while in region

in favor of the photoinduced-cartiers transport between both semiconductors,
assisting the separation of photogenerated electrons and holes.
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3.2. Photocatalytic performance of bismuth and titanium oxides for
hydrogen production

The photocatalytic performance of the TiO,, Bi O,, and BT2/BT4 compo-
site for hydrogen production was evaluated under ultraviolet light. The obtained
results are shown in Figure 10. The photocatalytic activity of these samples re-
presents the study of four cycles, each cycle corresponding to a determined time
of 1 hour, in which the photocatalytic activity of titanium oxide has been used
as a reference. The results show that titanium oxide presents the lowest photo-
catalytic activity; despite this, it presents a constant hydrogen generation during
the 4 hours. Bismuth oxide presents a better photocatalytic activity than titanium
oxide; the drawback is that it presents a non-constant generation in the second
cycle and stabilizes after this. Finally, the BT2/BT4 composite is the one with the
highest photocatalytic performance in hydrogen generation, remaining constant
during the 4 hours. This enhanced photocatalytic hydrogen evolution activity
was attributed to an increase of light absorption to generate more photoelec-
trons and an improved separation of photoinduced electrons and holes, which
arises from the internal electric field formed between the heterojunction between
Bi,Ti)O, and Bi, Ti,0O ..

1604 HEETIO
B0,
407 EEEBT2BT4

H, production (umol/g)

Time (hours)

Figure 10. Hydrogen evolution amounts under UV irradiation for TiO2, Bi,O,,
and the BT2/BT4 composite.
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A possible route diagram of the Bi, Ti, O_/Bi,Ti,0,, composite for hydrogen
evolution is shown in Figure 11. The conduction band (CB) and valence band
(VB) potential of Bi Ti,O,, is more negative than that of Bi,Ti,O, [18]. When the
composite is irradiated, producing photogenerated electrons and holes, the elec-
trons in the CB of Bi Ti,O , flow into the CB of Bi Ti,O. due to closely contacted
interfaces. The electric field formed by the heterojunction between Bi, Ti,O, and
Bi, Ti,0,, motivates the separation of the photogenerated electron-hole in both
semiconductors. The hydrogen ions accept electrons and convert to hydrogen.

(yy H,0

OH*+H*

Figure 11. A possible route for the hydrogen evolution for the
BT2/BT4 composite.

4. Conclusions

A Bi,Ti,0_/Bi,Ti,0,, composite was successfully obtained by a hydrother-
mal method. The composite is formed by the heterojunction of both phases in
intimate contact, as XRD, Raman, XPS, and HRTEM showed. This enhanced
photocatalytic hydrogen evolution activity was attributed to an increase of li-
ght absorption to generate more photoelectrons and an improved separation of
photoinduced electrons and holes, which arises from the internal electric field
formed by the heterojunction between Bi, Ti,O_ and Bi Ti,O .
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