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Abstract

Semiconductor-based heterogeneous photocatalysis is a promising technology for water and air purification
without using consumables and generating harmful by-products. Bismuth molybdate as one of the simplest
Aurivillius oxides with a narrow band gap of 2.7 eV has got wide attention due to its potential for photocatalytic
applications. However, the inherent disadvantages such as a fast recombination of photogenerated electron-
hole pairs and slow charge carrier transfer leads to low photocatalytic efficiency. Recently, it was reported that
modification with lanthanides ions greatly improves the separation efficiency and migration rate of the interface
carrier. Therefore, we report a simple strategy for synthesis Er3*/Yb3*/Gd3** modified Bi2MoOs vis hydrothermal
method. The photocatalysts were characterized by diffuse reflectance spectroscopy (DRS),
photoluminescence spectroscopy (PL) and scanning electron microscopy (SEM). The photocatalytic activity of
the powder samples was assessed by the degradation of phenol in the liquid phase under ultraviolet and visible
light irradiation. To provide insight into the reactive inviduals participating in the degradation mechanism, a test
with scavengers was also performed. The composite photocatalysts exhibit remarkable enhancement of the
photocatalytic activity during photocatalytic phenol degradation as compared with bare Bi2MoOs. These
excellent photocatalytic performances are ascribed to the synergistic effects of the extended visible light
response, and improved separation efficiency of the photoinduced charge carriers.

Keywords: Heterogeneous photocatalysis, bismuth molybdate, lanthanide ions

1. INTRODUCTION

One of the central global socio-economic challenges of the next decades is the sustainable treatment of wasted
water and polluted air. Photocatalytic processes are regarded as a potential solution to this problem because
they belong to the most sustainable and environmentally friendly technologies [1].

Bismuth molybdate is one of the simplest Aurivillius oxides possessing a layered structure with a regularly
alternating bismuth (Bi202)?* and molybdenum (MoO4)?- layers. Bi2MoOe has an energy gap of ~ 2.7 eV and is
characterized by the ability to create three-dimensional structures with a highly developed surface. In view of
this, this photocatalyst can be successfully used to degrade environmental pollution using renewable energy
sources such as solar radiation. Nevertheless, the inherent disadvantages such as a fast recombination of
photogenerated electron-hole pairs and slow charge carrier transfer leads to low photocatalytic efficiency [2,3].

Recently, it was reported that modification with lanthanides ions greatly improves the separation efficiency and
migration rate of the interface carrier. Based on the literature data, most of interest in lanthanide ions has
focused on Er3* due to their possible light absorption in the visible region [4]. In addition, Yb3* ions are often
used as sensitizer of Er* due to its particular electronic configuration, which creates the possibility of energy
transfer between these ions [5]. The latest research presents the properties of Gd3* ions which act as redox
centers [6], generating strongly oxidizing hydroxyl radicals. The synergistic effect of Er-Yb-Gd ions may be
effective approach to enhance the photocatalytic activity of Biz2MoQe.
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Therefore, we report a simple strategy for synthesis Er3*/Yb3*/Gd3* modified Bi2MoOs vis hydrothermal method.
The aim of the work was to understand the effect of type of lanthanide ions on optical and luminescence
properties and their relation with photocatalytic properties of bismuth molybdate.

2, EXPERIMENTAL SECTION

2.1. Preparation of Er¥*/Yb%/Gd*-modified bismuth molybdate

Er3*/Yb3*/Gd3* modified Bi2MoOs photocatalysts were synthesized by hydrothermal method as described
below: Bi(NO3)3-5H20 (2 mmol) pre-dissolved in 80 mL water and 10 mL HNOs (20 mol/l) was dropwise added
to 60 mL of (NH4)sM07024-4H20 aqueous solution (0.14 mmol). After mixing for 30 min, the Gd(NOs)3-5H20.
Er(NOz3)3:5H20 and Yb(NOs3)s-5H20 was added. Then, 15 mL of ammonium hydroxide was added to adjust
the pH to ~ 9 with a further continuous stirring for 30 min. The obtained suspension was transferred into 200
mL Teflon-linked stainless-steel autoclave and was maintained at 180 °C for 12 h. After cooling to room
temperature, the resultant solid products were recovered by centrifugation. They were washed 3 times with
distilled water and ethanol and dried at 60 °C overnight. The description of the as-prepared photocatalysts is
summarized in Table 1.

Table 1 Description of obtained photocatalysts

Sample label Assumgd content of Assurped content of Assun_1e_d content of
ytterbium (mol.%) erbium (mol.%) gadolinium (mol.%)
Bi2MoOs none none none
Yb-Bi2MoQOe 2 none none
Er-Bi2MoOs none 2 none
Gd-Bi2MoOs none none 2
Yb/Er-Bi2MoOs 2 2 none
Er/Gd-BizMoOs none 2 2
Yb/Gd-Bi2MoOs 2 none 2
Yb/Er/Gd-Bi2MoOs 2 2 2

2.2. Characterizations

The morphology of prepared samples was characterized by field emission scanning electron microscopy (FE-
SEM, JSM-7610F, JEOL). The diffuse reflectance spectra (DRS) of the samples were recorded on a Shimadzu
UV-Vis spectrophotometer (UV 2600) equipped with an integrating sphere, with a wavelength range of 250-
700 nm. The photoluminescence (PL) spectra were recorded by LS-50B Luminescence Spectrometer
equipped with a Xenon discharge lamp and a R928 photomultiplier.

2.3. Photocatalytic measurements

The photocatalytic performance of Er3*/Yb3*/Gd3* modified Bi2MoOs photocatalysts was investigated for phenol
degradation under ultraviolet and visible light using a 1000W Xenon lamp (Oriel 66021) equipped with an
optical filter (GG350) to cut-off the emission below 350 nm, and a water IR cut-off filter. Experiments were
performed in a reactor at initial phenol and photocatalyst concentrations of 0.21 mM and 5 g/L, respectively.
0.2 mL phenol solution samples were taken every 20 min for 1 h, filtered using a syringe filter and then
analyzed. A high-performance liquid chromatograph (HPLC, Shimadzu) equipped with a Kinetex C18 column
and the SPD-M20A diode array detector (A = 205 nm) was used to (150 x 3 mm); particle size of 2.6 ym; pore
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diameter 100 A) determine the phenol concentration in the solution. The mobile phase was composed of
acetonitrile and 0.005% trifluoroacetic acid (20/80 v/v) with a constant flow rate equal to 0.5 mL/min. The
injection volume was 20 pL. Radical scavenging experiments using benzoquinone, silver nitrate, ammonium
oxalate and tert-butanol (solution of scavenger and phenol 1/1 C/C) were performed using the same procedure.

3. RESULTS

Scanning electron microscopy was used to characterize the morphology of the obtained Er3*/Yb3/Gd3*
modified Bi2MoOs photocatalysts. Figure 1 presents SEM images of selected samples. The obtained
photocatalysts are characterized by an irregular sheet-like microstructure and a smooth surface. The size of
nanosheet is about 1-4 microns.

Er/Yb/Gd-Bi,Mo0;

Figure 1 SEM images of bare BizMoOs and Er/Yb/Gd-modified BizMoOs photocatalysts

To investigate the photoabsorption properties of the obtained photocatalysts the diffusive reflectance spectra
were recorded and data were converted by Kubelka-Munk function to obtain absorption spectra, and the results
are shown in Figure 2a. All prepared photocatalysts were yellow powders. Each photocatalyst had a broad
intense absorption below 415 nm. It can be seen, that all modified samples showed a redshift (shift in the
direction of longer wavelengths) of their absorption compare to bare Bi2MoOs. The type of metal modification
effects largeness of redshift. This behavior may be ascribed to the decrease in the band gap after modification
of bismuth molybdate. Furthermore, there are three absorption bands in the Vis region typical for erbium
located at 523, 545 and 674 nm. They correspond to transitions from the “l452 ground state to the excited
states of 4F72, H112 and “Fo2. In all of the studied Er®*-modified samples, the intensity of these absorption
bands was similar. Nevertheless, the intensity of these absorption bands increases after co-modification Er3*
and Yb3* ions.

To understand the rate of electron-hole recombination photoluminescence (PL) spectroscopy was applied.
Figure 2b shows the PL spectra of bare and Er3*/Yb3*/Gd** modified Bi2MoOs photocatalysts under excitation
by light at Aex = 350 nm. All samples show a broad emission band from 360 to 550 nm. It can be seen that the
modification causes a reduction the photoluminescence intensity, which suggests significantly inhibited the
recombination of the photogenerated charge carriers. The enhanced effect of separation of charge carriers is
observed in the case of the triple-modified sample. In addition, it can be seen that erbium ions effectively inhibit
the recombination process.

The photocatalytic properties of the obtained samples were investigated by observing the decomposition of
phenol in an aqueous solution under UV-Vis (A> 350 nm) light. Bare Bi2MoOs were used as reference samples.
The observed degradation rates (calculated for the 60 min of irradiation) are listed in Table 2. In turn the
efficiency of phenol photodegradation is shown in Figure 3a.
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Figure 2 (a) UV-vis diffuse reflectance spectra; (b) Photoluminescence spectra of bare Bi2MoOs
and Er/Yb/Gd-modified BizMoOs photocatalysts

Table 2 Photocatalytic activity under UV-Vis irradiation of bare Bi2MoOs and Er/Yb/Gd-modified Bi2MoOs
photocatalysts

Sample label Phenol degradation rate (min-') Intermediate products

Bi2MoOs 0.003
Yb-Bi2MoOe 0.007
Er-Bi2MoOs 0.009

Gd-Bi2MoOs 0.008 benzochinon

Yb/Er-Biz2MoOs 0.018 hydrochinon
Er/Gd-Biz2MoOs 0.016
Yb/Gd-Bi2MoOs 0.014
Yb/Er/Gd-Bi2MoOs 0.035

It was observed that all samples showed higher photoactivity than the reference sample. The phenol
degradation rate constant increased from 0.003 to 0.035 min-' for unmodified sample and triple-modified
Bi2MoOs, respectively. Bi2MoOs co-modified sample showed higher photocatalytic activity than single modified
samples. However, the highest photoactivity was observed for the sample modified with erbium, ytterbium and
gadolinium. After 90 min of irradiation, 96 % of phenol degraded in the presence of Er3*/Yb3*/Gd3*-Bi2MoQe.
There is a clear correlation between luminescence intensity and photocatalytic activity. HPLC analysis
demonstrated that the main intermediates that formed during the photocatalytic degradation of phenol after 30
min under UV-Vis light were benzoquinone and hydroquinone. In addition, the amounts of intermediate
products in the aqueous phase were observed to decrease during exposure on irradiation.

To confirm the role of generated of the reactive oxygen species in the photocatalytic process, the photocatalytic
activity test in the water phase was conducted in the presence of obtained samples and scavenger. Ammonium
oxalate, benzoquinone and tert-butyl alcohol were used as scavengers for h*, 02" and ‘OH, respectively. As
shown in Figure 3b, the photocatalytic systems containing ammonium oxalate completely inhibited phenol
photodegradation. The research suggests that holes are the main active species in presented systems under
UV-Vis irradiation. Moreover, phenol degradation efficiency also decreased significantly after addition of
benzoquinone. This indicates that superoxide radicals also play an important role in the photocatalytic
degradation of phenol.
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Figure 3 (a) Efficiency of phenol degradation under UV-Vis light irradiation of bare Bi2MoOs and Er/Yb/Gd-
modified Bi2MoOs photocatalysts; (b) Photocatalytic degradation under UV-Vis light irradiation of phenol in

4,

the presence of photocatalysts and scavenger.

CONCLUSION

In summary, lanthanide modified bismuth molybdate was obtained by the hydrothermal method. The triple
modified photocatalyst showed significantly increased photocatalytic activity compare to single and double
modified Bi2MoOes samples. After 90 min of UV-Vis irradiation, 96 % of phenol degraded in the presence of
Er3*/Yb3*/Gd3*-Bi2M0Os. Increased of photoactivity is attributed to the synergistic effect of Er3*/Yb3*/Gd3* ions.
The introduction of Gd®*ions in contributed to the hydroxyl radical’s generation, and further research indicated
that the separation and transfer of electron-hole pairs were effectively promoted. In addition, Er3*/Yb3*-
modification resulted in formation of an additional energy level, which led to the narrower band gap of BizMoOQOs,
which greatly affected the visible light absorption property of the photocatalysts.
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