Hydrothermal synthesis of PrVO, nanocubes with enhanced photocatalytic
performance through a synergistic effect
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Novel tetragonal PrVO,4 nanocubes have been fabricated by a simple and green hydrothermal method. The excellent catalytic activity of the
samples was investigated for the degradation of methylene blue aqueous solution under visible light irradiation. As compared with pure PrvVO,
and H,0,, the photocatalytic efficiency of the PrVO,/H,0, system was enhanced about 1.5 and 9 folds, respectively. In the whole
photocatalytic process, h™ and -OH radicals played the dominant roles on the basis of the trapping test. The significantly enhanced
photocatalytic activity was attributed to the synergistic effect between photocatalytic oxidation of PrVO, and heterogeneous photo-Fenton-

like reaction of V(V)/H,0,. Finally, a possible photocatalytic mechanism was proposed.

1. Introduction: In modern society, environmental pollution
and energy crisis have become more and more serious due to the
industrialisation and globalisation. Photocatalytic technology has
more advantages because of its applications in organic synthesis
and the abatement of pollutants in water and air through harvesting
solar energy [1-3]. Metal-oxide—semiconductor photocatalysts are
attractive since they can eliminate organic contaminants efficiently
without causing additional damage to the environment [4, 5]. In
the heterogeneous photocatalysis field, titanium dioxide (TiO,)
is the most popular material with some prominent properties, but
the relatively wide bandgap (3.2 eV) limits its visible (Vis) light
harvest [6, 7].

Rare earth orthovanadates, as the cohesive class of materials easy
for charge transfer [8], have potential applications in various fields.
A variety of vanadates, such as CeVQ,, LaVOy,, PrVO,4, GdVO,,
YVO,, HoVO,, and NdVO, have been synthesised and examined
as catalysts, photoluminescence, gas sensors, solar cells, optical
fibres, and humidity sensors [9-12]. Owing to the generation of
large amounts of hydroxyl radicals, advanced oxidation processes
have shown great potential for degrading various organic pollutants
from wastewater in the last decade [13—18]. Similar to the photo-
Fenton-like reaction of ferrous salt, it is believed that the vanadate
compounds can be activated by a small amount of H,O, through the
following three-step reaction [19, 20]:

= V(V) +H,0, —»= V(IV) + H* + .00H
= V(V) + -00H —= V(IV) + H* + 0,
= V({V) + H,0, = V(V) + OH™ + -OH

Owing to the application of homogeneous Fenton’s reagent is
limited by the narrow working pH and the need for separation
and recovery of the iron species [15], the heterogeneous
Fenton-like reactions can eliminate pollutants efficiently relatively.
Therefore, some other multivalent metal oxides, such as cobalt,
manganese, cerium and copper oxides, have also been used as
Fenton-like catalysts for the activation of H,O, to overcome these
drawbacks and extend the working pH range [17]. So, the develop-
ment of new type and effective heterogeneous Fenton or
photo-Fenton-like catalysts is a challenge [21-23].

In this Letter, we report that the well-crystallised tetragonal
PrVO, nanocubes were controlled synthesis by a simple two-step
hydrothermal method. The photocatalytic performances of PrVO,
were evaluated by photodegrading organic dye methylene blue
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(MB) under 500 W Xenon lamp irradiation. To our best knowledge,
PrVO, used as a photo-Fenton-like catalyst has not been inves-
tigated. A possible catalytic mechanism for the PrVO,/H,0,
systems was proposed.

2. Experimental

2.1. Synthesis of PrVO,4 nanocubes: Sodium vanadate and praseo-
dymium nitrate were supplied from Aladdin. The other reagents
were purchased from Sinopharm. All reagents were of analytical
grade and used without further purification. In the typical pre-
paration of Pr(OH); precursor, 2.227 g Pr(NOs);-6H,0O and
1.602 g NaOH were dissolved into 20 ml ultrapure water to form
a transparent solution, respectively. Then NaOH solution was
added drop wise into Pr(NOs);-6H,0 solution with vigorous stir-
ring, and finally, the pH of the colloidal mixture was adjusted to
around 14. The as-obtained emulsion was transferred into a
Teflon-lined stainless steel autoclave after stirring for another
30 min and maintained at 140°C for 12 h. After centrifugation,
the white Pr(OH); nanorods were obtained. Nanocube-like PrVOy,
was synthesised by the hydrothermal conversion of Pr(OH); pre-
cursor. Firstly, 5 mmol Pr(OH); powders were suspended into
30 ml deionised water under ultrasonication for 60 min at ambient
temperature and 15 mmol Na;VO, was dissolved in 30 ml of ultra-
pure water. Then the Na; VO, transparent solution was poured into
the Pr(OH); suspension drop wise with continuous stirring. A
homogeneous mixture was obtained with a pH value of about
13 after stirring 1 h. Finally, the solution was transferred to a
100 mL Teflon-lined autoclave and heated at 180°C for 24 h and
then was allowed to naturally cool down to room temperature.
The faint pale yellow precipitate was separated, washed three
times with distilled water and absolute alcohol, respectively, and
finally centrifuged and dried in a vacuum oven at about 80°C
overnight.

2.2. Characterisation of samples: The phase and crystal structure
of Pr(OH); and PrVO, samples were examined by the Bruker-
AXS D8 powder X-ray diffraction (XRD) method using Cu
K,-radiation (4=1.540598 nm) operated 40kV and 40 mA,
respectively, and the diffractograms were recorded over the 26
range 10-80°. The morphology of PrVO, and its precursor were
observed by using a KYKY-EM3200 scanning electron microscope
(SEM) with an accelerating voltage of 25 kV and a Hitachi Model
H-800 transmission electron microscope (TEM) with accelerating
voltage 200 kV. The Shimadzu 2450 ultraviolet (UV)-Vis
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spectrophotometer with a cuvette recorded the absorption curve of
dye, and the absorption spectrum of the powder samples also was
measured on it equipped with an integrating sphere attachment
with BaSQ, as a reflectance standard.

2.3. Photocatalytic degradation: The photochemical reaction
apparatus (Zhengqiao, ZQ-GHX-V) was used to measure photo-
catalytic activities of PrVO,4 nanocubes. 15 mg of the sample was
added into 15 ml aqueous solution of MB in the different cylin-
drical quartz vessel and kept in the reaction chamber for 1 h with
stirring before illumination. After adsorption—desorption equilib-
rium was achieved, the photocatalytic process was initiated
under a 500 W Xe-arc lamp irradiation equipped with 400 nm
optical cut-off filters at ambient temperature (20°C) that was
maintained through a fan and circulating water. At an interval of
20 min, 3 ml mixture of photocatalyst and dye was taken and
centrifuged. The absorbance of MB was measured by monitoring
the characteristic wavelength of 663 nm using the UV-Vis
spectrophotometer.

3. Results and discussion: Fig. 1 exhibits the XRD patterns of the
samples. The intensive diffraction peaks of Pr(OH); are observed at
20=15.53°, 27.51°, 28.40°, 39.97°, 50.95°, and 66.36°, which
matched well with the (100), (110), (101), (201), (102), and (220)
crystal planes of hexagonal Pr(OH); (JCPDS Card No. 45-0086).
For pure PrVO,, there is a series of sharp and pointed diffraction
peaks, which are in good consistent with the tetragonal phase
of PrVO, (JCPDS Card No. 17-0341) with the lattice constants
of a=b=7.358 A, c=6.462 A and a space group /41/amd [141]
without any impurity. The XRD patterns confirm that the phase-
pure PrVO, powders were formed through the two-step hydro-
thermal conversion process.

The morphological features of Pr(OH); and PrVO, were exam-
ined with SEM and TEM. Observed from the images as shown
in Figs. 2a and c, the Pr(OH); precursor exhibits well-defined 1D
nanorods with a width of 10-30 nm and length of 60-100 nm.
From Figs. 2b and d, it is evident that the pure orthorhombic
polyhedron-like PrVO, was formed after the hydrothermal conver-
sion for 24 h. The acquired samples have a uniform morphology
feature and the mean particle size is ~10-30 nm. At high tempera-
ture and pressure, the rod-like Pr(OH); nanostructures gradually
crystallised into smaller size nanoparticles, and finally completely
converted to PrVO,4 nanocubes after the hydrothermal treatment.

X-ray photoelectron spectroscopy (XPS) can provide significant
surface information and has been applied to characterise functional
materials extensively. The survey XPS spectrum (Fig. 3) shows a
small amount of C 1s peak located at 284.8 eV, resulting from
adventitious hydrocarbons from the XPS instrument itself. It can
be taken as the standard signal to calibrate other peaks [24].

200)

101)

intensity, a.u.

= &
(=] o S-
[ Qt Pt B Pr(OH)
1 ' 1 1 L 1
10 20 30 40 50 60 70 80
20,°

Fig. 1 XRD patterns of Pr(OH); and PrVO,
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Fig. 2 SEM and TEM images of precursor
a, ¢ Pr(OH);
b, d PrVO,

No peaks of other elements could be found except C, Pr, V, and
O, which indicates that the sample consists of praseodymium
and vanadium composite oxide. The spectra agree well with the
reported results in the literature [25]. In combination with the
XRD, TEM and XPS results, it is confirmed that the as-prepared
products are a tetragonal phase PrVO,4 nanocubes.

Fig. 4 shows the optical absorption spectrum of the as-obtained
PrvO, sample from 200 to 800 nm. Owing to charge transitions
from O 2p to Pr 4f orbits, we can observe the strong absorption
edge of the sample at about 420 nm. The corresponding optical
bandgap for the semiconductor can be deduced by drawing

171
© The Institution of Engineering and Technology 2019



intensity, a.u.

T T T T
o 200 400 GO0 EOOD 1000
binding energy, eV

Fig. 3 XPS survey spectra of PrVO, nanocubes
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Fig. 4 UV-vis diffuse reflectance spectrum of PrVO, photocatalyst (inset
shows the estimated bandgap by the Kubelka—Munk function)

tangent (the inset of Fig. 4) according to the following equation:

(ahv)" = B(hv — E,)

where the electronic transition of the semiconductor defines the
value of the index n. Owing to PrVOy, as a direct bandgap material,
the value of n is 2. « is the absorption coefficient and Av is the
incident photon energy. E, is the bandgap energy obtained by
extrapolating the straight portion of the (ahv)® against the kv plot
to the point @=0. By the linear extrapolation, the bandgap of
PrvVO, was estimated at about 3.06 eV, which is slightly larger
than the value reported in the literature [26, 27]. There are several
absorption bands located in 329, 454, 478, 492 and 602 nm in
the UV and Vis region of the sample. In PrVO, semiconductors,
the valence band (VB) top is mainly composed of the 4f energy
level of Pr and the conduction band (CB) bottom is mainly com-
posed of the 2p energy level of O. The absorption spectrum can
be explained by calculating the electron characteristics of PrVO,
by density functional theory [28, 29]. The absorption peak of
329 nm (3.77 eV) may be the result of VOi_ electron transition,
corresponding to the electron transition from the 2p non-bonding
orbital of O to the 3d and 2p antibonding orbital of O [30, 31].
The absorption peaks of 454 nm (2.73 eV), 478 nm (2.59 eV),
492 nm (2.52 eV) and 602 nm (2.06 eV) were mainly caused by
Pr’* 4f electrons jumping from *H, to 2Py, *Py, 3Py and 3Hg [32].
Therefore, the tetragonal zircon-type PrVO, polyhedron may be a
photocatalytic material with a Vis light response.

MB was used as a model pollutant to evaluate the Vis light
degradation activities of PrVO, nanopolyhedrons after physical
adsorption in the dark. The concentrations of MB decreased by
20.3% and 55.4% in the PrVO,4 and PrVO4/H,O, system, respect-
ively, after the adsorption—desorption equilibrium in the dark indi-
cating that a Fenton-like reaction occurred in the PrVO,/H,0,
system. Degradation efficiencies (De) were calculated according
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to the following formula:

De(%) = < x 100% = 4 x 100%
Co 4y
As shown in the PrVO,/MB system (Fig. Sa), the highest degrad-
ation efficiency of 61.08% after 160 min irradiation was determined
by the characteristic absorption peak of MB at 663 nm. When a
small number of H,O, was added into PrVO,/MB suspension,
the characteristic absorbance decreased quickly (Fig. 5b). From
Fig. 5c, it can be seen that the degradation efficiencies reach
above 51.87% and 87.03% after Vis-light illumination for 20 and
80 min, respectively. After the irradiation for 160 min, the degrad-
ation efficiency can reach 96%. The degradation of MB is greatly
enhanced with the simultaneous presence of PrvVO, and H,0,,
suggesting that the addition of H,O, can obviously accelerate
the degradation of MB [33]. Hence, the roles of H,O, in the
PrVO4/H,0, photocatalytic system can be divided into two
aspects: (i) to form -OH radicals with the interfacial °VV of
PrVO, nanoparticles through Fenton-like reaction [34, 35] (1),
(2), (ii) to trap the photogenerated electron forming -OH radicals.
Moreover, the N-demethylation of the dimethylamino group
in MB molecule through oxidative degradation results in a hypso-
chromic shift and broadening of the absorption band with the
increase of irradiation time. The hydroxylation/oxidation of MB
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is a predominant procedure, which is in good consistent with other
literature [36, 37]. Based on the above discussion, nanoscaled
PrVO, can catalyse the activation of H,O, to produce OH radicals
through Fenton-like reaction, the greatly enhanced photocatalytic
behaviour PrVO,—H,0, system can be ascribed to the synergistic
effect of heterogeneous Fenton-like reaction and semiconductor
photocatalytic-oxidation [38].

To further investigate the photodegradation activity mainly
dependent on the oxidative species over the PrVO,~H,0, system,
the trapping experiment was performed. Benzoquinone (BQ), iso-
propyl alcohol (IPA), ethylenediamine tetra acetic acid disodium
(EDTA-2Na), and potassium persulphate (PP) were added to the
reaction solution as superoxide radical (-O3), hydroxyl radical
(‘OH), photo-excited hole (h*) and electron scavengers, respec-
tively [39, 40]. From Fig. 6, the photocatalytic rate of the
PrvO,—H,0, system was partially inhibited in the presence of
all the scavengers except PP, which means that e” is trapped
completely by H,O, during the photodegradation. On the other
hand, the major role of holes can be identified by a significant
decrease of photocatalytic performance in the presence of
EDTA-2Na. Moreover, only 21 and 34% of MB can be removed
when IPA and BQ were added within 160 min, respectively, indi-
cating ‘OH and -O; radicals as the predominant reactive oxygen
species in the reaction system. It could be seen from the experi-
mental results that h*, -OH and -O3 radicals are the main active
species in the PrVO4—H,O, photocatalytic process. The schematic
illustration of the whole degradation mechanism of MB over
PrVOy is illustrated in Fig. 7.

Based on the above experiments and analysis, we can eluci-
date the possible photocatalytic mechanism of the PrvVO,~H,0,
system. According to the classic Mulliken electronegativity
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Fig. 6 Effects of different scavengers on the degradation of MB over PrVO,/
H,0; catalysts under visible light irradiation

a Photodegradation of MB over the PrVO,/H,0, system in the presence of
different scavengers

b The corresponding photodegradation efficiencies of MB illuminated for
160 min
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theory, the VB and CB potentials of PrVO, semiconductor at the
point of zero charge can be calculated by following empirical equa-
tion [41, 42]:

Eg=x—FE,— O.SEg
Ecg = Eyg — Eg

where y is the absolute electronegativity of the semiconductor. It
is expressed as the geometric average of the Pearson absolute
electronegativity of the constituent and can be calculated by the

equation
X: ;V/XII;X? N XZ

(for PrVOy, y is 5.54 eV). E. is the energy of free electrons on the
hydrogen scale (4.5 eV), and Evg and Ecp are the VB top and the
CB bottom edge energy, respectively. The Eyp and Ecp of PrVOy
can be determined as 2.57 and —0.49 eV (versus NHE). In terms of
PrVO, photocatalyst, the CB potential (—0.49 eV) is more negative
than the O,/-03 (—0.33 eV). So the electrons at CB (ecg) can react
with O, adsorbed on the surface of the catalyst to generate active
‘O3, which are an important oxidising species during MB degrad-
ation [43]. At the same time, the standard reduction potential
H,O/-OH (2.27¢eV) is below the VB potential (2.57 eV) of
PrVO,, so the photogenerated holes in the VB of photocatalyst
will react with H,O to produce -OH radicals and further react
with MB. Also, the VB holes can be directly involved in the photo-
catalytic degradation of organic contaminants.

On the basis of the above results, the degradation of MB can be
increased greatly in the presence of small H,O,. It should be attrib-
uted to more ‘OH radicals generated by the synergistic effects of the
photo-Fenton-like reaction between PrVO, and H,0O,. The hetero-
geneous photo-Fenton-like catalytic mechanism is proposed as
follows:

=VY4+H,0, +hv -=V"Y +.00H+H" (1)
=V"V 4+ H,0, + hv »= V"' 4 .OH 4+ OH~ )
PRVO, + hv — PRVO,(e” + k') 3)

e +H,0, > OH™ +-OH 4)

e +0,— 05 )
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Fig. 7 Schematic diagram of the photo-excited electron—hole separation

process and the proposed mechanism for MB degradation
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4. Conclusion: Novel tetragonal PrVO,4 nanocubes were success-
fully prepared by a simple two-step hydrothermal method for the
first time. The Vis-light-induced photocatalytic efficiency of
PrvVO, for MB degradation can reach 96% with the assistance of
a small amount of H,O, which is about 1.5- and 9-fold higher
than that of PrVO, and H,O, alone, respectively. The trapping
experiments indicated that 2" and -OH played the dominant roles
in the photocatalytic process. Furthermore, the synergistic effect
mechanism was also elucidated based on the energy band positions
and the photo-Fenton-like reaction of the resulting PrVO, nano-
structures. These encouraging data demonstrate that the PrvO,/
H,0, system has prospective application in the field of pollutants
purification.
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