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Abstract

Tungstate-based  scheelite  structures have attracted much attention for the
photocatalytic,adsorption and luminescence. To improve their performance, several ways have
been considered, such as morphology control, thermal treatment and nanostructuring materials.
In this work, three uniform and homogeneous morphologies, such as spindles, spheres and
flowers, of self-assembled three-dimensional NaosCeosWOs were used as photocatalysts for
methylene blue dye photodegradation under solar irradiation. Depending on morphology, they
required different temperatures to reach crystallization. Thermal treatments at 500°C and 800°C
resulted in changes in crystallite size, porosity, surface state, but also in bandgap and emission
properties. Thus, the crystallite sizes are about 50 nm for samples (spindles and flowers) treated
at 500°Cand 87-167 nm for those treated at 800°C. Their respective bandgap values measured
by diffuse reflectance were 2.85 eV beyond 3.15 eV. The samples treated at 500°C showed a
lower emission and a longer charge carrier lifetime. A strong trend to adsorption was revealed,
especially at low pH value and for the samples treated at 500°C, reaching 100% at a pH value
of 2.5. With decreasing pH, the photocatalysis activity increases (up to 50%), being also more
efficient with catalysts treated at low temperature. It follows that the degradation efficiency of
spindles treated at 500°C is clearly higher compared to other morphologies treated at different

temperature, and suitable for solar photocatalysis.

Keywords: Tungstates, Nanostructure, photocatalyst, bandgap, fluorescence, lifetime.
Introduction

In recent years, considerable efforts in the field of materials science have been gradually
devoted to the design and construction of three-dimensional (3D) self-assembled inorganic
materials having homogeneous hierarchical structures. These efforts have been deployed not



only because of the fundamental scientific interest in studying the underlying mechanisms of
self-assembly, but also because they allow the design of several functional materials with
specific properties through precise control over the morphology, particles size and their self-
assembly. From a technological point of view, applications as varied as photocatalysis, to
remedy the major problems of environmental pollution, or the realization of optoelectronic
devices may be targeted [1][2].

In particular, tungstate (or molybdate) based materials of formula AWOa4 (or AM00Os) (cations
A =Ca, Sr, Cd, Ba), share the 3D hierarchical structure of scheelite. They are versatile materials
that can be used as luminescent compounds and efficient phosphors, catalysts for wastewater
treatment, ionic conductors [3][4][5]'[6] [7]]8].

A large number of investigations have been performed to study and modify the luminescence
and the photocatalytic properties of the AWOa4 based scheelite structures with and without
doping. Among the routes studied, the partial substitution of A cations by rare earths allows the
exploitation of new optoelectronic and chemical properties arising from the incompletely
occupied 4f and the empty 5d electronic orbitals of the introduced rare earths. For example, L.
He [9], and P. Jiang [10] reported that the cations can control the crystal structure, morphology
and photoluminescence (PL) properties. A.K. Munirathnapp showed a pure phase of
NaosCeosWOs (NCWO)_green phosphor as a potential candidate for solid state display and
nonlinear optical applications [11][12]. Durairajan et al. reported the color tunable Dy**/Tm?3*
co-doped NaGd(WOQa4)2 phosphor for white light emission and for anisotropic transparent
ceramic laser application [13]. X. Yu et al. showed the intense visible upconversion emission
and near infrared luminescence of Er®*/Yb®" co-doped NaGd(WOs) nanoparticles [14].
Furthermore, M. C. Oliviera reported the role of the hexavalent cation (Mo®" vs. W®*) to design
BaW:1-xMoxO4 solid solution, such as substitution of W5* by Mo®* enhances the electron transfer
process due to a stronger Mo(4d)-O(2p) hybridization than W(4d)-O(2p) [15].

These materials are also promising as photocatalysts and adsorbents. Indeed, the 3D
hierarchical structure of scheelite, provided with porosity sites and different reactive faces, is
favorable for adsorption/trapping of molecules and promote their diffusion. Tungstate (and
molybdate) scheelite structures have been widely used as photocatalysts for organic pollutants
degradation. C. Shivakumara reported the photocatalytic activity of AWO4 scheelite structures
for the degradation of methylene blue (MB) dye in acidic medium [16]. High photocalytic
efficiency was verified for BaPrwWOg crystals in the degradation of rhodamine B (RhB) dye
after 30 min [17].



Exploring another strategy than doping or substitution, X. Liu developed a new
graphene/SrWO4 nanocomposite showing a total photodegradation activity of methyl orange
(MO), compared to SrWO4 [18]. Furthermore, similar structures have been studied for

photocatalytical water splitting into Hz and Oz under UV light irradiation.

Due to their large bandgap (greater than 4 eV), the photocatalysis process occurs mainly under
UV light exposure [15][16][19][20]:[21]. However, development of solar light photosensitive
materials is one of the most emerging challenges to explore new photocatalysts for the
degradation of the organic pollutants. In the general framework of developing high efficiency
and low-cost wastewater remediation technologies, we report for the first time a study of
trivalent cerium and sodium double tungstate Nao.sCeo5WO4 as a photocatalyst under solar light
illumination. We developed an EDTA-mediated hydrothermal synthesis route giving rise to
various NaosCeosWO4 morphologies (spindles, spheres and flowers), such as structural and
morphological parameters can be controlled [22]. To date, we focused our investigations on

their photodegradation and photosensitive properties.

In this work, their photocatalytic performances were studied via the degradation of methylene
blue (MB). All the materials obtained, thermally treated up to 800°C, were analyzed by X-Ray
diffraction (XRD) and scanning electron microscopy (SEM), respectively for structural and
morphological characterization. The photosensitive properties were investigated using first UV
— Vis diffuse reflectance spectroscopy (DRS) based on the evaluation of the optical bandgap
(Eg), and secondly fluorescence spectroscopy combined with the resolved decay time to

emission spectra and the lifetime of the charge carriers.

Particular attention was paid to the effect of pH of the aqueous medium and the role of
morphologies on the photo-degradation activity. This study addresses the correlation of the

photocatalysis process with the morphological changes induced by the thermal treatment.

1. Experiment

1.1.  Synthesis approach

All chemical products were obtained as follow: sodium tungstate hydrate powder from Alfa
Aesar, cerium (111) nitrate hexahydrate and EDTA acid were purchased from Sigma Aldrich
with high purification rate of 99 %. Sodium hydroxide and nitric acid are from Sigma Aldrich.
All the syntheses and characterizations using water were carried out with 18 MQ deionized

water.



NCWO_spindles, spheres and flowers were synthesized through hydrothermal surfactant-
assisted route. The synthesis of these crystals with different morphologies is detailed in our
previous work [22]. In a typical procedure for preparing NaosCeosWOs with different
morphologies, Na2WQ4,-2H20 powder and a fixed amount of EDTA (0.3 g) were separately
dissolved in 14 ml of distilled water. Cerium nitrate hexahydrate (2 mmol) was added, then
stirred for 20 min. After that, the precursor solution of Na2WOs,-2H20 was slowly added into
the above solution, under continuous stirring. The pH of the mixed solution was maintained
between 7 and 8 by adding dilute NaOH and HNOs solutions. The obtained yellow suspension
was transferred into a 45 ml Teflon-lined stainless autoclave and heated at 200 °C for 24 h.
Finally, the autoclave was cooled to room temperature and the precipitate was collected by
centrifugation. The synthetic products were washed several times with distilled water and
absolute ethanol. Then, the obtained powders were dried in an oven at 60 °C for 24 h. Finally,
the collected powder was calcined at 500°C or 800 °C, according to the expected morphology,

for 4 h in air, with a heating rate of 5 °C min.,
1.2.  Characterization of the products

The NCWO crystals were structurally identified by XRD using an EMPYREAN Panalytical
diffractometer, equipped with a copper X-ray source (wavelength A=1.54 A with a Ni filter
eliminating the Kp radiation) with a step size of 0.0263° and a scan speed of 0.001 °/s. The
diffraction analysis was carried out using 6-26 configuration in the range of 10-80° and

processed using the HighScore software package (PANalytical, 2003).

The crystallite sizes were evaluated from the corrected FWHM (full width at half maximum)

of the diffraction peaks using the following Debye-Sherrer relation D = , Where D is

426 cos0
the mean crystallite size, K is the form factor (K = 0.9 in the case of Gaussian profiles), A is the
radiation wavelength, B is the angular broadening of the Bragg peaks due to the size effect and
0 is the Bragg angles in radians. The 3 value was calculated using a Gaussian approximation of
peak profiles: (420)? = (FWHM)? — w?, where ® is the FWHM corresponding to the
standard NCWO sample.

The morphologies of different microcrystals were observed using a SUPRA 40Vp Colonne
Gemini Zeiss scanning electron microscope (SEM) operated at 10 kV. The coupled energy

dispersive spectroscopy analyzer (EDS) was used to analyze the local chemistry and the



microstructure of the NCWO crystals. All particle sizes were obtained using the Digital-
micrograph software.

Photosensitive properties were investigated using first UV-Vis absorption spectra using a
SHIMADZU 2600 UV-Vis spectrometer, in diffuse reflectance mode DRS with a 150 mm
integrating sphere. The measurements were performed in the range of 250 to 800 nm at room

temperature with a resolution of 0.08 nm and a reflectance accuracy of 0.005.

The optical bandgap energies Eg values were deduced from Kubelka — Munk relation, which is
based on the transformation of the diffuse reflectance measurements. The Kubelka — Munk

function F(R,,) for any wavelength is described by :

F(R.,) =K/ = (1= Rm)z/mteoO 1

where R, designates the absolute reflectance of the sample at infinite thickness [22]. K
represents the molar absorption coefficient and S is the scattering coefficient. The optical

bandgap can be deduced by the following equation:

(ahv)? = A(hv — Ey)" Eq. 2

where a is the absorption coefficient, hv corresponds to the incident photoenergy, A is a
constant linked to the material. The index n corresponds to the electronic transition
characteristic of the used semiconductor, that can be 1 for direct gap or 4 for indirect gap
semiconductor. The scheelite structure NaosCeosWOs, is a direct bandgap semiconductor, so n
= 1. Thus the bandgap energy of the obtained materials can be evaluated by extrapolating the
linear part of the (F(R) * hv)? as a function of hv energy. In addition, the position of the
conduction band (Ecs) and valence band (Evs) of the catalysts have also been carried out by
Mulliken electronegativity relations [23]:

ECB:X_EC_l/ZEg Eq.3
EVB = ECB + Eg Eq 4

where y is the absolute electronegativity of the photocatalysts calculated by the geometric mean

1
of the electronegativity of each element as : x(4,B,C.Dyq) = “****/x(A)%x(B)? x(C)°x (D)%, Ec is

the energy of the free electrons on the hydrogen scale (= 4.5 eV). According to the above



equations and the values of the bandgap and energy, band structures are displayed in table 1.
Furthermore, the work function can be deduced from the following equation:

W =—-Eyp+1/yEy=—Ecy — 1/, Eq.5

In the second time, the fluorescence spectra were carried out using the fluorescence
spectroscopy photometer (FLUORIMAG, HORIBA) and the Time-Resolved Fluorescence
(TRFL) were measured using a laser (284 nm) as excitation source.

The carriers’ lifetimes is obtained from TRFL decay profiles of the samples combined with

exponential decay fitting. The lifetimes are calculated according to the biexponential fitting

equation: I(t) = Ay + A exp (Ti) + A,exp (TL) [24] and the average lifetime is deduced from
1 2
2 2
Ty = % [25], where 4,, A; and A, are weighting parameters of the decay component,
1 2

7, and 7, are carriers’ lifetimes.
1.3.  Photocatalytic experiment

The procedure consists of dispersing 100 mg of NCWO_photocatalyst particles in 100 mL of
an aqueous solution of MB dye, with a concentration of 1.15 10° M and a pH of 5.7 (called
natural pH). The obtained suspension is stirred in the dark for 90 min, to achieve the adsorption
- desorption equilibrium between the surface of the NCWO photocatalyst and the dyes
molecules. The suspension was subsequently exposed to solar light irradiation provided by
Philips lamps (tungsten lamp 300 W) fixed on a movable tray while stirring the suspension with
a magnetic stirrer. At given periodic intervals of irradiation, 2 mL of the suspension were
collected and centrifuged for 10 min at 10,000 rpm to remove catalyst powder and finally
analyzed by a UV-Visible spectrometer, Shimadzu ™ UV-24646.

2. Results and discussion
2.1.  Structural and morphological characterization

Phase identifications were performed from diffraction patterns using international ICSD data
sheets. The identified phases were validated by Rietveld refinements, as reported in our
previous work [22]. Fig. 1 shows the X-ray diffraction patterns of the three morphologies
(spindle, flowers and sphere), as obtained from hydrothermal cell and then after heat treatment
at 500 °C and 800 °C for 4 h. As can be seen from the diffractograms, the samples obtained
after hydrothermal synthesis are not really crystallized with an identified phase, hence the need

for heat treatments. As shown in Fig. 1, calcination at 500°C only allows crystallization of
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spindles and flowers but not of spheres. The spindles and flowers are identified in scheelite like
structure. The diffraction peaks can be assigned to the tetragonal phase of CaWOs of the space
group 141/a (n°88) in accordance with similar scheelite structures like NaosLaosWO4 and
NaosCeosM00Qa4, respectively identified in ICSD database with 66090 and 67493 references.
No additional peaks were detected, indicating the high purity of NCWO spindles and flowers.
The higher thermal treatment, at 800°C, allows not only the crystallization of the spheres but
also an improvement in the crystallization degree of the spindles and flowers samples, as

evidenced by the presence of more intense and finer diffraction peaks.

Using Debye-Sherrer relation for each Bragg peaks of the X-ray pattern allowed us to estimate
the crystallite size of each sample. The size values are around 50 nm for samples treated at
500°C and varie from 87 to 167 nm for samples treated at 800°C. This result is coherent with

the expected growing of crystallites induced by heat treatment
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Fig. 1. X-ray diffraction patterns of NCWO obtained at different temperatures.

The refinement results confirm that the obtained materials are well crystallized in a scheelite-
like structure with a space group of 141/a. The Na, Ce, W atoms’ coordinates were identified in
the Wyckoff positions. Nevertheless, we observed variations in the oxygen atomic coordinates,



giving rise to different polyhedral distortions [22]. It has been observed that the distance W —
O increases as a function of the calcination temperature from 1.758 A to 1.798 A and the O —
W — O angles are between 104° and 119°. At the same time, the M — O distance (where M
indicates Ce or Na) decreases with the temperature, from 2.473 A to 2.560 A and the O — M —
O angles varies between 73° and 136°. In addition to structuring, crystals show thermal and
morphological stability.

Morphological investigation of the obtained samples were performed with SEM imaging. Fig.
2(a-f) show different forms of NCWO. The simultaneous control of the pH and EDTA
concentration makes it possible to obtain various morphologies like spindles (SPL), spheres
(SPR) and flowers (FLR). They vary from 0.30 to 0.35g and from 7 to 8, respectively for EDTA
weight and pH, giving rise to homogeneous and regular samples. All of the structures obtained
are self-assemblies of nanoparticles. The growth mechanism of different hierarchical structures
is proposed and detailed in previous study [22]. Fig. 2(a) shows an example of the obtained
spindles with a hierarchical construction from the 20 nm thick nanosheets. Reducing the pH to
7, while keeping the rest of the parameters unchanged, makes it possible to obtain spherical
shaped structures rather than needles. This structure show uniform size and forms, with a mean
diameter of the spheres around 8 pum. They were constructed from self-assembled 2D
nanoplates with a thickness varying from 20 to 80 nm, and can be identified from surface
roughness of the individual spheres, as observed in the SEM image (insert Fig. 2(c)). In the case
of flowers, there self-assembly was obtained when the EDTA amount is increased to 0.35 g.
Fig. 2(e) shows an homogeneous flowers sample, constructed from elongated flat and smooth
nanoneedles. Individual nanoneedles exhibit mean thicknesse of about 300 nm. All
morphologies present porosity between nanosheets/nanoplates/nanoneedles and surface

cavities, leading to a differentiated surface area.

As mentioned previously, the calcination treatment allowed sample crystallization while
modifying state surfaces. At 500°C, all morphologies remain intact, with the same surfaces
characteristics, as observed in Fig. 2(a,c,e). However at 800°C, the surfaces states change with
the loss of the hierarchical aspect following coalescence of elementary grains and inducing low
porosity (see Fig. 2(b,d,f)). However, the general forms are kept with a slight decrease in size.
The grains change with more facets and become rough for spindles while they became smooth

respectively for spheres/flowers.
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Fig. 2. SEM images of different NCWO samples morphologies: a, b) spindles, c¢,d) spheres and e,f)
flowers treated at 500°C (a, c, €) and at 800°C (b, d, ). Insert pictures correspond to the magnification

on elementary nanoparticles constituting the self-assembly.
2.2. Bandgap properties by diffuse reflectance spectroscopy

Semiconductor photocatalysts as photosensitive materials exhibit important structural,
microstructural and morphological characteristics that are determinant in the representation of
band structure. Then the gap is a parameter, which can determine the choice of the excitation
wavelength range for photosensitive applications. Fig. 3 present the UV-Vis diffuse reflectance

spectra of different morphologies. The absorption spectra shaw that the synthesized samples



exhibit sharp absorption peak from 375 nm, favoring use in the range of UV-Vis. This

absorption occurs according to the electronic transition between valence and conduction bands.

The associated band structure can be attributed to the transition from O 2p to Ce 4f+5d and W

Af states.

As shown in Fig. 3, globally the bandgap energy varies from 2.856 eV to 3.247 eV. The samples

treated at 500°C present a lower energy than those treated at 800°C. In this case, we found that

the bandgap energy value increases as a function of the nanoparticles’ size. This behavior is in

opposite trend of the classical semiconductors [26]-[27].
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Fig. 3. Kubelka — Munk representation derived from the transformation of the diffuse reflectance

measurements of NCWO photocatalysts.

Table 1
Energy levels of the associated band structure of the NCWO samples.
Samples Temperature Bandgap Conduction Valence  Work Vaccum
(°C) Eg(eV) bandEcs  bandEve W(E) level (eV)
500 2,85 -0,0071 2,8429 -1,4179 -5,9179
Spindles
800 3.24 -0,2021 3,0379 -1,4179 -5,9179
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500 3.08 -0,1221 2,9579 -1,4179 -5,9179
Flowers

800 3.20 -0,1821 3,0179 -1,4179 -5,9179

Spheres 800 3.14 -0,1521 2,9879 -1,4179 -5,9179

The obtained results show that the NCWO have a lower bandgap energy value than that which
may be attributed to the microstructural order — disorder in the lattice [28]. The lowest values
of the samples treated at 500°C suggest the existence of intermediate energy levels within
forbidden bandgap, due to the low degree of crystallization, bonds distortions, vacancies and
grains boundaries. The structural analysis conducted in previous work revealed high distortion
of the WO4 and AOs (A= Na, Ce) polyhedrals [22]:[29]. The reported results show that strong
distortions in O — W — O and O — A — O bonds cause a decrease of the bandgap.

Basically, the band structure of AWO4 scheelite crystal depends only on O2p oxygen states for
the valence band VB and W4f-5d tungsten states for the conduction band CB [30]. Furthermore,
the Na orbitals do not appear in the forbidden band gap. Then, the lower bandgap of the obtained
NCWO materials is due to the presence of Ce and to the structural distortions induced by heat
treatment, depending on the morphologies and temperature. Apart from band structure studies
on normal AWOs scheelite structures, to date no theoretical band structure studies have been
reported in the literature on Nao.sCeosWOa. So for comparison, S. Ogo et al. reported theoretical
investigation on deformed scheelite structure Ce23WO4 [31], which is close to the synthesized
materials. They showed that Ce 4f orbital, localized below the fermi level, lies between the O2p
bonding orbital and the W 5d antibonding orbital, indicating that the Ce 4f orbitals do not
hybridize with W and/or O. In the scheelite structure, the Ce 4f orbital works as a donor orbital.
These simulations show that the bandgap of the Ce23WOa4 has a value of 2.89 eV, which are

very close to the obtained band gap values of the samples processed at 500°C.
2.3.  Fluorescence properties

The emission properties of the produced materials is related to the recombination of the charge
carrier’s possibilities. The luminescence spectra is usually used to investigate the separation
and transfer efficiency of the photogenerated electron/holes during the photocatalytic process
[32]. It is well known that the stronger luminescence indicates the faster recombination speed
of the e/h charge carriers occurring during the oxidation and reduction reactions, resulting in

lower photocatalytic efficiency.

11



Fig. 4 exhibits that the fluorescence profiles of samples reveal two broadband emission in the
visible region with some defined peaks. The samples showed an intensive fluorescence peak in
the blue region centered at 467 nm (2.65 eV) and a second strong emission in the red region at
536 nm (2.31 eV). The blue emission is related to the distorted WQOs octahedra groups, while
the red emission can be assigned both to the CeOs polyhedra and to CeOx clusters, according
to the rate of oxygen vacancies in the semiconductor. According to theoretical studies, Ogo et
al. reported that the presence of Ce induced intermediate energy levels in the bandgap [31]. In
addition to defects, the bandgap energy decreases and gives rise to the red emission, around 2.3

eV, as observed in our fluorescence spectra.

According to the spectra (fig. 4(a)), the emission intensities increase with temperature
calcination and they are higher for samples with spindles and flowers morphologies than for
spheres formed samples. We observed that the emission at 531 nm is lower for samples treated
at 500°C than for those treated at 800°C, except for spindles, for which the emission band
disappears at 800°C. It is no longer visible because the baseline is too high. However, the most

intense peak at 560 nm is due to the second harmonic wavelength excitation.

Thus, it appears that increasing the crystallization degree enhances fluorescence, as the
emission intensity increases with crystallite size. The increase in the heat treatment temperature
leads to the decrease in the defect concentration and porosity with a larger sized crystallite.
Samples treated at 500°C exhibiting almost the same crystallite size, show similar emissions
spectra, without morphology effect. For samples calcined at 800°C, a morphological effect is

observed, such as flowers shape samples fluoresce much stronger than spindles-shaped ones.

12
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Fig. 4. a) Emission spectrum of the used samples and b) time resolved fluorescence spectra (TRFL) for

the 468 nm emission.

As mentioned in the previous bandgap section, the presence of Ce induces the appearance of
the Ce 4f levels, localized below the fermi level. The charge transfer is assigned to the W — O
bonds within (WO4)? complex and to the 5d transition of Ce®*. According to the literature data
[22],[32], similar emissions were obtained in the case of the distorted scheelite structure
Ce23WO4 with Th doping. Without doping element, the broad emission may come from
intrinsic electronic transitions of Ce**, either from Ce5d to Ce4f ground state, or from W5d to
O2p/Ce4f. The broadband emission is due to the overlap of the energy levels Ce5d and Ce4f
with W5d and O2p respectively.

Generally, the fluorescence is generated from the recombination of electron and holes charge
carriers. As consequence, fluorescence spectra can be used as an indirect means of investigation
of the separation and recombination capacity of charge carriers in the excited state of the
materials. As shown in Fig. 4; the intensities depend particularly on the calcination temperature,
as samples treated at 800°C fluoresce more intensively than those treated at 500°C. This
suggests differentiated recombination lifetime of the photoinduced electron - holes charges
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carriers. In this case, the time resolved fluorescence (TRFL) decay spectra is more suitable to
investigate the charge carriers kinetics for quantifying the electron and holes separation

efficiency.

The results of the fits show that the samples calcined at 800°C with stronger emission have a

lower lifetime, than those treated at 500°C (Fig. 4(b)). The results are summarized in table 2.

-Il__ﬁ‘te)':iemze values of the charge carriers recombination of different NCWO sample.
Samples Lifetimes 7, (ns)
Spindles 800C 1.86
Flowers 800C 1.99
Spheres 800C 3.16
Flowers 500C 4.17
Spindles 500C 6.34

2.4.  Photocatalytic properties

Self-assembled materials with specific morphologies and varying porosity are excellent
candidates for adsorption and photocatalysis applications. The NaosCeosWOas hierarchical
structures presented above are studied as catalysts or adsorbers (trapping) with the aim of
eliminating organic waste which contaminates water. Among other dyes, methylene blue (MB)
is often used as reference pollutant in photocatalytic studies. It is a cationic dye used in the
textile industry, as a tracer element, but also in food. Its presence in industrial effluents generate
a danger to aquatic and human lives. MB was used in this work to evaluate the photocatalytic

activity of the elaborated structures.
a. MB dye degradation

The decomposition of the dye was carried out under solar light irradiation using a 300 W
tungsten lamp. For all samples, wathever the morphology or heat treatment temperature, the pH
of the obtained suspensions was 5.7 corresponding to the natural pH of MB solutions. They
were maintained up to 90 minutes of stirring in the absence of light to reach the adsorption-
desorption equilibrium. MB decomposition was followed by the intensity decrease and shift of
the maximum absorption wavelength band (664 nm) observed on UV-Vis spectra recorded at
different time intervals during irradiation. It appeared that the degradation process depends not

only on the materials structuring/hierarchization but also on the basic or acid nature of medium.
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As the active radicals evolved in the decomposition process change with the pH, it is crucial to
prealably probe the role of pH to determine the range where the catalyst remains effective under
irradiation. This study was realized with NCWO spindles-formed samples treated at 500°C
(denoted SPL500 herafter) as photocatalyst, due to their better structural, morphological and

optical properties, as discussed previously [22].

i Role of the pH on the adsorption and photocatalytic efficiency

The pH effect on the degradation of MB dye in presence of SPL500 was analyzed in four media
of different pH: 2.5, 3, 5.7 and 10. The pH adjustment to the desired values was carried out
before irradiation, by adding a few drops of dilute solution of HCI or NaOH. Monitoring the
concentration of pollutants during light irradiation was carried out by UV-visible absorption
spectroscopy. The photocatalytic decomposition and/or the adsorption efficiency is defined

from the following ratio: COC_—C” , Where Co and Cn respectively represent the initial concentration
0

of MB (before adding the photocatalyst powder) and the concentration of MB at a given time
(t=0 corresponding to the start of the irradiation so that negative times stand for the duration to

reach sorption equilibrium).

As shown in Fig. 5(a), at natural pH (5.7), SPL500 enabled only a weak degradation of MB
(24%) after 7 h of irradiation, while the photocatalysis of MB in the media of pH = 2.5, 3 and
10 respectively showed yields of the order of 100%, 85% and 50%.

Kinetics profiles revealed that the bleaching of the solution resulted from two distinct process
- a first stage linked to the adsorption phenomenon and which occurs mainly in the dark, then,
a second degradation due to the photoinduced activity under solar light irradiation. For this
cationic dye, the adsorption setup is quite significant in acidic medium, with a very high yield

and faster kinetics compared to other environments (See Fig. 5 (a-b)).

The adsorption process depends particularly on the pH of the medium: the fixation rate of MB
molecules is negligible at pH 5 (around 2%), while a slight rise is registered in basic
environment up to 17% at pH 10. However, the adsorption increases much more strongly in
acidic conditions, reaching a rate of 47% at pH 3 and finally total adsorption for a pH of 2.5 or
less. Furthermore, the catalysts turn blue after this adsorption step, such that the coloration is
more and more marked with low pH. Thus, the photoinduced process alone achieved
degradation rates of 20%, 32% and 40% of MB at pH of 5.7, 10 and 3 respectively.
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Fig. 5. Photocatalysis activity on SPL500C: Effect of pH on the adsorption and photocatalytic
degradation performance of MB.

The results obtained show that the dye adsorption is a crucial and important step in the pollutant
removal process at low pH (in acidic medium). Changing the pH of the suspension changes the
charges, whether on the surface of the dye and/or on the oxide catalysts, inducing modifications
of their interactions. Even if adsorption is not strictly speaking a degradation process, it is a
valuable mean to consider in the purpose of water depollution control. Substances with high
capacities to adsorb the dye offer rapid and significant dye removal solutions. But in the case
of compounds developed for photocatalysis, strong adsorption properties can be either
detrimental or beneficial. Indeed, several authors have shown that the influence of pH on the
photocatalytic activity is related to the quantity of molecules adsorbed on the photocatalyst
surface, as degradation occurs mainly there rather than in the solution [33][34]. Promoting
adsorption by increasing the interactions between the pollutant molecules and the surface is
favourable if the degradation reaction occurs and desorption of the products ensues. But if the
adsorption is too high and not reversible, it can prevent photons from reaching the surface and

activating the catalyst, resulting in a decrease in photocatalytic activity.

NCWO adsorption ability may be associated to electrostatic attractions and/or hydrogen bonds
between the dyes and the catalyst surface. On the one hand, the tungstate oxyanions
W02~ present on the surface give it a strong bronsted acid character. They can be hydroxylated
or not depending on the pH of the solution, which modifies the surface charge of the catalyst.
As already mentioned, MB is a cationic dye when dissolved in water, which will be noted MB*
hereafter. At low pH, the catalyst surface is negatively charged and thus very attractive for
cationic species such as MB*. In addition, the non-bonding pairs of the terminal oxoligands can
establish hydrogen bonds with the hydrogens of the amino groups of MB*. Thus for pH 3, MB
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interacts more actively on the surface of SPL500 with its two uncharged amino groups, than

with the positively charged sulfonium group.

On the other hand, tungstate anions are Lewis bases of polyoxometalate nature; they exhibit
relatively high adsorption activities with cationic dyes [35]. This adsorption activity becomes
greater in an acidic medium at low pH (lower than 4). In this pH range (especially at pH 3),
there is more active adsorption sites [26], which increases the number of molecules adsorbed
and promotes better photocatalytic activity. Moreover, under acid conditions, the catalyst’s
charged surface can accelerate the transfer of electrons, which facilitates the separation of
electron-hole pairs. Therefore, the number of oxidizing species responsible of the dyes
photodegradation increases at low pH, accelerating the photocatalytic activity [36]. Electrons
can react with Oz adsorbed on the surface of the photocatalyst and with Oz dissolved in solution
to produce 05~ radicals. In addition, the h* holes become very active under acidic conditions

and are responsible for the catalytic degradation of MB.
ii. Effect of the morphology on the degradation process

Photodegradation tests carried out at various pH value revealed a much better photocatalytic
activity of SPL500, for pH 3, a pH value that minimized the adsorption part of the MB removal.
Thus, this pH value was selected, to study the influence of the morphology and heat treatment
temperature of the different NCWO microstructures on the adsorption and photocatalytic

degradation of MB dye.

The monitoring of the MB photocatalytic degradation by various NCWO morphologies is
shown in Fig. 6. The absorption intensities gradually decrease with time, well over 50%, in the
presence of the different structures of NCWO. After 7 hours of irradiation, there is still a gradual
decrease in the intensity of the MB band absorption. The color of the solution changes from
dark blue to a very light blue indicating removal of the MB from the solution. The global
removal efficiencies obtained by spindles (SPL500 and SPL800), flowers (FLR500 and
FLR800) and spheres (SPR800), are respectively 86%, 65%, 71%, 50% and 54%.
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Fig. 6. UV-Vis spectra of MB degradation over different hierarchical NCWO structures a) SPL500 ; b)
SPL800 ; ¢) FLR500C ; d) FLR800 and e) SPR80O0.

The detailed analysis of the MB removal process, revealed first a high adsorption rate in the
dark, from 30% to 50% according to the sample, then followed by a photocatalysis process
under irradiation, from 10% to 40%. All results of the adsorption and photoinduced rate
degradation are summarized in the table 3. Globally, samples treated at 500°C showed both
strong adsorption and a better photo-decomposition, almost twice as high as those treated at
800°C. The decrease in the adsorption rate is due to the thermal treatment, which induced a
modification in the surface state. During the solar light irradiation, the MB photocatalysis
activity revealed a decomposition rate of 40% and 31% respectively for SPL500 and FLR500.
This activity becomes weaker, of the order of 24%, 18% and 21% respectively for SPL800,
FLR800 and SPR800.

Globally, the crystallite size increases with calcination temperature such as the spindles and
flowers respectively triple and double in size (167 nm and 113 nm), while the spheres size of
SPR800 is around of 87 nm. Consequently, the surface area and the porosity decrease. As a

result, there are fewer active sites compared to the sample treated at 500°C.
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Similar work were conducted using a distorted scheelite Ce23Mo004 with different
morphologies treated at 1000°C [37]. The MB photocatalytic tests were carried out during 96h
under visible light irradiation. M. Dong reported a total degradation of 23%, 70%, 89%
corresponding to the flowers, spheres and bundles, respectively. At the same irradiation time
(for 7h), Ce2sM00O4 showed a degradation of 45%, including both adsorption and
photodecomposition. This rate remains equivalent to that obtained by FLR800 and almost twice
as low as that of the SPL500. Lin X. et al. reported the application of 3D hierarchical
Rhodamine B [38].

NaosCeosM0O4 microflowers with bimodal pores exhibited an adsorption performance for the

NaCeMoOs structures as photocatalysts of cationic pollutant,

removal of Rhodamine B (RhB) during 12h to reach a complete degradation. This absorption
capability is attributed to the combination of the intrinsic property and morphological feature

of the hierarchical microflowers.
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Fig. 7. a) MB degradation efficiency over different hierarchical structures; b) Photocatalytic degradation

kinetics of different NCWO morphologies.

As shown in Fig. 7, all NCWO photocatalysts showed an efficiency for the MB degradation
compared to the photolysis test performed. The kinetics of the degradation reaction are shown
in Fig. 7(b). The adsorption and degradation rate follows a first order reaction, consistent with

the general Langmuir-Hinshelwood mechanism [39] [40]:

C"=K

_I"C_O appl Eq.5

where Co and Cn respectively represent the concentration of initial solution and the

concentration of dyes at a given time t of irradiation.
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From the plot of in i—” as a function of the irradiation time, we can estimate the first-order Kinetic
0

constant of the different morphologies. The kinetic constant Kapp values of MB degradation and
the crystallite sizes of the different NCWO photocatalysts used are shown in Table 3. From Fig.
5, 6 and the results of the table 1, it can be seen that the photocatalytic activity is highly
dependent on morphology and calcination temperature. For a high adsorption rate of MB dye,
the decomposition is also more important and faster. Globally, SPL500 and FLR500 exhibit the
highest and the fastest photocatalytic activity compared to other NCWO morphologies treated
at 800°C.

Table 3
Photo-catalytic efficiency and apparent Kinetic constants of MB degradation by different NCWO
structures.

Apparent

Total Adsorption  Degradation . Bandgap
Iltl/lco\rNr% o Temperature Degradation rate in the rate under cKonstzz%_a R? g;yeszﬁlr:;e
phology rate (%) dark %) light (%) i V)
500°C 86 47 41 3,2 0979 51 2,85
Spindles
800°C 65 40 25 12 0,986 167 3,24
500°C 71 40 31 16 0,969 52 3,08
Flowers
800°C 51 32 18 0,7 0,963 113 3,20
Spheres 800°C 54 33 21 0,9 0,958 87 3,14

b. General discussion

In this study, the evolution of the photocatalytic activity depends particularly on two factors, as

summarized in table 3:

« The morphology and the surface states of the different self-assemblies.
» Heat treatment induced changes on the crystallites size and the bandgap energy.

The global degradation rates lies on two processes, firstly, the adsorption of molecules on the
various surface active sites, and secondly, the photodecomposition under irradiation via redox
processes. The degradation mechanism is based mainly on the nature and the number of
adsorption sites that each structure can have via the catalyst hierarchization. Structuring by self-
assembly gives rise to different surface states with a high microporosity that differs from one
morphology to another. It generally constitutes active trapping sites for catalytic reactions [41],

which enhances the photocatalytic activity. The structures, made up of an assembly of
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elementary nanograins (nanoplatelets, nanodegs and nanosheets for flowers, spheres and
spindles respectively), have large and deep cavities [22]. In addition to the classic surface
reactivity, the porosity allows strong adsorption (trapping/confinement) and rapid diffusion of

molecules.

In this configuration, the spindles obtained at 500°C exhibit better photocatalytic activity
compared to that of spheres and flowers. This is due to the large number of nanosheets, and
their low thickness (< 50 nm), while platelets and rods are about four times larger. This
difference favors the appearance of narrow cavities but with a depth that can reach the width of
the sheets. In the case of flowers, the self-assembly of the platelets resulted in large open spaces,
favorable to adsorption, but with less confinement effect. This results in somewhat low
adsorption and photodecomposition capacities compared to those of spindles. The spheres have
a dense structure of platelets, but with very few porous surface. Nonetheless, this self-assembly
generates very rough spheres, with numerous surface grooves as active sites, which appear

between the pads.

The heat treatment at 800 °C led to a modification of the initial morphologies but also of the
bricks size. The morphologies are maintained in their general form, of spindles, flowers and
spheres. However, the calcination temperature rises at the loss of the hierarchical appearance
of the structures as shown in Fig. 2. On the other hand, the surface states have evolved, and the
coalescence phenomenon has given rise to submicron grains. The surface of these structures
appears very smooth with lower porosity or even devoid of pores, which causes a decrease in

their adsorption capacity and their photocatalytic reactivity.

The size of the elementary grains obtained after synthesis, as a function of the heat treatment,
therefore has an influence on the catalytic properties and the surface reactions. This size
generally conditions the specific surface area. In the case of spindles and flowers treated at
500°C, the crystallite size observed by SEM is of the order of 50 nm. However, the imagery
reveals the existence of nanosheets constituting the spindles, much thinner than the platelets of
the flowers. In the case of samples obtained at 800 °C, which exhibit a lower degradation rate,
the crystallite size are larger: 167 nm for the spindles, 113 nm for the flowers and 87 nm for the
spheres. However, we systematically observed a better decomposition rate for the spindles,
compared to other morphologies at the same temperature. Finally, the degradation activity is
better with samples obtained at low temperature, where the crystallite size is small. This trend
is favored by lower bandgap of the structure treated at 500°C, rather close and sensitive to the
visible light with wavelength above 400 nm. In addition, the fluorescence results showed a
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higher luminescence intensity for samples treated at 800°C than those treated at 500°C. So, the
previous structural and morphological observation are in agreement with fluorescence results,
such as the intensities depend on the crystallization degrees rather on temperature treatment. As
a consequence, the lifetime of the charge carriers is higher in the case of SPL500 and FLR500
compared to SPL800, FLR800 and SPR800 that corresponds respectively to 6.34, 4.17, 3.14,
1.99 and 1.86 ns. A slow emission rather favors longer lifetimes of charges carriers, such that
the electrons-holes recombination is less rapid, favoring the active radical’s formation involved

in the photodegradation process.

Generally, porous structures reduce the reflection of light and promote its absorption. They also
allow the binding and then transport of molecules to the active sites that are on the internal
walls of structures [20]. These deep pores and large capacity allow hierarchical structures to be
sufficiently impregnated with the dye solution promoting a high adsorption. Under irradiation,
the structures absorb more photons to produce electron-hole pairs [41]. Thus, it appears that the
small thickness (<50 nm) of the particles, such as that of the nanosheets, makes it possible to
reduce the radiative recombination of the electron- hole pairs [20], which generates reactive
species and allows a higher photocatalysis efficiency. This behavior is in agreement with our

results, as in the case of spindles SPL500.
c. Photocatalysis mechanism of MB

During a photocatalytic process, two highly oxidizing radicals, OH* and 03~ can be involved
in the oxidative decomposition of polluting dyes. Their generation within the solution is the
result of redox processes involving charge carriers photogenerated by irradiation of the
photocatalyst: holes left in the BV (h},) and electrons transferred into the BC (eg.) after
absorption of radiations of energy greater than the band gap. However, the holes can only
oxidize the water H20 and hydroxyl ions adsorbed on the photocatalyst surface to produce the
OH* radical if their potential is more positive than the redox potential of the couple H,0/ OH".
Conversely, the BC electrons can only reduce the dissolved oxygen to form the 035~ radical if
their potential is more negative than that of 0,/ 05~. The Fig. 10 clearly shows that none of the
hierarchical NCWO structures in this study has the capacity to produce 035~ radicals, whereas
they all have the ability to oxidize water or hydroxyl to produce OH*. Furthermore, it was
reported that the presence of Ce®" cations promoted the photodegradation by preventing the
electrons/holes recombination [42] [43]. Therefore, only OH*® radicals are involved in the

photodegradation process of MB. It is to be noticed that the redox potential of the couple
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H,0/ OH* decreases with increasing pH (on Fig. 10, the value is that obtained for a pH value
of 0), so that the potential conditions remains favorable to produce OH*® radical even at high
pH.
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Fig. 10. schema of the samples and dyes band structures.

Generally, the photocatalysis of MB occurs according to two competitive processes: N-
demethylation identified by shift towards shorter wavelengths of the main absorption band and
destruction of the conjugated structure that is related to the decrease of the absorption bands
located between 200 nm and 400 nm [44]. This study evidenced a heat-treatment temperature
dependence of the MB degradation process : samples treated at 500°C allowed a destruction of
the conjugated structures [45], as shown by the decrease of the peak at 250 nm, while with
samples treated at 800°C, the UV-vis absorption spectra only revealed a decrease of the main

band without any shift towards the short wavelengths.

The possible reactions which occur on the surface of the NCWO semiconductor and which lead

to the degradation of the MB are as follows:

Table 4
Reactions of the MB decomposition over photocatalysts.

Light catalyst interaction and radicals generation Eq.

NCWO + hv—NCWO (egc + hiy) 6

NCWO (h},) + H,O—>NCWO + H* + OH* 7

NCWO (h},) + OH-—>NCWO + OH°® 8
Dyegqs + hiy— Oxydation products 9
10
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Dye,qs + egc— Reduction products

MB + OH*—CO0, NH},NO3,S0%~,Cl" etH, 11

As reported in section 2.1, the hierarchical spindles are formed by the self-assembly of a large
number of superimposed nanosheets. This allows the generation of a large number of
micropores or microcavities, resulting in a large specific surface area. This porosity promotes
the diffusion of molecules, but also visible light, and therefore improves the photocatalysis
efficiency [46]. The structuring of the spindles into finer nanosheets allows them to generate
more (h* — e™) pairs, which favors the OH® and O3~ radicals, and therefore, promotes the

photocatalytic activity which becomes better than that of flowers and spheres.

Conclusions

In this work, we have reported the photosensitive, photocatalytic and adsorption properties of
different scheelite structure NaosCeosWO4 based on three morphologies, spindles, spheres and
flowers. Structural and morphological investigation revealed a single-phase crystallization of
all obtained shape. Crystallization is achieved out from 500°C for spindles and flowers, and
from 800°C for spheres. The crystallite size are about 50 nm for samples (spindles and flowers)
treated at 500°C and 87-167 nm for those treated at 800°C. Thermal treatment showed the
evolution of the morphology in size, porosity and surface state, suggesting short range in the
order-disorder transition of the structures. The optical properties show a direct bandgap value
lower than 2.85 eV for morphology treated at 500°C and beyond 3.15 eV for shapes treated at
800°C.

The degradation process involves two stages, firstly the adsorption of molecules on the various
surface active sites, which is not properly speaking a degradation process, but contributes to
remove the dye from water and secondly, the photocatalysis under visible light irradiation via
redox reactions. Furthermore, the respective contributions of these two process to the total MB
removal rate change with the pH of the reaction medium. We observed that both adsorption and
photodegradation are more effective in an acidic environment than in a natural or basic
environment, leading to much better total removal rate at acidic pH value. When the pH reach

2.5 or less, the process lies only on adsorption.

From a morphological point of view, the spindles seem to be more efficient than the others,
with better adsorption and photocatalysis rates. As expected, the adsorption rate decreases with

increasing heat treatment temperature, due to an increase in the crystallite size. In the case of
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photocatalysis, the activity depends particularly on two factors, i) the morphology and the
surface conditions of the different self-assemblies and ii) changes induced by heat treatment on

the crystallites size and the bandgap.

Regarding these factors, spindles formed by self-assembly of nanosheets with a thickness of 20
nm and crystallite size of 50 nm, have a large specific surface area and a high porosity. As
expected, this study revealed their largely superior performance compared to all other
morphologies, both for MB adsorption and photodegradation. This spindles-shaped NCWO

based photocatalyst is a promising candidate for organic waste depollution control.
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