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This research aimed to investigate for the first-time photocatalytic degradation of
methylene blue over SrGd,O, powders co-doped with constant Er** (0.5 at%) and
different Yb** (1, 2.5 and 5 at%) concentrations. The samples were successfully
prepared via sol-gel assisted combustion method. X-ray Powder Diffraction pat-
tern proved that all samples crystallize as a pure orthorhombic SrGd,O, phase.
Scanning Electron Microscopy was used for morphology characterization and it
revealed the existence of porous agglomerated round-shaped particles. Energy
Dispersive X-ray Spectroscopy showed the presence of dopant ions and even dis-
tribution of all constituting elements. For energy band calculation, UV-VIS Diffuse
Reflectance Spectroscopy was performed and a value of 4.3 eV was obtained,
as well as the four additional values from the bands at lower energies. Photo-
catalytic degradation of methylene blue was monitored using UV-VIS Absorption
Spectroscopy. The obtained results were promising since after 4 h of exposure to
the simulating Sun irradiation, more than 50% of the starting dye concentration
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was mineralized.

Introduction

Environmental pollution stands for one of the most
imperative topics in modern society. Many different
methods for air and water purification exist nowadays
and even more are currently in the developing process.
One of them is photocatalysis, widely explored especial-
ly for water treatments, with promising results so far. The
idea is to use sunlight to mineralize pollutants utilizing
particular photocatalysts down to non-toxic molecules
such as CO, and H,0. Semiconductors, mostly oxides,
are mainly used as photocatalysts because of their de-
sirable characteristics and affordability [1].

To further exploit the energy of the Sun, various ap-
proaches have been developed to improve photocata-
lysts’ properties, for example, doping with different ele-
ments. Some anticipated properties can be obtained
by doping with rare earth (RE) elements [2]. These ele-
ments can alter or even promote other material charac-
teristics, such as photoluminescence (PL). Luminescent
materials have an extensive range of potential for many
different applications (medicine, industry, environmental,
etc.). Their visible light emission is caused by the exist-
ence of abundant energy levels which originate from the
RE elements. Depending on the chosen RE to be used
as the luminescent center, as well as the selected host
matrix, emitted light with precisely tuned colors can be

obtained. The choice of dopant RE ions also determines
whether the luminescent material will be down- or up-
converting. [3].

One of the combinations that have shown great po-
tential for producing efficient up-convertors includes Er®*
and Yb%*. In these systems, Er** ions act as activators
since they provide visible light emission, while Yb3* ions
are utilized to absorb infrared (IR) radiation [4—6]. A
combination of these two elements incorporated in vari-
ous hosts, but mostly in diverse composites, has been
studied for application in photocatalysis [7—10]. Since
up-conversion increases absorption in the near-IR (NIR)
region, which includes around 40% of the Solar irradia-
tion, theoretically, that may enhance the photocatalytic
activity of the material by boosting charge separation
[11]. This opportunity enables harvesting a wider range
of solar spectrum and using more of this clean and abun-
dant energy.

Our previously published paper regarding Er®* and
Yb* doped SrGd,O, host showed different characteri-
zation techniques, luminescent properties and quantum
yield inspection [12]. To the best of our knowledge, there
is no information in the literature regarding the investiga-
tion of the photocatalytic properties of the SrGd,O,:Er,Yb
system. The goal of this research is to examine other
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characteristics of as-synthesized nanoparticles and per-
form test reactions to examine their potential application
as photocatalysts for the mineralization of methylene
blue (MB) as a model pollutant.

Experimental

Materials

For the sample preparation as well as the photocatal-
ysis, the subsequent materials were used: glycine, citric
acid (Kemika 99.5% and 99.0%, respectively), Sr(NO,),
(Puratonic, 99.9%), Gd(NO,),*6H,0, Er(NO,),*5H,0
(Acros Organics, 99.9%), Yb(NO,),*5H,0 (Sigma Al-
drich, 99.9%) and methylene blue (Fisher chemicals)
were used without further purification.

Synthesis

The samples of SrGd,O, nanopowders doped with
a constant concentration of Er®* (0.5 at%) and different
concentrations of Yb®* (1, 2.5 and 5 at%) were made with
citric acid (chelator) and glycine (fuel). The preparation
procedure was described in detail in our recent publica-
tion [12]. Solutions of Gd**, Er** and Yb® or Sr>* were
created by dissolving the required amounts of nitrates
in deionized water. After citric acid was mixed with the
solutions, the temperature was elevated to 70 °C. Next,
both solutions were merged, glycine was added, and the
temperature was elevated to 120 °C. Mixing was contin-
ued until a wet gel was formed which was then thermally
treated for 1.5 hours at 500 °C. Finally, the calcination
was conducted for 2.5 hours at 1000 °C and white nano-
powder was obtained.

Characterization techniques

To inspect the phase purity and crystallinity of the as-
synthesized powders, X-ray powder diffraction (XRPD)
was utilized (Rigaku Ultima IV, Japan). The used X-ray
beam was nickel-filtered CuKa1 radiation (A = 0.1540
nm, running at 40 mA and 40 kV). The scanning rate
was 2°/min and the information data were gathered from
10 to 70° (20).

Morphology and particle size were investigated by
using Field emission scanning electron microscopy
(FESEM - FEI Scios 2, the operating voltage of 30 kV),
whilst the presence and arrangement of chemical ele-
ments were observed by using energy-dispersive X-ray
spectroscopy (EDS).

UV-VIS spectra were acquired with a UV-2600I spec-
trophotometer (Shimadzu, with an integrated sphere
attachment). Absorbance spectra for the study of the
photocatalytic decomposition of MB were collected in
the range from 200 to 800 nm. Diffuse reflectance spec-
troscopy (DRS) was performed in the range of 200 to
1200 nm and energy gap (Eg) values of as-synthesized
nanopowders were obtained by using the Kubelka-Munk
function.
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Photocatalytic test

Photocatalytic decomposition of MB was conducted
in an aqueous solution onto as-synthesized SrGd,O,
nanopowders doped with Er** and Yb* under simulated
Sun illumination. A certain amount of catalyst (10 or 20
mg) was loaded in a glass filled with 50 ml of MB solution
(1, 3, 5 or 10 ppm). First, the reaction solution remained
in the dark for 60 minutes prior to illumination to achieve
an adsorption-desorption balance. Then, the system
was irradiated by the lamp (Osram Vitalux lamp, 300
W, Sunlight simulation, white light: UVB radiated power
from 280 to 315 nm, 3.0 W, UVA radiated power 315-400
nm 13.6 W; the rest is visible light and IR) positioned 30
cm directly over the dye solution. The reaction solution
was constantly cooled at 15+1 °C to avoid heating and/or
evaporation. Also, the constant flow (1.5 dm*/min) of O,
in the MB solution was enabled. At proper time intervals,
aliquots were drawn for the analysis. After the centrifuga-
tion for altogether 30 minutes (3 times at 8000 rpm for 10
minutes), the UV-VIS absorption spectra of each aliquot
were recorded. To ensure the even dispersal of the cata-
lyst particles in the system, the solution was placed on
the magnetic stirrer with constant rotation speed.

Results and discussion

It is already declared that our previous paper [12]
concerning SrGd,0O, doped with Er** and Yb** studied its
luminescent properties, therefore, only important facts
related to luminescence will be mentioned in this paper.
The PL emission spectra of this up-converting phospho-
rus revealed peaks assigned to the trivalent erbium f-f
electronic transitions: one red emission at 661 nm due
to “F,, — “l._, transition and two green emissions at 551

9/2 15/2
and 523 nm from *S,, — *l. ., and *H,, — ‘I, transi-

tions. The sample co3r/12taining1;5/ihe highest concentration
of Yb® (5 at%) displayed the most intensive emission.
For this reason, a sample with 5 at% of Yb was chosen
to be examined in the photocatalytic application for the

decomposition of organic dye MB.

X-ray Powder Diffraction

XRPD measurements were performed to examine the
structural characteristics of this newly synthesized mate-
rial. All three samples confirmed identical diffractograms,
but only one of the SrGd,O, doped with the highest con-
tent of Yb®* (5%) as representative is presented in Fig-
ure 1. The crystallinity and phase purity of the obtained
powders revealed that samples are monophase since all
diffraction peaks are well indexed to the orthorhombic
lattice SrGd,O, (space group Pnma). There are no addi-
tional peaks that indicate the formation of another phase
or some other impurity, which implies that introducing
dopant ions did not affect or change the original crystal
structure of SrGd,0,.
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Figure 1. XRPD diffractogram of the SrGd,O,:Er,Yb (5
Yb®)
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Field Emission Scanning Electron Microscopy

The morphology and chemical composition of the
samples were provided using SEM and EDS analysis.
Figure 2. reveals EDS spectrum and FESEM images of
the SrGd,O,:Er,Yb (5 at% Yb**) at different magnifica-
tions as insets (a and b). EDS investigation confirmed
the existence of the composing elements (Sr, Gd, O) as
well as of the dopants (Er and Yb). Additionally, SEM
micrographs discovered agglomerated but porous struc-
tures, composed of tightly crowded round-shaped parti-
cles. The existence of smaller particles which are less
than 50 nm in diameter is also observed. The pores have
different shapes and dimensions which vary from 50 nm
up to a few hundred nm. These morphological proper-
ties are probably a direct consequence of the prepara-
tion method since a large quantity of produced gasses
during synthesis may incite the appearance of holes and
voids in the material. Accordingly, considering the dimen-
sion of the MB molecule [13], it could be expected that
the morphology of this sample will be suitable for the
photocatalytic reaction of the selected dye.

keV

Figure 2. EDS spectrum and FESEM images of the SrGd,O,:Er,Yb (5 at% Yb*) at different magni-

fications as insets (a, b)

UV-VIS Diffuse Reflectance Spectroscopy

DRS measurements were completed in order to ob-
tain the information on optical band gap energy of the
material. The results for the sample with 5 at% of Yb%*
are presented in Figure 3. The reflectance spectrum
(Figure 3a) demonstrates peaks that correspond to the
transition states that originate mostly from Er®* ions, but
also that of Gd*" at lower (below 300 nm) and Yb* at
higher (above 900 nm) wavelengths [14-16]. The ap-
pearance of these peaks also illustrates another method
to verify the chemical composition and confirms the ef-
ficacious doping of Er®* and Yb** ions. Furthermore, the
Kubelka-Munk function in the form of the direct allowed
transition was used in order to estimate Eg value (Fig-
ure 3b). The band gap approximation was done by linear
extrapolation of the adsorption edge to the energy axis
from the calculated F(R) (Eq. 1.):

where R is the diffuse reflectance of the investigated
sample. The obtained Eg value was found to be 4.3 eV,
with four additional values from lower energy band levels
at2.2eV, 2.7 eV, 3.1 eV and 3.7 eV. As reported in our
previous paper [15], Eg values for the un-doped SrGd,O,
were 2.7 eV, 3.7 eV and 4.3 eV, which all appear to be
observable in SrGd,O,:Er,Yb sample as well. Additional
energies are indicators that oxygen vacancies or other
defects are integrated into the matrix to form extra en-
ergy states in the energy gap that could potentially have
a positive effect on the following photocatalytic degrada-
tion process. In this case, the incorporation of the Er*
and Yb* ions in the SrGd,O, crystal lattice creates inter-
mediate energy states (2.2 eV and 3.1 eV) which are po-
sitioned below the conduction band. Moreover, the low-
est energy gap at 2.2 eV corresponds to a wavelength of
around 563 nm which belongs to the visible part of the
Solar spectrum. Since the light source used for the pho-
tocatalytic experiment simulate Solar irradiation, the
above stated fact represents an advantage for better

07




Advanced technologies

light utilization and improved photocatalytic degradation
of MB.
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Figure 3. DR spectrum (a) and Kubelka-Munk plot (b) for SrGd,O,:Er,Yb (5 at% Yb*)

Photocatalytic experiment

A well-known fact is that photocatalysis stands for
one of the most imperative applications for wastewater
treatments. The photocatalytic mechanism proposes the
creation of the highly reactive species (O,", OH+, H,0,)
due to light exposure in the reactions between the pho-
togenerated electrons and holes on one side, and ad-
sorbed oxygen and water molecules on the other. These
species further participate in the degradation of the se-
lected pollutant until that molecule is ultimately decom-
posed to the non-toxic compounds, such as CO,, H,0O, or
some inorganic anion [13,17].

The degradation mechanism of cationic dye MB has
been extensively studied [13,18,19]. The absorption
peak of the MB monomer reaches maximum intensity
at 664 nm, while a less intensive peak at 614 nm is as-
cribed to MB dimer. Another two peaks at 292 nm and
246 nm are related to substituted benzene rings. As the
photodegradation proceeds, the intensity of these peaks
progressively decreases. If both peaks positioned above
600 nm decrease over time equivalently, it means that
direct degradation of the dye by OH" occurs. However, if
there is a noticeable hypsochromic shift in the absorption
spectra, then itis the case of step-by-step demethylation.

To explore the mechanism of the photocatalytic deg-
radation of MB over SrGd,O,:Er,Yb, the results of the
conducted experiments are presented in Figure 4. The
influence of the processing parameters such as MB con-
centration (Figure 4a) and catalyst mass (Figure 4b) on
the degradation rate was investigated. Since UV-VIS ab-
sorption spectra demonstrated similar spectral changes
for every photocatalytic reaction, the authors chose to
present only one for the reaction where 3 ppm MB and
10 mg of the catalyst were used (Figure 4c). The absorp-
tion spectra clearly illustrate a similar reduction in peak
intensity for both monomer and dimer MB. This suggests
the reaction mechanism through direct degradation of
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the dye with OH" as the dominant reactive species. It
should be stressed that OH" can also form from oxygen
species, thus explaining favorable mechanisms via di-
rect and complete degradation by hydroxyl radicals.

Moreover, if we discuss the possibility of the creation
of the reactive species, radical generation potential must
be compared to the band edge potential of the catalyst
[20]. From the gathered UV-VIS DRS results and by us-
ing the proper empirical equations [15], we were able to
calculate the conduction band (CB) and valence band
(VB) potential (ECB and EVB, respectively) for SrGd,O,
doped with 0.5 at% Er®* and 5 at% Yb?*. The obtained
value for ECB band edge potential is at -1.5 eV, and as
for EVB band edge potential it is at +2.8 eV. Having in
mind that radical generation potential for all important
pairs (O, ,,/O," (-0.33 V,NHE), OH-, , /OH" (+1.9V, NHE)
and H,0,, /OH" (+2.32 V, NHE) [21]) are placed at the
proper positions comparing to catalysts’ band edge po-
tential, it is presumable that all reactive species can be
created in this system. It should be emphasized that MB/
MB* potential [18] is also positioned adequately com-
pared to catalyst band edge potential, hence, adsorbed
dye on the catalyst particles can participate in charge
transfer as well.
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Figure 4. Kinetic curves of photolysis and photocatalysis of MB over SrGd,O,:Er,Yb
(5 at% Yb®*") for different BM concentrations (a), different catalyst mass (b) and UV-
VIS degradation spectrum for reaction with 3 ppm MB and 10 mg catalyst (c)

Influence of initial MB concentration

The influence of different initial MB concentrations (1,
3, 5 and 10 ppm) on the photocatalytic degradation was
examined, and degradation rates are presented in Fig-
ure 4a. First, it should be mentioned that reactions with
lower dye concentrations have better adsorption onto
the catalyst surface. Determination of the amount of MB
adsorbed by the as-synthesized powder (adsorbent) at
equilibrium condition was done by using the following
equation (Eq. 2.) [18]:

where q_ is the amount of MB adsorbed at equilibrium
(mmol/g), C, and C_ symbolize the concentration of MB
in the solution at initial and equilibrium condition, respec-
tively, V (dm?®) is the volume of dye solution and m is the
mass of catalyst (g). It was calculated that the amount of
MB adsorbed onto the catalyst surface is 0.0072, 0.024,
0.0096 and 0.00339 mmol/g for dye concentrations of 1,
3, 5 and 10 ppm, respectively. The adsorption capacity
rises until 3 ppm where it reaches the maximum. Addi-
tional increasing of the MB concentration leads to declin-
ing in adsorption capacity. Considering further drop of
the MB concentration after exposure to light source, it
can be seen that with a decrease in dye concentration
from 10 ppm to 1 ppm, the degradation rate increases.
By the end of the photocatalytic process, the best decom-

position is achieved with the lowest MB concentration.
Diminished MB degradation at higher concentrations is
probably because of the reduced photon penetration to
the catalyst surface due to the increased optical den-
sity of the solution [22]. This can also be explained by
the ,covering® effect: the number of active sites on the
catalyst is reduced as a result of the excessive dye ad-
sorption, therefore, the creation of the reactive species
is suppressed [23].

Influence of catalyst dosage

The effect of different catalyst masses (10 and 20 g)
on the photocatalytic process was investigated and re-
sults are presented in Figure 4b. It can be observed that
having more catalytic material in the system does not
necessarily suggest better photocatalytic efficacy. Cata-
lyst overloading may provoke the light scattering phe-
nomenon and screening effect where penetration of light
is hindered due to the excessive opacity of the reaction
solution, hence, the photocatalytic ability is reduced. En-
larged aggregation can act as a light barrier and there-
fore prevent photons from reaching the surface which
also lowers catalysts’ specific activity [24].

Conclusion
SrGd,0, nanopowders co-doped with Er**and Yb*

ions were synthesized via sol-gel assisted combustion
method. It was a challenge to inspect the photocatalytic
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properties of this luminescent material in the process of
MB degradation under simulated Sun irradiation since it
has never been done before. XRPD diffractogram veri-
fied crystallization of as-synthesized samples as pure
SrGd,O, orthorhombic phase corresponding to space
group Pnma and without any other impurities. Morphol-
ogy was investigated using SEM and it was discovered
that these samples consist of porous agglomerated
round-shaped elements, with the smallest observed par-
ticles which are less than 50 nm in diameter. Elemental
composition was examined with EDS, which confirmed
the existence of all founding elements as well as the do-
pants, and their uniform distribution across the grains.
UV-VIS measurements enabled calculation of the band
gap energy which was determined at 4.3 eV, but also
that of the four additional levels at 3.7 eV, 3.1 eV, 2.7
eV, and 2.2 eV. Photocatalytic degradation of methyl-
ene blue was studied as a possible application for this
newly synthesized material. Even though it possesses
luminescent capabilities (which are considered to be the
opposite to the photocatalytic abilities, that suppress one
another) the sample showed promising results regarding
visible light driven photocatalysis. Monitored degrada-
tion reactions considered 4 h of exposure to the simulat-
ing Sun irradiation after which up to 60% of the starting
MB concentration was mineralized. The influence of the
MB concentration and catalyst dosage on the photocata-
lytic process was examined and results indicate that low-
er dye concentrations provide faster mineralization, as
well as reduced catalyst dosage. The proposed reaction
mechanism suggests direct and complete degradation
of MB to non-toxic smaller fragments after longer period
of time, or by optimizing process parameters.
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ISPITIVANJE FOTOKATALITICKIH OSOBINA Er?* | Yb* DOPIRANOG
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Cilj ovog istrazivanja je da se po prvi put ispita fotokataliticka razgradnja metilen
plavog na prahovima SrGd,0O, dopiranim istom koncentracijom Er** (0.5 at%) i
razli¢itim koncentracijama Yb® (1, 2.5 and 5 at%). Difrakcija rendgenskim zracima
potvrdila je da uzorci kristaliSu u Cistoj ortorombi¢noj fazi. Skeniraju¢a elektronska
mikroskopija je koriS¢ena za ispitivanje morfologije i pokazala je da postojanje po-
roznih aglomerata sacinjenih od manjih Cestica sfericnog oblika. Energetski disper-
zivna spektroskopija pokazala je prisustvo dopanata kao i uniformnu raspodelu svih
elemenata u materijalu. Za izraCunavanje energetskog procepa korid¢ena je me-
toda UV-VIS difuzione refleksione spektroskopije, kojom je dobijena vrednost od 4,3
eV, kao i jo$ Cetri dodatne vrednosti na nizim energijama. Fotokataliticka razgradnja
metilen plavog praé¢ena je metodom UV-VIS apsorpcione spektroskopije. Dobijeni
su zadovoljavajuéi rezultati jer je pri odredenim reakcionim uslovima nakon eks-
perimenta u trajanju od 4 h pod dejstvom simulirane sunceve svetlosti, potvrdena
razgradnja viSe od 50% od ukupne pocetne koncentracije boje

Kljuéne reci: Fotokataliza, luminescen-
cija, retke zemlje, up-konverzija,
preci§¢avanje voda

11



