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Controlled synthesis of yttrium gallium garnet
spherical nanostructures modified by silver oxide
nanoparticles for enhanced photocatalytic
propertiesy

L. Krishna Bharat, Goli Nagaraju, Kurugundla Gopi Krishna and Jae Su Yu*

Spherical yttrium gallium garnet (YzGasO1,) samples were prepared by a single-step hydrothermal synthesis
method, and these particles were coated with silver oxide (Ag,O) nanoparticles by following a facile wet
chemical approach at ambient temperature. The structural, morphological, vibrational and optical proper-
ties of the as-prepared and Ag,O modified YsGasO1, samples were analyzed. From Rietveld refinement of
X-ray diffraction patterns, the crystal structure of the YzGasOj, sample was refined. The morphological
properties confirmed that the particles were spherical and their surfaces were covered with Ag,O nano-
particles. The Ag,O modified YzGasO;, sample exhibited a relatively enhanced photocatalytic activity com-
pared to the pure YzGasO;, sample in Rhodamine B solution, suggesting that the introduction of Ag,O
broadens the absorption of light and controls the photogenerated carrier recombination in YzGasO».
These results provide a clear perspective on the synthesis of hybrid photocatalyst materials which have
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1. Introduction

Catalysis dates back to 19th century when a German re-
searcher studied the effect of illumination of ZnO on the
bleaching of Prussian blue." Meanwhile, many efforts have been
devoted to understand and develop the photocatalysis pro-
cess.>? After these successful research efforts, for the first
time, Doodeve et al. demonstrated the potentiality of TiO, as
a photosensitizer for bleaching the dyes under ultraviolet (UV)
light.” Since then, great attention has been focused on under-
standing and improving the photocatalytic efficiency of TiO,
materials.”® The increasing environmental and energy issues
in the present day world provoke researchers to synthesize
new photocatalytic materials which can effectively degrade
the pollutants under light irradiation. Heterogeneous photo-
catalysis is one type of catalysis which is of low cost and has
great potential for applications in water and air purifica-
tion."™'" In spite of its advantages, the rapid recombination
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several ways of photogenerated carrier migration.

of electrons inside the lattice or on the surface of the photo-
catalyst limits its application and commercialization. Further-
more, to improve the efficiency, cocatalyst modified photo-
catalysis was studied as an effective strategy.'> The principle
involved in the enhanced photocatalytic activity is the forma-
tion of a space-charge layer between the semiconductor and
the cocatalyst, which enriches the charge separation rate.>"?
The cocatalyst plays an important role in the photocatalytic
efficiency because it functions as an oxidation or reduction
site to reduce the electron-hole pair recombination. Silver di-
oxide (Ag,0) has a wide range of applications in several in-
dustrial fields, as an electrode material, cleaning agent, pre-
servative, colorant, and catalyst. It has a cubic structure with
a = 4.72 A and a reported band gap of approximately 1.2 eV.
Ag,0 has been studied by many researchers, and it acts as a
good electron absorbing agent and as an efficient photosensi-
tizer under UV and visible light irradiations, respectively.'*"*
Thus, here, Ag,0 is chosen as the cocatalyst for enhanced
photocatalytic performance.

Recently, Jiang et al. have reported Y;Al;0,,:Ce** (YAG:
Ce**) semiconductor particles mixed with TiO, as an effective
photocatalytic material."® Similarly, Feng et al. also described
the effect of YAG:Er*" on the photocatalytic activity of TiO,
nanocrystals."” The TiO, particles showed enhanced photo-
catalysis with the addition of the semiconductor particles.
More recently, Wang et al. have reported the influence of Ga-
doped Er*":YAG on the solar light photocatalytic activity of

CrysttngComm, 2016, 18, 8915-8925 | 8915


http://crossmark.crossref.org/dialog/?doi=10.1039/c6ce01988a&domain=pdf&date_stamp=2016-11-16
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ce01988a
https://pubs.rsc.org/en/journals/journal/CE
https://pubs.rsc.org/en/journals/journal/CE?issueid=CE018046

Open Access Article. Published on 17 October 2016. Downloaded on 11/7/2025 6:52:04 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

TiO,."® It was demonstrated that Ga doping can widen the
absorption range of visible or infrared light and give strong
UV light emission which excites TiO, as a photocatalyst. The
solar light photocatalytic activity of Er**:YAG in the degrada-

3Y(NO,), +5Ga(NO,), + 24NH,OH

tion of organic dyes depends, to some extent, on Ga doping.
In this context, we attempt to synthesize ternary compound
Y;Ga;0;, garnet (YGG) samples. For the synthesis of ternary
compounds, accurate reaction conditions should be
maintained by precisely controlling the stoichiometry of the
precursors. Although the stoichiometry of the precursors is
precisely controlled, compound formation is not guaranteed
since it is a multi-step process with intermediate stages. This
process also requires relatively high temperatures which
boost the formation of aggregates.'®*® The sol-gel process
eliminates the problems of chemical inhomogeneity and the
difficulties in the experimental process, and the products are
obtained at unexpectedly low temperatures.>”>> On the con-
trary, the hydrothermal method paves the way for lowering
the synthesis temperature, and a narrow grain size distribu-
tion with weak agglomeration is produced.”*”* Thus, the syn-
thesis method in which the grinding and calcination pro-
cesses are annihilated is required, and the products with less
aggregation in a one step process are much anticipated.

To the best of our knowledge, there were no reports found
on the hydrothermal synthesis of YGG nanoparticle samples.
The photocatalytic properties of these materials were studied.
In this work, to enhance the photocatalytic activity, the YGG
nanoparticles were modified by Ag,O and the photocatalysis
was performed using Rhodamine B (RhB) as an organic dye
pollutant.

2. Experimental section

Materials

Yttrium nitrate hexahydrate (Y(NO;);-6H,0), gallium nitrate
hydrate (Ga(NOj3);-xH,0), ethylenediaminetetraacetic acid
(EDTA), ammonia solution (NH,OH (28 wt%)), silver nitrate
(AgNO;), and RhB were purchased from Sigma-Aldrich Co. All
the chemicals were of high-purity grade and used as received
without any further purification. The de-ionized (DI) water
used in this experiment was obtained from a Milli-Q synthe-
sis system (resistivity of 18.2 MQ cm).

Synthesis of Y;Ga;O;, garnet nanoparticles. For the syn-
thesis of YGG nanoparticles, the precursor solution was pre-
pared by adding stoichiometric amounts of yttrium nitrate
hexahydrate, gallium nitrate hydrate and ammonia solution
in 250 mL of DI water. After 10 min of continuous stirring,
EDTA was added to the precursor solution, and then the so-
lution was stirred for 1 h. The homogeneously mixed solution
was transferred into an SUS-316 liner and placed in a stain-
less steel autoclave. Then, the temperature of the solution
was raised to 200 °C from room temperature and maintained
at this temperature for different reaction times. To study the
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growth mechanism of the nanoparticles, the experiment was
repeated at different reaction time periods of 1, 3, 5, 10, 15,
and 20 h. The proposed chemical reaction for the formation
of YGG nanoparticles is shown below:

—EDTA Y Ga,0,, + 24NH,NO, +12H,0 (1)

Synthesis of Ag,O modified Y;Ga;0,, garnet nano-
particles. The Ag,0 modified YGG nanoparticles were pre-
pared by dispersing 0.5 g of as-prepared YGG nanoparticles
into 10 ml of (0.1 M L™") AgNO; solution. The solution was
stirred for 6 h under ambient atmospheric conditions, and
the final product was collected and dried at 60 °C.

Characterization

The as-prepared samples were evaluated by using a field-
emission scanning electron microscope (FE-SEM; LEO SUPRA
55, Carl Zeiss), a transmission electron microscope (TEM;
JEM-2100F, JEOL), an X-ray diffractometer (XRD; Mac Sci-
ence, M18XHF-SRA), and a Fourier transform infrared (FTIR)
spectroscopy system. The luminescence properties were char-
acterized by using a fluorospectrometer (FluoroMate FS-2,
Scinco). The composition and chemical states of the Ag,O
modified Y;Gas0,, samples were characterized by using an
X-ray photoelectron spectroscopy (XPS) system (Thermo
Multi-Lab 2000 System).

Photocatalytic activity

The experiments intend to show the effect of the photo-
catalyst on organic pollutants under light illumination.
Herein, RhB was used as an organic pollutant for conducting
the photocatalytic experiments. The solution for photo-
catalysis was prepared by mixing 5 mg of dye in 1 L of DI wa-
ter. Then, 0.05 g of photocatalyst material was added to 50
mL of 5 mg L' RhB dye solution. The solution was stirred
under complete darkness for 30 min to reach an absorption
balance. Subsequently, the solution was exposed to different
light sources to observe the photocatalytic activity. UV light
was obtained using a 300 W Xenon arc lamp (ORIEL Instru-
ments) source with a short pass 400 nm filter (Edmund Op-
tics, Barrington) and visible light with a cut-on 400 nm filter
(FSQ-GG400, Newport Corporation). A solar simulator (SUN
3000, ABET) with a 300 W Xenon arc lamp was used for solar
radiation. The solution was continuously stirred during the il-
lumination process. The solution was then centrifuged to test
the dye degradation percentage using a UV-vis spectropho-
tometer (CARY 300 Bio, Varian), and the experiment was
conducted at different irradiation time periods.

3. Results and discussion

Fig. 1(a) shows the XRD patterns of the YGG samples synthe-
sized at different reaction time periods of 5, 10, 15, and 20 h.
The XRD patterns of all the YGG samples matched well with
the standard JCPDS #43-0512, which confirms that the samples

This journal is © The Royal Society of Chemistry 2016
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Fig. 1

(a) XRD patterns of the YGG samples prepared at different growth time periods and the Ag,O modified sample. (b) Rietveld refinement of

YGG. (c) Unit cell structure of YGG. (d) Bonding arrangements of Y-O, Ga-O, GaOs, YOg, and GaOy,.

were crystallized in the cubic phase with the Ia3d (230) space
group. There were no impurity peaks observed in the diffrac-
tion patterns which indicated that no mixed phases were
formed, suggesting that the hydrothermal method is well
suited for obtaining the pure phase YGG. The XRD pattern of
the sample prepared at 5 h of reaction time exhibited the
main diffraction peaks with weak intensity. This indicates
the formation of YGG with low crystalline nature. As the reac-
tion time increased, sharp and clear diffraction peaks
appeared due to the improved crystalline nature of the YGG
nanoparticles. The crystallite size was calculated by using the
well-known Scherrer equation (D = 0.94/fcosd) by taking
the dominant diffraction peaks from the XRD pattern. The
average crystallite sizes of the samples prepared at different
growth time periods were found to be 18.4 nm (5 h), 25.2 nm
(10 h), 29.1 nm (15 h), and 34.7 nm (20 h), respectively. The
XRD pattern of Ag,O modified YGG nanoparticles is shown in
Fig. 1(a) which is highly consistent with that of the YGG sam-
ple, implying that the Ag,O nanoparticles on the surface of
spherical YGG nanoparticles have no effect on the crystal
structure of YGG. Small peaks of Ag,O were observed in the
XRD pattern of the Ag,O modified YGG, and the JCPDS card

This journal is © The Royal Society of Chemistry 2016

values of Ag,O (#76-1393) are also presented in Fig. 1(a).
The XRD pattern was refined by the Rietveld method
using FullProf software, as can be seen in Fig. 1(b). The
observed peaks were in accordance with the -calculated
data with a small difference found in the intensity of a
few peaks. The crystal structure parameters and the fitting
parameters (y°, Ry, Ryp) are presented in Table 1. These

Table 1 Crystallographic and Rietveld refinement data for the YGG
structure

Crystallographic data

Formula Y;Gas0;,
Crystal system Cubic
Space group Ia3d (230)
a(A) 12.299
Volume (A%) 1860.72
Rietveld data

Program FullProf suite
Range 15-75°
Step 0.02

R, 12.7

Rup 17.1

x 6.51

CrystEngComm, 2016, 18, 8915-8925 | 8917
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results reveal that the crystal structures of YGG nano-
particles are analogous to the bulk counterparts. For in-
stance, the cell parameter (a = 12.27 A) for the bulk sample
matches well that for the nanoparticle sample (a = 12.299 A).
The crystal structure of YGG is shown in Fig. 1(c). The crystal
structure contains GaQO, tetrahedra and GaOg octahedra
which are connected by corner sharing oxygen ions, leading
to the formation of dodecahedral cavities which are filled
with Y** ions. As a result, three distinct crystallographic cat-
ion sites are found in the YGG sample. In other words, the
Ga®" ions occupy the tetrahedral S, site (24(d)) and the octa-
hedral S, site (16(a)), and the Y** ions occupy the dodecahe-
dral D, site (coordination number = 8). Each tetrahedral Ga**
is connected to four octahedral Ga®" (four fold coordination),
and each octahedral Ga*" is connected to six tetrahedral Ga®**
(six fold coordination). These Y** dodecahedron, Ga** tetra-
hedron, and Ga®" octahedron are shown in Fig. 1(d). The in-
dividual anion (O*") is connected to a pair of dodecahedra, a
single tetrahedron, and a single octahedron occupying the
96(h) site.

Fig. 2 shows the FE-SEM images of the YGG samples pre-
pared at different growth time periods of 1, 3, 5, and 20 h, re-
spectively. From the SEM images, it is clear that spherical
nanoparticles were formed through the variation of growth
time. In order to understand the role of EDTA, the YGG
samples were prepared with and without EDTA. Without
EDTA, the YGG sample exhibited the formation of nano-
sheets as shown in Fig. S17 and its morphology is similar to
the shape found in the previous literature.> When EDTA
was introduced, the formation of smaller quasi-spherical
shaped nanoparticles was observed.”®*” The formation of
the nanoparticles is attributed to the adsorption of EDTA on
the surface of YGG nuclei. The absorbed EDTA slows down
the growth of YGG nuclei and produces quasi-spherical
nanoparticles. Therefore, the particles further try to assemble/
aggregate, resulting in the formation of spherical nano-
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particles of sizes in the range of 100-300 nm. From these re-
sults, it is evident that EDTA plays an important role in the
formation of spherical nanoparticles. The SEM images taken
for the samples prepared without and with EDTA at 1 h of
reaction time revealed a clear change in the morphology as
can be seen in Fig. S1.f At 1 h of reaction time, many small
quasi-spherical shaped nanoparticles were formed as shown
in Fig. 2(a). When the reaction time was increased to 3 h,
the aggregation/assemblage of nanoparticles occurred to
minimize the surface energy (Fig. 2(b)). When the reaction
time was increased to 5 h, the aggregation/assemblage pro-
cess was accelerated and the amount of spherical shaped
nanoparticles increased at the expense of smaller primary
nanoparticles (Fig. 2(c)). When the reaction time was further
increased, definite spherical shaped particles were seen due
to the coalescence of primary nanoparticles and the en-
hanced aggregation/assemblage process. However, at longer
reaction time (20 h), the spherical nanoparticles became big-
ger due to the dominant Ostwald ripening process, as shown
in Fig. 2(d). The SEM images at longer reaction times of 10,
15 and 20 h showing the Ostwald ripening process are
displayed in Fig. S2.7 From the obtained results, we are able
to describe the growth mechanism of YGG spherical nano-
particles by involving the sequence of simultaneous nucle-
ation, aggregation/assembly, and Ostwald ripening
process.

Fig. 3 shows the schematic diagram for the growth mecha-
nism of YGG spherical nanoparticles. Initially, a huge num-
ber of small nanoparticles are formed due to nucleation. As
the reaction time increases, the nanoparticles try to as-
semble/aggregate. At higher reaction time, the assemblage/
aggregation process is accelerated and almost spherical
shaped particles are observed. Finally, when the reaction
time reaches 20 h, definite spherical shaped YGG nano-
particles are formed due to the aggregation/assemblage and
Ostwald ripening process.

Fig. 2 FE-SEM images of the YGG samples synthesized with EDTA at different growth time periods of (a) 1 h, (b) 3 h, (c) 5 h, and (d) 20 h.
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Fig. 3 Schematic diagram showing the formation of spherical YGG
nanoparticles.

Furthermore, the analysis of crystal and morphological
properties was carried out by performing TEM measurements
as shown in Fig. 4. The distinct spherical nanoparticle forma-
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tion was observed as shown in the low-magnification TEM
image (Fig. 4(a)). The magnified image of a single spherical
nanoparticle is shown in Fig. 4(b). The high-resolution TEM
(HR-TEM) image taken for the sample revealed that the nano-
particles which aggregate to form spherical structures are
highly crystalline and these crystalline nanoparticles assem-
ble to form spherical structures. The lattice fringes appeared
clearly due to the crystalline nature of the nanoparticles. The
d-spacing calculated from the HR-TEM image was 3.125 A
(Fig. 4(c)), and it matched well with the XRD data corre-
sponding to the (400) plane. The selective area electron dif-
fraction (SAED) pattern (Fig. 4(d)) displayed a ring pattern
which is formed by many dots, suggesting that the spherical
particles formed are nanocrystalline in nature.”® The spatial
distribution of elements in the YGG nanoparticles was studied
by elemental mapping and energy dispersive X-ray (EDX) analy-
sis. Fig. 4(e) shows the EDX spectrum obtained for a single
spherical nanoparticle. The table inside the EDX spectrum
shows the weight% and atomic% distributions of the elements
present in the spherical nanoparticle sample. To establish the
chemical distribution in the spherical nanoparticle, elemental
mapping was carried out for the single spherical nanoparticle,
as shown in Fig. 4(f-i). This complete two-dimensional image
of chemical zonation depicts the uniform distribution of Y, Ga
and O elements in the spherical nanoparticles.

FTIR spectra within the wavenumber range of 4000-450
cm™, for samples prepared at different hydrothermal growth
time periods of 5, 10, 15, and 20 h, respectively, are shown in
Fig. S3.f From the FTIR spectra, the broad band in the longer
wavenumber region (3200 cm™') is due to the H-O-H
stretching vibrations of the water molecule.*® The sharp and

7

4 5 6
Energy (KeV)

Fig. 4

(a) Low-magnification TEM image, (b) high-magnification TEM image, (c) HR-TEM image, (d) SAED pattern, and (e) EDX spectrum of the

YGG sample prepared at 20 h of reaction time. (f) TEM image and elemental mappings of (g) yttrium (Y), (h) gallium (Ga), and (i) oxygen (O).

This journal is © The Royal Society of Chemistry 2016
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intense absorption peak around 1384 cm™ is related to the
C=0O0 stretching vibration because of the use of EDTA in the
growth process.>* The band around 1597 cm™ is due to the
O-H stretching vibration, and N-H deformation vibrations
are also observed due to the use of ammonia in the experi-
ment.>® Below 1000 cm ', we can observe two bands related
to the Ga-O stretching and Ga-O-Ga bending modes. The
intense band around 625 cm ™' is due to the Ga-O stretching
vibration, and the weak band below 500 cm™ corresponds to
the Ga-O-Ga bending vibration.*'*

The morphologies of the Ag,0 modified YGG powders
were characterized by SEM and TEM as shown in Fig. 5.
Fig. 5(a) shows the schematic diagram for the formation of
Ag,0 nanoparticles around the surface of spherical YGG
nanoparticles. The SEM image of Ag,0 modified YGG nano-
particles is shown in Fig. 5(b). This indicates that the Ag,0
nanoparticles were coated on the surface of all the spherical
YGG nanoparticles. Fig. 5(c)-(f) show the TEM images of the
Ag,0 modified YGG sample. In the TEM image (Fig. 5(c)), it can
be seen that the Ag,0 nanoparticles were all over the surface of
spherical YGG nanoparticles. The HR-TEM image is shown in
Fig. 5(d), which displays two different lattice fringes for YGG
and Ag,O. The lattice fringes were magnified as shown in
Fig. 5(e) and (f), and the planes matched well to the JCPDS
card values of YGG (#43-0512) and Ag,0O (#76-1393), respec-

Y

Fig. 5
elemental mappings.

8920 | CrysttngComm, 2016, 18, 8915-8925

View Article Online

CrysttngComm

tively. Elemental mappings of the Ag,0 modified YGG sample
are shown in Fig. 5(g-k), indicating the uniform distribution
of Y, Ga, O, and Ag elements in the sample. The spatial distri-
bution of elements was studied by the EDX spectrum which
is shown in Fig. S4.F The linear compositional variation of
the Ag,0 modified YGG was further supported by the line
scan mapping as shown in Fig. S5.}

Fig. 6 shows the XPS spectra of the YGG and Ag,O modi-
fied YGG samples to study the electronic states of the ele-
ments and elemental compositions. The survey scan spectra
shown in Fig. 6(a) exhibited distinct elements of Y, Ga, and O
for the YGG, while the Ag,0 modified YGG sample showed
an extra element, Ag, along with Y, Ga, and O, signifying the
presence of Ag,0. The trace amounts of C in the XPS spectra
are due to the extrinsic hydrocarbon during the XPS measure-
ment. Fig. 6(b)-(e) show the high-resolution XPS curves of
the Y 3d, Ga 2p, Ag 3d, and O 1s for the corresponding sam-
ples. Herein, all the spectral curves were fitted with a Gauss-
ian method. As shown in Fig. 6(b), the peaks at binding en-
ergy values of 157 and 159.11 eV for Y 3ds, and 3d;,
revealed the +3 oxidation state of Y. The spin orbit splitting
of 2.11 eV is observed, and it is in agreement with previous
reports.*® In addition, the Ga 2p spectrum exhibited the
spin-orbit splitting into 2pz, and 2p,, at binding energy
values of 1117.8 and 1143.5 eV, and the O 1s peak at 530.39

(a) Schematic diagram showing the arrangement of Ag,O nanoparticles on YGG nanospheres. (b) SEM image, (c-f) TEM images, and (g-k)

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 (a) Survey scan XPS spectra of the YGG and Ag,O modified YGG samples, and high-magnification XPS spectra of (b) Y 3d, (c) Ga 2p, (d) Ag

3d, and (e) O 1s.

eV was observed, indicating that the Ga exists in the +3 oxida-
tion state. The high-resolution spectrum in Fig. 6(d) shows two
distinct peaks at 368.2 and 374.6 eV, which are attributed to
the Ag 3ds/, and 3d;/, spin-orbit doublets of the Ag 3d. In gen-
eral, the oxidation states of Ag(1) and Ag(0) are mainly observed
in the binding energy values of 367.5-368.4 eV, which confirms
that the Ag exists in the +1 oxidation state and it is similar to
the values reported for Ag* in Ag,0.%" Clearly, the asymmetric
O 1s spectrum of the Ag,O modified YGG showed two peaks
(Fig. 6(e)), i.e. one main peak at 529.6 eV along with a shoulder
peak at 530.95 eV unlike the O 1s of YGG which indicates the
formation of Ag,0.***” The O 1s spectra of the YGG and the
Ag,O modified YGG are shown in Fig. S6.f The quantitative
analysis of atomic percentage (at%) of elements present in the
YGG and Ag,0 modified YGG samples is shown in Table S1.}
The photoluminescence (PL) excitation (PLE) and emis-
sion spectra of the as-prepared spherical YGG nanoparticle
sample are shown in Fig. 7(a). The PLE spectrum was mea-

This journal is © The Royal Society of Chemistry 2016

sured within the wavelength range of 200 to 415 nm by moni-
toring the emission wavelength of 435 nm. The excitation
spectrum shows a broad band centered at a wavelength of
355 nm. Likewise, the PL emission spectrum was observed at
an excitation wavelength of 355 nm. A broad band from 390
to 650 nm centered at 435 nm was observed in the blue re-
gion of the emission spectrum. A similar blue emission by
the host lattice has also been reported in YGG:Dy*" phos-
phors by Chengli et al. This is attributed to the presence of
self-activated Ga-O luminescent centers in the host lattice.*®
In addition, there were other previous reports where they
have shown the same broad band in the blue region of the
PL emission spectrum. Krishna et al. showed that the blue
emission from ZnGa,O, crystals is due to the distorted octa-
hedral Ga-O groups which act as self-activated luminescent
centers.>® The (Gd,0;)(Ga,03) (1 thin films exhibited a
broad band which stretches from 350 to 500 nm, and the
emission peak changed with the x concentration. As the

CrysttngComm, 2016, 18, 8915-8925 | 8921
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Fig. 7 (a) PLE and PL emission spectra of the YGG sample (the inset shows the emission color of the sample). (b) DR spectra of the YGG sample

(the inset shows the band gap of the samples).

x concentration was increased to ~37.5%, the emission
peak was shifted from 430 to 397 nm and it remained
constant with further increase.” Lii et al. also reported the
blue emission from the Gd;Ga;0;, host lattice when observed
at an excitation wavelength of 335 nm.>* Furthermore, in re-
ports on Ga,0; under UV light illumination, the blue emis-
sion was observed due to the presence of oxygen
41743 The facts mentioned above imply that the
broadband blue emission observed for the as-prepared YGG
nanoparticle sample is attributed to the Ga-O groups existing
in the host lattice.

Fig. 7(b) shows the diffused reflectance (DR) spectrum
within the range of 220-800 nm for the YGG nanoparticle
sample. The band observed below 400 nm is due to the host
material. Based on the DR spectrum, the band gap of the sam-
ple was calculated from the well-known Kubelka-Munk the-
ory. The Kubelka-Munk function F(R.,) is given as follows:**

vacancies.

(1-R,) _
2R,

0

F(R,)=

K
5 ©)

where R, is the diffuse reflectance of the sample. It is the ra-
tio of scattered light from a layer of sample and an ideal non-
absorbing reference sample as a function of wavelength (1)
(R = Rsample/Rreference)- K is the absorption coefficient and S is
the scattering coefficient. The well-known Tauc relation which
relates the energy band gap (E,) and the linear absorption co-
efficient () of a material is given below:

ah9 = Ay(hS - Eg)"?, (3)
where 9 is the photon energy and A, is constant. K becomes
2a when the material scatters in a perfectly diffuse manner.
S is considered as a constant with respect to 4, and utilizing

eqn (2) and (3), the following equation can be obtained:

(RN = Ar(h8 - E)". @)
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Here, the values of n = 1, 3, 4, 6 for direct allowed, direct for-
bidden, indirect allowed and indirect forbidden transitions,
respectively, and n = 2 for non-metallic materials. The plot is
drawn between (F(R,)h9)" and h9 for different values of n
and it fits best for n = 1, suggesting the nature of band transi-
tions as direct.** The band gap was found to be 5.45 eV as
shown in the inset of Fig. 7(b).

In order to establish the photocatalytic activity of YGG
nanoparticles, the YGG sample prepared at the reaction time
of 20 h was chosen. Fig. 8(a) shows the absorption spectra of
the RhB dye solution with the YGG photocatalyst under UV
light irradiation. The absorption peak of the dye was ob-
served in the wavelength range of 450 to 600 nm centered at
553 nm. The peak intensity decreased as the irradiation time
increased, and the absorption peak almost disappeared at 9
h of irradiation time, indicating the complete degradation of
the RhB dye. The photodegradation rate (C/C,) in the pres-
ence and absence of the photocatalyst is shown in the inset
of Fig. 8(a). Here, C and C, are the intensities of the RhB ab-
sorption peak in the presence and absence of UV light. The
photodegradation rates of 97.5 and 25% were obtained for
the RhB dye solutions with and without the YGG photo-
catalyst at the irradiation time of 9 h. The photodegradation
of the dye in the presence of YGG takes a long time of 9 h for
its complete degradation. To enhance the degradation effi-
ciency, the YGG particles were modified with Ag,O. Fig. 8(b)
shows the photocatalytic activity of the Ag,O modified YGG
sample under UV light irradiation. As shown in Fig. 8(b), it is
clear that the photodegradation efficiency was improved and
the dye was degraded within the time of 6 h. The reaction ki-
netics of photocatalytic degradation can be obtained by the
pseudo-first order rate equation:

In(C/C,) = —kt, (5)
where £ is the rate constant and ¢ is the irradiation time. The

plot was drawn between In(C/C,) and irradiation time and
fitted linearly as shown in Fig. S8.f The estimated rate

This journal is © The Royal Society of Chemistry 2016
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(a) UV/vis absorption spectra of the RhB solution in the presence of YGG spherical nanoparticles under UV radiation. The inset of (a) shows

the photodegradation rate curves. (b) Photodegradation rates of the RhB dye solution in the presence and absence of Ag,O modified YGG
nanoparticles under different light radiations. (c) Photocatalysis mechanism under UV and visible light.

constant and linear correlation coefficient (R*) are shown
in Table S2.f The R* values were found to be greater than
0.8988, supporting the pseudo-first order rate kinetics. When
UV light is irradiated, the YGG spherical nanoparticles are ex-
cited and generate electrons (e”) and holes (h"). These e -h"
pairs recombine quickly; hence, the photocatalytic activity is
very low for YGG spherical nanoparticles. When the Ag,O
modified YGG sample was irradiated with UV light, both the
YGG and Ag,O get excited. The photogenerated e” move from
the conduction band of Ag,0 to YGG and h" from the valance
band of YGG to Ag,O0, thus efficiently separating e and h". The
e and h' separation was further confirmed by taking the PL
spectra of the YGG and the Ag,0 modified YGG. The PL spec-
trum actually corresponds to the e” and h" transfer behavior,
consequently symbolizing the recombination and separation of
e and h". The PL intensity of the Ag,O modified YGG is less
than that of the original YGG sample, as shown in Fig. S7.f This
suggests that the recombination of exciton pairs was limited.
Therefore, the excited e~ and h" lifetime can be extended, giv-
ing rise to higher photocatalytic activity than the as-prepared
YGG spherical nanoparticles. Later on, the e react with
adsorbed H,O and O, and produce superoxide radical anions
like O,". The h* were held by OH™ and H,O, resulting in the
production of OH species (strong oxidizing agent). Moreover,

This journal is © The Royal Society of Chemistry 2016

the loaded Ag,O generates O, species which elevate the crea-
tion of OH species, and enhances the photocatalytic activity
under UV irradiation.

Subsequently, when the Ag,O modified YGG particles are
illuminated with visible light, Ag,O alone gets excited due to
its small band gap (1.2 eV). The excited e” move from the
conduction band of Ag,0 to YGG and the h" remain in the
valence band, thus separating them efficiently. Furthermore,
the photogenerated e are transferred to lattice Ag" due to
the higher positive potential of Ag'/Ag. The Ag" acts as a sac-
rificial reagent for the efficient evolution of oxygen. In the
present work, the trace amount of Ag" in Ag,0 was reduced
to metallic Ag in situ by photogenerated e during the experi-
ment. The e are transferred from Ag,O to metallic Ag and
then to YGG, leading to the separation of e and h*. There-
fore, photocatalytic activity is observed under visible light.
The possible mechanism supposed for enhanced photocata-
Iytic activity is schematically shown in Fig. 8(c). At the same
time, the relevant formula reactions are as follows:**™*’

Y3G35012 + hv - Y3G35012 +e + h+

Ag,0+hy — Ag,0+e +h'

CrysttngComm, 2016, 18, 8915-8925 | 8923
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Ag,0+e — Ag+ 0,

e + 02 - 02._

0, +H,0 — H,0 + OH

H,O + H,0 — H,0, + OH

H,0, — 20H"

h*+ OH — OH’

OH’ + RhB — CO, + H,0

h* + RhB — CO, + H,0

The photocatalytic activity of the Ag,0O modified YGG sam-
ple was also tested under simulated solar radiation as shown
in Fig. 8(c). Among the different light sources used in this ex-
periment, the visible light has the shortest penetration depth,
and thus the masking effect was major.*® Besides, the simu-
lated solar radiation contains both UV light and visible light.
It may affect significantly the photocatalytic activity of the
Ag,0 modified YGG sample. On the other hand, since the
simulated solar radiation contains a larger portion of visible
light than UV light, the simulated solar radiation cannot pen-
etrate efficiently into the sample, leading to lower photocata-
lytic activity. Therefore, efficient photocatalytic activity is ob-
served under UV light irradiation for the Ag,0 modified YGG
sample. This indicates that the improved photocatalytic activ-
ity is primarily due to efficient absorption of light and photo-
induced charge separation.

4. Conclusions

The YGG spherical nanoparticles were successfully prepared
by a single-step hydrothermal process. Under 355 nm excita-
tion, the YGG sample exhibited a broadband blue emission
with a band maximum at 435 nm. This is attributed to the
self-activated Ga-O luminescent centers present in the host
lattice. The photocatalytic activity of this sample was exam-
ined with the RhB dye solution under UV light irradiation. To
enhance the photocatalytic activity, Ag,0 was loaded onto the
surface of YGG spherical nanoparticles. The Ag,O modified
YGG spherical nanoparticles showed enhanced photocatalytic
activity under UV light, and they also revealed photocatalytic
activity under visible and solar light. The improved photo-
catalytic activity was due to the effective charge separation.
The present work is expected to furnish the development of
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new complex oxide semiconductor materials and the use of a
cocatalyst for its effective degradation of organic pollutants.
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