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Abstract

Highly ordered nanoscale disc-like cubic gadolinium doped magnesium zirconate (Gd:MgZrOs) was synthesized by
facile solvothermal route. The reaction time was found to be crucial in determining the final morphology of disc-like
Gd:MgZrO;. After studying the particles from time-dependent experiments, it is observed that, the formation of disc-like
particles involved a complex process, in which rod-like or agglomerate particles were favorably formed after the initial
thermal treatment. Owing to the chemical instability, they would turn into disc-like particles. After calcination, the gen-
erated product possessed good photocatalytic performance for the degradation of Rhodamine B (50 mg I”") under UV
light irradiation in contrast to morphologies of Gd:MgZrO, and other related state-of-the-art photocatalysts (e.g., TiO,,
Zn0, WO;, BiVO,, Fe, 05, and g-C;N,). The catalyst could be used for five cycles, maintaining its efficiency above 94.2%.
These capacities made the disc-like Gd:MgZrO; a potential candidate for polluted water treatment. Also, the underlying

photocatalysis mechanism of Gd:MgZrO; was proposed through radical trapping experiments.
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1 Introduction

Industrial dye effluents are one of the major sources
of water contamination and indicate increasing threat
to the environment [1]. Textile and dyestuff industries
are continuosly releasing the toxic, chemically stable,
complex and non-biodegradable dye contaminants
into the water bodies. Hence, removal of organic pollut-
ants in water requires devising versatile strategies [2].
Researchers have demonstrated various strategies like
adsorption of dye effluents on activated carbon, coagu-
lation, membrane purification and reverse osmosis for

the removal of dye effluents from water. However, all
these methods are tedius and produce secondary con-
taminants, which has to be further treated to avoid pol-
lution. Hence, photocatalytic treatment of dye effluents
is one of the most effective approach for the removal of
organic contaminants in water [3-6]. In this path, metal
oxide nanomaterials showed excellent photocatalytic
activity for the removal of organic dyes due to their
high physical, chemical properties, high surface area,
high surface energy and quantum confinement effects
compared to the counter bulk materials. In the past dec-
ade, many catalysis researchers attempted to develop
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heterogeneous photocatalysts with bimetallic and trime-
tallic modifications to improve charge transport prop-
erties, electronic structure and porosity for enhanced
photocatalytic performance [7-10]. In addition to these
properties it is a known fact that, these metal oxides are
nature abundant, they show excellent stability under
various conditions. However, the major disadvantage of
using metal oxide photocatalysts is fast recombination
of photogenerated electron-hole system, this leads to
ineffective generation of free radicals required for the
photo degradation process. This problem can be over-
come by creating p-n junction or suitably tuning the
band energies of the material. Till date, number of metal
oxide photocatalysts have been developed with multi
metallic composition and structural features [11-15].
Nanoscale zirconia is an excellent material in the field of
catalysis [16], electrochemical sensor [17], photocatalysis
[18], solid acid catalyst [19] and fuel cells [20] etc., these
properties have imparted for zirconia due to its high
surface area, porosity, wide band gap, chemical inert-
ness, thermal stability, abundancy and low cost. These
properties of zirconia makes it a material of choice for
most of the catalysis researchers. Introducing the metal
ions like Mg, Ca, Bi, Sm, Gd with different oxidation state
will induce flexibility in the band structure of zirconia.
These ions can result in the formation of oxygen vacancy
defects thereby altering the electronic, thermal and cata-
lytic properties of zirconia. Also, these dopant ions will
effectively control the recombination of photogenerated
charge carriers and interfacial charge transfer, as faster
recombination is one of the drawbacks of zirconia when
it is used in photochemical processes. Out of all these
dopant ions Mg draws considerable interest as, mag-
nesium oxide at nano scale posses high defect centers
which leads to the formation of O,7, this enhances the
photocatalytic performance of zirconia. Further a rare
earth dopant gadolinium is localized with half filled
f-orbitals act as trap centers for charge carrieres and
reduce the rate of electron-hole recombination, thus
improve the photocatalytic efficiency. There are many
methods reported for the synthesis of nanoscale zirconia
like co-precipitation [21], sol-gel [22], solid state reac-
tion [23], hydrothermal [24] and solvothermal [25] etc.,
Out of all the methods solvothermal method is superior
in terms of great control over particle morphology and
particle size. Keeping in mind all the challenges that are
mentioned in the above discussion, herein we report a
simple and facile method for the synthesis of a trimetal-
lic gadolinium doped magnesium zirconate (Gd:MgZrO,)
via solvothermal process. A detailed characterization of
thus prepared material has been carried out, photolu-
minescene spectroscopy has been used to probe into
the defect states of the material. Further Gd:MgZrO,
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has been used for the photocatalytic degradation of
Rhodamine B in water. Hence, we propose the novel
Gd:MgZrO; as a promising candidate in the environmen-
tal remediation.

1.1 Preparation of Gd:MgZrO,

Disc like Gd:MgZrO; (4 mol%) has been prepared by solvo-
thermal method. In the typical procedure, known quantity
of the precursor Gd,0; has been digested in conc. nitric
acid and the excess nitric acid has been quenched, thus
obtained gadolinium nitrate is mixed with Mg(NO3),-6H,0
and ZrO(NO;), xH,0 (46 mol%:50 mol%) in 60 ml of sol-
vent (Water:DMF-1:1 v/v). The resultant solution was ultra-
sonicated to get homogeneous solution and loaded into
a teflon lined stainless steel autoclave and subjected to
solvothermal treatment at 180 °C for a given period of time
(24-72 h). The supernatent liquid in the final product has
been removed carefully by decantation, the product was
washed thrice with DMF (3 x 10 ml) and finally with chlo-
roform. Thus obtained solid was dried at 120 °C, calcinated
at 800 °C and stored under vacuum dessication till further
use. Following the similar experimental conditions 1, 2,
3 and 5 mol% gadolinium doped magnesium zirconate
samples were prepared.

2 Results and discussions

FTIR spectra were recorded using Bruker-Alpha spectrom-
eter with specrtral grade KBr. Powder X-ray diffraction data
was recorded using Rigaku smart lab with Cu-Ka as the
radiation source. Thermogravimetric analysis has been car-
ried out using PerkinElmer, USA, TGA4000 instrument. BET
surface characterization was done using ASAP-Micromer-
itics porosimeter. Diffuse reflectance spectra (DRS) of the
samples were recorded using PerkinElmer UV Winlab
Lambda 35 instrument. The morphology and structure
of the samples were inspected using Zeiss FESEM instru-
ment. XPS analysis was done using PHI 5000 Versa Prob
II,FEl Inc. ESR spectra was obtained by an A300 electron
spin-resonance spectrometer (Bruker, Ettlingen, Germany)
at 3450 G and 9.86 GHz. Photocatalytic activity testing was
done using Schimadzu-1600 UV-Vis spectrophotometer,
Photoluminescence measurements were done using Agi-
lent Cary eclipse Photoluminescent spectrofluoremeter
equipped with xenon lamp as the source of radiation.
FTIR spectrum of as prepared Gd:MgZrO; (1-5 mol%
Gd) has been shown in Fig. 1. A broad peak around
335-765 cm™' has been attributed to the presence of
vibration modes of metal oxygen bonds (Gd-0, Mg-0 and
Zr-0). Wide peak around 800-1000 cm™" will be attributed
to the hydroxide form of Mg and Zr. The peak at 1100 cm™"
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Fig. 1 FTIR spectrum of Gd:MgZrO; (1-5 mol%)

is due to the Mg-0O-Zr asymmetric strechings. Peak at
1634 cm™' is assigned to the bending mode vibration of
water molecules and a significant broad peak at 3420 cm™
attributed to the streching vibrations of —OH involving
Mg-OH and Zr-OH. The crystallinity and the phase forma-
tion of Gd:MgZrO; were studied by X-ray diffraction analy-
sis and is shown in Fig. 2. The patterns clearly indicated
dominant cubic zirconia phase with small contribution of
cubic magnesium oxide, the structure was in good agree-
ment with the standard JCPDS card No. 27-997 and 1-1235
respectively. No other impurity peaks were visualized in
the XRD, this indicates good purity of the prepared mate-
rial. Upon doping beyond 4% of gadolinium, the XRD peak
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Fig.2 XRD patterns of Gd:MgZrO; (1-5 mol%)

intensity has decreased, this is due to the fact the perco-
lation of dopant ions results in lattice expansion, which
consequently induces micro strain and tensile stress in the
material. Introducing gadolinium into magnesium zirco-
nate increases its oxygen vacancy defects, these vacan-
cies will reduce the crystal density and expand the lattice.
Also, there were no peaks corresponding to gadolinium
were observed in the XRD pattern clearly indicates high
ordered dispersion of gadolinium in the sea of magne-
sium zirconate. Scherrer method was used to calcualted
the average crystallite size of Gd:MgZrO,, it was calculate
to be 12-16 nm. The microstrain and dislocation density
calculated to be 2.3x 1073 and 4.7 for Gd:MgZrO; (4%).

To investigate the thermal stability of the solvothermal
synthesized material, it was subjected to thermo gravi-
metric analysis (TGA) and is shown in Fig. 3. From the TGA
analysis it is evident that, the material lost a percentage
weight of 6.1 over ambient temperature to 800 °C. Beyond
this temperature the material was almost stable, the grad-
ual lose in weight was attributed to the lose of surface
adsorbed water, decomposition of any hydroxide form of
material and subsequent phase stabilization of the mate-
rial, hence the temperature for calcination of the material
was opted to be 800 °C.

To obtain information about pore structure, pore vol-
ume and specific surface area of Gd:MgZrO; (4%), BET
surface area and BJH pore size measurements were car-
ried out and the corresponding N, adsorption-desorption
hysterisis curve has been shown in Fig. 4. From the figure
it is clear that, Gd:MgZrO; shows type IV adsorption iso-
therm with H1 type hysterisis, this shows the material is
mesoporous in nature with pore distribution centered at
15 nm. The BET surface area calculated to be 162 m?g~', to
understand the variation surface parameters, BET analysis
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Fig. 3 Thermogravimetric analysis of Gd:MgZrO;(4%)
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Fig.4 a N, adsorption-desorption isotherm of Gd:MgZrO; (4%). b
BJH pore distribution plot of Gd:MgZrO; (4%)

Table 1 Results of BET analysis of gadolinium doped magnesium
zirconate

Sample Specific surface  Pore volume Average
area(m?g™) (em3g™) pore size
(nm)
Gd:MgZrOj; (1%) 156 033 9.23
Gd:MgZrOj; (2%) 152 0.36 10.02
Gd:MgZrO; (3%) 142 0.38 10.45
Gd:MgZrOj; (4%) 162 0.35 9.65
Gd:MgZrO; (5%) 160 0.33 9.54

of all the samples has been carried out and presented in
Table 1. It is observed from the analysis that, increasing
the dopant concentration from 1-3 mol% has decreased
the specific surface area owing to strong crystallization of
material (as evident from XRD). Further increase to 4 mol%
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improved the surface area to 162 m? g™, this is attributed
to the control of cluster formation at optimum dopant
concentration and production of highly specific struc-
tures. This high surface area is due to the incorporation of
dopants like gadolinium, which restricts the agglomera-
tion and formation of clusters. This high surface area also
develops more defect centers, therby more photoactive
sites for effective degradation of dye. Diffuse relectance
spectroscopy (DRS) and Kubelka—Munk function was used
to know the band gap of Gd:MgZrO; (1-5 mol%) and were
shown in Fig. 5a, b. There is slight variation in the band gap
of all the five samples but are within 5.45 eV. These varia-
tions in the band gap was attributed to the lattice defects,
unbalanced charges and order-disorderness created in the
material due to the incorporation of gadolinium ions. The
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Fig.5 a Diffuse reflectance spectra of Gd:MgZrO; (1-5%). b
Kubelka-Munk energy band gap plot of Gd:MgZrO; (1-5 mol%)
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band gap of Gd:MgZrO; (4 mol%) was found to be 5.38 eV.
To understand the morphology and microstructure, FESEM
images of Gd:MgZrO; (4 mol%) were recorded as shown
in Fig. 6. figure shows the SEM images of Gd:MgZrO,
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(4 mol%) processed for 12, 24, 48 and 72 h respectively.
The material processed for 12 h solvothermal treatment
clearly shows particles with nearly rod like irregular
agglomerate structures (Fig. 6a), these structures would
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Fig.6 FESEM images of solvothermal treated Gd:MgZrO; (4%)—a For 12 h,b 24 h,c48 h,d 72 h
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self assemble, cross to form dumble shaped particles when
solvothermal processed for 24 h (Fig. 6b). These dumble
shaped particle further assemble to give regular circular
shaped clusters (Fig. 6¢). Owing to the instability of these
clusters, they align to give rise to compact disc like struc-
tures (Fig. 6d-The inset of the figure shows enlarged image
showing disc structures and a representative image also
been provided for comparison). From the SEM investiga-
tion it is clear that, formation of disc like structure takes
place when the precursors were solvothermal treated for
a duration of 72 h only. Also it is clearly evident that long
duration solvothermal treatment reduced the agglomera-
tion. Figure 6e shows the Energy dispersive spectroscopy
(EDX) of Gd:MgZrO; (4 mol%), which clearly indicates that,
the material is pure and all the elements Gd, O, Mg and Zr
were clearly seen in the image. The elemental composi-
tion obtained from the EDX was in close correlation with
that of experimental calculaltion. To examine into the deep
insights of elemental composition and oxidation state of
the elements, XPS analysis of Gd:MgZrO; (4 mol%) was car-
ried out. The core level XPS of Gd shown in Fig. 7a clearly
indicates two spin orbit doublets at 1220.2 (3d;,,) and
1187.5 (3ds,,), incorporation and existance of Gd3** was
clearly evident from this data [26]. The core Mg 1 s XPS
spectra shows a typical at 1304.6, indicates monooxide
form of magnesium as shown in Fig. 7b [27]. XPS of zirco-
nia shows two spin-orbit split doublets (Fig. 7c) at 182 eV
and 184.5 eV corresponding to 3d;,, and 3d,,, respectively
with an energy separation of 2.5 eV. Also the full width at
half maximum (FWHM) was found to be 1.7 eV for both
peaks, these values were in good agreement with the lit-
erature reported [28]. Figure 7d shows the O 1s spectra of
Gd:MgZrO; (4 mol%) positioned at 530.2 eV, this clealry
indicates the formation of oxides of magnesium and zir-
conium. Also absence of sattelite peaks clearly indicates
that there are no surface hydroxyl groups or physisorbed
water molecules, this is due to fact that the material is cal-
cinated at 800 °C.

Photocatalytic experiments of Gd:MgZrO; was per-
formed for the degradation of Rhodamine B a cationic
dye under UV light irradiation. Before degradation process
the catalyst-dye mixture (20 mg I~ of dye) was allowed
to attain adsorption-desorption equilibrium for 30 min.
The progress of the degradation process was monitored by
measuring its UV-vis absorption spectrum. The degrada-
tion efficiencies were expressed in terms of percentage of
dye degraded, it was found to be 91.6 + 3.2 for Gd:MgZrO,
(4 mol%). 4 mol% of gadolinium doped magnesium zirco-
nate was found to be optimum for photocatalytic degra-
dation of Rhodamine B, beyond this percentage of gado-
linium doping will decrease the effective available surface
area, thereby decreases the photocatalytic efficiency as
shown in Fig. 8a. Kinetics of RhB degradation is another
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Fig.7 Core level XPS spectra of a Gd-3d, b Mg-1s, ¢ Zr-3d, d O-1s

important parameter which gives deep insights into the
underlying mechanism, more than 75% of dye underwent
degradation within the intial 45 min (Fig. 8b), this indicates
that RhB degradation follows a peculiar mechanism. For
now, RhB shows majorly two different structural forms like
lactone and zwitterion forms (Fig. 9) based on the pH of
the solution [29]. The absorption at 259 nm is arising due
to the presence of aromatic rings of Rhodamine B, con-
sequent decrement in the absorption at 259 nm during
the degradation process clearly indicates destruction of
aromatic rings. The absorption band at 553 nm is due to
n— 11 transition arising due to carboxyl and imine func-
tional groups present in Rhodamine B, decrease in inten-
sity of this peak indicates breakage and subsequent deg-
radation these groups to form CO, and H,O [30]. From the
absorption spectra (inset Fig. 8b) it is clearly evident that,
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Fig. 8 a Normalized degradation plots of RhB, b Kinetic plots with
rate of degradation of RhB (Inset UV-Vis absorption spectra of RhB)

Fig.9 Lactone and zwitterion forms of Rhodamine b

there is no shift in the peak position. This clealry indicates
direct destruction of aromatic moeties during the degra-
dation of RhB at Gd:MgZrO; followed by mineralization.
Optimization of reaction with respect to the amount of
Gd:MgZrO; at constant irradiation of light was made, the
optimal amount of catalyst was found to be 50 mg with
91.6% of degradation efficiency with respect to RhB. The

reusability of the catalyst was evaluated, after each batch
of photocatalytic experiment, the catalyst was washed
with ethanol and dried at 120 °C in an hot air oven. High
retention of photocatalytic activity with no significant lose
in performance was observed even after five batches of
photocatalytic process as shown in Fig. 10.

To know the RhB degradation mechanism at
Gd:MgZrO;, radical trapping experiments were carried
out. Ethylene diamine tetraacetic acid (EDTA), benzo-
quinone (BQ) and iso-propanol (iP) were used to trap
holes, electrons and -OH radicals respectively. Addition
of iso-propanol (72.4 £3.2) and benzoquinone (76.2 +3.0)
didnot influence much on the kinetics of RhB degrada-
tion at Gd:MgZrO;, however addition of EDTA (42.4+3.4)
decreased the reaction signficantly (Fig. 11a). From this
observation it is clealry evident that, participation of pho-
togenerated holes are mainly responsible for the degrada-
tion of RhB with minor contribution from electrons and
+OH radicals [31]. The retention of crystal structure of the
catalyst was confirmed by recording the XRD of the cata-
lyst after five batches of photocatalytic process as shown
in Fig. 11b. The generation of hydroxide radicals during
the photochemical process was further examined by the
ESR technique, (5,5-Dimethyl-1-pyrroline N-oxide) DMPO
was used as a probe reagent in spin-trap experiments
in aqueous solution. As shown in Fig. 12 no DMPO-"OH
adducts were detected for the degradation experiment
conducted in dark condition in presence of Gd:MgZrO;.
However, under UV irradiation, the characteristic quartet
peaks of DMPO-"OH with intentsity distribution of (1:2:2:1)
are observed. From the ESR characterization it is clearly
evident that, involvent oxygeneous radical (-OH) during
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Fig. 10 Reusability test of degradation of RhB at Gd:MgZrO,
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Fig. 12 ESR spectra of hydroxyl radicals-adduct with DMPO at
Gd:MgZrO; (4 mol%) in aqueous dispersion under the irradiation
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DMPO-0.22 M

SN Applied Sciences

A SPRINGERNATURE journal

the photocatalytic degradation of Rhodamine B in water
at Gd:MgZrOs.

To know the nature of charge tranfer and rate of recom-
bination of electron-hole pairs, photoluminescence spec-
tra of Gd:MgZrOj; has been recorded. The PL spectra of
Gd:MgZrO; excited at A,,gitation =270 NmM has been shown
in Fig. 13. The photons with this energy can bring about
the tranistion between the valence and conduction states.
From the spectra it is clearly evident that, combination of
Gd (Valence + 3), Mg(Valence + 2) with Zr (Valence +4) will
create more oxygen vacancy defects to excite more F-cent-
ers, this would result in improved luminescence intensity
(Inset of Fig. 13). The energy peaks positioned at 2.93 eV
and 2.79 eV are due to the singly ionized vacancy centers
(Vo*) and arised due to multiple luminescence centers. The
band at 3.36 eV is due to the cumulative effect of uneven
distribution of Zr** at near surface sites, which arise due to
the dangling bonds on the surface of the material and due
to the radiative recombination of electrones and holes in
gadolinium centers. The green emission at 2.24 eV is due
to °G, to Gd** transition that arise due to stark level mani-
folds [32-36]. From PL studies it is found that combination
of Gd, Mg and Zr resulted in high oxygen vacancy in the
material, this made the Gd:MgZrO; a robust photocatalyst
for the degradation of RhB.

Degradation of Rhodamine B is achieved by the
interaction of RhB with the photogenerated holes of
Gd:MgZrO;, the recombination of these photogenerated
electron-holes will be restrained due to the creation of
4f trap centers created by Gd3* ions (Fig. 14), this mecha-
nism leads to the p-n junction like set up. In total the
electron-hole recombination is effectively suppresed
by the synergism arising by the combination of Gd, Mg
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Fig. 13 Photoluminescence spectra of Gd:MgZrO; (1-5 mol%)
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and Zr. From the experimental investigation it is evident
that, the photogenerated holes and electrons are arising
either from the Gd:MgZrO; material or Rhodamine B dye.
Finally it is clearly proved that, the degradation of RhB
is majorly governed by (i) interaction of RhB with the
photogenerarated holes in Gd:MgZrO; and with minor
contribution from (ii) lonization of O, and its interaction
with RhB (iii) Transfer of electrons from LUMO levels of
photoexcited RhB to the conduction band or defect lev-
els of Gd:MgZrO; followed by mineralization.

3 Conclusions

Nanoscale disc like gadolinium doped magnesium zirco-
nate was prepared by simple solvothermal process. Opti-
mization of reaction conditions revealed that, 4 mol%
Gd:MgZrO, was effective for the photocatalytic degra-
dation of Rhodamine B than other combinations. The
robust photocatalytic efficiency is due to the synergistic
effect arising due to high defect centers created by the
combination of these elements. When the precursors are
processed by solvothermal protocol for three days lead
to the formation of disc like Gd:MgZrO,, which lead to
high degradation efficiency against the cationic dye RhB
(91.6%), good reusability and stability. All these proper-
ties makes Gd:MgZrO; a competent mateial in environ-
mental remediation.
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