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HIGHLIGHTS

® Synthesis of Zn; ,Gd,O nanoparticles using wet chemical co-precipitation technique.

® Polyvinylpyrrolidne was used as a capping agent.

® The synthesized nanoparticles were used as photocatalysts for the degradation of methyl orange dye.

® Doping of ZnO nanoparticles has greatly increased its catalytic efficiency.
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The present study focuses on the development of efficient nanophotocatalysts (pure and Gadolinium doped Zinc
oxide) for the degradation of methyl orange dye in polluted water. Chemical co-precipitation technique was
employed for the synthesis of target compounds using zinc acetate and gadolinium nitrate as metal precursors.
The synthesized nanoparticles were characterized by various spectroscopic techniques namely X-ray diffraction,

Fourier Transform infra red spectroscopy, Field emission scanning electron microscopy and energy dispersive X-
ray spectroscopy. The synthesized pure and Gadolinium doped Zinc oxide nanoparticles were used as photo-
catalysts for the degradation of methyl orange dye under ultra-violet light irradiation. Doping of ZnO nano-
particles with Gadolinium has greatly increased its catalytic efficiency.

1. Introduction

Water pollution is one of the major environmental challenges, hu-
mankind is facing these days. The dyes which are widely used in textile,
plastic, medicine and many other industries are the main cause of water
pollution [1]. Azo dyes such as methyl orange constitutes about half of
textile dyes [2]. The presence of these dyes in water sources contribute
to toxicity, eutrophication and hinder the infiltration of sunlight, thus
severely affect the growth of aquatic life [3] and causing long-term
health effects [4]. Current methods including conventional sewage
plant treatment [5] do not degrade harmful chemicals present in dyes
and only insufficiently remove them from polluted water. An alter-
native and highly efficient technique for the degradation of dye is
photocatalysis using semiconductor photocatalysts [6-9]. The photo-
catalysts are the substances that chemically react with dyes in the
presence of light and convert them into non toxic products by oxidation
process. Comparing the photocatalytic activity of various semi-
conductor photocatalysts in aqueous media, zinc oxide (ZnO) is found
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to be on top position [10,11] and its photocatalytic activity can be
further enhanced by moving from bulk to nano ZnO. [12]. It is because
of large surface area of nanomaterials thus produces large number of
active sites. Doping of ZnO nanomaterials further increases its photo-
catalytic efficiency towards the degradation of dyes [13-23]. Literature
study has revealed that doping of ZnO nanoparticles with rare earth
metal atoms have significantly increased its photocatalytic efficiency
towards the degradation of organic dyes in water [24-30]. Doping in-
troduces another metal ions by substituting Zn ions from their original
lattice points and produces traps photogenerated charge carriers which
inturn lower the electron hole pair recombination rate, hence increases
the photocatalytic efficiency.

To best of my knowledge, studies on the photocatalytic degradation
of methyl orange dye using Gadolinium doped (Gd-doped) ZnO nano-
particles are scarce in literature. So, in the present investigation, Gd-
doped ZnO nanoparticles were synthesized by chemical co-precipitation
method using zinc acetate and gadolinium nitrate as metal precursors.
The synthesized nanoparticles were characterized by various
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spectroscopic techniques namely X-ray diffraction (XRD), Fourier
Transform infra red spectroscopy (FT-IR), Field emission scanning
electron microscopy (FESEM), energy dispersive X-ray spectroscopy
(EDXRF) and optical studies. (PC) degradation of methyl orange dye
was studied in aqueous medium in the presence of synthesized nano-
particles under the irradiation of UV light.

2. Experimental procedure
2.1. Materials

Gadolinium (III) nitrate hexahydrate (99.9%) was purchased from
Sigma Aldrich. Co, 3050, St. Louis, MO, USA, Zinc acetate, sodium
hydroxide, polyvinyl pyrrolidone and methyl orange were of analytical
reagent grade and used without further purification. All solutions used
in the experiments were prepared by using triply distilled deionised
water.

2.2. Synthesis of Zn;.,Gd,O nanoparticles

Pure and gadolinium doped ZnO nanoparticles (Zn;.Gd,O,
0.00001 = x < 0.1) were prepared using bottom up wet chemical co-
precipitation technique in the presence of polyvinyl pyrrolidone (PVP)
as a capping agent. Synthesis was carried out under ambient conditions.
In the typical synthetic procedure, stoichiometric proportion of 0.5 M
zinc acetate was taken in a titration flask followed by drop wise addi-
tion of gadolinium nitrate solution. After stirring the mixture for 1 h,
8 ml. of 2% PVP was added and then 0.5 M sodium hydroxide solution
was added drop wise with continuous stirring. Resulting white pre-
cipitates were filtered, thoroughly washed and then dried in hot air
oven at 150 °C temperature for one hour followed by crushing using
mortar and pestle to obtain nanoparticles in fine powder form. The
amount of precursors solution used for preparation of Gd-doped ZnO
samples is listed in Table 1. Eq. (1) and (2) represents the stepwise
formation of ZnO nanoparticles.

Zn(CH;CO0),(aq.) + 2NaOH(ag. ) + — Zn(OH),(s) + 2CH;
COONa(aq.) (@9)

Heat
Zn(OH),(s) — ZnO+ H,O 2

2.3. Characterization

The synthesized Gd-doped ZnO nanoparticles have been character-
ized using X-ray diffraction, FE scanning electron microscopy, Fourier
Transform infrared spectroscopy and energy dispersive x-ray fluores-
cence techniques. X-ray diffraction spectrum is obtained from powder
X-ray diffraction (PAN-Analytic) setup using 3050/60 goniometer and
Cu anode X-ray tube. The X- ray diffraction scans were performed in the
26 range 20-80° keeping step size 0.001for the Cu K X-ray radiation
(. = 1.5406 A) at 40 mA-45 kV generator setting for the powder

Table 1
Amount of precursors used in sample preparation.

Sample details ~Amounts of precursors used in sample preparation

Zn,.,Gd,O
Volume of 0.5 M Zn  Volume of Volume of Gd
(OCOCH3), solution 0.5 M NaOH (NO3)3'6H,0 (M)
(ml) solution (ml) solution (ml)

x = 0.1 45 50 1.04 1 M)

x = 0.01 49.5 25 1.04 (0.1 M)

x = 0.001 49.95 25 1.04 (0.01 M)

x = 0.0001 49.995 25 1.04 (0.001 M)

x = 0.00001 49.9995 25 1.04 (0.0001 M)

x = 0.0 50 25 -
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samples. For average particle size determination FE scanning electron
microscopic micrographs at an accelerating voltage of 5 kV with mag-
nification of 70,000 were taken using Hitachi (SU8000) FE scanning
electron microscope. The energy dispersive x-ray fluorescence tech-
nique is used for elemental and compositional analysis of synthesized
nanomaterials. Energy dispersive x-ray fluorescence spectrometer in-
volving Mo anode X-ray tube (PAN-Analytic) as an excitation source
and LEGe (Canberra made, FWHM = 150 eV at 5.89 keV) as photon
detector is used to record spectra of the Gd doped ZnO nanomaterials.
Fourier Transform Infrared studies were performed using Bruker alfa
Fourier Transform Infrared spectrometer.

2.4. Photocatalytic behaviour

The photocatalytic behaviour of pure ZnO and Gd-doped ZnO na-
nomaterials were studied under UV light exposure for the degradation
of methyl orange dye in aqueous medium using UV-photoreactor [di-
mension of 1 ft (height) x 0.5 ft (length)] equipped with one 160 W
UV-bulb (OSRAM made 468). The distance between the reactor setup
and UV-tube was ~10 cm. 100 mg nanopowder mixed with 250 ml of
16 ppm methyl orange dye solution in a glass reactor with surface area
50 cm? was used for photocatalytic studies. For first one hour the above
solution was put under constant stirring in dark for the adsorption of
dye molecules on the surface of nanoparticles. It was then exposed to
the ultraviolet-radiation with continuous magnetic stirring. 10 ml of
suspension solution was sampled and centrifuged at fixed time inter-
vals. After centrifugation, the supernatant was analyzed using the ul-
traviolet-visible spectrophotometer. The concentration of dye was
measured from the optical absorption values at a certain wavelength.
The equation (3) represents the degradation efficiency (¢) of dye

Co -C
e =

X 100
3

where as C, and C represent the initial concentration of the dye the
concentration after UV irradiation respectively. Furthermore, in ac-
cordance to the Langmuir-Hinshelwood kinetics model [31], the pho-
tocatalytic process of methyl orange dye can be expressed as apparent
pseudo-first-order kinetic Eq. (4).
ln9 = xt

C 4
where x is the apparent pseudo-first-order rate constant, C, is original
methylene blue concentration and C is methylene blue concentration in
aqueous solution at time t.

3. Results and discussion
3.1. Crystallographic characterization

Fig. 1a represents the XRD patterns of all the synthesized pure and
gadolinium doped ZnO nanoparticles (Zn; yGd,O, 0.00001 < x < 0.1).
The successful synthesis, crystalline nature and hexagonal wurtzite
structure of ZnO nanoparticles is confirmed from various sharp peaks in
XRD graph observed at 26 of 31.76°, 34.39, 36.22, 47.52, 56.54, 62.81,
and 67.84 correspond to lattice planes (1 00), (002),(101),(102),
(110),(103)and (11 2)respectively as reported in JCPDS file no. 05-
0664 [32]. The lattice parameters ‘a’ and ‘c’ identified by JCPDS for
hexagonal wurtzite ZnO are 3.2498 A and 5.2066 A respectively. Any
diffraction peak related to impurity phase is not detected which in-
dicates the successful substitution of Gd*>* ions into Zn?" sites without
disturbing wurtzite crystal structure of ZnO. The shifting of peaks
shown in Fig. 1b indicates the substitution of Gd in the crystalline ZnO
structure. This is due to the expansion of ZnO lattice upon doping with
Gadolinium as the ionic radii of Gd** (0.94 A) is larger than that of
Zn** (0.74 A).

Scherrer’r formula [33] Eq. (5), by estimating full width at half
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Fig. 1. X- ray diffraction spectra of PVP capped ZnO and Zn,;,Gd,O (0.00001 < x <

from 30 to 38.

maximum (FWHM) of sharp peak (1 0 1), was used to calculate the

average crystalline size of the prepared nanoparticles.
_0.891
Bcosb

%)

where A represents the wavelength of Cu K a radiation,  represents the
diffraction peak’s full width half maxima, and 6 is the Bragg peak angle.
The estimated crystalline sizes of Zn; ,Gd,O (0.000001 < x < 0.1)
nanoparticles at most intense crystallographic plane [1 1 0] are found
11.49 nm, 37.94 nm, 41.05 nm, 52.67 nm, 20.38 nm and 18.62 nm
for x = 0.10000, 0.01000, 0.00100, 0.00010, 0.00001 and 0.00000
respectively.

3.2. Fourier Transform infrared (FTIR) spectroscopic studies

Fig. 2 represents FTIR spectra of pure and Gd-doped ZnO nano-
particles. The peaks observed at 3471 and 1396 cm ™ are assigned to
O-H stretching and deformation respectively and is attributed to water
adsorption on the metal surface. Due to inter-atomic vibrations, metal
oxides generally exhibit absorption bands in fingerprint region i.e.
below 1000 cm ™. The peak at 668 is corresponded to Zn-O stretching
vibration, which is in accordance with literature values [34]. Various
absorption peaks between 900 and 2900 cm ™! are also recorded in all
samples. Absorption peaks around 900-1020 cm ~ %, 1300-1600 cm ™*
and 2850-2950 cm ™! are assigned to C-C stretching mode, C-O
stretching modes (symmetric and asymmetric) and C-H bond of the
acetate group respectively. The above observation and discussion in-
dicates the presence of hydroxy and acetate groups on the surface of
pure and Gd-doped ZnO nanoparticles.

3.3. Energy dispersive X-ray fluorescence (EDXRF) studies

Fig. 3a-3d represent the chemical compositions of the prepared pure
and gadolinium doped ZnO nanoparticles (Zn; ,Gd,0,

Intensity (a.u.)
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Fig. 2. Fourier Transform Infrared spectra of polyvinyl pyrrolidone capped
Zn;,Gd,O (x = 0, 0.000001, 0.00001, 0.0001, 0.001, 0.01 and 0.1) nano-
crystals.

0.001 = x < 0.1) measured by EDS spectra. From the spectra 3a-3c, the
presence of Zn, O and Gd is confirmed in Gd doped ZnO NPs whereas
the spectrum 3d of pure ZnO NPs confirmed the presence of only zinc
and oxygen ions. The obtained EDS result confirms the doping of ZnO
matrix with Gd. The percentage amount of Gd calculated from EDS
studies in Zn; 4Gd,O samples is 1.02, 0.18 and 0.05 against theoretical
value of 1, 0.1 and 0.01 for x = 0.01, 0.001 and 0.0001 respectively.
The experimental values are in good agreement with the calculated
values.
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Fig. 3. Energy dispersive x-ray fluorescence spectra of Zn; ,GdyO nanocrystals. (a) x

3.4. FE scanning electron microscopic studies

The surface morphology of the PVP capped pure and Gd-doped ZnO
nanoparticles were examined with FE scanning electron microscope.
FE-SEM micrographs of pure ZnO Fig. 4a and Zng ¢Gdy ;0 Fig. 4b na-
noparticles show spherical clusters of particles. However, the doping
with gadolinium results in a decrease in size of clusters.

Y
Hitachi-PU 5.0kV 8.5mm x100k LA30(U)

(a)

Chemical Physics Letters 746 (2020) 137302

cps/eV
141
124
104

Zn
Il LA L
L] 14 T L
4 6 8 10 12 14
keV
cps/eV
254
20—-
15;
1o | )
1 Znl Zn
104
5
o it i ‘..J,, LI D
4 6 8 10 12 14
keVv

0.01, (b) x = 0.001, (c) x = 0.0001, (d) x = 0.

3.5. Optical studies

Fig. 5 presents the UV-Visible absorption spectra for pure and Gd-
doped ZnO nanoparticles. A small shift to longer wavelength (red shift)
was observed in the absorption edges upon doping with Gadolinium.
Furthermore, the shift in wavelength is directly related to the size of
nanoparticles as calculated from XRD data. The absorption edges of
Zn;.,Gd,O (0.000001 = x =< 0.1) nanoparticles are 367 nm, 369 nm,
369 nm, 370 nm, 367 nm and 366 nm for X = 0.10000, 0.01000,

’f’ﬂ

(b)

Fig. 4. FE-Scanning electron microscopic micrographs of (a) Zng ¢Gdy ;0 and (b) ZnO nanocrystals.
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to determine the band gap energy of pure and Gd-doped ZnO nano-

particles using the equation (6).
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where Ep, is the band gap energy, h is Planck’s constant
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3.38 eV, 3.36 eV, 3.36 eV, 3.35 eV, 3.38 eV and 3.39 eV
for x = 0.10000, 0.01000, 0.00100, 0.00010, 0.00001 and 0.00000,
respectively. As the doping gadolinium ions can produce new electronic
levels inside the ZnO band gap, thus supports the decreased band gap
energy value upon doping.

3.6. Photocatalytic behavior

MO dye is an aromatic compound with azo group and its molecular
formula is C;4H;4N3NaO3S. The IUPAC name of methyl orange dye is
Sodium4[(4dimethylamino)phenyldiazenyl]benzenesulfonate and
colour code number is 13025. It is among the commonly used dyes in
textile industry and is a highly toxic chemical. It may cause respiratory,
eye and skin irritation. Various textile industries release large amount
of MO dyes as colored wastewater in natural water resources that make
water toxic and hazardous for aquatic flora and fauna. Degradation of
MO dye into harmless compounds using ZnO nanophotocatalysts is a
highly efficient and cost effective method [35-37]. The present ex-
periments show the Photocatalytic efficiency of ZnO nanoparticles have
enhanced by its doping with gadolinium.

Photocatalytic degradation of methyl orange dye was examined
using PVP capped Zn;_,Gd,O nanostructures under UV irradiation using
optical absorption spectroscopy. Although the IR studies have con-
firmed the presence of acetate groups in pure and Gd-doped ZnO na-
noparticles which may reduce the photocatalytic efficiency [38], yet an
efficient Photocatalytic degradation of MO dye is observed in the pre-
sence of prepared nanoparticles. Absorption spectra of methyl orange
dye without nanocatalyst before and after UV radiation exposure is
shown Fig. 6a for comparison. Absorption peaks were absorbed at
264 nm and 462 nm, where as absorption peak at 462 nm was used to
track the photocatalytic degradation process. Absorption spectra have
shown a negligible change even after 2 h irradiation. It clearly indicates
that aqueous methyl orange dye solution cannot be easily degraded by
UV light. The absorption spectra of methyl orange dye solution mixed
with Zn0.999900Gdo.0001000 Fig. 6b. These results clearly show that
aqueous methyl orange solution was degraded by the addition of Zn;.
xGdxO nanophotocatalyst. Fig. 7a and b represents the plots of dye
concentration versus the UV irradiation time (t) and plots of In(Cy/C)
versus the UV irradiation time (t) respectively for pure and Gd-doped
ZnO nanopowders. Plots of In(Cy/C,) versus the UV irradiation time (t)
suggest that the photodegradation of methyl orange dye follows the
pseudo-first order kinetics. The values of first-order rate constants (k)

—— O min.
20 —— 10 min.
20 min.
—— 30 min.
——— 40 min.
_ —— 50 min.
e —— 80 min.
—— 70 min.
—— 80 min.
—— S0 min.
1.0
0.5
O'O T T T T
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Fig. 6. Ultraviolet—visible spectra of the methyl orange dye in aqueous solution upon irradiation with ultraviolet light in the (a) absence of photocatalyst (b) presence
of Zng.9999Gdo.00010 nanocrystals. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. (a) plots of dye concentration versus the UV irradiation time (t) (b) plots of In(CO/Ct) versus the UV irradiation time (t).

are 1.96 X 102 min~?!, 1.96 x 102 min~?, 2.12 x 102 min~},
1.92 x 102min~% 1.75 x 102 min~ ! and 0.9 x 102 min~! where as
the degradation efficiency (¢) values are 82.83%, 82.89%, 85.30%,
82.30%, 79.33% and 55.50% for various Zn;,Gd,O nanoparticles
with x = 0.10000, 0.01000, 0.00100, 0.00010, 0.00001 and 0.00000,
respectively. The photocatalytic performance is directly proportional to
the value of apparent rate constants (k) calculated from the linear fitted
curves using Eq. (4). After comparing the values of k, it can be stated
that the doping of ZnO with gadolinium has significantly increased its
photocatalytic efficiency. Among various doped Zn O nanomaterials,
the increasing order The maximum increase is noted in case of
710.99900Gd0.001000 nanocrystals (¢ = 85.3% and k = 2.12 x 1072
min~ ') whereas it is minimum in case of Zn0.99996Gdg 000010 Nano-
crystals (e = 79.3% and k = 1.75 X 10™% min~ 1.

Photocatalytic degradation scheme of MO dye under UV light irra-
diation in the presence of Gd-doped ZnO nanoparticles occurs by fol-
lowing proposed mechanism:

Step I: Absorption of light by Gd doped ZnO nanoparticles that ex-
cite electron from valence band to conduction band thus creating a
positive hole in valence band.

Step II: Positive holes react with hydroxyl ions produced by ioni-
zation of chemisorbed water molecules to produce OH radicals,
whereas electrons in conduction band reduce oxygen to form super-
oxide radical O5.

Step III: OH radicals, being strong oxidizing agents, react with or-
ganic dye molecules to cause their complete degradation. The complete
mineralization of MO molecule is indicated by decolorization of its
intense orange colored aqueous solution and it undergoes demethyla-
tion, oxidation and hydroxylation process results in the formation of
inorganic products such as $0,2 ions, NO5~ ions, CO, and H,O.

The photocatalytic activity of photocatalysts largely depends upon
the reducing tendency of electron hole recombination. Presence of
various intrinsic and extrinsic defects in such compounds has sig-
nificantly increased the separation time for electron hole recombina-
tion. Intrinsic defects namely oxygen vacancies are the characteristic
features of ZnO nanoparticles. Talking about extrinsic defects, doping of
ZnO with Gd allows entry of Gd®* into the crystal lattice of ZnO thus
creating Zn?* vacancy defects. These extrinsic and intrinsic defects in
Gd doped ZnO nanostructures together retard the electron hole re-
combination time and inturn the photocatalytic efficiency of nano-
particles towards the degradation of methyl orange dye has increased.

4. Conclusions

Bottom up Chemical co-precipitation technique has been success-
fully employed for the synthesis of pure and Gd-doped ZnO nano-
particles. The insertion of Gd into ZnO has been confirmed from EDXRF
studies, while the nanosize wurtzite structure has been revealed from
XRD studies. Photocatalytic degradation of methyl orange dye has
studied under UV irradiation in the presence of prepared nanoparticles.
It suggests that the catalytic efficiency of ZnO photocatalyst have en-
hanced upon doping with Gadolinium.
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