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Abstract Spherical ZnO nanoparticles doped by samarium
ions were successfully synthesized via a simple sol-gel
method. The structures, morphologies, optical properties and
surface areas were investigated for all samples using specific
characterization methods. The hexagonal wurtzite structure
of ZnO and samarium-doped ZnO nanoparticles were
determined. The results obtained showed that the sizes of
samarium-doped ZnO nanoparticles decreased with
increasing samarium ion concentration. It was noticed that in
the presence of samarium ions, the band gap slightly chan-
ged from the 3.198 eV of ZnO to 3.288 eV for samarium-
doped ZnO with enhanced absorption in the UV region. This
can be attributed to the transition of electrons from the
conduction band to the acceptor energy level of samarium.
The XPS results of samarium-doped ZnO, showed that only
one oxidation state of samarium, with good incorporation
into the ZnO matrix, was presented, with no peak of
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samarium oxide. The surface areas analyses showed that
higher surface areas were obtained for samarium-doped
ZnO, which is attributed to the smaller size of the particles.
The photocatalytic degradation of 2-chlorophenol was
investigated under sunlight in presence of ZnO and
samarium-doped ZnO nanoparticles. A higher performance
of samarium-doped ZnO for photocatalytic degradation of 2-
chlorophenol at 0.50 wt.% was observed, compared to pure
ZnO nanoparticles under the same experimental conditions.
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1 Introduction

Zinc oxide (ZnO) is an inorganic compound and an excel-
lent alternative material of the II-VI semiconductor group.
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Many properties of ZnO, such as electrical conductivity and
optical properties make it a candidate for various applica-
tions. ZnO shows good potential for several applications
such as in solar cells, laser diodes, gas sensors, and pho-
tocatalysis due to its wide band gap (3.37 eV) and its large
exciting binding energy (60mV) [1]. The piezoelectric
property of ZnO indicates that it can be used for surface
acoustic wave and electronic devices in several applications
[2]. ZnO has three crystalline forms: hexagonal wurtzite,
cubic zinc blended and the rarely observed cubic rock salt
structure. The common and most stable structure of ZnO
under ambient conditions is hexagonal wurtzite [3]. Gen-
erally, doping of ZnO has many advantages for controlling
the size, shape, and surface of nanoparticles which could
improve those materials in many applications [4]. Recently,
control of the optical properties by reducing the particle size
through doped impurity (ions) in the nano-crystals has been
the focus of many studies [5]. The optical properties of
7ZnO, such as luminescence and absorbance due to excitonic
recombination in the presence of an impurity have been
widely reported [6]. However, many researchers have doped
rare-earth ions into the ZnO lattice for specific applications
in the ultraviolet (UV) and visible ranges [7]. The rare-
earth-doped nanoparticles have been synthesized by several
methods, such as hydrothermal [8], pulsed laser deposition
[9], co-precipitation [10] and a sol-gel method [11]. In the
last few years, many researchers have used the sol-gel
method for the preparation of the metallic ion doped n-type
semiconductors due to its lower equipment requirements
and its cost effectiveness [12]. Additionally, some other
advantages, including lower processing temperature, rela-
tive ease of introduction of dopants (even at a trace level)
and easy adjustment of process conditions such as media pH
[13]. In the last two years, samarium (Sm3+)—d0ped ZnO
with different shapes, such as spherical hierarchical
nanostructures and nanorods have been reported [14, 15].
Furthermore, Khatamian et al. [16] have reported spherical
nanoparticles (NPs) of Sm>"-doped ZnO of larger size and
higher agglomeration, which can influence their use and
area of application. The main objective of this work is to
prepare new Sm>"-doped ZnO NPs with lower concentra-
tion of Sm>" ions, which can provide solutions to the
drawbacks mentioned in previous studies, and enhance the
activity of degradation processes.

2 Experimental and method
2.1 Materials
Zinc acetate dihydrate (ZnC4HO4.2H,0), purity 99.5%,

obtained from Merck Chemical Company (Darmstadt,
Germany) was used as the main source of ZnO NPs.

Absolute ethanol and oxalic acid (C,H,0,4) with purity of
99.8 and 99.5% respectively, were supplied by R&M
Chemicals, Malaysia. Samarium (III) nitrate (Sm
(NO3)3.6H,0), purity 99.9%, purchased from Sigma-
Aldrich, was used throughout this work. 2-Chlorophenol (2-
CP) with a purity of 98% was supplied by Merck. Deionised
water was used to prepare all solutions.

2.2 Synthesis of samarium-doped ZnO nanoparticles

ZnO NPs were synthesized by simple sol-gel method
without any addition of capping agent or surfactant. The
optimum conditions to produce smaller-size ZnO NPs were
a zinc acetate/oxalic acid molar ratio of 1:2 at a pH of 2.0 +
0.2 and a calcination temperature of 400 °C as reported
earlier [17, 18]. Zinc acetate was dissolved in ethanol under
reflux with stirring at 65 °C. Oxalic acid was dissolved in
ethanol in a separate beaker and then slowly added to the
zinc acetate solution. To prepare the Sm>"-doped ZnO NPs,
various amounts of Sm>" ions: 0.25, 0.5, 0.75, and 1.0 wt%,
were added to the first zinc acetate solution in ethanol and
then oxalic acid solution added slowly After 1 h stirring, the
gel was formed and then dried at 80 °C overnight. The final
ZnO precursor powders were calcined at 400 °C for 2 h.

2.3 Characterization of samarium-doped ZnO
nanoparticles

Prepared samples of ZnO and Sm>"-doped ZnO NPs were
characterized using appropriate instruments needed for
analysis of specific properties. Thermal decomposition was
determined using thermogravimetric-differential scanning
calorimetry (TGA-DSC) (model STA 449F3, Jupiter,
Netzsch, Germany). The analysis was performed over a
temperature range of 30— 800 °C with heating rate of
10 °C/min with helium as carrier and nitrogen as a cooling
gas. An X-ray diffraction (XRD) pattern was determined by
X-ray diffractometer (D8 Advance Bruker AXS) at room
temperature with Cu Ka radiation (1.5406 A) in a 20 scan
range of 20-80° at a rate of 0.2°/s with accelerating voltage
of 40 kv and emission current of 40 MA. The morphology
and size of particles were evaluated by field emission
scanning electron microscope (model SUPRA 55VP) and
transmission electron microscope (model JEOLJEM 2100 at
200kV) respectively. The optical properties such as
band gap were determined by a Perkin Elmer LAMBDA
35 UV/Vis spectrophotometer at room temperature
with wavelength ranging from 350 to 800nm. The
Brunauer—-Emmett—Teller (BET) surface area was measured
by nitrogen adsorption in a Micromeritics ASAP 2020
Accelerated Surface Area and Porosimetry System, USA.
The average pore size was found from the desorption iso-
therm using the Barrett—Joyner—Halenda (BJH) method.

@ Springer



180

J Sol-Gel Sci Technol (2018) 85:178—-190

The energy binding and oxidation state of dopant ions were
detected by X-ray photoelectron spectroscopy (XPS) using
a KRATOS Axis Ultra DLD. The XPS analysis was carried
out with monochromated Al Ka (1486.6 eV) radiation as
the excitation source at 15kV.

2.4 Photocatalytic degradation of 2-CP and analysis

A cylindrical slurry batch reactor of 125 ml volume was
used for 2-CP degradation tests. Degradation reaction of 2-
CP was carried out from 12.00 a.m. to 2.00 p.m. at ambient
temperature in presence of sunlight. A 50 mg/L initial
concentration of 2-CP at pH of 6.0 was used for comparison
between ZnO and Sm> "-doped ZnO NPs. The solution of 2-
CP with a 1 g/l of ZnO and Sm>"-doped ZnO NPs was
stirred in the dark for 0.5 h to achieve adsorption-desorption
equilibrium before it was exposed to direct sunlight. After
certain interval irradiation times, 1 ml samples of the 2-CP
solution were collected, centrifuged and then filtered. These
samples were analysed using high-performance liquid
chromatography (HPLC) in an Agilent 1200 instrument
equipped with a Jones LC-18 column (250 mm X 4.6
mm x 44 ym) and a UV detector at 254 nm. An acetonitrile/
water solution in a ratio of 20:80 v/v with 0.01 M phos-
phoric acid (H;PO,4) was used as mobile phase at 1.0 ml
min ' flow rate [19]. The degradation efficiency (DE %) for
the removal of 2-CP at different interval times was calcu-
lated by Eq. 1:

Degradation efficiency (DE%) = % x 100 (1)

0

where C, (mg/L) is the concentration of 2-CP at = 0 min,
and C; (mg/L) is its concentration at successive intervals of
irradiation time.

All experiments of 2-CP degradation were carried out in
sunny daylight conditions at ambient temperature. The
UVA intensity of sunlight was measured for all experiments
under similar conditions on sunny days. The average values
were found to be almost constant with an average value of
23 W/m? over the entire experimental time. The UVA
intensity of sunlight was measured by a Skyelynx type SDL
5100 instrument [20].

3 Result and discussion

3.1 Thermal analysis (DSC-TGA)

Thermal stability of pure ZnO and Sm**-doped ZnO NPs
was investigated over a temperature range of 30-800 °C.
Figure 1 shows the TGA-DSC curves for both ZnO and

Sm>"-doped ZnO precursors prepared under the same
conditions. From the TGA-DSC curves, two endothermic
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Fig. 1 DSC-TGA curves of a, al pure ZnO, b, bl 0.5 wt.% Sm>*
-doped ZnO

peaks for the ZnO and three peaks for Sm>*-doped ZnO
were observed in the heating profile, with a corresponding
loss of weight. The first peak, which is the smallest,
appeared at temperature range 50 to 75°C for the Sm’
*_doped ZnO sample. It is attributed to the loss of ethanol
which increased by doping ions due to the nature of the
material used for doping. This peak may be due to presence
of ethanol in the structure of the Sm>-doped ZnO sample
which needed more time to release it and dried compared to
the pure ZnO sample. Water removal was observed between
100 and 140°C as the second peak for both samples.
Additionally, a third small peak appeared before 190 °C in
the Sm’"-doped ZnO sample, which is attributed to the
release of nitrate (precursor of dopant) as nitrogen oxide.
The final peak could be attributed to the thermal decom-
position of oxalate to ZnO NP for both samples.

The TGA curves revealed that four different weight
losses occurred during the complete thermal decomposition.
Weight loss of ZnO and Sm®"-doped ZnO NPs were cal-
culated and listed in Table 1. The temperature range was
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Table 1 Weight loss (%) of
ZnO and Sm>"-doped ZnO

precursors under temperatures
profile

Material/temperature range 50-75°C 100-140 °C 140-200 °C 200-420 °C
ZnO - 17.9% - 36.10%
0.5 wt.% Sm>*-doped ZnO 2.1% 18% 2% 36.57%

(a)
0,
o % A f\ A 100wt %
&
= ’\ A MO75wt %
é _N_
= ’\ AN 0
= A 0.50 wt. %
M A A A _J\0.25 wt. %
m A A A AN000WE%
20 30 40 50 60 70 80
20(degree)
(b) (101)
(100) (002) J
= \\___/ 1.00 wt. %
B L |
) / u 0.75 wt. %
é |
= ___/U 0.50 wt. %
U\/ \. 0.25 wt. %
J k I\ \ 0.00 wt. %
30 32 34 36 38 40

26(degree)

Fig. 2 XRD patterns spectrum of a Sm*>"-doped ZnO NPs with dif-
ferent concentration calcined at 400 °C b shifted of peak (101) position
is observable towards to left side

divided into four segments according the DSC curve. The
first segment is related to ethanol loss which chelates or
bonds with a carboxyl group (COOH) during the reaction of
oxalic acid with zinc acetate. The weight loss during the
second range, occurring between 100 and 140 °C, is due to
dehydration of the oxalate (anhydrous zinc oxalate). The
third weight loss, occurring at 140 to 200 °C, is very close
to the results obtained using samarium nitrate as a precursor
of Sm** doping source with no loss of ZnO [20].

The final weight loss of ZnO and Sm>*-doped ZnO NPs,
occurring between 200 and 420 °C is due to decomposition
of zinc oxalates dihydrates before and after the doping
operation. The largest weight loss was obtained by the
decomposition of anhydrous zinc oxalate to ZnO before and
after the doping as shown in Fig. 1 and summarized in
Table 1. These results of ZnO and Sm**-doped ZnO are in
good agreement with the theoretical results reported
recently [21]. The difference in weight loss between the
ZnO and Sm’>"-doped ZnO NPs is due to the thermal

Table 2 Crystal size, lattice parameters, and band gap of ZnO and
Sm>*-doped ZnO NP with various concentrations of Sm**

Concentration of Crystal ~ Lattice Lattice Band
Sm** (wt.%) size (nm) parameters parameters gap
a=>b (nm) ¢ (nm) V)
0.00 18.9 0.3248 0.5205 3.198
0.25 15.8 0.3250 0.5207 3.282
0.50 13.6 0.3250 0.5207 3.283
0.75 13.0 0.3253 0.5213 3.287
1.00 12.7 0.3253 0.5213 3.288

decomposition of the additive of doping ions and is close to
=0.5 wt.%.

3.2 X-ray diffraction analysis (XRD)

Figure 2 shows the XRD patterns of ZnO and Sm**-doped
ZnO NPs with various concentrations of Sm>* ions in the
scan range of 20 from 20 to 80°. All XRD peaks of samples
were checked using a standard JCPDS card No. 36-1451,
which confirms a wurtzite structure with a hexagonal phase
and the P63mc space group. The effect of Sm*" con-
centrations of 0.25 to 1.0 wt% on the crystal size of ZnO
were investigated. The XRD patterns of the dopant samples
indicated that the doping occurs without any change in the
phase structure of the ZnO NP as shown in Fig. 2a. It is also
noticeable that no peak for samarium oxide (Sm,03)
appears in the diffraction spectrum, which confirms that
doping occurred in the unit cell of ZnO [22]. However,
when the Sm>* concentration increased, the intensities of
the peaks decreased and became broader compared to
those of pure ZnO. In addition, the diffraction peaks of
Sm>"-doped ZnO became broader and weaker in intensity
with increasing Sm*>" concentration due to the Sm** doping
ions inhibiting crystal growth.

The average crystal sizes (D) and inter-planner spacing
(d-value) were calculated from the Debye—Scherer equation
(Eq. 2) [23]:

K2 p
dd=
Beos 2 5inf

(2)

where K is the Scherer constant (K = 0.89), 4 is the incident
X-ray wavelength, f is the peak width at half maximum and
0 is the Bragg diffraction angle. These results confirm the
occurrence of doping of Sm*" into the ZnO crystal lattice as
given in Table 2. These phenomena can be attributed to the
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Table 3 Measured and
calculated d spacing values of

Value of d spacing (nm) measured using XRD software

ZnO and Sm**-doped ZnO NP 0.00 wt.% 0.25 wt.% 0.50 wt.% 0.750 wt.% 0.00 wt.%

with various concentrations of

Sm3+ 20 ds 260 ds 20 ds 20 ds 20 ds
31.812 0.281074 31.763 0.281495 31.757 0.281542 31.746 0.281639 31.735 0.281736
34448 0.260145 34.381 0.260631 34.378 0.260653 34.375 0.260677 34.358 0.260804
36.287 0.247369 36.222 0.247798 36.221 0.247800 36.219 0.247810 36.190 0.247817
Value of d spacing (nm) calculated using Eq.(2)
31.812 0.281069 31.763 0.281492 31.757 0.281544 31.746 0.281639 31.735 0.281734
34448 0.260141 34.381 0.260633 34.378 0.260655 34.375 0.260677 34.358 0.260802
36.287 0.247368 36.222 0.247797 36.221 0.247803 36.219 0.247817 36.190 0.248009

differences in ionic radii of the Zn*" (0.074 nm) and Sm>"
(0.096 nm) ions [16]. The Sm>" appears easily incorporated
into the ZnO NP matrix due to the lattice disorder and
associated to stresses of the ZnO cell during the doping
process as reported earlier [24]. The doping of Sm*" into
the ZnO lattice caused shifting of peaks at (100), (002), and
(101) to the left (lower value of 208) with increasing Sm>*
concentration, as shown in Fig. 2b. These results showed
that Sm>" ions substituted for Zn>" in the matrix of ZnO
which caused changes in the inter-planar spacing (ionic
radius of Sm* " is larger than that of Zn*>™).

The values of inter-planar spacing were calculated using
the planes (100), (002), and (101) from XRD data in Fig. 2b
at 20 of 31.81°, 34.44°, and 36.28° for pure ZnO. The
results of measured and calculated inter-planar spacing
using XRD software and Eq. 2 were summarized in Table 3.
These values of Sm*"-doped ZnO become slightly bigger
compared with ZnO which confirmed the Sm*" doing into
the ZnO cell with changed of crystal size and shifting of
ZnO peaks to lower 20. However, the calculated values was
observed in good agreement with measured which sup-
ported the accurately of the results. These values showed
distortion of ZnO after doping with variation of bond length
and bond angles between atoms caused changes of the
lattice strain and planes. By increases of tensile stress, the
d-value of spacing causes of peaks shifting to lower 20
values [24]. In general, doping using rare-earth ions have
been reported to restrain the growth of ZnO crystals.
However, the doping of ZnO by Sm’" ions decreases of
crystal size which is attributed to the formation of
Sm—O-Zn, inhibiting the crystal growth [24]. The suc-
cessful incorporation of Sm>" jons into the ZnO cell were
also verified by XPS analysis.

3.3 Surface morphology
The morphology and size of Sm*"-doped ZnO NPs were

investigated using field emission scanning electron micro-
scope (FESEM) and transmission electron microscopy

@ Springer
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Fig. 3 FESEM and TEM images of a, a; ZnO; b, by 0.5 wt.%; ¢, ¢;
1.00 wt.% of Sm>" -doped ZnO NPs

(TEM) under higher magnification and compared with pure
ZnO NPs as shown in Fig. 3. To assess the influence of
doping on ZnO morphology, samples with average and
higher concentrations were selected for the analyses. Con-
centrations of Sm>" ions varying between 0.25 and 1.0 wt.
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Table 4 Surface area of ZnO and Sm*>"-doped ZnO samples

Concentration of  Crystal Surface Pore Average
Sm** (wt.%) size (nm) area volume pore size
(m%/g) (cm®g)  (nm)
0.00 18.00 26 0.1261 25.39
0.25 15.80 27 0.1413 23.99
0.50 13.60 30 0.1592 22.77
0.75 13.00 32 0.1760 21.50
1.00 12.70 34 0.2244 21.09

% were used to investigate the effects of the dopant on the
morphology and the particle size of ZnO NPs. The FESEM
and TEM images reveal that the shapes of ZnO and
Sm>"-doped ZnO particles were mostly spherical with a
uniform size distribution. However, a significant aggrega-
tion of ZnO particles was observed as compared to Sm’
*-doped ZnO samples.

It was worth noting that all ZnO NPs doped by Sm*"
ions with concentrations varying from 0.5 to 1.00 wt.%
exhibited less aggregation than did pure ZnO NPs. As
shown in the TEM images, the particle size of the
Sm**-doped ZnO decreased as the concentration of the
doping ions increased. Upon further increase of the ion
concentration from 0.25 to 1.00 wt.%, the average particle
size decreased from 20 to 12 +2 nm, which is consistent
with the results obtained by XRD analysis. The observed
slight agglomeration of Sm>-doped ZnO samples is
attributed to the aggregation of small particles formed after
the doping process, as reported by Tseng et al. [25]. In fact,
the generally high surface area to volume ratio of nano-
particles provides a very high surface energy which caused
agglomeration of the nanoparticles, which is commonly
observed in nanopowders [26]. However, it is impossible to
avoid agglomeration even in the presence of surfactants
during the process [27]. The aggregation of nanoparticles
reduces the surface energy and makes the nanoparticles
more stable, especially when not using any capping agent or
surfactant to modify their surface [28]. In this study, no
capping agent or surfactant was used so the surface prop-
erties were influenced by the size and aggregation and
agglomeration of these particles. The Sm’*-doped ZnO
samples showed that many smaller particle (12 + 2 nm,
Figs. 3, b, ¢) aggregated to become more stable (lower
surface energy) which avoid agglomeration, compare to
pure ZnO. This phenomenon, of reducing the agglomeration
by reducing the particle size has been reported earlier [29].
Furthermore, the Sm’'-doped ZnO samples with con-
centration of more than 0.5 wt.% produced higher surface
area, especially at 1.0 wt.%, due to the aggregation of
smaller particles to reduce the pore size between them, as
shown in Fig. 3 and Table 4.

3.4 Surface area analysis

Generally, the surface area of a nanocatalyst is one of the
important characteristics that affects its quality and activity
within a process. The BET method is considered to be the
most useful method to measure the surface area, and is
based on the theoretical model of a monolayer formation in
the physical adsorption of gas molecules [30]. Figure 4
shows the nitrogen adsorption-desorption isotherms of all
ZnO NP samples doped with Sm> " ions with concentration
varying between 0.25 and 1.0 wt.%. Sm*"-doped ZnO NP
samples exhibit type V adsorption-desorption isotherms
according to the IUPAC classification. Additionally, the H1
hysteresis loops based on the IUPAC classification were
found to be in the range of 0.8 to 0.99 [30]. All surface
properties, such as surface area, pore volume and average
pore size of Sm>"-doped ZnO NP samples are given in
Table 4 and compared with their corresponding values of
the pure ZnO samples. It is noticeable that with increased
concentrations of Sm>™" ions, the volume of adsorbed gas
increased and the hysteresis loops became broader under a
range of relative pressure varying from 0.8 to 0.99. These
results are attributed to the increased surface area with
increased ion concentration [31].

From Table 4 it can be observed that for all concentra-
tions of Sm>"-doped ZnO NPs, the surface areas are higher
compared to those of pure ZnO. This result confirms that
the doping process enhances the surface area of ZnO NPs,
even at low concentrations [31]. The pore sizes were mea-
sured by the BJH method, and the average pore sizes
obtained for both ZnO and Sm’'-doped ZnO NPs were
decreased from 25.20 to 21.50 nm, respectively. The aver-
age pore sizes of all samples were less than 50 nm, which
confirms that all samples are of mesopore (2-50 nm) type as
reported earlier [32]. These results show that the larger
surface area of Sm”"-doped ZnO NPs is attributed to the
smaller particles size, as was confirmed by the XRD and
TEM analyses.

3.5 Optical properties

The optical properties, such as band gap of ZnO and
Sm>*-doped ZnO NPs were determined. The band gap of
the ZnO and Sm>*-doped ZnO NPs with concentration of
0.25 to 1.0 wt.% was investigated by UV-Vis measurement
using the absorbance spectrum between 200 and 800 nm
(Fig. 5a). The band gap of all samples was calculated by
applying of absorption data in Eq. (3) below [33]:

=

ahv = Ed(hu — Eg) (3)

where a is the optical absorption coefficient, Av the photon
energy, E, the direct band gap, and E4 is constant. By
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Fig. 4 Nitrogen adsorption-desorption of ZnO and doped ZnO NP with various Sm** ions a 0.00 wt.%, b 0.25 wt.%, ¢ 0.50 wt.%, d 0.75 wt.%, e

1.00 wt.%

plotting (ahv)2 as a function of photon energy and extra-
polating the linear portion of the curve to zero, the value of
the band gap (E,) of the samples can be obtained at different
conditions from Fig. 5b. The ZnO NP spectrum indicates an
absorption onset at approximately 390 nm, and the intrinsic
energy band gap of ZnO was 3.198 eV which is in good
agreement with an earlier study [33]. Band gap energies of
between 3.282 and 3.288 eV were obtained for concentra-
tions of 0.25 to 1.0 wt.%, as given in Table 2. A slight blue
shift in the absorbance (i.e., an increase in the band gap) for

@ Springer

the Sm>"-doped ZnO samples was observed with an
increase in the concentration of Sm>* ions, as reported
earlier [34]. Increases in the band gap with the blue shift
were attributed to the shift of Fermi levels close to the
conduction band, resulting in an increase in the carrier
concentration, which blocks low-energy transitions
according to the Burstein—Moss effect [35]. The band gaps
of Sm>"-doped ZnO were shifted to blue which is due to
different crystal size and to the morphologies of ZnO NPs
before and after doping. Hence, the doping of ZnO by Sm>"
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Fig. 5 Optical properties of ZnO and Sm*"-doped ZnO NPs a
Absorbance b band gap determination

ions has enhanced absorption in the UV region rather than
the visible, as reported previously [36].

3.6 XPS analysis

The chemical compositions of ZnO and Sm*"-doped ZnO
NPs (0.5 wt.%) were investigated by XPS analysis as shown
in Fig. 6. The chemical characterization includes the
determination of element valences based on their binding
energies. Figure 6a, al shows the spectrum of the ZnO and
Sm**-doped ZnO NP (0.5 wt.%) sample, which includes
mainly oxygen (Olg), samarium (Sm>"), zinc species (Zn
sp) and carbon (Cly). The reference of XPS analysis cali-
brate using carbon peak (C 1s) which binding energy was
284.8 eV. For ZnO, two peaks at 1022.50 eV and 1045.50
eV for zinc as Zn 2p were observed which indicate binding
energies of Zn 2p 3/2 and Zn 2p 1/2 (Fig. 6b). These peaks
confirm the emission by ZnO by 2p photoelectrons as
reported earlier [37]. Between the two peaks, the energy
difference was about 23 eV, which is in good agreement
with the standard value of 22.97 eV (=23.0eV) for Zn>"
ions in the oxide as previously reported [37]. Furthermore,
the binding energies of Zn 2p 3/2 and Zn 2p 1/2 for the Sm®
*.doped ZnO NP sample shifted to higher (increased) to
=1025.50 and 1048.25 eV, respectively, as shown in Fig.
6bl. This shifting in binding energies confirm that

electronic interaction between the ZnO and the Sm’"
dopant which is main responsible for the enhancement of
degradation process. Figures 6¢, cl shows the peak fitting of
O 1s for ZnO and Sm’*-doped ZnO NPs which found at
529.8 and 529.6 eV, respectively. The lower binding energy
of the O 1s are may be attributed to the coordination of
oxygen in Zn-O in both samples of ZnO and Sm’*-doped
ZnO NPs. Two other peaks presence in Sm>"-doped ZnO
NPs as shown in Fig. (c1). The first peak at higher energy of
531.8 eV is assigned to the O as the oxygen vacancies and
the second at 533.8 eV corresponds to the hydroxyl species
(OH) from adsorbed water on the surface of Sm>"-doped
ZnO NP [37]. As shown in Fig. 6 (d), one oxidation state
of samarium, Sm>" was observed in the XPS spectrum of
Sm>"-doped ZnO NPs. The two peaks of binding energy
for Sm>" were assigned to Sm** 3d 5/2, 3/2 at 1083 and
1110 eV, respectively, in agreement with the values repor-
ted in a previous work [38]. No peak of other samarium
valence, such as Sm*" or samarium oxide (Sm,O;) was
detected in the XPS spectra, as was reported earlier [39].
The fact that the Sm> " ions were detected only as trivalent
in the Sm>"-doped ZnO NP sample confirms the incor-
poration of Sm>" ions into the ZnO matrix. These results
indicate that all Sm>" ions are incorporated into the ZnO
lattice without any segregation of Sm,0O3 oxide phase which
is in accordance with XRD analysis

3.7 Activity of samarium-doped ZnO nanoparticles for
2-CP degradation

Figure 7 shows the degradation efficiency of 2-CP using
Sm**-doped ZnO with several concentrations of Sm>"
under different irradiation times and compared to pure ZnO
NPs. All experiments of 2-CP degradation were repeated
three times under the same initial condition of 2-CP con-
centration 50 mg/l with catalyst loading of 1 g/l for 1 and
1.5 h irradiation times. Observing the Sm** concentration
increase up to 0.5wt.% (as optimum), the degradation
increased to a maximum value and then declined as Sm>"
concentration exceeded that optimal value. The degradation
efficiency of 0.5 wt.% Sm>"-doped ZnO was 80%, higher
than the 63% value shown by ZnO using the same amount
of catalyst loading (1 g/l) within 1h. The highest degrada-
tion efficiency of 99% was obtained using 0.50 wt.% Sm’
*-doped ZnO for 1.5 h irradiation time with same catalyst
amount as shown by the HPLC results (see supplementary
file). This result is confirmed by the decline of the main
peak of 2-CP to its lowest within 1.5 h, compared to 1h,
confirming that the highest efficiency was achieved at 1.5h
irradiation time. This may be due to the enhancement of
absorbance to slightly visible for Sm*"-doped ZnO. The
increased surface area of Sm’"-doped ZnO compared to
that of ZnO does not always lead to a higher efficiency. A

@ Springer



186

J Sol-Gel Sci Technol (2018) 85:178-190

10t
=) i
240 -
@
200 -|
E 160 ZnO
g 120
2
80 P
-
a0 - B A\\AAL
1200 1000 800 600 a00 200 o
Binding Energy (eV)
300 <10° -
'
250 | \ (b)
I
L 2] :
& 1
Z ] '
‘g 150 v 2P »
= 100 - p _______'_97_821 _____
I
50 - !
'
'
° ZA /
1056 1048 1040 1032 1024 1016
Binding Energy (eV)
10°
120 -|
oo (©

sa0 s36

532 s28
Binding Energy (eV)

Intensity(cps)
g

Sm3a ZE e
oo ] (al)
160 |
& Sm3+-doped ZnO
? 120 J
= 80 R
w0l AT A
1200 1000 800 600 400 200 °
Binding Energy (eV)
10° T
160 J 2P 3 bl
\ (b1)
120 - i
'
2P 1 i
'
!

I
° S
!

1

1

1

1

1

1

1

1
)
1w
12
3
lo
1<

1

1

1

1

1

1

1056 1048 1040 1032 1024

Binding Energy (eV)
103
1 ] 1
1 1
o] ! ! 529.6 eV (cl
1 1
g 60 1 1
& 5338¢eV ! 531.8cV
£ a0 | :
- 1
20 1
°
sS40 536 532
Binding Energy (eV)
102 . .
100
1 Sm 3d 4 d
3+ \>
= : - . @
—_ ! !
£« Sm3d ), i
£ ] i
I 1
20 - \ 1
YA !
o — + !

1112 1104 1088 1080

1096
Binding Energy (eV)

Fig. 6 XPS spectra of ZnO and Sm>*-doped ZnO NP: a, al XPS survey spectra b, bl Region of Zn 2p, ¢, ¢l Region of O 1, d Sm 3d of Sm®

*_doped ZnO

100

mlh

80 A H15h

60

DE (%)

40

20 4

0 0.25 0.5 0.75 1

Sm?* Concentration (wt.% )

Fig. 7 Comparison of photocatalytic degradation efficiency of 2-CP
vs. the different concentration of Sm>* ions doped ZnO (with standard
Error)

small amount of Sm>* ions (0.50 wt.%) clearly enhances
the activity of ZnO particles, which may be due to an
increase in the separation of the photo-generated electrons
and the photo-generated hole traps [40].

To generate oxidative species, such as the superoxide
radical ion (O, ), the Sm*>" ions present on the ZnO surface
need to react with the electrons that are transferred to the
oxygen molecules and the explanation given by the reaction
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mechanism below:

ZnO + hy(sunlight) — e~ +h™  (charge pair generation)

(4)
Sm*" + e, — Sm*"  (electron trap) (5)
Sm** + Oy(a) — Sm*" + 03 (electron release) (6)

205 +2H" — 2°OH (generation of reactive species)

(7)
05 +H'—*00H (8)
*OOH + H' + ey — H,0, 9)
H,0, +e_;—*OH+ OH (10)
(11)

(12)

hf, + H,0 — H"+°OH
hf, + OH —°*OH
Sm** + OH™ — Sm**+°OH

Sm*" +h; — Sm*" (recombination centre)
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The active "OH species could be generated at h,, " by
adsorption of H,O or OH  on the surface of Sm>"-doped
ZnO according to the steps given in Eqgs. 11 & 12. The
electron-hole recombination is faster in the presence of Sm®
* jons, due to the unstable Sm*" ions that can easily transfer
electrons to the oxygen molecules. This is possible because
the partially filled f-orbital (strong Lewis acid) in Sm’
*-doped ZnO can trap the e, and stop the recombination
by h,,+. However, the Sm?>" state with six unstable elec-
trons easily causes a release of e,y to produce O,  then
‘OH [41]. When the concentration of Sm>" ions is higher
than the optimal value (i.e., >0.5 wt.%), a decrease in the

catalyst activity was observed. This could be attributed to
the excess Sm’" working as a recombination centre as
illustrated in Egs. 13 & 14. By increasing the Sm>" gen-
eration in the valence band (Egs. 13 & 14), a higher pos-
sibility to react with excess eq in the conduction band to
produced Sm** (Eq. 5) was observed. More unstable Sm*"
ions can be easily transferred to h,, " to form Sm** (Eq. 14)
which could delay this cycle of other reactions (Egs. 6, 7,
11, 12, 13) and cause a decrease of degradation efficiency.
These reactions have the effect of reducing the photo-
catalytic activity of Sm>"-doped ZnO when the optimal
concentration was exceeded (0.50 wt %). The mechanism to

Fig. 8 Proposed mechanism for % A g
the photocatalytic degradation of < > /\
2-CP on Sm*"-doped ZnO NP £TA
(black row is enhanced of CB .
degradation, red rod is inhibiton = g/ T eeee _eeee-”
of degradation) A 4 $ . !
o Q s |
RS = ’
o '§ | 5 | 4
% ] : 5 I //
1 [ 2 1 7
& 3 Eq. (14
: : 5) 1 N , Ea (14)
Lo bE g
1 <05 wt% 1>0759¢% Eq. (11-12)
NN S e Tlsm e
VB AR
~N v
N SAgm

Recombination Centre

Eq. (13-14)
Tal;lf S Comparison of the Photocatalyst Concentration Amount (g/l) Solution pH light degradation Ref.
Sm”"-doped ZnO NP and other .
. . . type (mg/l) of 2-CP Photo- Source efficiency %
different spherical oxides for 2- catalyst (Time by hour)
CP degradation with their Y y
optimum conditions Zn0 50 2 6 sunlight 98 (2.5h) [42]
ZnO: TiO, ) 25 9 uv 97 3h) [43]
TiO, ) 65 6 10.7 uv 97.30 (6.5h) [44]
TiO,/Clay ) 190 1.5 - uv 100 (10h) [45]
TiO, 50 1 5 uv 50.5 3h) [46]
InVO4/TiOp) 50 1 5 uv 100 (3h) [46]
Fe;04/Si0,/ 50 0.5 3 uv 97 3h) [47]
T102 P)
CeO; p) 200 33 - uv 97 (24h) [48]
ZrOyp) 200 33 - uv 97 (24h) [48]
a Fe,05p) 65 1.5 6 uv 80 (24 h) [49]
ZnOp, 50 1 6 sunlight 80 (1.5h) This
study
Sm** /ZnOp, 50 1 6 sunlight 99 (1.5h) This
study
Sm** /ZnOp, 100 1 6 sunlight 70 (1.5h) This
study
Sm** /ZnOp, 150 1 6 sunlight 64 (1.5h) This
study

C commercial, P prepared
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enhance photocatalytic degradation by Sm>"-doped ZnO in
presence of optimum and excess Sm> " ion concentration by
combining the results of our experiments and previous
studies [13, 14, 41] is proposed in Fig. 8.

Ultimately, the performance of prepared ZnO and Sm’
*.doped ZnO NPs (optimum value 0.50 wt.%) in the
degradation of 2-CP can be summarized and compared with
other previously reported results using different photo-
catalysts included in ZnO. Table 5 shows the performance
of spherically shaped ZnO and some other oxides being
applied to 2-CP degradation in aqueous solution, along with
the conditions used. In general, these results show that Sm?
*.doped ZnO NPs exhibit a good performance activity
compared to other oxides, either single or as composites,
which needed more time to achieve higher degradation
efficiency, with higher amount of catalyst loading, com-
pared to this study. For a single photocatalyst such as TiO,
(Table 5), to achieve higher degradation efficiency required
more irradiation time or increased loading. However, the
degradation efficiency can be improved by combining more
than one photocatalyst or composite, such as InVO4/TiO,
and Fe;0,4/Si0,/TiO,, as reported in Table 5. However,
higher performance of Sm®"-doped into ZnO NP under
same experimental conditions were obtained for con-
centrations 100 to 150 mg/1 of 2-CP degradation within 1.5
h, as given in Table 5.

In other studies, different shapes of Sm’"-doped ZnO
photocatalysts have been synthesized to degrade different
pollutants [13]. The Sm*>"-doped ZnO with a nanorod shape
was applied to degrade 20 mg/l of phenol with 2 g/l loading
and achieved an efficiency of 95.9% within 8 h [13]. The
Sm>"-doped spherical-like ZnO hierarchical was used to
remove 20 mg/l of 2,4-dichlorophenol from aqueous solu-
tion with 3 g/l of loading, and 95% of degradation efficiency
was obtained after 3h [14]. In addition, spherical Sm*
*-doped ZnO was used to treat 10 mg/l of 4-nitrophenol at
1 g/l loading, in which 58% degradation efficiency was
achieved within 3.25h [16]. In conclusion, this study pre-
sents a low cost method for the preparation of high per-
formance Sm*"-doped ZnO catalysts for application in the
treatment of toxic compounds in water under the environ-
mental friendly source of sunlight (no cost) which is worth
focusing in future research for wider applications.

4 Conclusion

Free of any use of capping agents or surfactants, spherical
Sm**-doped ZnO NPs were prepared successfully by a
simple sol-gel route. Several Sm”" ion concentration were
used and properties confirmed by TGA, XRD, FESEM,
TEM, BET, UV-Vis, and XPS analysis. These character-
izations confirmed that Sm*" ions were doped successfully

@ Springer

into the unit cell of the ZnO NPs and modified their prop-
erties. The activity of ZnO and Sm>"-doped ZnO NPs for
the photocatalytic degradation of 2-CP under sunlight were
compared. The highest degradation efficiency of 99% was
shown by 0.50 wt % Sm>*-doped ZnO compared to 80%
for pure ZnO with 1 g/l loading and 1.5 h irradiation time.
The enhancement of photocatalytic degradation of Sm’
*-doped ZnO compared to ZnO was attributed to the
increase of separation of the photo-generated electrons and
the photo-generated hole traps, producing more highly
reactive "OH and * O, radicals. Therefore, this simple route
to produce higher-activity photocatalysts for environmental
remediation of toxic compounds is shown to be cost-
effective and to apply particularly in industrial production in
the future.
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