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ABSTRACT

The objectives of this work were carried out to exhibit a simple, cost-effective, non-toxic, and
solid-state reaction route to prepare ZnO nanoparticles (NPs) of rare earth erbium. Material charac-
terizations using X-ray diffraction (XRD), FTIR, UV-Visible, photoluminescence (PL) and scanning
electron microscopy methods were performed. The FTIR spectrum indicates the presence in the
prepared products of both. The objectives of this work were to demonstrate a simple, cost-effective,
non-toxic, and solid-state reaction route for the preparation of ZnO zinc oxide and erbium oxide.
The XRD patterns suggest that the ZnO NPs are crystalline and that the Er ions have been incorpo-
rated into the ZnO lattice position. It was also noted that different Er concentrations have a power-
ful effect on ZnO NP morphology, band breakthrough, PL and photocatalytic function. Doped ZnO
samples showed significant increase in photodegradation of RR180 azo dye molecules under UV
light irradiation for 45 min. Photocatalytic research has shown that the degradation rate has risen to
3 wt.%, with the rise in the Er concentration. This research obviously demonstrates that the doping
of erbium’s ZnO could be an opportunity to enhance its photocatalytic efficiency.

Keywords: Er-doped ZnO nanoparticles; Solid-state reaction; Optical properties; Photocatalytic

activity; SEM

1. Introduction

Dyes are one of the textile sector’s most significant
contaminants and a few of their major contaminants in
the climate [1]. Both human and marine life are sensitive
to the presence of these pollutants in ground and surface
water. Some of them are carcinogenic, mutagenic, geno-
toxic and water-cleaning technology is required [2]. Various
physical and chemical procedures were employed for
the removal of color from textile effluents such as precip-
itation, adsorption by activating carbon, coagulation and
membrane separation [3,4].

* Corresponding author.

Hence, it is important to develop new treatments,
which are more efficacious in the damage of dyes from
wastewater. The use of advanced oxidation processes has
been found to be an appropriate way of degrading vari-
ous organic pollutants such as organic aqueous dyes. The
photocatalytic process can be considered to become the
most effective way to reduce water contamination, poten-
tially destroying a wide variety of organic molecules and
harmless compounds [5,6]. Photocatalysis that used a
semiconductor (ZnO, TiO,, SnO,) under UV light causes
electrons to change from valence band to conduction band
[7,8]. The electron-hole pairs formulated could very well
interact with O, and H,0O molecules to form superoxide
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anions (O;7) and (*OH) radicals, which have more oxidiz-
ing and reducing properties for dye compounds used in
several industries [8,9].

Zn0O is one of the semiconductor materials used for
photocatalytic degradation process due to its huge availabil-
ity, non-toxicity and chemical stability. It has a wide band-
gap (3.3 eV) and a free exciton binding energy of 60 eV at
room temperature with a variety of interesting electronic
and optical properties [10-12]. Currently, many studies on
this material are being carried out by several researchers
[13,14]. Many methods were used to prepare ZnO such as
chemical vapor deposition [15], thermal evaporation [16],
sol-gel method [17], co-precipitation process [18] and sol-
id-state reaction method. Among these techniques, the
solid-state reaction method is the most used due to some
characteristics: low cost, easy adjusting composition and
doping elements, simplicity and rapidity.

Doping zinc oxide improves its performance such as
photocatalytic activity, conductivities, etc. [19-21]. Among
many dopants, rare-earth doped ZnO nanomaterials have
potential applications in many technologies such as deg-
radation of pollutants and optoelectronic devices [22,23].
The trivalent rare earth (RE) ions enhance optical proper-
ties of ZnO due to its partially filled 4f energy level, sur-
rounded by full 5s and 5p orbitals. The rare earth ions
are better luminescent materials because of the sharp and
intense emission due to their 4f intra-shell transitions
[24,25]. Among the RE ions, the Er** (erbium) has attracted
significant attention due to its enormous potential in vari-
ous applications [26]. Many researchers have reported the
formation of Er-doped ZnO nanostructures and reported
their unique and distinct properties and applications
[1,27]. Zamiri et al. [28] have observed that the Er dopant
has a strong effect on the structure and photoluminescence
(PL) characteristics of ZnO nanorods.

To the best of our knowledge, very few studies have
been published on the comparison of photocatalytic deg-
radation of organic pollutants by the ZnO nanostructures
doped with RE metal. The enhancement of the photocat-
alytic activity of ZnO nanoparticles (NPs) and the pho-
tosensitivity toward UV light irradiation using doping
agents have, therefore, attracted more consideration [29].
Sin et al. [30] and Khataee et al. [31] reported the photo-
catalytic activity of ZnO:Er* nanomaterials synthesized
using sonochemical methods. In both cases, the photocat-
alytic degradation rate was significantly lower than the
pure ZnO nanostructures.

The objectives of this study are (i) to prepare Er-doped
ZnO NPs via a low-cost method, (ii) to investigate the
effect of different Er doping concentrations on various
properties of ZnO NPs and (iii) to evaluate the photocat-
alytic activity of the Er-doped ZnO NPs using Remazol
Red Brilliant F3B (RR180) as a model textile of azo dye.

2. Materials and methods
2.1. Materials

Nano powder ZnO (99.99% purity, CAS: 1314-13-2) and
Er,0, (99.99% purity) were purchased from Sigma-Aldrich
(USA). NaOH (98% purity) and ethanol (99% purity) were
obtained from Merck (Tunisia). Remazol Brilliant Red F3B

(Reactive Red 180) (RR180), used as model dye for photoca-
talysis experiments, was supplied by Dystar (Turkey) and
used without further purification.

2.2. Synthesis of photocatalyst

Er*-doped ZnO powder samples have been prepared
via a controlled solid-state reaction route at a high tem-
perature according to the literature [32]. A percentage of
Er¥ (from 1% to 5%) was mixed with ZnO powder in the
presence of NaOH pellets that operate as a heat supplier.
The mixture was carefully homogenized after measur-
ing the specific substance in the proportions calculated to
obtain 5 g of powder. The slurry obtained was then dried
in the oven at 100°C. The powder was rigorously ground
for 2 h using a mortar and then poured into an aluminum
crucible to be heated to 700°C for 5 h. The final powder
was ground for 15 min and used for characterization and
catalysis experiments.

2.3. Characterizations

X-ray diffraction (XRD) was performed using a
Philips X-ray diffractometer with Cu-Ka radiation
(A = 0.15406 nm). The crystalline structure of the sam-
ples was analyzed by using (PANanalytical X’PERT PRO
model X-ray diffractometer, CNRSM, Tunisia), at a volt-
age of 50 kV and a current of 30 mA. The morphology,
size distribution and energy-dispersive X-ray spectrum
(EDS) were determined using scanning electron micros-
copy (SEM; Philips XL30 SFEG, Turkey). Fourier-transform
infrared spectra were recorded under identical condi-
tions in the 400-4,000 cm™ region using Fourier-transform
infrared spectrometer (SHIMADZU). The UV-Vis spec-
tra were carried out using the Lambda-35 (PerkinElmer,
Tunisia) spectrophotometer in the wavelength range of
200-800 nm. Photoluminescence (PL) emission spectra
were recorded using a fluorescence spectrophotometer
(Agilent, Tunisia). The samples were excited with a 325
and 488 nm wavelength light at room temperature.

2.4. Photocatalytic degradation process

A fresh 500 mL aqueous RR180 azo-dye solution was
produced throughout every photocatalytic degradation
cycle in order to accomplish a 50 mg/L concentration by
preparing the solution for the dye. Degradation reac-
tions were performed in a laboratory-scale photoreac-
tor capable of housing UVA emitting wavelength lamps.
The details of the design of the reactor were provided
elsewhere by Kocakusakoglu et al. [33]. The lamp inten-
sity measured by the UV light meter was 3.18 mW/cm?
for UVA (Lutron UVA-365, Turkey). In order to feed and
speed up reactions and maintain reactor temperature
about 25°C, cooled air was blown into the batch reac-
tor. During the reactions, the solution’s temperature and
pH were controlled. In order to examine the synthesized
powder behavior, the concentration of catalyst ZnO was
changed to 0.5 g/L. The suspension in an ultrasonic bath
was sonicated for 30 min and maintains the powder dis-
tribution uniform. Samples were taken from the solution
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in 15 min during the experiments to detect concentration
change. At a centrifugation rate of 6,000 rpm, each sample
was centrifuged, which then detected the absorption by a
540 nm UV-Vis spectrophotometer (DR3800 Hach, Turkey).
With the Beer—Lambert law, the absorbance data are trans-
lated to the concentration values. The following formula
measured the finished color removal rate (% R) values:

(Co _C)
C

%R = x1 ¢y

0

where C; is the concentration of RR180 at equilibrium
established under dark conditions and C is the concentra-
tion of the dye solution taken at irradiation time interval
t (from 10 to 90 min).

3. Results and discussion
3.1. X-ray diffraction analysis

XRD patterns of ZnO:Er*, with different concentrations
of Er*, collected over a 20 range of 20°-80° are plotted in
Fig. 1. Diffraction peaks correspond to the reflections from
planes (100), (002), (101), (102), (110), (103), (200), (112),
(201), (004) and (202) of wurtzite ZnO structure, which is
consistent with the standard (JCPDS 89-0510). The high
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diffraction peaks at 20 (degree) of 31.8°, 34.5° and 36.2°
were indexed as (100), (002) and (101) planes, respec-
tively. The intensity of peaks reflected the high degree of
crystallinity of the NPs and they indicate the formation
of the pure hexagonal phase of wurtzite ZnO.

It was observed that peaks in the XRD pattern at
20 = 29.4°, 48.9° and 58.02° are characteristic planes for
pristine Er,0O, (JCPDS 077-0777). We noticed also that
the concentration of erbium was increased further extra
phase related to Er,0,. The peak corresponding to (222)
plane of Er,0, arises at 29.43° and is observed in Fig. 1 (3%
Er-5% Er).

Table 1 shows the calculated crystallite size of ZnO:Er*
NPs. The crystallite size was determined by means of the
X-ray line broadening method using the Debye-Scherrer
equation [34,35]:

D- 0,9%A @

BcosO
where A is the wavelength of the X-ray (A = 1.54 A for CuKa),
B is the broadening of the diffraction line measured at
half of its maximum intensity (FWHM: full width at a half
maximum), 0 is the Bragg’s diffraction angle and D is the
crystallite size.
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Fig. 1. XRD patterns of Er-doped ZnO Nps with different concentrations (a) and evolution of the preferred orientation peak (10 1) (b).
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As Er doping content rose from 1 to 5 wt.%, the posi-
tion of the (101) peak was slightly shifted toward the lower
angles (Table 1), indicating the substitution of Er in the
ZnO lattice (Fig. 1b). As shown, the weakness of their full
width at half maximum may indicate an improvement of
the crystallinity of ZnO. Moreover, the broadening of the
diffraction peaks and the weakness of their intensity with
increasing of Er content, constitute an indication that Er
doping inhibited the growth of crystal grain. Thus, the
peak is shifted towards the lower angle side. Moreover,
John and Rajakumari [36] show that the return of peak
to the parent position related to the excess amount of
erbium atoms starting to increase the strain in the lattice.
Indeed, Rita and Rajaram demonstrate that the peaks in the
diffraction pattern of doped samples are slightly shifted
as compared with undoped ZnO. This shows that small
variations in the lattice parameters occur as the Er* con-
centration increases. The nanocrystals exhibited changes in
relative intensities and crystallite size with changes in the
doping concentration of erbium [35], which is in accordance
with our results. By comparison with other works of ZnO
doped with other rare-earth ions, we found that our results
are concordant with them [36-39]. The increase in the lattice
parameter and the shift to the lower angle of the XRD peaks
(Table 1) affected the deformation and strain lattice [40].

The lattice strain is calculated through the following
formula:

co_ P
4tan®

®)

Asseenin Table 1, the lattice strain of ZnO:Er®* decreases
with the decrease of % Er* till 3 at %, then it increases.
For the concentrations higher than 3 at %, the excess of
Er* ions leads to the formation of Er-O-Zn on the ZnO
surface which may inhibit the growth of the crystal grain
and causes stress from the outside to the inside of the crys-
tal. Besides, from Table 1, at lower doping concentration,
the volume of the unit cell, as well as cation—anion bond
length, is decreasing. This is due to the replacement of Zn*"
ions with Er* ions in the crystal lattice. Nevertheless, as
the concentration of doping increases, the lattice parame-
ters also are increased due to the interstitial incorporation
of erbium ions in the ZnO matrix. After a literature sur-
vey, we found that the decrease in the crystal size of ZnO-
doped Eu*/Dy* was mainly attributed to the formation

Table 1

of Eu(Dy)-O-Zn on the surface of the doped products,
which inhibited the growth of crystal grains [41-43].

3.2. FTIR spectroscopy

To further confirm the chemical composition of syn-
thesized nanostructures, FTIR spectroscopy was done in
the range of 400—4,000 cm™. The FTIR spectra of (ZnO-Er)
NPs are shown in Fig. 2a. It can be seen that all absorption
bands observed in spectra are characteristic of ZnO Nps.
Indeed, broadband appeared in the region 3,550-3,100 cm™
indicating a plentiful presence of hydroxyl groups
[16,44] (O-H stretching vibration).

In addition, the absorption bands observed at 1,610 and
1,780 cm™ are probably due to the O-H of water molecule
[45]. The intense bands observed at 1,420 cm™ are linked
to the absorption of CO, from the air by the catalyst [43].
The broadband situated at 506 cm™is due to transverse
optical stretching modes of ZnO. The vibrations of Er-O
are located at 569 and 550 cm™. These results are com-
pared with the literature [46] and our data. It is worth
pointing that the FTIR spectra of ZnO-Er (different %)
Nps showed only one broad peak at ~550 cm™, because
the peak arising from Zn-O and Er-O are in the same
wavelength region near (540-490 cm™).

FTIR peaks have functional groups displayed in
Table 2. These results indicate that both zinc and erbium
are present as oxides in the material (Fig. 2b).

3.3. Scanning electron microscopy

To examine the elemental composition of the prepared
NPs, EDS attached with FESEM was used. Fig. 3 presents
the SEM images of pure and rare-earth doped ZnO:x wt.%
Er samples (x = 0%, 1%, 2%, 3%, 4% and 5%). Different
morphologies can be observed depending on the percent-
age of the dopant ion incorporated. The absence of extra
peaks, besides the expectable ones in nanocrystals, sug-
gests that the obtained products are very pure. As shown
in the images, the samples exhibit “nanoparticle” features
with serious aggregation. Interestingly, the shapes for all
the Er-doped ZnO NPs are almost the same and are in the
range of 195-75 nm. It was also observed that the size of
the NPs decreases with an increase in the Er-doping con-
centration. It is observed that, as the erbium doping con-
centration increases up to 3 wt.%, the size of the particles

20 value of the preferred orientation of (101), the corresponding a and ¢ parameters (A), c¢/a, FWHM value, cell volume

and strain (¢) of undoped and Er-doped ZnO

ZnO:Er a(A) c(A) c/a Cell volume 20 (°) (FWHM) D (nm) Strain
(at %) (&) (rad) (e)

0 3.243 5.193 1.603 47.22 36.410 0.0037 95.47 0.0028
1 3.244 5.197 1.602 47.36 36.474 0.0021 87.54 0.0015
2 3.245 5.194 1.600 47.26 36.270 0.0017 75.91 0.0012
3 3.248 5.202 1.601 47.12 36.639 0.0014 60.78 0.0010
4 3.247 5.204 1.602 47.54 36.306 0.0015 101.50 0.0011
5 3.241 5.201 1.604 47.48 36.344 0.0016 104.21 0.0012
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Fig. 2. (a) FTIR absorption spectra of ZnO-doped Er at different concentrations. (b) Zoom of the 400-650 cm™ range
of the FTIR spectra of Er-doped ZnO nanoparticles.
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Fig. 3. SEM images and EDS spectrum of samples (a) pure ZnO, (b) 1 wt.% Er-doped ZnO, (c) 2 wt.% Er-doped ZnO,
(d) 3 wt.% Er-doped ZnO, (e) 4 wt.% Er-doped ZnO and (f) 5 wt.% Er-doped ZnO.

gets decreased and while the concentration again increased,
the size starts to increase but still in the nanometer range
up to 5 wt.%. Minimum particle size is observed for 3 wt.%
erbium-doped sample. This is due to the effect of doping
on the nucleation mechanism in the growth process. Since
the ionic radius of Er* is larger than that of Zn?* ions, are
strained nucleation rate and a consequent lower growth
rate of the samples will appear.

Insets of Figs. 3a—f represent the typical EDS along
with elemental compositions of Er-doped ZnO NPs for
EZ-1 to EZ-6 samples. It is noted that 1% Er-doped ZnO
NPs sample (EZ-2) does not have any Er peak, which may
be due to the presence of very low concentration of Er ion.
However, all other samples showed well-defined peaks for
Er ions. Further, except Zn, O and Er, no other peak related
to any impurity was seen in the spectrum, up to the detec-
tion limit of EDS, which confirmed that the prepared NPs are
Er-doped ZnO without any significant impurity.

3.4. Optical properties

3.4.1. UV absorption

The optical properties of pure ZnO, 1%, 2%, 3%, 4%,
and 5% Er-doped ZnO were investigated, by UV-visible

as shown in Fig. 4. No other peaks presented in the spec-
trum, which confirms that the as-synthesized product
was pure ZnO. By comparison, to the bulk ZnO, the 3%
Er-doped ZnO shows an absorption peak at 380 nm. This
redshift can be explained by the formation of a shallow level
inside the bandgap due to impurity atoms residing in the
lattice. It is worth to point that ZnO absorption is sensitive
to Er content. In addition, the spectrum relative to ZnO:Er
(1%) indicates the presence of weak absorption bands
related to the f-f transitions from the *I ; , ground state to the
*F, D 4F7/2' H,, » and 483/2 levels.

The Er-doped ZnO NPs exhibited a notable absorp-
tion band edge shift towards the long wavelength region,
which demonstrates a decrease of the bandgap energy.
The bandgap energy (E) of semi-conductor material was
calculated by using the following equation [47]:

)

The approximated direct band gap energy of the ZnO,
1 wt.%, up to 5 wt.% Er is 3.32, 3.29, 3.28, 3.26, 3.25 and
3.23 eV, respectively, as shown in Table 3. Zhang et al. [48]
and Faraz et al. [49] described similar results.



408 H. Chemingui et al. / Desalination and Water Treatment 209 (2021) 402413
Table 3
Maximum absorption value A, (nm) and E_ (eV) value of undoped and Er-doped ZnO
Echantillon Zn0O pure 1% Er 2% Er 3% Er 4% Er 5% Er
A, (nm) 373 376 379 376 378 383
E, (eV) 3.32 3.29 3.27 3.29 3.28 3.23
1 3 —— ZnOPur
j 2 4, M ¢ e 1% Er
1% Er o —— 2% Er
o 2% Er 1 1 —— 3% Er
3% Er 3. \ (/] .
5 091 ——4% Er 2z |
£ 9 g |
v 5% Er £ o Wi
g 04+ Er’ 152
© G, /
£ 0.2+
g 03
£
< 0.0
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Wavelength (nm)
0.1 4
' Fig. 5. Emission spectra of ZnO (% Er) recorded at 325 nm
; T ' ' I wavelength recorded at room temperature.
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Fig. 4. Absorption spectra of ZnO Nps (% Er) recorded at room
temperature in the UV-Vis range.

The bandgap values of the photocatalyst diminished in
the range of 3.32 — 3.23 eV as doping of Er dose increases,
which is shown in Fig. 4. The change in band gap values
with the increasing doping concentration may be due to
the introduction of the doping levels in ZnO lattice, which
would induce the excitation of an electron from the valence
band to the conduction band [50]. The wavelength range
of 3 wt.% Er-doped ZnO catalyst was red-shifted of about
60 nm and absorption intensity increases [51].

First, it is clear that the E_value increases with Er dop-
ing from 3.29 eV for ZnO (1%) to 3.26 eV for the optimum
concentration 3 at.%. Guesmi et al. [37] gave an advanced
explanation. In this research, pure ZnO and 3% Dy-doped
ZnO have the optical energy band gaps of 3.03 and 2.89 eV,
respectively. Energy gap (E) of pure ZnO is slightly
lower than that of 3.2 eV for 1ntr1ns1c bulk ZnO [27,39].

3.4.2. Photoluminescence characterization

Figs. 5 and 6 exhibit the photoluminescence excitation
spectra of the ZnO-doped erbium registered by monitoring
the excitations at 325 and 488 nm, respectively. The spec-
tra of all products consist of similar bands characterizing
the Er** ions.

From Fig. 5, it exhibited six excitation bands at 378, 435,
465, 486, 518 and 544 nm which correspond to the different
transitions of ‘G, > 115/2, F3/2—>4115/2, 4F5/2—>4115/2, F7/2_)4115/2'
*H,,,~,,, and*S, -1 ., respectively. The appearing bands

transition

at around 568 nm are attributed to the *F,,—°H,,,
of the dysprosium ion Dy*. Indeed, even if all the starting

80
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Fig. 6. Emission spectra of ZnO:Er at different concentrations,
recorded at 488 nm wavelength at room temperature.

materials used have purity (99.9%), we cannot avoid the
presence of rare earth impurities such as terbium “Dy*"”
[51]. Anyway, it seems that the parasitic emission appears
clearly even at both low and high concentrations (Fig. 5).
In addition, Jagannatha Reddy et al. [52] indicate explicitly
in their works that the impurities doped into semiconduc-
tors will lead to more vacancies.

The broadening of the UV-violet band after Er doping
can be explained by the overlapping between the exciton
PL band and the violet PL band, centered at 407 nm. This
is linked to the creation of Zn vacancies and Zn interstitials
defects from Er doping. On the other hand, it was observed
that the intensity of the band of ZnO is reduced after dop-
ing up to 2% Er*. This can be related to possible excitation
transfer from intrinsic defects to Er**. However, an enhanced
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intensity that has been recorded of the visible bands is seen
after doping with Er®". As shown, the PL intensity of the four
emissions of Er*" increases with increasing Er** ion, reaching
a maximum value of 2% and then a quenching is observed.
According to the literature, the quenching effect can arise
from different processes:

e Based on works of Jlassi et al. [67], for concentrations
above 2%, high interactions between Er*" ions lead to an
increase of the non-radiative process originated from PL
quenching.

® According to Ajimsha et al. [68], the origin of an extinc-
tion phenomenon may be due to the process of cross-
relaxation, in the close Er**~Er* pairs. In fact, it can occur
when the distance between the two ions is reduced.

Interestingly, it is observed that the intensity of green
emissions has considerably increased for all Er-doped ZnO
studied compounds suggesting the increase in oxygen
vacancy defects.

Fig. 6 represents room temperature photoluminescence
spectra of Er*-doped ZnO at an excitation wavelength of
488 nm, recorded in the visible range. All spectra show
the characteristic emission bands of Er*'resulting from the
intra-configurational electronic from different excitation
levels to ‘I, fundamental level. Such features are usually
related to the crystallized environment of the rare-earth
ions. In fact, four main emission bands are identified (Fig. 6).
It is well established that the main routes to improve pho-
tocatalytic activity is the efficient electron-hole (exciton)
recombination.

In regard to the strongest and large band is located
around 386 nm is undoubtedly originated from the recom-
bination of the free excitons in ZnO [53,54]. Therefore, our
results are in good accord with the literature [52]. In addi-
tion, it is worth to point that the broad band located from
421 to 600 nm is not only connected to erbium ions but also
related to the Zn vacancy (VZn) [55], intrinsic defects such
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as O-vacancy (VO)[56], Zn-interstitial (Zni)[57], O intersti-
tial (O,) and extrinsic impurities [58]. Usually, the presence
of the oxygen vacancies (V) and zinc interstitial (Zn)) in
the ZnO matrix is confirmed by the green emission [59-61].
Furthermore, it is known that the oxygen vacancies can
occur in three different charge states: the singly ionized
oxygen vacancy (V*), the doubly ionized oxygen vacancy
(V3*) and the neutral oxygen vacancy (V). Among them,
only (V¥) can act as luminescent centers (green emission)
in the ZnO matrix. Therefore, the green emission results
from the recombination of a photogenerated hole with the
single ionized charge state of the defect [62,63]. Anyway,
and by comparison with recent reports, it seems that the
deep-level-defect luminescent centers of V_* and Zn, are
both the main origins of the green emission. Similar results
are reported in the literature [64-66]. Therefore, Erbium
causes the enhancement in electron-hole recombination
and thus leads to an improvement in the photocatalytic
performance of the Er-doped ZnO.

3.5. Photocatalytic activity analysis

To illustrate their impact on environment application
in the elimination of contaminants from wastewater, the
photocatalytic behavior of undoped and Er-doped ZnO
NPs has been studied for the photodegradation of RR180
aqueous solution under UV light irradiation.

The photodegradation of Remazol Red Brilliant F3B on
the surface of Er-doped ZnO NPs was studied as follows.
In a typical experiment, 0.5 g/L of powder (different Er dopant
percentage from 0% to 5%) was immersed in a beaker filled
with 500 mL of RR180 aqueous solution with an initial con-
centration of 50 mg/L. Prior to light irradiation, the solution
is left in the dark for 30 min under magnetic agitation until
an adsorption—-desorption equilibrium is finally established.
Thereafter, the assembly was exposed to UV irradiation.

Fig. 7 represents the degradation efficiency of RR180
undoped ZnO and erbium-doped ZnO catalysts as a
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Fig. 7. (a) Photocatalytic color removal rates of the doped ZnO and (b) comparison of photocatalytic degradation of RR180
for different photocatalytic systems as a function of irradiation time under UV light.
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function of time. The maximum degradation efficiency
of 99% was achieved by using a 3% Er-doped ZnO cata-
lyst within 45 min. As it is shown in the figure, the erbium
improves the photocatalytic activity of ZnO. Beyond 3%,
the photocatalytic activity of doped ZnO decreases and
becomes even lower than that of undoped ZnO. Therefore,
a precise amount of dopant could be critical for getting high
photocatalytic activity [69].

A similar result has been found in the literature: Divya
and Pradyumnan [32] used Er-doped ZnO for degrada-
tion of methylene blue (MB) under UV light irradiation
and found a maximum of degradation at 0.6% Er. Sin et
al. [30] synthesized via a surfactant-free chemical solution
route erbium-doped spherical-like ZnO hierarchical nano-
structures for degradation of phenol in water under visible
light irradiation. Lee et al. [29] reported the effective photo-
degradation of tartaric acid in water using Er-ZnO micro-
rods photocatalyst under visible light irradiation. When
the data are illustrated as time-dependent normalized dye
concentration logarithms; linear plots are observed (Fig. 8a)
and their equation is expressed by [70]:

1%‘3;}: kxt ®)

where A is the initial absorbance, A is the absorbance at
time ¢ and k is the kinetic rate constant.

This means that the decomposition assumes the first-
order kinetics; the constant k which is actually the slopes
of the lines obtained are measured and seen in Fig. 8b.
Thus according to the kinetic study, in the absence of ZnO
photocatalysis, a low kinetic rate constant of 0.7515 min™ is
calculated for RR180 dye.

It is often noted that even the low concentration of Er
doping improves the photocatalytic activity by providing
greater k value in comparison with undoped ZnO and the
most important one will be that reported for the lowest Er
concentration. These values are comparable with those
reported for ZnO doped with Sm where the measurements
were carried out under the same conditions [29].

(a)

——T0
—— % Er
A= 1% Er
=¥
%Er
—=S%Er

Ln (A,/A)

Irradiation time

Fig. 8. Photodegradation kinetics of RR180 in the absence and

kinetic constant with Er content (b).

On the basis of these experimental tests and earlier
studies [32], a possible mechanism for the degradation
of dye over doped ZnO NPs has been seen in Fig. 9. The
degradation process of dyes with ZnO irradiation can be
interpreted in this way. As the photons of energy equal
or exceed the distance between prepared ZnO NPs are
absorbed, the electron can be transferred to the conduc-
tor band from the valence band leaving a vacant or “hole”
electron. In general, due to the recombination of electron
and hole pairs, the photocatalytic degradations of dyes with
bare ZnO were less than doped products. The improved
photocatalytic activity of the doped ZnO NPs is not only
related to the fact that doping would enhance the absorp-
tion capacity of the NPs in solar light, as well as to the
suppression of the recombination rate of the e/h" pairs by
trapping the electron, that strengthened the separation of
the conduction band. In addition, the higher separation
of charges carried by doped ZnO NPs was verified by PL
spectra. At the same time, the hole produced in the valence
band (h,;") can interact with a surface-bound H,O to pro-
duce a highly reactive hydroxyl radical. The degradation of
the dyes is caused by superoxide radical anions (*O;) and
hydroxyl radicals (*OH) formed under UV light irradiation.

The reason for the high photocatalytic activity of
Er-doped ZnO could be explained by the following mech-
anism. The photocatalytic degradation of dye is initiated
by the photoexcitation of the semiconductor, followed by
the formation of electron-hole pairs (Eq. (6)). The high oxi-
dative potential of the hole (h},) in the catalyst permits the
direct oxidation of the dye (RR180) to reactive intermediates

(Eq. (7)) [70].

ZnO +hv — ZnO (e, + hy,) (6)

h},+ dye — reactive intermediate (7)
Another reactive intermediate is OH* which is respon-

sible for the degradation (it is either formed by the decom-

position of water (Eq. (8)) or by the reaction of the hole with
OH~ (Eq. (9))). The hydroxyl radical and photogenerated

09
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k (min")
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Erbium content

in the presence of ZnO photocatalysts (a) and variation of
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UV Light Irradiation

Fig. 9. A plausible mechanism for the degradation of dye using
doped ZnO under UV light irradiation.

holes are extremely strong, non-selective oxidants, which
induce the partial or complete degradation of several organic
chemicals on the catalyst’s surface [71].

hy,+H,O— H"+*OH (8)
h},+ OH™ — *OH &)
Er*+0, > Er* + O, (10)
e+ 0,—°0; (11)
*O;+ dye — dye - OO* (12)
*0; +HO; + H" - H,0,+ O, (13)

Electron in the conduction band (eg;) can reduce
molecular oxygen to superoxide anion (Eq. (11)). This radi-
cal, in the presence of organic scavengers, may form organic
peroxides (Eq. (12)) or hydrogen peroxide (Eq. (13)). The
hydroxyl radical that acts as a strong oxidizing agent that
degrades dye into mineral acid and CO,:

+dye — degradation of the dye (14)

2

Under the irradiation, erbium ions work as an elec-
tronic scavenger, which may act with the superoxide species
and limit the electron-hole pair recombination, and thus
increases photocatalytic activity [72-74].

When the concentration of erbium is increased further,
the activity of the catalyst for the degradation of RR180
decreases. It is interesting to note that the intensity of deep
level emission in the PL spectrum is maxima also at 3%,
which mentions that the two properties are linked. A sim-
ilar result was reported in the case of neodymium-doped
ZnO used for the degradation of C.I. Reactive Blue 4 [39].

On the other hand, the main reason for the decrease of
photocatalytic activity of a wide band gap semiconductor is
the recombination of electron-hole pairs in the redox pro-
cesses [32,71-73]. Erbium doping results in the production

of interstitial oxygen Oi and anti-site oxygen O, , which

play a very important role in the trapping of charge car-
riers by preventing them from recombination. Doping of
trivalent impurity such as erbium in ZnO will result in the
creation of more and more electrons and a hole, which also
serves to improve photocatalytic activity.

The decrease in the crystallite size with doping can be
considered as another reason for the enhancement of pho-
tocatalytic activity. Decreasing the average particle size
increases the number of surface sites available for charge
transfer. Moreover, decreasing the particle size also increases
the rate of surface charge recombination. Therefore, the
formation of the rate of electron-hole pairs on the catalyst
surface will increase greatly which resulted in higher pho-
tocatalytic efficiency. For a sufficiently small particle size,
surface recombination becomes the dominant process as
the charge carriers are formed close to the particle surface
and because the recombination process is faster than inter-
facial charge transfer is at 3 wt.% erbium doping. The crys-
tallite size is reduced to a minimum compared with other
samples (evident from SEM results) indicating the max-
imum surface area of the sample, resulting in maximum
photocatalytic activity.

4, Conclusion

The structural, morphological and optical properties
of erbium-doped ZnO synthesized via a simple solid-state
reaction route were investigated. Since rare earth elements
have larger ionic radii compared with zinc, the incorpora-
tion of trivalent Er ions into ZnO host lattice can cause a
significant distortion in the ZnO crystal lattice. The incor-
poration of Er in ZnO was confirmed using EDS analysis.
The crystallite size calculated using the Debye Scherrer for-
mula and is found to be decreased with doping up to the
optimal concentration of 3 wt.% Er. According to the SEM
images, a large irregular shaped morphology of pure ZnO
is changed to nanosized spherical at the optimum doping
concentration. Samples show weak emission in the UV
region and an enhanced emission in the visible region after
erbium doping. Induced defects such as O, anti-site oxy-
gen and interstitial oxygen Oi, due to Er doping at optimal
mass ratio 3 wt.%, could be responsible for the increase in
visible emission. The photocatalytic activity of ZnO in terms
of color removal is enhanced with erbium doping at 3 wt.%
concentration. The degradation of 99% of RR180 textile dye
using 3 wt.% Er was obtained at 45 min. In addition, the PL
presents a maximum emission for ZnO doped with 3% of
erbium as it is the case of the photocatalytic activity. Both
photocatalytic activity and photoluminescence properties
of ZnO show their maximum at 3 wt.% erbium doping.
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