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Abstract

Green-synthesized Nd-doped (2%)-ZnO samples were produced using hydrothermal syn-
thesis (HT) and freeze-drying (FT) procedures. A water extract from Vaccinium vitis-idaea
leaves was used to modify the Nd-containing zinc acetate solution. The hydrothermal
synthesis was carried out in an autoclave at 170 °C for 8 h. The lyophilization process was
carried out for 20 h at 0.15 mbar and then for a further 4 h at 0.10 mbar and at a temperature
of —100 °C. The final treatment after both these procedures was carried out at 400 °C for
2 h. Both synthesis methods produced mixtures of rugby-like and ridged ZnO particles.
The FT particles possess smaller crystallites sizes (24 nm) and higher polarity (1002/I100) in
comparison with the hydrothermally obtained particles. It was ascertained by EPR analyses
that there was a higher concentration of oxygen-vacancies-related paramagnetic centers
after freeze-drying synthesis (more intensive line at g = 2.000). The photocatalytic reaction
rates of the freeze-dried samples toward Malachite Green dye discoloration were found to
be higher than those of the HT samples. These rates were greatly affected by the smaller
crystallites sizes, higher number of singly ionized oxygen vacancies in the crystal lattice

and higher surface polarity.
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Some nanometer-scale zinc oxide semiconductors (powders and thin films) have been
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distributed under the terms and extensively studied due to their low cost combined with their attractive photocatalytic,
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shape and the presence of surface defects in ZnO powders, which are responsible for their
physicochemical properties [2]. The addition of dopant or impurity to ZnO creates extrinsic
n or p-type defects in the crystal lattice. The doping of ZnO with rare earth metals (such as
Sm, Y, Nd, Gd) is an efficient way to control the band-gap value of ZnO nanostructures in
order to obtain the desired properties [3-5]. The direction and magnitude of the changes
in the band gap depends on the type and the concentration of the doping element. Rare
earth metals possess high conductivity and a high refractive index, and doping with these
metals could be a viable approach for the preparation of ZnO structures with a controlled
concentration of lattice defects. For instance, the high concentration of oxygen defects is
responsible for the improved photocatalytic/antimicrobial activity of ZnO [6]. Several
research groups have proved that the doping using neodymium improves the optical and
photocatalytical properties of ZnO materials. The neodymium exerts a significant impact
on the magnetic/electrical properties, photocatalytic activity, gas sensitivity and selectivity,
and it reduces the band gap, causing an increased absorption in the visible region of
ZnO [7-10]. The increased photocatytic performance of Nd-ZnO nanopowders has been
explained by the presence of both types of oxygen defects: antisite Oz, and interstitial
oxygen O; due to the Nd doping [11].

Some well-known ZnO synthesis methods include mechanical milling [12], the CVD
method [13], or the decomposition of zinc-containing salts [14]. The hydrothermal method
is very attractive due to the possibility of preparing fine grain-sized zinc oxide possessing
the desired morphology and a highly developed specific surface area [15]. Researchers
have paid significant attention to the green synthesis route for oxide and metal particle,
which is a non-toxic and eco-friendly method that uses different biological systems, such
as plants, bacteria, fungi or algae [16]. Among these plants, there are easily available and
cheap precursors [17]. Typically, plant-extract-mediated metal oxide synthesis involves
mixing the aqueous extract with a precursor solution of the corresponding metal salt.
The reaction occurs at room temperature and is complete rapidly. The reduction and
chelating processes are quite complex due to the participation of the great number of organic
compounds in the plant. Research groups have proved that the major phytochemical
constituents of the Vaccinium vitis-idaea L. plant are phenologlycosides, phenylpropanoids,
anthocyanins, saponins, arbutin, hydroquinone and flavonoids [18]. The biocompounds in
the plant extract with (-OH) functional groups act as a reducing and stabilizing agent in the
synthesis of ZnO [19]. Our research group has successfully applied a combination of bio
and hydrothermal synthesis methods for ZnO using Mentha Arvensis extract [20]. We have
established the positive role of the plant extract addition on the surface area, crystallites
sizes, band-gap value and formation of lattice defects.

Recently, the freeze-drying method (lyophiliozation) has attracted significant research
attention as a new simple route for preparing large-scale multifunctional materials having
novel structures, which possess hierarchical porosity [21]. The porous structure can be
controlled by the choice of some technological parameters such as the freezing temperature,
concentration, and solvent type [22]. During the freeze-drying process, solvent ice crystals
are growing, acting as templates, and the particles are solidified between these crystals.
The size of ice crystals varies from several microns up to hundreds of microns. The size
and orientation of the ice crystals exert a strong influence on the type of microstructure.
In this way, a porous structure is being formed. Last year, a few studies were published
that were devoted to the application of freeze drying in the bio-synthesis of ZnO [23,24].
Piva et al. observed the positive effect of the freeze-drying procedure on the photocatalytic
and antibacterial efficiency of zinc oxide particles. Modifying freeze-dried ZnO solutions
with thyme extract leads to smaller particle sizes and a higher degree of crystallinity [22].
Another research group revealed that Moringa leaves modified with freeze-drying syn-
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thesis results in a higher oxygen-to-zinc ratio and the formation of porous 2D nanoflakes.
The samples exhibited high visible light photocatalytic efficiency for methyl orange dye
degradation [24]. Our preliminary unpublished results have revealed that the doping of
ZnO (low concentration dopant—up to 2 atomic percents) with several rare earth elements,
by green-hydrothermal synthesis, increases the antimicrobial efficiency of the particles.
ZnO nanopowders doped with 2% Nd stand out as the most efficient antibacterial material.

The aim of this paper was to evaluate the changes of the physicochemical parameters
of green modified ZnO-Nd freeze-dried particles in comparison to those of hydrothermally
synthesized particles as well as to define the potential of these materials as photocatalysts
for Malachite Green dye discoloration.

2. Results and Discussion
2.1. EPR Analyses

In order to evaluate the influence of the drying procedure on the defect structure of
Nd-doped ZnO, the EPR spectra of the powders, prepared by conventional drying and
freeze-drying procedures, were compared. The X-band EPR spectra of these samples were
recorded both within narrow and wide magnetic field sweeps, and these are represented

in Figure 1.
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Figure 1. X-band EPR spectra of: picture (A) narrow magnetic field sweep and (B) wide magnetic
field sweep; (1)—ZnO hydrothermal synthesis-HT, (2)—ZnO freeze-drying-FT. *—Mn?* line.

The EPR spectra of both types of samples exhibit several identical resonance lines in
the magnetic field region 350-300 mT. The signals at g = 1.95 and g = 1.904 are associated
with shallow effective mass donor centers (SD), which are most likely assigned to Zn-related
defects and zinc interstitial donors (Zn;) [25-28]. The resonances at g = 2.026-2.127 are
attributed to vacancy-related (V,: Zn? and Vy—Vz, complexes) [29] and surface-related
oxygen radical species (e.g., O»*~, OH®) or defect-modified oxygen sites [30,31]. The
resonance line at g = 2.127 is probably associated with zinc vacancy-related centers [32].
The persistence of these signals demonstrates that freeze drying does not substantially
modify the bulk defect structure of the ZnO lattice. A significant difference between
the two samples is observed for the intensive resonance line at g = 2.000, which can be
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attributed to singly ionized oxygen vacancies (V;") [25,26]. The significant increase in
the intensity of the resonance line at g = 2.000 of the freeze-drying sample indicates a
higher concentration of oxygen-vacancy-related paramagnetic centers. In order to provide
a semi-quantitative comparison of the defect centers preserved in both samples, the relative
spin concentrations were estimated using the relation Ippx(AHpp)? (see Tables 1 and 2).
The calculations were performed for the well-resolved resonance lines at g = 1.904, 1.950,
2.000, 2.026, 2.076, and 2.127, which are present in both spectra. The resonance at g ~ 2.05
was excluded from the analysis because it partially overlaps with the third hyperfine
component of the Mn?* sextet, preventing reliable determination of its intensity and line
width. The calculated values were obtained after normalization of the EPR signal intensity
to the same receiver gain and sample mass. Therefore, the relative spin concentrations can
be directly compared between the investigated samples. The semi-quantitative analysis
based on the relative spin concentration reveals that freeze-drying does not uniformly
increase the concentration of all paramagnetic defects. Instead, a selective redistribution
of defect centers is observed. The oxygen-vacancy-related center at g = 2.000 exhibits
an approximately 3.3-fold increase in relative concentration, whereas the donor-related
resonances at g = 1.904 and 1.950 remain nearly unchanged. In contrast, the signals assigned
to vacancy-related and surface oxygen centers (g = 2.026-2.127) decrease substantially after
freeze-drying. These results indicate that freeze-drying preferentially stabilizes isolated
singly ionized oxygen vacancies while suppressing the formation of more complex vacancy-
related centers. The simultaneous narrowing of the g = 2.000 resonance further suggests a
more homogeneous local environment and weaker spin-spin interactions for the preserved
Vot centers.

Table 1. EPR parameters and relative spin concentrations of the paramagnetic centers detected in

HT samples.

g Factor I(a.u.) AH? (mT) Ix (AH)?
1.904 95.93 1.316 166.14
1.95 120.6 2.035 499.43
2.00 1065 1.076 1233.03
2.026 120.6 0.6 43.42
2.076 249.7 0.72 129.44
2.127 298.4 0.84 210.55

Ipp, peak-to-peak signal intensity; AHpp, peak-to-peak line width.

Table 2. EPR parameters and relative spin concentrations of the paramagnetic centers detected in

FT samples.

g Factor I(a.uw) AH? (mT) Ix (AH)?
1.904 83.1 1.554 200.68
1.95 104.62 2.27 539.1
2.00 11,369.2 0.6 4092.91
2.026 92.3 0.6 33.23
2.076 180 0.6 64.8
2.127 226.15 0.72 117.24

Some additional differences are observed in the intermediate g-factor region. The
freeze-dried sample exhibits two new resonance lines: a broad signal centered at g = 2.34
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(AHpp = 25.54 mT) and a narrow resonance line at g = 2.26 partially overlapping with
the first one mentioned. These signals are absent in the conventionally dried sample.
The narrow resonance at g = 2.26 is attributed to a defect center, which possibly involves
oxygen-vacancy-related complexes stabilized during freeze-drying. In contrast, the broad
signal at g = 2.34 is indicative of defect clusters or some strongly interacting paramag-
netic centers characterized by a distribution of local environments. The simultaneous
enhancement of the g ~ 2.00 signal signifies the assumption that these centers are as-
sociated with oxygen-vacancy-containing defects. Some contributions from Nd-related
defect complexes cannot be excluded. An additional resonance line at g = 6.51 is also
detected exclusively in the freeze-dried sample. Such high g-factor values are typically
associated with strongly anisotropic paramagnetic centers. This signal could originate from
Nd-related defect complexes stabilized during freeze-drying. The absence of this signal in
the conventionally dried sample suggests that these centers are either thermally unstable
or they are transformed during conventional treatment. In contrast, the hydrothermally
obtained sample is exhibiting weak resonance lines at g = 4.2 and g = 9.6, which are absent
in the freeze-dried material. Signals in this range are frequently attributed to isolated Fe3*
ions occupying distorted lattice sites [33,34]. Their disappearance after freeze-drying could
indicate changes in the local environment of Fe-containing centers or their incorporation
into more complex defect structures that are EPR-silent under the experimental conditions.
The six characteristic lines in the EPR spectrum, which can be assigned to Mn?*-related
signals, are observed around g ~ 2 (S=5/2,1=5/2) [35]. The signal at g = 5.4 in both
samples indicates that the drying procedure does not significantly affect the distribution of
manganese-containing centers. Overall, the EPR results demonstrate that freeze-drying
mainly affects the concentration and distribution of both surface defects and vacancies-
related defects, while it is preserving the fundamental donor and acceptor defect structure
of Nd-doped ZnO lattice.

2.2. XRD Analyses

Figure 2 shows the XRD patterns of Nd-doped ZnO nanomaterials, which are synthe-
sized by hydrothermal and freeze-drying methods. The diffraction peaks, corresponding to
the characteristic crystallographic planes, confirm the formation of the hexagonal wurtzite
ZnO phase. In contrast, the material obtained by the freeze-assisted route exhibited a
two-phase composition. In addition to the dominating wurtzite ZnO phase, quantitative
phase analysis revealed a significant amount of Na,COj3. The results of the quantitative
phase analysis, including the degree of crystallinity, crystallite size, polarity, and lattice
micro-strain, are summarized in Table 3. The degree of crystallinity showed similar values
for both synthesis methods, whereupon the HT sample exhibited a slightly higher degree of
crystallinity (difference ~ 1.6%). The hydrothermal method also resulted in the formation of
larger crystallites (32 nm), whereas the freeze-assisted route produced smaller crystallites
(24 nm). These observations suggest that the freeze-assisted synthesis pathway promotes
the formation and stabilization of sodium carbonate, while it is simultaneously inhibiting
crystallite growth.

Table 3. Crystallographic data of the ZnO samples.

Content Crystallites Size, Micro-Strain
Sample Phases [wt %] L002)/I100) tgua) [nm] c
HT ZnO 99.18 0.75 32 1.35 x 1073
FT ZnO 61.69 0.89 24 2.12 x 1073
Na,CO; 38.31 - 45 1.21 x 1073
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Figure 2. XRD patterns of HT and FT samples.

It is known that the polarity of the surface is in relationship with the 002 and 100 planes’
diffraction intensity ratio (1(002)/1(100)). The FT sample exhibits higher polarity than the
HT sample (0.89 vs. 0.75). Silva et al. [36] have proved that the increased polarity of the
polymer-modified samples is in correlation with their increased photocatalytic activity.
Thus, it is noteworthy to conclude that the freezing method not only changes the phase
composition, it also changes the texture of ZnO powders.

2.3. SEM/EDX and TEM Analyses

Figure 3 reveals the fact that hydrothermal treatment produces rugby-like and ridged
ZnO particles having various sizes (diameters within 50-250 nm range). The freeze-drying
procedure results in particles with a similar shape (Figure 4). It has to be noted that the
lyophilized particles are significantly finer, having diameters up to 100 nm.

200mm - petector = SE1 EHT =25.00kV Mag= 30.00KX WD =850mm Photo No.=5394

Figure 3. SEM photograph of HT powders.

The transmission electron microscopy photographs in Figures 5 and 6 show the
obtained results from SEM analyses. Both samples possess ridge-shaped particles. The
lyophilization leads to the formation of more aggregated particles (FT sample). The particle
distributions of both samples are very similar. The average particles sizes, evaluated by
TEM analyses, are in accordance with the SEM photographs.
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2.4. IR Analyses

The bands at 750400 cm ™! are attributed to the Zn—O bonds (formation of ZnO
nanoparticles) (Figure 7). All the higher frequency absorption bands (O-H, C-H, C=0,
C-0, C=C) are due to the organic molecules contained in the plant extracts, which act as

reducing/stabilizing agents. They play the role of a “shell” around the nanoparticles. The

main active ingredients in Vaccitinium vitis-idaea include proanthocyanidins (type A), which
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prevent bacteria from attaching to the urinary tract, vitamin C, flavonoids (quercetin and
myricetin, which are isomers), and some organic acids. As can be seen from these spectra,
the flavonoids quercetin and myricetin predominate. The peaks registered at 1500 and
1450 cm~! are due to the aromatic phenolic C = C bonds of flavonoid type. The peak at
1105 cm ™! confirms the presence of C-O-C/C-O ether and ester bonds (Table 4).

e
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(b)
Figure 7. IR spectra of HT sample (a) and FT (b).

For ZnO, it is known that bands within the ~400-550 cm~! region are commonly
assigned to Zn-O stretching vibrations. This peak in our samples is shifted to a higher
wavenumber, which generally indicates that the bond vibration requires higher energy.
The positions of the peak in the samples are different: 625 cm~! (HT) vs. 690 cm™!
(FT), which usually means that the Zn—O vibrational environment has changed. Since
Zn and O masses are unchanged, the higher peak at 690 cm~! of the lyophilized sample
mainly suggests a larger effective force constant—i.e., a stronger/stiffer Zn-O bond en-
vironment. The possible reasons include (i) a smaller particle size (proved by SEM and
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XRD analyses) and (ii) a higher micro-strain and number of crystal defects (proved by
EPR analyses).

Table 4. IR spectra data of ZnO samples—main characteristics bands.

(chl) (Crl:lil) Reference Data [37,38] Type of Group
1625 - 1650-1600 C=C aromatic/O-H deformations; also adsorbed water
1500 1450 1510-1450 Aromatic C=C (flavonoid type)
1105 - 1100-1000 C-O-C/C-O (ether and ester bonds, terpene components)
870 875 950-860 antisymmetric stretching vibrations of a ring
625 690 750-400 Characteristic of ZnO, Zn—O stretching—the main sign of ZnO

nanoparticles

2.5. DTA/TG Analyses

The DTA spectrum of green hydrothermally synthesized ZnO (HT) reveals two main
peaks (Figure 8). It is well known that using green synthesis routes, biomolecules from
the extract coordinate with Zn2* ions, and they remain on the nanoparticle surface. Their
decomposition often produces an endothermic event within the 180250 °C range. The
first endothermic peak around 230 °C may correspond to the following processes: the
removal of physically adsorbed and bound water, the decomposition of hydroxyl groups
from intermediate zinc hydroxide species (such as Zn(OH),), and the thermal degrada-
tion of phytochemicals from the plant extract (probably polyphenols, flavonoids, sug-
ars, organic acids, etc.) which remain attached to the ZnO surface. The DTA spectrum
of the HT powders also show a second broad peak at about 300°C. It is known that
the hydrothermal synthesis already partially forms crystalline ZnO during the reaction
stage. Therefore, decomposition starts earlier, and less energy is needed for the crystal-
lization. Also, the transformations are occurring gradually. The relatively lower tem-
peratures of crystallization and broadening are caused by several factors: pre-existing
ZnO nuclei and a partial degree of crystallinity, the oxidative combustion of residual
organic compounds from the plant extract; the crystallization and grain growth of the
ZnO nanoparticles.

HT Exo q0<8
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-0.25
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2 -0.50 %
é 075 =
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n 92 o
= o -1.00 %
@D
o 125 T
-1.50
86
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Temperature (°C)

Figure 8. DTA /TG spectrum of HT sample.

The freeze-dried ZnO precursor exhibited different thermal behavior (Figure 9). The
first broad exothermic peak at approximately 270 °C is attributed to overlapping processes
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including the decomposition of residual organic species, dehydroxylation of zinc hydroxide
intermediates, and progressive crystallization and grain growth of the ZnO nanoparticles.
The broad nature of the peak indicates some gradual thermal transformation and the het-
erogeneity of the freeze-dried precursor system: the presence of a second crystallographic
phase is proven by XRD analysis. This corresponds to the character of the TG curve. The
narrow and intensive exothermic peak at ~403 °C observed in the FT sample usually means
a single well-defined thermal event, which is occurring rapidly. Probably, the zinc acetate
and the second crystalline phase of Nay,CO3; decompose and they crystallize suddenly,
leading to the combustion of organics, the collapse of the precursor network, and rapid ZnO
crystallization. Upon increasing the temperature further, no other peaks are observed in the
spectrum. The difference in the DTA peaks between freeze-dried ZnO and hydrothermally
treated plant-modified Zn solution mainly comes from differences in the particle size, defect
concentration and thermal decomposition pathway:.

TG (%)
HeatFlow (uV)

T T T T
0 100 200 300 400 300 G500 700

Temperature (°C)
Figure 9. DTA /TG spectrum of FT sample.

2.6. Phocatalytic Activity Tests

The photocatalytic activities of the obtained Nd-doped ZnO nanomaterials have been
tested in the reaction of the photocatalytic decolorization of Malachite Green dye as a
model contaminant in aqueous solutions (Figure 10). In the presence of Nd-doped ZnO
nanoparticles, the photocatalytic decolorization of Malachite Green dye is proceeding in
two stages with different rate constants. The values of the calculated apparent rate constants
during the second period are FT (61.5 x 1073 min—!) > HT (35.3 x 10~ min—!) for 150 min
under UV illumination. The freeze-drying results in a twofold higher photocatalytic
reaction rate of the samples compared to those obtained by hydrothermal synthesis. The
calculated values of adsorption capacities of HT and FT after a 30 min dark period are
0.0253 mg/g and 0.0263 mg/g, respectively.

The reusability tests of Nd-doped ZnO photocatalysts determined that they pre-
serve their photocatalytic efficiency relatively well after three consecutive photocatalytic
cycles. These results confirmed the stability of the prepared zinc oxide photocatalysts
after their repeated use in the photocatalytic reaction of MG discoloration under UV
irradiation (Figure 11).
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Figure 11. Degree of discoloration of MG dye using HT and FT samples after three consecutive
photocatalytic activity tests.

The relationship between the oxygen defects, crystallites size, degree of crystallinity,
polarity and photocatalytic activity is well established. The XRD analyses have revealed
that the FT sample possesses smaller crystallite sizes (24 vs. 32 nm) and increased lattice
micro-strain (2.12 x 1073 vs. 1.35 x 1073) in comparison to that of the HT samples. This
result was also confirmed by SEM photographs. The XRD data are indicating also a higher
density of structural defects and local lattice distortions despite the comparable degree of
crystallinity. This could be due to the peculiarities of the freeze-drying process: zinc solution
becomes trapped within the ice matrix, and the dissolved species have little opportunity
to migrate. As the growth process is diffusion-limited, many nucleation sites are formed
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simultaneously. This leads to the formation of small crystallites sizes. The photocatalytic
reaction rate process can be maximized by optimizing the oxide particle size. The ultrafine
particles (smaller than 7 nm) result in lower activity due to the faster charge recombination
of (e~ /h*) pairs [39]. Dodd et al. [40] have also revealed that the optimum particle size of
ZnO possessing a high photocatalytic reaction rate is approximately 33 nm. Other research
groups have also revealed that the optimal size of the photocatalytic particles is within the
range of 20-50 nm [41]. Zinc oxide with particle sizes from 31.8 nm to 51.9 nm showed the
best photocatalytic efficiency for the degradation of resorcinol [42]. The particle sizes of
our samples, evaluated by both TEM and SEM analyses, are in accordance with the results
of the above-mentioned researchers.

At the same time, the EPR analyses proved the presence of a greater amount of oxygen-
vacancy-related paramagnetic sites, which were formed during the freeze-drying process.
This effect is attributed to the low-temperature dehydration process, which suppresses
defect migration, recombination and lattice relaxation phenomena. These phenomena are
typically occurring during HT synthesis. As a result, the oxygen-vacancy-related sites
formed during freeze-drying synthesis are preserved.

It is known that the higher surface polarity of ZnO materials leads to increased
photocatalytic activity [43]. The research group explained this fact by the facile adsorption
of O>~ and OH™ ions on the polar face and on the surface defects. The adsorbed ions
react with photogenerated electrons (e ) and holes (h*), and these then produce more high-
activity OH®*~ and O,°~ radicals, which are responsible for the enhanced photocatalytic
reaction rate.

The EPR and XRD data revealed the correlation between oxygen vacancies and polar
planes. The freeze-dried ZnO powders contain more oxygen vacancies, which contributes
to the higher polarity of the surface. The polar facets are significant because they: have
higher surface energy than nonpolar facets, show greater catalytic activity in many reac-
tions, and thus strongly influence gas-sensing, photocatalysis, and piezoelectric behavior.
They also affect crystal morphology and growth kinetics, especially in ZnO materials. It is
interesting to note that the BET surface area of our samples is not the main factor that deter-
mines the high photocatalytic activity. Similarly, Li et al. have established that catalysts
having a larger amount of oxygen vacancy and respectively higher surface polarity (re-
gardless of the low BET area) are exhibiting higher catalytic activity for the N-formylation
reaction [44]. Our investigations have also proved that the freeze-dried samples possess
a relatively low surface area (2 m?/g) in comparison to that of the HT samples (7 m?/g).
The lyophilized samples possess micropores (D, = 14 nm), while the HT samples have
mesopores (D,y = 23 nm) (see Supplementary Material Figure S1). These results indicate
that the amount of oxygen vacancies (formed preferably on polar planes) is more impor-
tant for the catalytic activity than the surface area. At the same time, the freeze-drying
process leads to an increased amount of oxygen defects, smaller crystallites, and higher
surface polarity. All these physicochemical parameters result in some higher photocatalytic
efficiency toward MG discoloration. It is known that the substantial amount of sodium
carbonate in oxide powders could induce surface passivation and reduce the number of
accessible active sites. It is surprising that the liophilized samples, which contain sodium
carbonate as a secondary phase, exhibited a higher photocatalytic efficiency than the HT
samples. Peralta-Zamora [45] et al. have proposed the following ways to explain the
positive effect of sodium carbonate on the photocatalytic reaction rate: (a) the possible
reaction of the carbonate radical and photo-generated hole (b) reaction with the molecules
in the bulk of solution due to the peculiarities of the carbonate radical: lower reactivity,
longer half-life time and lower oxidation power than those of the OH radicals. The obtained
structural and phase features of FT powders including their small crystallites sizes, high
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number of oxygen surface defects and high surface polarity could facilitate the charge
separation of electron-hole pairs and thus improve the photocatalytic activity. As a result,
the photocatalytic performance of the Nd-ZnO samples is determined by the synergistic
effect of the abovementioned physicochemical parameters.

3. Materials and Methods
3.1. Preparation of the Samples

The Nd-doped ZnO nanoparticles (ZnO-Nps) were prepared using two synthetic
approaches, I and II:

() The ZnO-Nps were produced using hydrothermal synthesis, and they were denoted as
HT. Tri-block copolymer Pluronic P123 (Sigma-Aldrich, Merck Group (Merck KGaA,
Darmstadt, Germany); Mw = 5800), Nd,O3 (Sigma-Aldrich), nitric acid 65% (Sigma-
Aldrich), Zn(CH3CO,);, 2H,0 (Valerus Co., Sofia, Bulgaria) and sodium hydroxide
(Valerus Co., Sofia, Bulgaria) were used as initial precursors. The aqueous solution of
Pluronic P123 (2.85 g P123 in 25 mL distilled water) was added to the 400 mL aqueous
solution of 0.1 M zinc acetate. Additionally, the estimated quantity of 0.09 g Nd,O3
dissolved in 1 M HNOj3 was added in order to obtain 2 at% doped ZnO. Then, the
following additives were added to the mixture sequentially: 26 mL aqueous solution
of 4 M NaOH until reaching pH = 11 and finally—22 mL of plant extract. The water
solution of the plant extract was prepared by placing 6.022 g dried leaves of Vaccinium
vitis-idaea L. from a local supplier into 200 mL of distilled water and stirring for 1 h at
75 °C for 30 min, after which it was filtered. The resulting mixture was transferred
into an autoclave at 170 °C for 8 h. The so-obtained precipitates were washed and
dried up in an oven, after which they were treated at 400 °C for 2 h in air.

(I) The ZnO-NPs were obtained using freeze-drying synthesis and were denoted as FT.
The solution, prepared following procedure I, was divided into equal amounts and
distributed in separate aluminum vessels having a layer thickness of no more than
5 mm, and then they were pre-frozen with liquid nitrogen. Lyophilization was carried
out for 20 h at a pressure of 0.15 mbar and then for a further 4 h at 0.10 mbar 4 h ata
pressure of 0.10 mbar. The entire process was carried out at a temperature of —100 °C.
The lyophilizer used in the experiment was a Christ Alpha 3-4 LSC basic freeze dryer
(Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany).

3.2. Physicochemical Analyses

The powder X-ray diffraction (PXRD) patterns were performed on a Bruker D2 Phaser
diffractometer (Bruker AXS GmbH, Karlsruhe, Germany) within the range of 26 values
between 20° and 100° using Cu K« radiation (A = 0.154056 nm) at 40 kV. The presence of
the phases in the prepared materials was determined by the ICDD database. The Debye—
Scherrer equation was used to estimate the crystallite sizes of the synthesized samples.

Fourier-transform infrared (FTIR) spectra were collected on an Affinity-1 spectropho-
tometer (Shimadzu, Kyoto, Japan) equipped with a MIRacle ATR accessory (PIKE Tech-
nologies, Madison, USA) (diamond crystal, the depth of penetration of the IR beam into
the material is 2 um) through using KBr pellet technique.

The surface morphology of the nanoparticles was studied applying scanning electron
microscopy (SEM) using a Zeiss Evo 10 microscope (Carl Zeiss Microscopy, Oberkochen,
Germany). The images were taken in secondary electrons mode at an accelerating voltage
of 25 keV. The electron-dispersive spectroscopy (EDS) probe Oxford Ultim Max 40 (Oxford
Instruments, Abingdon, UK) was used to study the chemical composition of the surface.
The obtained results were compiled with AZtec software (version 6.1 HF4).
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Transmission electron microscopy (TEM) investigations were carried out using a JEOL
2100 transmission electron microscope and a JEOL 2100 XEDS: Oxford Instruments, X-
MAXN 80 T CCD Camera ORIUS 1000, 11 Mp, GATAN (Gatan, Ametek group, Berwyn PA,
USA). The distribution of the particles was estimated using Image J 1.53t software.

The specific surface area was studied by the express BET method based on the low-
temperature adsorption of nitrogen. The relative error of the method is about 8%. The
specific surface area investigations were performed on an automated apparatus NOVA
Win—CFR Quantachrom—Gas Sorption System (Boynton Beach, Florida, USA). The surface
area was evaluated using the BET equation. The DFT method was applied in order to estimate
the size distribution and average pore diameter, assuming a cylindrical pore model. The total
pore volume was estimated according to Gurwich'’s rule at a relative pressure of 0.96.

The DTA /TG investigations were carried out by a combined LABSYS EVO 1600
DTA /TG device of the SETARAM Company, Caluire-et-Cuire, France. The samples were
investigated at a heating rate of 10 °C/min in air atmosphere at air flow of 20 mL/min.

EPR measurements were performed using a JEOL JES-FA 100 EPR spectrometer (JEOL
Ltd., Tokyo, Japan) in the X-band (9.4 GHz, standard TE011 cylindrical resonator) at room
temperature. The following experimental conditions were applied: modulation frequency
100 kHz, modulation amplitude 0.2 mT, microwave power 5 mW, and time constant 0.1 s.
All the measurements are equated to equal EPR parameters and sample mass.

3.3. Photocatalytic Tests

The photocatalytic decolorization of Malachite Green (MG) as a model contaminant
with a 5 ppm initial concentration of aqueous solution of the dye has been investigated.
The dye was diluted in 75 mL of water. A UV-A illumination lamp (Sliven, Bulgaria) of
maximum emission at 365 nm; power of 18 W and illumination intensity of 2.6 mW /cm?
was used. The photocatalytic activity tests were performed in a semi-batch slurry photocat-
alytic reactor equipped with two frits blowing tiny bubbles of air in order to saturate the
dye solution with dissolved oxygen using 0.075 g of photocatalyst under a constant stirring
rate (400 rpm). In order to reach adsorption—-desorption equilibrium state, the dye solution
containing the photocatalyst powder first was stirred in the dark for about 30 min. After
that, the UV lamp was switched on in order to estimate the photocatalytic activity. The in-
vestigation of the photocatalytic efficiency of the samples was carried out by taking aliquot
samples of the suspension out of the reaction vessel after regular time intervals. After that,
a centrifugation was performed in order to separate the photocatalytic material from the
aliquot solution before the UV-Vis spectrophotometric evaluation of the dye concentration.
Then, the mixture containing the photocatalyst and aliquot solution was returned back
into the reaction vessel, which ensured operation under constant volume and constant
amount of the photocatalytic sample (to maintain the weight ratio catalyst/solution). The
reaction course was monitored by a UV-Vis absorbance spectrophotometer SP-UV1100
(DLAB Scientific Co., Ltd., Beijing, China) in the wavelength range from 20 to 800 nm
(Amax = 618 nm for MG).

The apparent rate constants (kgpy) were calculated assuming a pseudo-first-order

ln(CCO) = thapp (1)

where Cy and C are, respectively, the initial concentration before turning on the illumination

kinetic equation:

and the residual concentration of the dye solution after illumination in the course of the
given time interval.
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The adsorption capacity (in darkness for 30 min) of the materials was calculated using
the following formula:
(Co—-C)-Vv
— A 2
Q= @
where Cj is the initial dye concentration, C is the dye concentration after 30 min, V is the
solution volume, and m is the sample mass.

4. Conclusions

Freeze-drying (FT) and hydrothermal (HT) synthesis methods were applied success-
fully to obtain Nd-doped (2%)-Zn0O, using a plant extract of Vaccinium vitis-idaea leaves.
It was revealed that the freeze-drying synthesis leads to significant changes in the main
physicochemical parameters of the particles, including smaller crystallites sizes, a higher
number of oxygen defects in the lattice and a higher surface polarity compared to those of
hydrothermally obtained oxide particles. These features of the FT powders are the reason
for the higher photocatalytic efficiency for MG dye discoloration. The FT particles possess
smaller crystallites sizes (24 nm) and higher polarity (1002/I100) in comparison to those of
hydrothermally obtained particles. The EPR analyses revealed that there is a higher con-
centration of oxygen-vacancy-related paramagnetic centers after the freeze-drying process
(more intensive line at g = 2.000). The photocatalytic activity of Nd-ZnO nanoparticles was
investigated under UV light using Malachite Green dye. The photocatalytic reaction rate of
the freeze-dried photocatalysts was found out to be higher than those of the HT samples. It
is greatly affected by the smaller crystallites sizes, higher number of oxygen defects in the
lattice and higher surface polarity.

Supplementary Materials: The following supporting information can be downloaded at
https:/ /www.mdpi.com/article/10.3390/inorganics14080198 /s1, Figure S1: Nitrogen adsorption—
desorption isotherms and pore size distribution (inset) of the obtained materials.
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