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Abstract

The variation of structural and optical properties during the thermal degradation of ZnO nanoparticles functionalized with
anthocyanins was evidenced through thermal analysis, X-ray diffraction, transmission electron microscopy, electron diffrac-
tion, UV-Vis and photoluminescence spectroscopy. A detailed structural study of the particles (cell parameters, lattice strain,
and crystallite size) was performed based on the electron diffraction data. The structure and properties were correlated with
photocatalytic activity in the degradation of Congo red dye. A higher calcination temperature was associated with lower
photocatalytic activity, due to a higher crystallinity. Unusual photoluminescence properties compared to pristine ZnO have

been observed.

1 Introduction

Zinc oxide (ZnO) nanoparticles are of much attention for
scientists due to their applications based on interesting opti-
cal, catalytic, and antimicrobial properties. There are many
techniques available for the synthesis of ZnO nanoparticles
(chemical precipitation, sol-gel, hydrothermal methods,
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chemical vapor deposition, thermal decomposition, elec-
trochemical deposition, laser ablation, combustion method,
etc.) and the dependence between synthesis route and prop-
erties was highlighted by many studies [1, 2]. Zinc oxide
nanopowders obtained in a vegetal matrix by biotechnolo-
gies were intensively studied in the recent years [1, 3, 4].
Biosynthesis of nanoparticles means that their preparation
was done using microorganisms or plant extracts [3]. The
nanoparticles obtained by these methods are capped/func-
tionalized with macromolecules, most often with polysac-
charides, but also with vegetal pigments. In green syntheses,
the biomolecules act as a matrix, influencing the nanopar-
ticles’ morphology [5]. After the nanoparticles’ formation,
the biomolecules can be removed, by obtaining the pristine
ZnO nanoparticles. Despite the several superior properties
of capped/functionalized nanoparticles, in some applica-
tions highly crystalline pristine nanoparticles are desirable.
Withal, the sensitization of semiconductors with pigments,
before their application on the conductive glass, can be a
convenient procedure for dye sensitized solar cells (DSSCs),
but the further annealing of semiconductor layer can destroy
the organic pigment. So, in a technology which avoids the
annealing of semiconductor layer, the already colored semi-
conductor powders can be very useful [6], but the annealing
of ZnO influences the performance of ZnO-based DSSCs [7,
8]. Considering at least this application, the study of charac-
teristics of the blue ZnO powder annealed at a temperature
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of 450 °C or higher is interesting. The removal of organic
template led to pristine ZnO, whose structure and properties
were influenced by the removed template, so it is motivating
to study the resulting powder.

As a synthesis method, the thermal treatment has the
advantage of obtaining high purity materials. High purity
and crystallinity of zinc oxide are important for applications
like ZnO-based electronic devices (electrical insulations
and varistor ceramics [9], metal insulator semiconductor,
ultraviolet photodetectors [10], laser diodes, light-emitting
diodes, piezoelectric transducers and generators, gas sensors
[11], etc.). Several thermal treatments were used to synthe-
size ZnO nanoparticles, with various shapes [12—-14]. The
studies demonstrated that, beside the synthesis temperature,
the post-synthesis heat treatment of ZnO nanoparticles also
influences its properties [15]. Although the thermal treat-
ment is efficient in synthesis of pure ZnO, its disadvantage is
the accompanying undesirable nanoparticle sintering, which
leads to larger particles/grains [9].

We studied the effect of thermal treatment on the struc-
ture and properties of anthocyanins functionalized ZnO
nanoparticles. The result of calcination at three different
temperatures on the structure and morphology of ZnO nan-
opowders was investigated in detail by transmission elec-
tron microscopy and electron diffraction, and confirmed by
X-ray diffraction. In addition to the morphology, the particle
size and the lattice strain were determined using Scherrer’s
equation and Williamson—Hall method applied for electron
diffraction data [16—18]. The novelty of our study consists
in the nature of starting material. The influence of ZnO
nanopowders synthesis route on their thermal behavior and
calcination products’ properties is highlighted in comparison
with pristine ZnO nanopowders obtained through different
methods [19-21]. The TEM study of thermal decomposition
aims to contribute to the improvement of information regard-
ing the thermal behavior of functionalized ZnO nanopow-
ders. The effect of thermal treatment on the photocatalytic
activity of ZnO for wastewater treatment is also considered.

2 Experimental
2.1 Materials

The high purity reagents were obtained from Sigma-Aldrich
(zinc acetate, Zn(CH;C0OO),-2H,0; Congo red), Merck
(hydrochloric acid, HCI, 37%) and Loba Chemie (sodium
hydroxide, NaOH), being used as received without further
purification. The Congo red (CR, C.I. Direct Red 28, M.W.
= 696.67 g mol™!, C3,H,,NOS,Na,) is the disodium salt
of 3, 3'-([1,1'-biphenyl]-4,4'-diyl)bis(4-aminonaphthalene-
1-sulfonic acid). Red cabbage (Brassica oleraceae) was pur-
chased from Romanian local market.

@ Springer

2.2 Synthesis of ZnO nanopowders

The zinc oxide nanopowders functionalized with antho-
cyanins (ZnO@antho 1 and ZnO @antho 2) were prepared
as in our previous article [18]. In brief, ZnO@antho 1
nanopowder was obtained by chemical precipitation in a
red cabbage aqueous extract (5 g sliced fresh leaves in
50 mL distilled water acidulated with 1 mL of 1M HCI
solution), using Zn(CH;COO),-2H,0 as precursor and a
solution of NaOH 1 M (one-pot synthesis). ZnO @antho
2 nanopowder was obtained by sensitization of a pris-
tine ZnO nanopowder (obtained in an aqueous solution
by chemical precipitation, from same reagents as above)
with anthocyanins from a red cabbage aqueous extract.
The calcination of ZnO@antho 1 nanopowder was per-
formed in a laboratory furnace (Labertherm L 9/11/B170),
with a heating rate of 10 °C/min. The calcinated samples
were obtained by heating ZnO @antho 1 nanopowder for
2 h at 450 °C (Zn0-450), 600 °C (Zn0O-600), and 800 °C
(Zn0O-800), respectively.

2.3 Characterization of ZnO nanopowders

The powders were investigated by X-ray diffraction (XRD)
performed on a Rigaku Miniflex 2 diffractometer with Ni
filtered CuKa radiation, in the range of 26, 10-70°, scan rate
of 2°/min and a step of 0.02°. The transmission electron
microscopy (TEM), high-resolution transmission electron
microscopy (HRTEM) and selected area electron diffraction
(SAED) were performed on a Philips CM 120 ST transmis-
sion electron microscope operated at 100 kV, with 2 A reso-
lution. The electron diffraction (ED) structure analysis was
based on data obtained from electron diffraction patterns, for
a chamber length of 880 nm and an acceleration voltage of
100 kV, conditions for which the calculation constant of

446.5 (mmA)
D(mm) :

The analysis of electron diffraction patterns was achieved
with CRISP2 application, in the polycrystalline materials
mode (ELD). The indexation of lines extracted from profile
was done by comparison method. The UV-visible diffuse
reflectance spectra of ZnO powders were recorded in the
range of 220-850 nm, on a Jasco V-550 spectrophotometer
with an integrating sphere, using MgO as the reference. The
photoluminescence (PL) spectra were recorded on a Jasco
FP-6500 spectrofluorometer. The thermogravimetric (TG)
and differential thermal analysis (DTA) curves were
recorded using a Labsys 1200 SETARAM instrument, over
the temperature range of 30-900 °C and a heating rate of
10 °C min~!. The measurements were carried out in syn-
thetic air atmosphere (flow rate 16.66 cm® min~!), using
alumina crucibles.

interplanar distance is 446.5 mm A <dhkl(A) =
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2.4 Catalytic properties of zinc oxide nanopowders

The procedure for photocatalytic experiments was
described in our previous studies [18, 22, 23]. The CR
degradation was monitored by UV—Vis spectroscopy, in
the range of 200900 nm, on a Jasco V-550 spectropho-
tometer. The maximum of absorption for initial CR solu-
tion was identified at 498 nm. The photodegradation of
CR was estimated by C,,C, ratio (where C, and C, are the
concentrations of CR at certain time, ¢, and initial con-
centration, respectively). The efficiency of ZnO nanopow-
ders as a photocatalyst was evaluated by the photocatalytic
activity (PA):

G -G Ay — 4,
PA= —— x 100 = ——— x 100, (1)
Co Ao

where A, A, are the absorbance value for CR solutions when

the reaction time is O and ¢, respectively (based on Lam-
bert—Beer law) [24].

3 Results and discussion
3.1 Thermal degradation

We studied the thermal decomposition in air of anthocya-
nins functionalized ZnO nanopowder, obtained by one-pot
method (ZnO@antho 1), which was performed in com-
parison with ZnO nanopowder colored with anthocyanins
(ZnO@antho 2).

Table 1 shows the thermal decomposition data in air for
the ZnO samples. The ZnO @antho 1 nanopowder decom-
poses in four steps (Fig. 1a). First, physisorbed water mol-
ecules are released at a low temperature (60136 °C) indi-
cating the hydration of zinc oxide powder [25]. The next
three exothermic steps, which occur in the 136-475 °C
temperature range, correspond to organic moieties decom-
position with an overall mass loss of 10.7%. Having in
view the weak exothermic effect of the second event, we
can assume that several processes such as bonds cleav-
age and oxidative degradation of some fragments occur

Table 1 Thermal decomposition

T Compound Step Thermal effect Temperature (°C) Amy, (%)
data in air for ZnO@antho P
samples ZnO@antho 1 1 Endothermic 60-136 23

2 Exothermic 136-257 4.6
3 Exothermic 257-375 4.7
4 Exothermic 375-475 1.4
Residue (ZnO) 87
ZnO@antho 2 1 Endothermic 60-110 1.6
2 Exothermic 110-239 7.4
3 Exothermic 239-292 1.2
4 Exothermic 292-490 2.4
Residue (ZnO) 87.4
a b
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Fig.1 TG, DTG and DTA curves for ZnO @antho 1 (a) and ZnO@antho 2 (b)
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simultaneously. The strong exothermic effects that accom-
pany the last two steps can be assigned to the aerobic com-
bustion of organic residue [25].

ZnO@antho 2 sample decomposes also in four steps,
as can be seen in Fig. 1b. The water molecules are elimi-
nated at a lower temperature (60-110 °C) comparatively
with the previously discussed compound, suggesting
that hydration water is involved in less hydrogen bond-
ing [25]. The organic part, that represents 11% (wt), is
eliminated also in three exothermic steps (110-490 °C).
Unlike the Zn@antho 1, this species lost the most part of
organic moieties (7.4%) up to 240 °C indicating that these
are weakly retained in the compound network [25]. The
residual organic mass undergoes oxidative degradation up
to 490 °C. For both species the final residue is zinc oxide
as XRD powder indicates.

The thermal decomposition also demonstrated the dif-
ferences between the synthesis methods for blue ZnO@
antho nanopowders. The stronger bonding of pigment mol-
ecules in the case of ZnO@antho 1 sample obtained by
one-pot method was confirmed.

3.2 TEM study of ZnO nanopowders

The powders obtained by thermal decomposition of Zn@
antho 1 sample were the subject of a TEM study. Because
electrons interact much more strongly with matter than
X-rays, both HRTEM images and ED patterns can be
obtained from nanosized crystals [26].

The morphology of particles was revealed by bright-field
TEM (BFTEM) images (Fig. 2). As shown in Fig. 2b—d,
the particles of all samples have an almost spherical shape,
with a factor shape of 0.84 (Zn0-450), 0.81 (Zn0O-600), and
0.86 (Zn0-800), calculated from measured diameters. It is
obvious that the flake-like shape of anthocyanins function-
alized ZnO particles (Fig. 2a) changed during the thermal
treatment.

The values of Feret diameter (dp) were evaluated from
TEM images using a semi-automated algorithm imple-
mented in the analysis software [27]. Figure 3 shows his-
tograms of the particle size distributions together with
the Gaussian profiles, demonstrating the increase of Feret
diameter with calcination temperature from 27.34 nm

Fig.2 The BFTEM images of ZnO@antho 1 before (a) and after calcination at 450 °C (ZnO-450) (b), 600 °C (ZnO-600) (c¢), and 800 °C (ZnO-

800) (d)

@ Springer



A study on thermal degradation of zinc oxide nanopowders functionalized with anthocyanins,...

Page50f13 819

Sample:ZnO 450

Model: LogNormal

¥o = 0.82801(%3.84878)
A = 36.32020(+5.30640)
Xc = 27.34482(+1.25453)
w = 0.324505(£0.06181)
XZ/doF = 69.54605

RZ =0.93991

40
Feret Diameters (nm)

sl e basaa e e o b aalaaaal

30 ] Sample:Zn0 600
J Model: LogNormal
25.] Yo = -0.80201( +£4.50969)
] = 23.57455(+4.463260)
1 X. = 38.58696(£1.21635)
1 w = 0.22396(+0.06251)
204
1 X?/doF = 101.21898
: R? = 086134
15
104
5 =
0 |

20 30 40
Feret Diameters (nm)

RN T I T S T T [N T S T Y WY S W'Y PR |

T T T T

L e e e L

S0 60 70 80 90 100

35 7 Sample:ZnO 800
] Model: LogNormal
30 Yo = 0.36626(+1.71321)
1 A = 30.84798(+1.99915)
] X = 80.62469(+1.65373)
25 0.32033(+0.032991)
J X?/doF = 20.59974
] =
‘u‘) 20 RZ =0.98015
Rl
2 ]
Q ]
O 15
10
5
0

50 100 150 200
Feret Diameters (nm)

@ Springer

T

T T

T

T

T

250

Fig.3 The area selected for TEM morphological analysis and the particle diameters distribution for ZnO-450 (a), ZnO-600 (b), and ZnO-800 (c)
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(Zn0O-450) to 48.57 nm (Zn0O-600) and 80.62 nm (ZnO-
800), superior to value for starting material (dp = 23.16 nm
[18]). The results demonstrated the increase of aggregates
during the thermal treatment, as it was also noticed by
other authors [9, 28].

The ED patterns were used for the identification of parti-
cles structure. The profiles extracted from the electron dif-
fraction patterns (Fig. 4) demonstrated the hexagonal wurtz-
ite structure of crystallites [29], which is in good agreement
with XRD data.
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Fig.4 a SAED pattern (left) and ED profile (right) for ZnO-450 nanopowder. b SAED pattern (left) and ED profile (right) for ZnO-600 nanopo-
wder. ¢ The SAED pattern (left) and ED profile (right) for ZnO-800 nanopowder
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A central topic in nanoscience is the accurate measure-
ment of particle sizes. This objective became even more
important with the discovery of the quantum size effect.
Together with XRD technique, the electron microscopy is
one of the most commonly used techniques developed to
determine the diameter of nanoparticles [30]. The crystallite
size was determined from ED (Fig. 4a—c) using the Scherrer
equation [31] and the values are listed in Table 2. The results
demonstrated that a nanopowder consisting of crystallites
with mean size of 5.00 nm was obtained by calcination of
anthocyanins functionalized ZnO nanopowder at 450 °C.
By increasing the calcination temperature, the crystallites’
dimension also increased (6.23 nm for ZnO-600 and 8.10 nm
for ZnO-800). The same trend was identified for Feret diam-
eter, as it was described above.

The lattice constants (Table 2) were determined by Cohen
method of least squares [32], based on electron diffraction
data (Fig. 4a-c). The obtained values are similar to those
reported for zincite (Institute of Experimental Mineralogy
Data Base, Card No. 5364) [33].

The Williamson—Hall analysis, an integral breadth
method, was used for the determination of strain effect in
ZnO lattice [34]. The lattice strain, a measure of the distri-
bution of lattice constants, arises from crystal imperfections
(e.g., lattice dislocation), and also from grain boundary triple
junction, contract or sinter stresses, stacking faults, coher-
ency stresses, etc. [16, 31]. A negative strain for calcined
ZnO particles was also noticed by other authors [16]. The
strain can be determined by the lattice shrinkage, which was
also observed in the calculation of some lattice parameters.

A previous study demonstrated that the thermal treat-
ment of the polycrystalline zinc oxide at higher temperatures
than 750 °C results in the formation of long-life thermal
defects [35], which can explain the increase of lattice strain
(absolute value) for ZnO-800 in comparison with ZnO-600
sample.

Very small errors can be found in Table 2 for values cal-
culated by Cohen method. The Williamson—Hall curves and
the values for relative strain of lattices confirmed the errors.

3.3 XRD

The crystal structure and phase composition of ZnO samples
were also determined by XRD, as a complementary tech-
nique for ED. Many studies are dedicated to the comparison
of different methods for investigation, demonstrating that
XRD and ED have both advantages and disadvantages in
determination of structure and crystals’ dimension [30].

XRD patterns (Fig. 5) confirm that ZnO samples have
hexagonal wurtzite structure (P6;mc space group in the
Hermann—Mauguin notation, JCPDS 36-1451) [29, 36]. No
characteristic peaks of any impurities or secondary phase
were detected.

The crystallite size for ZnO powders has been deter-
mined with Rigaku PDXL software, from XRD data, based
on Scherrer’s equation from (1 0 1) diffraction peak. The
calcination of anthocyanins functionalized ZnO nanopo-
wder at 450 °C results in increase of crystallite size from
17.7 nm (ZnO@antho 1 [18]) to 22.7 nm (for Zn0-450).
A small size increase was noticed by the rise of calcining
temperature from 450 to 600 °C (25.1 nm for ZnO-600),

Zn0-800
Zn0-600
Zn0-450
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ﬁ
e (102)

20000 —

Intensity (a.u.)

U W W

10000

k A J\. N M

T T T T T
40 50 60 70
20(degrees)

il
M

Fig.5 XRD patterns of ZnO nanopowders

Table 2 The crystallite size

/ Sample Crystallite Cell parameters Relative
(Scherrer equation), cell size (nm) strain of lat-
parameters (P6zmc space Derived from the speci- Cohen method Errors (%) tice (&)
group, a=b=3.2494 A and fied (h k) line
¢=5.2038 A for zincite-5364 - -
[33]) and relative strain of Zn0-450 5.00 (100)a=3.2346 A a=3.2457 A —0.10212 —0.00617
lattice, calculated from electron (002) c=5.4885 A c=5.2076 A 0.01297
diffraction patterns ZnO-600 623 (100)a=32572A  a=32768 A 085704  —0.00517
(102)c=52553 A ¢=5.2593 A 1.00557
Zn0-800 8.10 (100)a=3.2347 A a=3.2497 A —0.10212 —0.00589
(002) c=5.0950 A ¢=5.2076 A 0.01297

(101)c=5.4885 A
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but a greater increase in the case of the thermal treatment at
800 °C (42.4 nm for ZnO-800).

3.4 Optical properties of ZnO nanopowders

The optical properties of ZnO nanoparticles were studied
by UV-visible diffuse reflectance spectroscopy and photo-
luminescence spectroscopy. The UV-Vis spectra of ZnO
nanopowders obtained by thermal degradation are presented
in Fig. 6. The maximum of absorption band is situated in
UV domain, at values which increase with calcination tem-
perature. The position of absorption band for ZnO samples
can be correlated with the particles dimension, a red shift
for larger particles obtained at higher temperatures being
evidenced.

The UV-Vis spectrum of ZnO-800 sample has a slightly
different shape in comparison with ZnO-450 and ZnO-600,
with a sharper absorption peak at 368 nm. Mikhailov et al.
[35] demonstrated that over 750 °C the processes which
occur in ZnO powder modify the electron distribution. The
free electron concentration decreases during the thermal

2.2
pop, PR (11
£ 2mgr2 \ my mt

1.8 ¢2

drege,r  n2(4zee,)’

0.124¢*m, <

the surface, the thermal ionization of lattice zinc atoms and
ions, and the capture of free electrons by anion vacancies.
The coloring centers can also be formed at the defects of the
cation sublattice induced by desorption of the chemisorbed
groups, such as OH™ [35].

The band gap energy and Brus diameter were calculated
from UV-Vis spectra. We estimated the band gap energy
(E,) using Tauc equation (Fig. 7). The point of extrapola-
tion on the abscissa of Tauc plot ((ahv)? versus hv) linear
part gives the band gap energy value for the material [37].
A decrease of the band gap energy with the particle size
increase can be noticed. The particle size influences the sem-
iconductor properties, and the relationship between band gap
and particle dimension was demonstrated by several studies
[38].

The particle size for ZnO samples was determined from
the band gap values, in the effective mass approximation
(EMA), using the Brus formula [38, 39]. In the approxima-
tion of a spherical shape, justified by the shape factor values,
we calculated the particle diameter from the blue shift of the
bang gap values:

c L)
m ’ 2)

treatment because of the electrons capture, by the ther-
mal desorption anion vacancies on the surface and also by
unsaturated lattice atoms on the powder surface. The pos-
sible color of powder is explained by the formation of elec-
tron coloring centers, due to several processes which occur
simultaneously, like the thermal desorption of gases from

——2Zn0-800
Zn0O-600
Zn0-450
ZnO@antho 1

n
1

Absorbance (a.u.)

368

=
1

T T T Al T I 1
300 400 500 600 700 800 900
Wavelength (nm)

Fig.6 UV-Vis absorption spectra for calcined ZnO nanopowders, in
comparison with anthocyanins functionalized ZnO [18]

@ Springer

where E, = band gap value determined from the absorption
spectrum via Tauc plot; E, , = 3.30 eV (band gap value for
ZnO wurtzite [40]); m? = 0.24 (relative effective mass of
electron [41]); m; = 0.59 (relative effective mass of hole
[41]); my = electron mass; g,=dielectric constant of vac-
uum; &,=8.66 (relative dielectric constant [42]) and r =
particle radius.

A good agreement between the values calculated for par-
ticles diameter using the Brus formula (Table 3) and those

--- Zn0 - 450, E4=3.37 eV f
1204 | ZnO - 600, E4=3.33 eV / /
—— Zn0 - 800, E=3.32 eV

®©
o
1

(ahv)? [arb. units]

40 4

Fig.7 Tauc plots for ZnO samples
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Table 3 The particles diameter calculated with Brus formula, in cor-
relation with band gap energy values

Sample Eg (eV) Particle diam-
eter (Brus)
(nm)
Zn0-450 3.37 7.74
Zn0O-600 3.33 9.86
Zn0-800 3.32 10.82

obtained from electron diffraction data (Table 2) can be evi-
denced. The correlation between band gap energy and Brus
diameter, meaning the stronger confinement (the smallest
nanoparticle diameter) the greater value for band gap, can
be noticed.

Photoluminescence spectroscopy is a proper method
for investigating the electronic structure of materials. The
excitation with two different wavelength radiations (260
and 340 nm, respectively) was used for PL spectra of ZnO
nanopowders. For PL spectra of semiconductors there are
characteristic two emissions bands, i.e., a sharp band, near
the absorption edge (“‘excitonic photoluminescence”, asso-
ciated with band-to-band excitonic recombination) and a
broad band, at longer wavelength (“trapped photolumines-
cence”, originated by deep-level emissions) [43, 44]. The
UV-emission band is due to the recombination of an electron
at the zinc interstitial and a hole in the valence band. The
visible emission band corresponds to the electron transition
from the conduction band to interstitial oxygen defects in
zinc oxide [19]. The PL spectra for ZnO are dominated by
strong near band edge emission originating from free exciton
emission and the intensity of first peak can be related to the
crystallinity quality of the ZnO particles [44].

As can be seen in Fig. 8, for all three ZnO samples, using
both excitations of 260 and 340 nm, the first strong emission
band is broad (370-500 nm) and splitted into two partially
overlapped bands. The position of first peak for ultravio-
let emission band (Fig. 8a) approximates the band gap of
ZnO [11]. The broad shape of the peaks indicates that a
large amount and, probably, a variety of donor species is
incorporated into the powders [44], generated by the thermal
decomposition of capping organic compounds.

Two other emission bands in PL spectra of ZnO samples
are observed in the visible domain, ranging from 500 to
600 nm (Fig. 8b). The emission is caused by the recombina-
tion of photogenerated charges with various kinds of intrin-
sic crystal defects (like neutral or charged O/Zn vacancies,
interstitials, and anti-sites) [11, 45]. The increase of intensity
for emission bands from ZnO-450 to ZnO-600 can be associ-
ated with the decrease of photocatalytic activity.

The intensity ratio between the near band edge UV emis-
sion and the visible region is usually used to evaluate the
quality of ZnO [19]. As it was reported, the calcination
of pristine ZnO in the temperature range of 200-500 °C
revealed that the ultraviolet emission peak of the sam-
ples calcined at higher temperature become more intense,
sharper, and narrower, while the visible emission peak
become less intense compared to UV emission [19]. In our
study, in the considered temperature range, a different fea-
ture was identified. The influence of initial ZnO structure,
composition and properties on the distribution of electrons
in energy bands, and on the defects concentration can be
noted by comparison of the PL spectra with those obtained
for ZnO powders synthesized by calcination of pristine ZnO
[19, 45]. The particle shapes and the presence of impurities
also influence the photoluminescence properties [46].
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Fig.8 PL spectra of ZnO samples, using an excitation wavelength of 260 nm (a), respective 340 nm (b)
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3.5 Photocatalytic properties

The photocatalytic activity of calcined ZnO nanopowders
functionalized with anthocyanins was determined in the
degradation of Congo red in aqueous solutions. We meas-
ured the absorbance at 498 nm (the azo bond degradation)
as a function of irradiation time. The photocatalytic activ-
ity of ZnO nanopowders was estimated by the C/C,, ratio
(Fig. 9a) for a rate of 0.05 g catalyst/100 mL CR solution
of 30 mg/L.

By calcination of ZnO@antho 1 at 450 °C, lower value for
photocatalytic activity in comparison with that of functional-
ized ZnO nanopowder [18] was determined. The catalytic
activity of ZnO decreased with the increase of crystallinity,
so the lowest photocatalytic activity was assigned to ZnO-
800, for which the largest crystallite size was calculated. For
example, after 90 min the highest PA value was obtained
for Zn0-450 (80.48%), followed by ZnO-600 (74.41%) and
Zn0-800 (57.60%), whereas 86.44% was obtained for blue
ZnO@antho 1 [18]. In the absence of catalyst, an insignifi-
cant variation of CR concentration was identified [23], dem-
onstrating the high stability of the dye.

The lattice strain can be correlated with the crys-
tal defects and accordingly with photocatalytic activity,
because the defects (i.e., intrinsic and foreign, bulk and
surface defects) play an important role in the photocataly-
sis through their concentration and distribution [47]. The
highest absolute value for lattice strain was calculated for
Zn0-450 (lel=0.00617), with lower crystallinity and highest
photocatalytic activity.

By comparing the structure and properties of ZnO-450
with ZnO-600 powder, an increase of crystallite size, and

—a— ZnO@antho 1
—e— Zn0-450
—&— 7n0-600
—¥— Zn0-800

Ct/Ca

0.0 +—————————————1——

— T T T T T 1
30 15 0 15 30 45 60 75 90 105 120 135

Time (min)

also of aggregate size, involves a lower surface area and
thus a decrease of photocatalytic activity from ZnO-450 to
Zn0-600. This observation is also in agreement with higher
intensity of emission bands in PL spectrum of ZnO-600
powder (the lower photoluminescence emission intensity,
the lower recombination rate of the photogenerated elec-
tron—hole pairs, the higher photoactivity).

For the lowest photocatalytic activity of ZnO-800 pow-
der, the explanation involves the increase of crystallites and
aggregates’ size. Despite a lower intensity of emission bands
in PL spectrum, compared to ZnO-600, the dominant factor
seems to be the particles’ dimension. A similar behavior was
reported for TiO, powder, i.e., a decrease of photocatalytic
activity by calcination above 400 °C due to the decreased
surface area, because of the reduced boundaries between the
subunits and surface roughness of the nanoparticles [48].

ZnO nanopowders obtained by a variety of synthesis
routes have been tested as photocatalysts for the degrada-
tion of several azo dyes. An accurate comparison with other
photocatalytic systems involves the consideration of fac-
tors which influence the photocatalysis, especially the dye/
catalyst ratio and time of reaction. In similar conditions, the
nanopowders of pristine ZnO obtained by calcination have a
good photocatalytic activity, but inferior to that of less crys-
talline ZnO nanopowder obtained by chemical precipitation
in aqueous solution or in vegetal extract (Table 4).

The kinetic parameters were calculated for a quantita-
tive evaluation of photocatalytic process (Table 5). The
decomposition of an organic dye on a semiconductor is a
heterogeneous catalysis in which are involved processes
as carrier generation, carrier transport, carrier recom-
bination (on the surface and in bulk), carrier interfacial

Initial

Zn0O-450
Zn0-600
——2Zn0-800

Absorbance (a.u.)

0.0

S T ¥ T X T
200 400 600 800
Wavelength {(nm)

Fig. 9 a The photocatalytic degradation curves of CR over the calcinated ZnO nanopowders, in comparison with ZnO nanopowder functional-
ized with anthocyanins [18]. b UV-Vis spectral changes of CR solutions after the photocatalytic process
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Table 4 Comparison between photocatalytic activity of ZnO powders in the degradation of organic dyes

Photocatalyst Azo dye Amount of Amount Time (min) PA% References
photocatalyst  of azo dye
(mg) (mg)
ZnO nanoparticles (hydrothermal synthesis) Rhodamine B 100 0.5 120 67%,94%,  [49]
48% and
73%
ZnO nanotetrapods Rhodamine B 20 0.16 60 92% [50]
Commercial bare ZnO nanoparticles Methylene blue 10 0.128 30 40% [51]
Protein-capped ZnO nanoparticles Methylene blue 10 0.128 30 90% [51]
Pristine ZnO nanopowder (chemical precipitation) Congo red 50 3 60 79.20 [18]
ZnO nanopowder sensitized with anthocyanins (ZnO@ Congo red 50 3 60 58.75 [18]
antho 2)
ZnO nanopowder functionalized with anthocyanins CR 50 3 60 85.28 [18]
(ZnO@antho 1)
Zn0-450 CR 50 3 60 75.80 This work
Zn0O-600 CR 50 3 60 73.3 This work
Zn0-800 CR 50 3 60 56.42 This work

Table 5 Kinetic parameters (reaction rate, kypp; experimental and cal-
culated value of initial concentration, Q; regression coefficient, R)
for the photocatalytic degradation of CR dye with ZnO nanopowder
catalysts (0—120 min)

Sample Qo, experimental L-H simplified model
(mg/L) - >
0, (mg/L) kapp (min™") R
Zn0-450 7.80 8.02 0.0056 0.990
Zn0-600 8.79 8.31 0.0036 0.922
Zn0-800 11.19 11.15 0.0016 0.921

transfer, and subsequent organic oxidations [47]. All these
processes must be considered in a kinetic model, and
Langmuir—Hinshelwood (L-H) model, a widely accepted
kinetic mechanism, covers as well the adsorption proper-
ties of the substrate on the photocatalyst surface. Assum-
ing that the reactant is strongly adsorbed on the catalyst
surface than the products, the rate of unimolecular surface
reaction in L-H model is proportional to the surface cov-
erage [52]. The kinetic of the photocatalytic process fits
the L-H simplified equation [53] which can be written in
a linearized form:

In O =1In Q) -k, X1, (3)
where Q is the concentration of the reactant (mg/L), Q, is
the initial value of Q and ¢ is the illumination time. Perform-
ing a linear fit of the plot of In Q against time, the slope
and the intercept of trend line give the values of k,,, and
Q,, respectively. The L-H kinetic type for photocatalytical
degradation is supported by very close to unit values of R>
and small difference between Q and @, (Table 5). The

experimental values of concentration after the adsorption

in dark (Q,) are inversely proportional with the adsorption
capacity of ZnO nanopowder, increasing from Zn0O-450 to
7Zn0-800, as the reaction rate decreases. The ZnO-450 nano-
powder is characterized by both highest adsorption capacity
and photocatalytic reaction rate, which decrease to ZnO-600
and then to ZnO-800.

The UV-Vis spectra of CR solutions over ZnO cata-
lysts demonstrated not only the breakdown of the azo bond
(the chromophore), but also the decomposition of CR in
smaller species, because the intensity of band assigned to
aromatic rings in the electronic spectra also decreases in
time (Fig. 9b). This is an important feature in the treatment
of the wastewaters from textile industry, because the simple
breakdown of the azo bonds is not enough for the environ-
mental safety, since the toxic products can remain in water.
The mineralization of CR can be also demonstrated by the
decrease of pH value, proving the obtaining of oxidation
products which increase the acidity of solution (e.g., CO,)
[54]. The pH of CR solution varied from 8.20 for the initial
solution to 7.60 (Zn0-450), 7.65 (Zn0O-600) and 7.70 (ZnO-
800), a lower final value of the solution pH being correlated
with a higher photocatalytic activity of ZnO powder tested
as catalyst.

4 Conclusions

The thermal decomposition of blue ZnO nanopowders
obtained in red cabbage extracts, by one-pot synthesis and
by sensitization with anthocyanins, was performed in air,
demonstrating similar quantities of organic compounds in
the composite materials (10.7% and 11%, respectively).
A stronger interaction between organic and inorganic
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components, revealed by a higher temperature for organic
part loosing, was identified in the sample obtained by one-
pot synthesis.

Pristine ZnO nanopowders were obtained by calcina-
tion of ZnO functionalized with anthocyanins at 450, 600,
and 800 °C. The XRD results demonstrated the increase of
crystallites’ size with calcination temperature, from 22.7 nm
(Zn0O-450) to 25.1 nm (ZnO-600) and 42.4 nm (ZnO-800).
The ED technique confirmed a similar trend in increase in
the crystallites’ size, from 5.00 nm (ZnO-450) to 6.23 nm
(Zn0-600) and 8.10 nm (Zn0O-800). The values of Feret
diameter for nanoparticles, calculated from TEM images,
verified the same increase with temperature (27.34 nm for
7Zn0-450, 48.57 nm for ZnO-600, and 80.62 nm for ZnO-
800). The nanoparticles are almost spherical, with a fac-
tor shape of 0.84 (Zn0O-450), 0.81 (ZnO-600), and 0.86
(Zn0-800).

The increase of crystallinity caused the modification of
optical properties (determined by UV—Vis and PL spectros-
copy). Thus, the band gap energy decreased with calcination
temperature growth (3.37 eV for Zn0-450, 3.33 eV for ZnO-
600, and 3.32 eV for ZnO-800). The unusual PL proper-
ties of calcined ZnO samples can be assigned to the species
incorporated in nanopowders during the thermal decomposi-
tion of organic compounds, the defects’ concentration being
also influenced by calcination temperature. The decrease of
photocatalytic activity in the degradation of Congo red azo
dye can be correlated with the thermal treatment tempera-
ture too (e.g., after 120 min the fraction of removed CR was
82.79% for Zn0O-450, 77.11% for ZnO-600 and 61.15% for
Zn0-800).

Our study illustrated the modification of structure and
properties of ZnO nanopowders functionalized with antho-
cyanins, obtained in a vegetal matrix, during thermal treat-
ment. For a proper combination between a good crystallinity,
optical properties and still a high surface area, with benefits
in photocatalytic applications, a temperature of 450 °C for
calcination is suitable.
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