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Abstract: In this review, the current state of ZnO-Cd based materials for photocatalytic applications is
summarized. Relevant technological synthesis methods such as pulsed laser deposition, magnetron sputtering,
electrodeposition, sol-gel, metalorganic chemical vapor deposition, evaporating, spray pyrolysis, reflux are
considered, and recent developments in effective and reproducible synthesis technology of nano- and
microstructured zinc oxide, doped with cadmium and solid solutions of Zn1xCdxO for photodecomposition of
organic pollutant molecules are discussed. The synthesis technology and level of Cd doping has a significant effect
on the structure and morphology of zinc oxide and, as a result, on the optical and photocatalytic properties. The
figures of merit, the theoretical limitations and rational control of the concentration of the cadmium alloying
impurity is necessary to create a material with balanced optical properties and photocatalytic activity. Lastly, the
importance of doping ZnO by isovalent Cd impurity significantly improves its photocatalytic properties due to a
narrowing of the band gap, a decrease in the rate of recombination of electron-hole pairs, which increases the
efficiency of spatial charge separation, the formation of active oxide radicals and an increase in the specific surface
area. Thus, ZnO-Cd based materials are the most promising photocatalytic materials for organic pollutants.
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Introduction

Toxic organic air and water pollutants pose a
significant danger to both human health and the eco-fauna
as a whole. In this regard, the development of the latest
environmental technologies for quick and safe
deactivation of organic pollutants is a particularly relevant
scientific task. Currently, the main efforts of the world
scientific community are focused on the development of
photocatalysis technology as a highly productive process
of decomposition of organic compounds under the
influence of light. Therefore, the realization of a reliable
and reproducible synthesis of materials with high
photocatalytic properties becomes important.

Due to its unique physico-chemical properties,
biocompatibility and availability of synthesis methods,
wide bandgap (~ 3.3 eV) zinc oxide is one of the most
promising photocatalytic materials of the future [1]. Due
to its multifunctional properties, ZnO is promising for use
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in solar cells, medical equipment, automotive industry,
semiconductor industry, optoelectronics, biomaterials and
for photocatalytic applications [2,3,4,5,6]. From an
industrial point of view, ZnO is considered a very
important material due to a number of advantages, such as
low production cost, efficiency and non-toxic catalyst and
environmental safety [7]. ZnO has high radiation
resistance, good thermal properties, structural stability,
biological compatibility, and effective optical absorption
in the UV range [8]. It can be doped with impurity
elements to obtain films with high conductivity and
optical transparency [9,10]. However, the main
disadvantage of zinc oxide is that this semiconductor
material is able to effectively absorb light exclusively in
the ultraviolet region of the optical spectrum, which
significantly limits its use for photocatalysis.

Over the past 20 years, researchers have studied the
alloying effect of Cd, Cu, Mg, Mn, Ni in zinc oxide on its
optical properties. Among the above-mentioned alloying
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elements, especially Cd provides the smallest bandgap
value in the material, so it has many applications in
industry and the environment protection. Bandgap tuning
is desirable for wavelength stability and achieving a
bandgap that matches the visible spectrum. Mosquera et
al. [11] found that the band gap decreased from 3.21 eV to
3.11 eV as the evidence of influence Cd on the sample
increased. With the correct Zn/Cd ratio, the band gap can
be reduced to 2.92 eV [12,13,14].

I. Technological methods of synthesis of
ZnO-Cd thin films (nanomaterials)

To date, several research articles have been published
on the synthesis of the ZnO-Cd system using a variety of
deposition methods, such as pulsed laser deposition (PLD)
[5,15,16,17,18,19], electrodeposition [20,21,22],
hydrothermal  synthesis [21,20], sol-gel process
[11,12,22,20,21,22,23,24], direct current [13,14,25] and
radiofrequency magnetron deposition [27,28], spray
pyrolysis (SP) [3,22,26,27,28,29], thermal co-evaporation
[22, 36], molecular beam epitaxy (MBE) [2,5,36], remote

plasma-enhanced metalorganic chemical vapor deposition
(RPE-MOCVD) [5,37,38], ion layering (SILAR) [34,39],
spin-coating [4,40] and even reflux method [42] (Fig. 1,
2).

The article [22] describes the production of ZnO-Cd
films by the SP method. This method is based on the
preparation of homogeneous precursor solutions from
salts, thin films of which are deposited on preheated
substrates (Fig. 3). During the processes of deposition of
thin oxide film, both chemical and thermal reactions
occur. Using SP, relatively uniform films are grown with
very high growth rates of the order of several hundreds of
nanometers per minute. Therefore, it is an attractive and
widely used method in industry for covering large areas.

Among the listed methods, sol-gel is a simple and
suitable for large-area deposition method, which is
useness for almost any transparent conductive films. The
spin-coating technique is simple, as it does not require a
vacuum or high temperature to deposit the films. The
technology of films deposition by this method is shown in
Fig. 4.
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Fig. 1. General scheme of nanomaterial synthesis methods [43].
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Fig.2. Synthesis methods of zinc NPs and their potential use [43].
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Fig. 3 Scheme of the installation for obtaining thin
films by the spray pyrolysis method [22].

Il. Physical properties of thin films of
the ZnO-Cd system

2.1.Microstructure and chemical composition of

ZnO-Cd thin films.

The article [43] proposes growing nanostructures
(NS) by the evaporation method on anodic aluminum
oxide (AOA) substrates with gold (Au) particles deposited
on it. SEM images of the obtained NS are shown at Fig. 5.

It was established that temperature is a key factor in
the morphology of catalytically grown ZnO NS. At the
higher temperature (700 °C), only ZnO nanowires were
formed. At the lower temperature (680 °C) nanobelts
appeared. ZnO nanocombs were formed when the
temperature was 660 °C.

Undoped and doped ZnO samples (Fig. 6) with
different doping concentrations (1-5% by weight of Cd )
are labeled CZ0-0, CZ0O-1, CZ0-2, CZ0O-3, CZ0-4, and
CZO-5, respectively. Sample CZO-0 deposited at 450 °C

Sewp 0T paeadey

Fig. 4. Block diagram of deposition of ZnO:CdO
sol-gel thin films by the spin-coating method [27].

on a glass substrate (Fig. 6, a), consists of various tiny
spherical grains. A similar morphology is observed for
sample CZO-1. For the CZO-2 sample, the morphology of
which is shown in Fig. 6, ¢, the grain density is higher, and
the grain size is 50 nm. Surface morphology changes with
3% Cd doping (Fig. 6, d). Agglomeration of grains is
observed on the surface of CZO-3 films. With a higher
cadmium doping of CZO-4 and CZ0O-5 samples, a smooth
surface covered with many spherical grains of 80-100 nm
in size was observed. Among all the samples, the CZO-2
film shows a well-distributed granular morphology [40].

SEM images presented in the article [39] for undoped
and Cd-doped ZnO films are shown in Fig. 7. It can be
seen from this figure that the surface of the zinc oxide film
is rough and consists of large and faceted grains (Fig. 7,
a), and the thin ZnO-Cd film consists of almost hexagonal
crystallites, mainly oriented perpendicular to the surface
of the substrate, that is, along the ¢ axis (Fig. 7, b). This
change in the shape of the grains is probably related to the
inclusion of cadmium, which disrupts the arrangement of
atoms.

Fig. 5 SEM images of ZnO NSgrown on substrates filled w1th Au partlcles at a— 700 °C b 680 °C;
C- 660 °C [44]

Fig. 6. SEM |mages of Cd ZnO thln fllmsdep05|ted by pyroly5|s sputterlng W|th dlfferent concentrations
of Cd doping: a— CZ0-0; b — CZO-1; ¢ — CZ0-2; d — CZ0O-3; e — CZ0O-4; f— CZ0-5 [40].
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The authors [42] synthesized ZnO and ZnO-Cd
nanoparticles by the reflux method. ZnO nanoparticles
were obtained, as well as nanoparticles with 5 % and 10 %
by weight fraction of cadmium doping.

In Fig. 8 shows X-ray patterns of synthesized undoped
Zn0O and doped ZnO with different Cd content. All the
obtained peaks are in good agreement with the hexagonal
crystal structure of ZnO. No other impurity peak was
observed in the X-ray pattern, indicating ZnO
nanocrystals that have a pure hexagonal crystal structure.
No impurity peaks were observed. The observed ZnO
diffraction reflections appear at 31.71 °, 34.41 °, 36.24 °,
47.52°, 56.6 °, 62.8°°, 66.3°, 67.9°, 69.1°, 72.4° and
76.9 ° and correspond to the orthogonal planes (100),
(002), (101), (102), (110), (103), (200), (112), (201), (004)
and (202), respectively.

—— ZnO
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Fig. 8. Combined X-ray patterns of synthesized thin films
[42].

An increase in the Cd content causes decreasing in the
intensity of all diffraction peaks. This decrease is
explained by the effect of defects created by cadmium ions
included in the structure of the ZnO lattice. Compared to
the pure ZnO film, the intensity of the (002) peak
decreases for Cd-doped ZnO films, which is confirmed by
the X-ray patterns in Figure 8. It is worth noting that the
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relative intensity of the (101) peak increases for Cd-doped
ZnO films. Thus, doping with cadmium leads to the loss
of the predominant orientation along the ¢ axis . These
observations, combined with a decrease in the relative
intensity of the (002) peak, confirm that the inclusion of
Cd increases the degree of polycrystallinity of the films.
Therefore, the synthesized nanocrystals retain a stable
hexagonal ZnO phase.

The grain size of the samples was calculated using
Scherrer's formula. The obtained crystallite sizes of the
(002) plane of pure ZnO, ZnO doped with 5 % Cd, and the
ZnO sample doped with 10 % Cd are 32.19, 48.23, and
57.94 nm, respectively. It is shown that doping with
cadmium leads to an increase in the size of crystallites.

To investigate the overall morphology, the as-grown
undoped and cadmium-doped ZnO nanoparticles were
examined by SEM, and the results are shown in Fig. 9.

In Fig. 9, a, shown that undoped ZnO is synthesized
in nanocrystalline structures of high density. The SEM
image shows a polycrystalline morphology of
nanocrystalline size with interconnected grains present on
undoped ZnO nanoparticles. In Fig. 9, b shows highly
agglomerated particles with a size of 400-500 nm for ZnO
samples doped with 5 % Cd. It should be noted that the
samples look like particles oriented in different directions.
In Fig. 9, ¢ shows highly agglomerated quasi-spherical
particles with a size of 600-700 nm for a ZnO sample
doped with 10 % Cd. Some of them connected together to
form secondary particles derived from tiny particles with
a high surface tendency to cluster. It is obvious that the
crystallite size gradually increases with increasing Cd
doping. The full array of one crystal structure is in the
range of 2 um [42].

Quite the opposite result, in contrast to those shown
in Fig. 8 [42] demonstrated the samples synthesized in
[35] by the SP method. The samples in this paper
demonstrated an increase in the intensity of the (002) peak
when doped with cadmium (Fig. 10). This behavior
indicates a decrease in the level of crystallinity of the
structure.

In Fig. 11 shows that the positions of the diffraction
peaks systematically shift towards smaller angles with
increasing cadmium concentration. This testifies to the
successful replacement of Zn?* by Cd?* ions.
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Fig.9. SEM photograph of nanoparticles synthesized by the method dephlegmation: a — undoped ZnO; b — ZnO
doped with 5 % Cd; ¢ — ZnO doped with 10 % Cd [42].

a)

(101)

(002)

20 25 0 35 40
(
1000
c) §
a0} <
im. gmh
z
wo b 400 =
¢ ‘ ;
N - e
< =z = o =
1) 0 N
20 26 30 35 40 45 60 85 60 65 20 26 30 36 40 45 60 S5 60 65
20 (degrees) 20 (degrees)

10. X-ray diffraction of Zn..xCdxO thin films with different atomic fractions of doping:

a—0%; b —5%; c - 10 %; d — 20 % [35].
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Fig. 11. Shift of the (002) peak position of Zn;.,CdxO
when the level of cadmium doping changes [35].

The resulting structure was studied by SEM. The low-
magnification image shows the uniformity of the
formation of the microstructure without any holes or
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cracks. At higher magnification, it can be observed that
the film consists of densely packed and randomly arranged
lamellar structures. When adding 5 molar Cd %, the
surface is modified with grains of arbitrary shape, as
shown in Fig. 12, b. Increasing the cadmium concentration
to 10 and 20 molar % results in a thin films with a grainy
morphology. This granularity in structures can be
observed in Fig. 12, c,d . These results show that the
concentration of cadmium changes the surface
morphology of the films. The resulting structures are of
great importance due to their high specific surface area
and adsorption capacity. In general, SEM image in Fig. 12
can be called similar to the results shown in Fig. 7 [39].

2.2. Optical properties

Optical transmission spectra of Cd-doped ZnO thin
films synthesized by the sol-gel method is considered in
the article [28]. In Fig. 13 shows the transmission spectra
of samples with different molar Cd %, as well as PL
spectra.

The films are 198, 205, 180, and 140 nm thick with a
cadmium weight fraction of 0 %, 0.45 %, 0.51 %, and
0.56 %, respectively. All films demonstrate transparency
of 80-90 % in the visible and infrared regions of the
spectrum. High transparency is associated with good
structural homogeneity, crystallinity and thickness.

It was found that the transparency decreases if the
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Fig. 12. SEM image of Zn1.,CdxO with different atomic fraction of doping:
a) — 0 %,; b) — 5 %; c) - 10 %; d) - 20 % [35].
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Fig. 13. Spectra of ZnO thin films with different levels of Cd doping:
a) — optical transmission spectra; b) - PL spectra [28].

annealing temperature is more than 450 °C. On the optical
transmission spectra at cadmium concentrations of 0.51 %
and 0.56 % in Fig. 13, a, an interference pattern is
observed, which is characteristic of thin films [16]. Also
at 370 nm, a sharp absorption edge is observed, which
shifts towards a higher wavelength with doping
increasing. This red shift of the absorption edge indicates
a decrease in the optical bandwidth of ZnO thin films [28].

PL excitation spectra were recorded for emission at
385 nm, equivalent to the optical transmission band of
3.22 eV of the ZnO film in this study. The corresponding
photoluminescence spectra are shown in Fig. 13, b.

A similar PL spectrum is observed when studying the
sample that was synthesized in [17] by the method of
pulsed laser deposition on a quartz substrate.

Experimental PL spectra of Zn1.4CdxO with different
concentrations of Cd are shown in Fig. 14. At Cd
x =0.074 and less, the near band edge (NBE) emission
peak shows a red shift from 381 nm to 426 nm or from
3.252 eV to 2.908 eV. When the Cd concentration is
further increased to 0.151, a very broad emission band
extending from 400 nm to 530 nm in visible range of the
PL spectra.

PL spectra of undoped and Cd-doped ZnO
nanostructures synthesized by the evaporation method
were measured and shown in Fig. 15 [44]. The curve in
Fig. 15, a with the center of the emission band at 494 nm
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and the curve in Fig. 15, b with the center at 505 nm refer
to undoped ZnO samples and ZnO-Cd in accordance.

x=0.151

x=0.024

x=0
1 i 1 n 1
400 500 600

x=0.044

PL Intensity (a.u.)

700

Wavelength (nm)
Fig. 14. PL spectra of Zn;«CdxO films with different
concentrations of Cd [17].

The green emission band around 500 nm arises as a
result of the recombination of holes with electrons
occupying a singly ionized oxygen vacancy. According to
the PL emission band on the ZnO curve, the emission band
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of ZnO nanostructures doped with cadmium has a red
shift. In opposite to [17] at [28], no emission in the 375
nm region was detected, which could be a consequence of
the high density of oxygen vacancies.

700+ 505

600

6) ZnO-Cd

a) Zno

PL Intensity
w P w
(=] (=] o
e . 2.9

200

300 350 400 450 500 550 600 650 700 750
Wavelength(nm)

Fig. 15. PL spectra of undoped and Cd-doped ZnO

nanostructures [44].

In Fig. 16, all samples show similar broad emission
bands with different maxima associated with exciton
recombination [29], edge emission (NBE), as well as
maxima from transitions from deep defect levels, such as
oxygen vacancy traps. The specific peak, its position and
the corresponding mechanism observed in the resulting
Zn1.xCdyxO (0 < x < 1) structure are given in table 1.

Cdu.aZnu.sOE

i)
-

Tﬂ Edge /

Cdo.sZno.aQ
= n

‘“-..___,-—-«.q.\‘__d_'-—”"

0 pxygen vatancies

Intensity (a.u.)
et

S

Efn due to CdQ content

Em due rr{Near
|

cdﬂ.SZI'I{I.Za:

Em di

Cdo

&m due fo Zn

1 1 1 [ 1 1 1
378 400 425 480 478 50O 525 B850

Wavelength (nm)

Fig. 16. PL spectra structure of Cd1xZnxO (0 <x < 1) [45].

PL spectra of the Zn1. xCdxO structure with cadmium
content 0 < x <1, can be seen in Fig. 20. More detailed
information on PL mechanisms and peaks is given in table
1.

CdO sample has two peaks at 422 and 448 nm, which
correspond to undoped CdO. Since CdO is a direct-band
semiconductor nanomaterial, a slight shift of the exciton
emission peaks is observed when substituted with zinc. In
addition, with increasing Zn content, the emission edge by
recombination of excitons in ZnO (sample Zne2CdogO),
shifts toward shorter wavelengths. In Fig. 16, it can be
seen that the shift of the emission peak of CdO is
insignificant compared to the shift of the exciton peak of
ZnO [45].

Table 1.

Description of observed PL peaks in the structure Zni.xCdxO (0 <x < 1) [1]

Peaks of FL

Mechanism
radiation

CdO Cdo_gzno_zo Cdo,sZﬂoAO Cdo,4Zno,50

Cdo,4zno,eo Zn0O

1 - - 387 382

The edge emission of

380 378 undoped ZnO is
associated with the

recombination of excitons

2 | 422 420 419 417

The emission is associated
415 - with charge transfer in
undoped CdO

3| 448 - - -

The emission is associated
with transitions of charge
carriers from the defect
level of internodal
cadmium to the valence
band

4 - 486 486 486

The emission is associated
with the transitions of
486 486 charge carriers from the
defective level of
internodal zinc to the
valence band

5 - 520 520 520

The emission is associated
520 520 with singly ionized
oxygen vacancies (Vo)
existing in Zn;xCdxO
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In Fig. 17 shows the transmission and absorption
spectra of ZnO and ZnggCdo10 films, which were
synthesized by the spin-coating method. It can be seen that
both films have a transparency of 80-90 %. It was also
found that cadmium doping causes a slight decrease in
transmission in the visible region. ZnO-Cd film shows a
shift of the absorption edge by about 80 nm compared to
the ZnO film [30]. A similar result was obtained in [17],
where the films were synthesized by pulsed laser
deposition method.

Undoped ZnO shows absorption at 367 nm. This is
shown in Fig. 18. After adding 5 % and 10 % Cd to ZnO,
it shows a higher absorption band at 377 and 385 nm,
respectively. Undoped ZnO and ZnO doped with
cadmium have a large optical transmission window in the
region of 400-800 nm. No visible absorption band was
detected in this region. A wide transparency area is
nessessary for fabrication nanodevices and is applicable to
optoelectronics.

The energy gap width (Eg) of undoped ZnO and Cd-
doped ZnO nanoparticles is shown in Fig. 19, were
calculated according to the formula:

)

where h — Planck's constant,

100 T T T T T T T T

80

ZnO
Zn, Cd O

0.9 0.1

60 4

40

Oy,

Transmittance (%)

20
j T
400

0 T
500

300

T T T T
600 700 800 900

Wavelength (nm)
a)

1000

¢ — speed of light,
A — wavelength.

The appropriate values of the energy gap width of
undoped ZnO and Cd-doped ZnO nanorods are shown in
Fig. 19. It can be seen that with an increasing level of
cadmium doping, the edge of the fundamental absorption
decreases. The value of Egfor undoped ZnO is 3.24 eV. It
decreases to 3.21 eV for ZnO doped with 5 % Cd and to
3.18 eV for ZnO doped with 10 % Cd. This decrease can
be explained by the large difference in E4 values for zinc
oxide and cadmium oxide [34,37,38,40].

The effect of an increased dose of doping, which was
considered in [37] on optical properties, can be seen in Fig.
20 and Fig. 21.

Optical analysis in the wavelength range of 200-800
nm at room temperature of CdO-ZnO films deposited on
a glass substrate is shown in Fig. 20, a. All films have a
high transmittance in the visible area, which decreases
with an increasing concentration of cadmium impurity.
This change was a consequence of the large gap in
electronic band structure of CdO and ZnO. The ZnO thin
film has the highest transmittance, while the minimum
transmittance was observed in the CdO film in the visible
region.

From the dependence (a4v)? to Ao for the films shown
in Fig. 20, b, received values of 2.10, 2.40, 3.01 and 3.20
eV. This sequence corresponds to thin films of CdO, No.1,

4.0

T T T

ﬁ ¥ T
£ 3

ZnO
ani.‘ICd(L IO
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1.0 - | -\
N

0.5
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Fig. 17. Spectra of ZnO9Cdo.10 thin films : a) — optical transmission; b) — absorption spectra [41].
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Fig.18. Absorption spectra of undoped and Cd-doped

Zn0 nanoparticles [42].
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Fig. 20. Summary graphs of the optical characteristics of the obtained samples: a — optical transmission spectra;
b — dependence of (a#v)?to hv [25].

No.2 and ZnO. The width of the energy gap is inversely
proportional to the concentration of Cd in the thin film.
The electron binding energy of CdO may be responsible
for the narrowing of the bandgap because, due to the large
atomic radius, conduction electrons require less energy to
move into the valence band compared to ZnO.

PL spectra of CdO-ZnO at room temperature are
shown in Fig. 21. Wide mission peaks were observed in
the 380—440 nm region, which corresponds to excitonic
emission near the band edge. The spectrum also shows
emission in the visible region centered around 720 nm (red
light), as shown in Fig. 21. The maximum intensity of the
PL peak for red light was observed for thin film Nel with
a ratio of Zn:Cd = 3:1. This emission occurs due to the
transition of electrons from the bottom of the conduction
zone to the level of vacancies - defects in the crystal
structure of CdO and ZnO.

+ CdO
NO1 (Cd:Zn = 3:1)
N22 (Cd:Zn = 1:3)
—=— Zn0

PL Intensity (a.u.)

400 450 500 550 600 650 700 750 800 850

Wavelength (nm)
Fig.21. PL spectra of CdO-ZnO thin films [25].

It is also appropriate to consider the study optical
properties of Zn1xCdyO thin films in the article [36], in
particular to investigate the spectra of optical
transmittance and the dependence of (ahv)? to hv for the
films that were deposited by spray pyrolysis method. The
corresponding curves are shown in Fig. 22.

Comparing the graphs shown in Fig. 20, a, and Fig.
22, a, you can see the similarity of the results obtained by
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different methods and at different doping concentrations.
In addition, films synthesized by the spray pyrolysis
method show greater transparency in the ultraviolet
spectrum (Fig. 22, a, c).

Thin films were deposited by synthesized by the DC
and RF reactive magnetron co-sputtering Zn;xCdxO in the
article [30]. The peculiarity of this work is that it used two
metal targets made of undoped zinc and cadmium. 80 W
was applied to the zinc target and to modulate the molar
fraction of cadmium in the structure, the power applied to
the cadmium target was varied from 0 to 120 W. Table 2
shows the ratio of the composition of elements in
Zn1xCdxO films applied at different powers of sputtering
a cadmium target (Pcq). Using the method of energy
dispersive X-ray spectroscopy, it was found that the Cd
content increases with an increase Pcg.

As a result of increasing the proportion of cadmium in
the structure, the width of the energy gap decreases. This
is demonstrated in Fig. 23.

On the basis of all considered materials and synthesis
methods, a summary table can be compiled that will
demonstrate the effect of cadmium doping on the width of
the energy gap (Table 3).

2.3 Photocatalytic activity

Photocatalysis appears to be an interesting approach
to water purification with the possibility of using sunlight
as a sustainable and renewable energy source (Fig. 24).
This technology is based on the use of a semiconductor
that can be excited by light with an energy higher than the
band gap, inducing the formation of electron-hole pairs
that can participate in redox reactions. Nanoscale
semiconductors typically have high activity and high
degree of functionality, large specific surface area, and
size-dependent properties, which making them suitable for
water treatment applications.

In recent years, most photocatalysts have been
specifically designed for applications under sunlight, but
many researchers have focused their attention on UV-
active systems. Thus, nanoscale semiconductors sensitive
to UV and visible or sunlight should be considered.

Some publications have demonstrated a better
photoresponse for ZnO compared to TiO, for the
photocatalytic decomposition of some dyes in water [43].
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Fig. 22. Optical transmission spectra (a), dependence (a/v)?to v (b) and appearance of deposited
Zn1.xCdxO thin films (c) [35].

Table 2.
Composition of Zn;xCdxO films according to energy dispersive analysis [300mmu6ka! 3akyiagka He onpeaeseHa.]
Atomic fraction, %
Pca, W 0 Zn Cd
20 50.68 48.67 0.65
40 51.24 47.45 1.31
60 51.59 46.07 2.34
120 51.99 40.48 7.53
Table 3.
Comparative analysis of different doping concentrations and different synthesis methods [18]
Ca](c:ii?wnl]u;r:] Egggi'gll[)}othe Synthesis technique v?/? dn'c(rj],g;\r; Link
x = 0.45 atomic 3.20
x = 0.51 atomic Sol-gel method 3.19 [28]
x = 0.56 atomic 3.15
X = 16 atomic 2.75
X = 25 atomic Pulsed laser deposition 24 [17]
X = 50 atomic 2.19
x =10 atomic Sol-gel spin coating 2.66 [41]
XX: 150?10;?; Reflux method gié [42]
i ; g; xg:ﬂm:zgﬂz Sol-gel spin coating method 2;' [25]
x = 0.65 atomic 3.21
X = 31 atomic High-frequency reactive magnetron 3.16 [30]
X = 2.34 atomic sputtering 3.07
X = 7.53 atomic 2.82
xxz_foa;?on;?c Pulsed laser deposition 2%27 [19]
X = 5 atomic 3.2
x = 10 atomic Spray pyrolysis method 2.91 [35]
X = 20 atomic 2.82

Several literature studies determined the method of doping
Zn0-Cd to achieve a good photocatalytic effect. Despite
this, the properties and the mechanism behind have not
been fully explained [43]. It should be noted that the
improvement of photocatalytic efficiency is closely

related to structural properties, such as morphology,
particle size, crystal orientation, degree of crystallization
and oxygen defects, which greatly affect the activity and
stability of photocatalysts [44].

Effect of doping with Cd ions on the photocatalytic
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properties of ZnO nanoparticles obtained by the
deposition method is described in [47].
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Fig. 23. Dependences (ahv)? to hv for Zni«CdxO films at
different sputtering powers of the cadmium target [30].
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To study the photocatalytic activity of ZnO-Cd
nanostructures, the absorption spectra obtained during the
degradation of crystal violet in an aqueous solution at
ambient temperature were used (Fig. 25). The dye solution
containing photocatalyst was exposed to UV irradiation
with a 6 W mercury lamp and samples were collected at
regular intervals to determine the photocatalytic behavior.
The sample was centrifuged for 3 minutes at 2500 rpm to
separate the catalyst particles from the aqueous phase to
determine the degree of discoloration.

In Fig. 25, and in the Table 3 shows the percentage
degradation of crystal violet for undoped ZnO and Cd
doped ZnO with different molar fractions during 120 min
of illumination.

The results showed that the best dye degradation in
cadmium-doped ZnO catalysts occurs in the following
order: 0.5 mol %, 0 mol %, 2 mol %, 1.5 mol %, 1.0 mol
% cadmium doping. It can be concluded that the

=
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o
D

Fig. 24. Photocatalytic mechanism of degradation of crystal violet using ZnO - Cd nanoparticles [47].
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Fig. 25. a — diagram of photocatalytic degradation of crystal violet depending on the time of irradiation;
b — a graph of the dependence of the concentration of crystal violet at different molar ratios of ZnO doped with Cd

[47].
Table 3.
Influence of molar fraction of cadmium on photodegradation of samples [47]
Duration of photocatalysis, min
30 | 60 | 90 | 120
Biodegradation, %
Cd=0% 56.88 73.57 85.17 92.47
Molar fraction Cd=0.5% 66.14 75.87 90.4 92.13
of Cd. mol % Cd=1% 36.88 63.85 73.94 79.08
' Cd=15% 5.82 62.0 71.0 81.0
Cd=2% 42.56 60.91 77.24 86.23
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implantation of 0.5 mol % cadmium improves the
photocatalytic activity of ZnO in the crystal violet due to
the increased charge separation potential. Excessive
inclusion of Cd leads to an increase in the rate of
recombination of electrons and holes, which leads to a loss
of photocatalytic activity. The authors of the article [47]
suggested that this may be due to the presence of cadmium
nanoparticles in the volume of zinc. The presence of a Cd
impurity of more than 0.5 molar % in the photocatalyst
leads to a decrease in the efficiency of the photocatalyst.
Undoped and cadmium doped ZnO samples were able
to degrade the crystal violet dye, as seen by the decrease
in concentration, which indicated that the chromophoric
groups of the dye were converted to intermediate products.
Fig. 25, b shows that more than 80 % of the dye
decomposes within 120 minutes in ZnO-Cd nanoparticles.
The results in Fig. 26, and showed that nanoparticles
of the ZnO-Cd series can destroy approximately from 53
to 67 % of alizarin red (AR) dye during irradiation with an
ultraviolet lamp. In Fig. 26, it is shown that a significant
decomposition was observed in the ultraviolet in the
absence of a catalyst. The rate of decomposition reached
84 % in 120 minutes. These results show that a series of
Zn0O-Cd compounds can be effectively used to destroy
cationic dyes, but not anionic ones.
The work also investigated the influence of the
100

a) —a— 7n0
—e— 0.5 mol % Cd-ZnO
—4— 1.0 mol % Cd-ZnO
—v— 1.5 mol % Cd-ZnO
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80
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catalyst dose in the range from 0.5 mg to 3.0 mg on the
decomposition of crystal violet. In the Table 4 shows the
efficiency of dye degradation. Increasing the amount of
catalyst in the range from 0.5 mg to 2.0 mg led to an
increase in photocatalytic degradation. This suggests that
the rate of degradation improves with increasing amount
of catalyst. In turn, this result can be caused by an increase
in the number of active centers on the surface of the
catalyst. Since a higher dose of catalyst blocks the rays of
the ultraviolet lamp from penetrating the solution, it also
leads to a decrease in catalytic activity.

The pH level is one of the most important factors that
can affect the process of dye degradation on the surface of
the photocatalyst. The influence of different pH values in
the range from 2 to 12 (in acidic, neutral and alkaline pH
environments) on the efficiency of dye degradation was
investigated. The obtained dependencies were presented
in the Table 5.

In an acidic environment, the degradation efficiency
of crystal violet was 90%, but in an alkaline environment
it was higher and amounted to 100 % for 12 pH (Fig. 27).
The efficiency of crystal violet decomposition was
increased from 85% at pH 8 to 100% at pH 10 in pure ZnO
solution. 100% decomposition was achieved in less than
60 min at pH 12. During the same time, 0.5 mol % Cd in
the ZnO structure allows the dye to be decomposed by

100

6) —— AR-UV

80

204

Photocatalytic degradation

0 20 40 60 80 100
Time in minutes

120

Fig. 26. Percentage diagram of the photocatalytic decomposition of alizarin red with:
a — different concentration of the catalyst in UV; b — only in UV without catalyst [47].

Table 4.
Influence of the catalyst content on the photodegradation of samples [47]
Duration of photocatalysis, min
30 | 60 | 90 | 120
Biodegradation, %

0,5 69.2 77.6 87.2 90.4

Catalyst content, 1 66.14 75.87 90.4 92.15
mg 2 79.6 86.2 95.6 100

3 69.6 77.7 88.5 88.5

Table 5.
Influence of the acidity of the medium on photodegradation of samples [47]
Duration of photocatalysis, min
30 | 60 | 90 | 120
Biodegradation, %

2 71.28 82.12 88.26 92.15
pH level 4 48.62 73.39 83.3 93.76
6 44 80 85.13 86.23
8 59.81 85.87 88.44 94.31

10 64.4 100 100 100

12 100 100 100 100
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approximately 94 % at pH 8, 100% at pH 10 and 12 in 60
and 30 minutes respectively.

Fig. 27. Results of photodegradation of crystal violet [47].

From the Table 4 and 5 clearly show that 2 mg of the
catalyst doped with 0.5 mol % Cd at pH 10 and 12 have a
higher decomposition efficiency for 60 min and 30 min
compared to 1, 1.5 and 2 mol % Cd in the ZnO structure.

The photocatalytic activity was also studied in the
article [23]. ZnO and ZnO-Cd nanoparticles were
synthesized by the hydrothermal method.

The photocatalytic activity of hydrothermally
synthesized ZnO doped with cadmium was evaluated by
testing the degradation of rhodamine B. The diagram of
the decomposition of the ZnO-Cd photocatalyzed dye is
shown in Fig. 28. Also, for comparison, a graph of dye
decay on a sample of undoped ZnO is given. The time
diagrams demonstrate a significant enhancement of the
photocatalytic activity when ZnO is doped with cadmium
using the hydrothermal method.

=8=Zn0
=8=Cd-ZnO

[Dye] (ppm)

60 80 100

40
Time (min)

Fig. 28. Photocatalytic degradation of rhodamine B [23].

20

In Fig. 29 residual concentration of methylene blue
(MB) was obtained for all samples and compared with the
results decomposition of MB without a photocatalyst. It
was observed that the MB dye decomposed by 99% within
180 minutes using the Cdo2ZnosO sample as catalyst,
while only 28, 48, 65, 88 and 94 % of the dye decomposed
when the zinc samples were used x = 0; 0.2; 0.4; 0.6 and
1 in Cd1-xZnxO, respectively, as a catalyst under the same
experimental conditions [45].
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Fig.29. Graph of the residual concentration of methylene
blue (MB) during photocatalysis by structures with

different content of cadmium doping [45].

Conclusions

Materials based on ZnO and cadmium, are gaining
increased attention as promising photocatalytic material
and can be successfully applied for organic dyes
degradation. This review considers the influence of
cadmium doping on morphology, structure and optical
properties of ZnO obtained by various techniques. It was
discussed that Cd-doping modifies the characteristics of
ZnO and enhances its suitability for photocatalysis due to
suppressing the recombination rate of electron-hole pairs,
increasing charge separation efficiency, and improving the
production rate of hydroxyl radicals. The band
engineering of ZnO toward visible range by Cd-doping
leads to the increased ability to absorb more irradiation of
the solar spectrum. Additional research is needed to
evaluate how photocatalyst properties of Cd-doped ZnO
correlate with their optical properties. It was shown that
Cd-doped ZnO is the perspective multifunctional material
for wide-scale environmental, technological, and
biomedical applications.
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P. L. dixyce, 1. B. Muponok, JI. A. Mupontok, A. . €BTyeHko

Oco00TMBOCTI TEXHOJIOTIYHOI0 CHHTE3Y Ta BJIACTHBOCTI MaTepiaJiB HA OCHOBI
Zn0O-Cd nist poTOKATATITHYHOIO 32CTOCYBAHHS.
Orasia

Inemumym npobnem mamepianosnascmea im. M. @panyesuna HAH Yrpainu, Kuis, Ykpaina, romanik619@gmail.com

Y mpoMmy Orjsai y3araabHEHO MOTOYHHMN CTaH MaTepianmiB Ha ocHOBI ZnO-Cd s ¢oToKaTamiTHIHUX
3aCcTOCYBaHb. PO3TIsIIaroThes BiAMIOBIHI TEXHOIOTIYHI METOAU CHHTE3Y, TaKi K IMITYJIbCHE JIa3epHE OCAKCHHS,
MarHeTpOHHE PO3MIWICHHS, €IEKTPOOCAIKEHHS, 30JIb-Tellb, METAJIOOPTaHIYHE XiMiYHE OCaKEHHS 3 MapoBOi (asu,
BUNIAPOBYBAHHS, PO3MIIIOBAIBHUNA IIpOJi3, a TAaKOX OCTaHHI pO3poOKH B €QEKTHUBHIM Ta BiATBOPIOBaHIH
TEXHOJIOT1] CHHTE3y HaHO- Ta MIKPOCTPYKTYPOBAHOTO OKCHJY I[HHKY, OOTOBOPIOIOTHCS JIETOBaHI KaaMieM TBep/i
po3urHu Zn1xCdxO i poToposmamy MOJEKYJl OpraHiuHMX 3a0pyaHioBadiB. TEXHOJIOTis CHHTE3y Ta DPiBEHb
JIETYBaHHs KaJIMi€EM iCTOTHO BIUTMBAE Ha CTPYKTYPY Ta MOP(OJIOTiI0 OKCUTY IIMHKY i, SIK HACJIJIOK, HA ONTHUYHI Ta
(doTokaTaiTH4HI BIacTUBOCTI. [IOKa3HUKN TOOPOTHOCTI, TEOPETHYHI OOMEXEHHs Ta paliOHaJbHHH KOHTPOIb
KOHIICHTpAIIii JIETYyI04Y0i JOMIIIKA KaJMit0 HEOOXiqHI sl CTBOPEHHS MaTepiany 31 30aJaHCOBaHUMH ONTUYHUMH
BJIACTHBOCTAMHU Ta (HOTOKATATITHYHOI aKTUBHiCTIO. Hapemri, BaxiuBicTe neryBaHHS ZnO i30BaJ€eHTHOIO
nomimkoro Cd 3Ha4HO MOKpaIIye Horo GpoTOKATATITUYHI BIACTHBOCTI 3a PaxXyHOK 3BYXKEHHS 3a00pOHEHOI 30HH,
3HIKEHHS [IBHIKOCTI PEKOMOIHAIi eNeKTPOHHO-IIPKOBHX Map, IO MiIBUINYe e€()EeKTHBHICTH MPOCTOPOBOTO
PO3MiJICHHS 3apsiiiB, YTBOPEHHS aKTUBHUX OKCHIHHMX PAJUKANTIB i 301bIICHHS MTUTOMOT MOBEpXHi. TaKMM YHHOM,
Marepiany Ha ocHOBI ZnO-Cd € Hal0iIbII EPCIeKTUBHUMH (POTOKATATITHYHUMH MaTepiaiaMy JUIsl OpraHiYHUX
3a0pyIHIOBAYiB.

KorouoBi ci1oBa: okcu HMHKY; JIeTyBaHHS KaaMieM; MOPQOJIOTis; HAHOCTPYKTYPH; ONTHYHI BIACTHBOCTI;
(doTtokaraiis.

234


https://doi.org/10.1016/j.matlet.2006.02.056
https://doi.org/10.1016/j.mseb.2020.115001
https://doi.org/10.1016/B978-0-12-813926-4.00028-8
https://doi.org/10.1016/j.hazadv.2021.100004
https://doi.org/10.1016/j.rinp.2017.02.033
mailto:%20romanik619@gmail.com

