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Researching and understanding of the basic physical properties of zinc oxide is important for many reasons. For example, they are
useful for the rational design of functional devices and for developing their potential as building blocks for future nanoscale devices.
Due to its electrical properties, zinc oxide is very attractive for optoelectronic and electronic devices. For example, a device made
of zinc oxide material has a high breakdown voltage, lower noise, and can operate at higher temperatures with greater operating power.
The optical properties of zinc oxide nanostructures are related to both internal and external effects. Internal optical transitions occur
between electrons in the conduction band and holes in the valence band, including exciton effects due to Coulomb interaction. External
properties are associated with additives or defects that typically create discrete electronic states in the band gap, and therefore affect
both optical absorption and emission processes.

There are two main methods used in the synthesis and production of zinc oxide nanostructures. These techniques are called «top-
down» and «bottom-up». The top-down technique refers to a fabrication technique whereby an object is created by carefully removing
pieces of a larger object, essentially carving out the desired object. The bottom-up approach, or sometimes referred to as the self-
assembly approach, uses chemical or physical forces operating at the nanoscale to assemble basic units into larger structures.

In this work, the regularities of the photocatalytic decomposition of Congo red and methylene blue dyes under flowing (dynamic) conditions
were studied using samples of zinc oxide of the wurtzite type synthesized by the sol-gel method. In a model photocatalytic process implemented
in the presence of a synthesized ZnO sample of 2 and 3 g, an average of 75% dye decomposition was achieved in 3 hours of UV irradiation. Such
experimental data indicate a greater influence of the duration of ultraviolet irradiation than the dose of the applied photocatalyst.

The study of the acid-base properties of the surface of the synthesized powder showed the presence of acidic Brensted centers
with a pK, of 6.4 and basic Bronsted centers with a pK, of 9.45. The study of the pH of the solutions of the studied dyes during
photocatalytic decomposition in the presence of the synthesized photocatalyst showed that its value shifts to the acidic region for both
dyes. Key words: zinc oxide, wurtzite, photocatalysis, Congo red, methylene blue.

LuHK okcua sIK mMepcrneKTUBHUIT eKosIoriyHmMii (poTokaTagi3aTop: BIACTHBOCTI, CHHTE3 Ta 3acTocyBaHHs. IBanenko .M.,
®enenxo F0.M., I'ynya X.P., Kiimenkos Q.M.

JlocmipkeHHst Ta PO3yMiHHS OCHOBHHUX (DI3MYHUX BJIACTHBOCTEH LIMHK OKCHIY € BaXJIMBUMHM 3 Oaratbox npuumH. Hampukiaz,
BOHH KOPHCHI JIUIs PAIliOHAIEHOTO IPOSKTYBaHHS (DyHKI[IOHAIEHHUX MIPUCTPOIB Ta ISl PO3BUTKY IXHBOTO ITOTSHIIIANY, SIK OyIiBeIbHIX
OITOKIB T MaOyTHIX HAHOPO3MIPHHX IIPUCTPOIB. 3aB/ISKH €ISKTPHIHNM BIACTHBOCTSM IIMHK OKCH/J] IPEICTABIISIE BEJIUKY IPHBAOIH-
BICTb ISl ONTOCJICKTPOHHUX Ta CJCKTPOHHUX NPUCTPOIB. Hanpukiaza, mpucTpii, BATOTOBICHHUH 3 IMHK OKCHY, MA€ BUCOKY HAIIPYTy
po00I0, MEHIINI PiBeHb IIYMY 1 MOXKE MPALIOBATH MPU OLIbII BUCOKUX TEMIIEPATypax 3 BEIUKOI pOOOUYOI0 MOTYXKHICTIO. OnTH4HI
BJIACTUBOCTI HAHOCTPYKTYP LIMHK OKCHTY ITOB’sI3aHi SIK i3 BHYTPILIHIMH, TaK i 3 30BHIIIHIMH edexTamu. BHYTpilIHI onTHYHI Iepexonu
BiZOyBaIOTHCS MiX €JIEKTPOHAMH B 30HI IIPOBIHOCTI Ta AipKaMH B BAJICHTHIH 30HI, BKJIIOYAaI0UN €KCHTOHHI e()eKTH BHACIIIOK KyJIOHIB-
CHKOI B3a€MO/Ii1. 30BHIIIHI BIaCTHBOCTI MOB’s3aHi 3 J0OaBKaMu abo edeKTaMu, sIKi, SIK TPaBHII0, CTBOPIOIOTH TUCKPETHI CIEKTPOHH1
CTaHH B 3a30pi, i, OTKe, BIUINBAIOTH 5K HA TPOLIECH ONITHYHOTO MOIIMHAHHS, TaK 1 Ha BUIIPOMiHIOBAHHS.

IcHye Ba OCHOBHHMX METOJa, 110 BUKOPHCTOBYIOTHCS IPH CHHTE31 Ta BUPOOHHULTBI HaHOCTPYKTYp ZnO. Lli npuitomn Ha3uBa-
IOTBCS «3BEPXY BHU3) 1 «3HU3Y Bropy». TeXHiKa «3BepXy BHH3» BITHOCUTHCS 10 TEXHOJIOTI] BUTOTOBIICHHSI, 32 JOTIOMOTOIO SIKOi 00’ €KT
CTBOPIOETHCS 00EPESIKHIM BHIAICHHSAM IIMATOUYKIB OLTBIIOr0 00’€KTa, MO CyTi BUpi3aroun OaxaHuit 00’ ekT. [1inxin «3HU3Y Bropy»,
a0 #oro iHOAI HA3MBAIOThH MiJXOAOM JI0 CaMO30MpaHHs, BUKOPUCTOBYE XiMiyHi a00 (i3u4Hi cuiu, MO AiI0Th B HAHOMAcIITa01, A7
30MpaHHsT OCHOBHUX OJIMHUIb Y OUIBILI CTPYKTYPH.

V naniii po6OTi ZOCIIHKYBAINCS 3aKOHOMIPHOCTI (POTOKATAIITHYHOTO PO3KIIAAaHHs OapBHUKIB KOHr0O 4epBOHOrO Ta METHIICHO-
BOTO CHHBOTO B POTOYHMX (JIMHAMIYHUX) YMOBaX i3 BUKOPHCTAHHIM 3pasKiB LMHK OKCH/Y THITy BIOPIUT, CHHTE30BaHOTO 30J1b-TeiIb
METOZIOM. Y MOAIENBEHOMY (POTOKATATITHYHOMY MPOIIEC], peanizoBaHOMY Y IPUCYTHOCTI CHHTE30BaHOTo 3pa3ky ZnO Macoro 2 Ta 3 1, 3a
3 roaunu Y@ orpoMiHEHHs BIAJIOCh JIOCATHYTH CTYIEHs PO3KIIailaHHs OapBHUKIB B cepenHboMy 75%. Taki excriepuMeHTasbHI 1aHi
CBIT4aTh PO OUTBIINI BIUIMB TPUBAJIOCTI Aii yIbTpadioreToBOro ONpOMIHEHHs, HiXK 1031 3aCTOCOBAHOIO (hOTOKATAII3aTOPY.

BUBYCHHS KHCJIOTHO-OCHOBHHUX BIIACTHBOCTEH IMOBEPXHI CHHTE30BAHOTO MOPOIIKY MOKA3aJI0 HASBHICTh KHCIOTHHUX LEHTPIB
Bpencrena 3 pK, 6,4 Ta ocHoBHUX LIeHTpiB BpeHcrena 3 pK, 9,45. Sk noxasano nociuipkeHHss pH po3unHiB JOCHiDKeHUX OapBHU-
KiB B X0/Ii ()OTOKATATITHYHOTO PO3KJIAJAHHS Y MPUCYTHOCTI CHHTE30BaHOTO (pOTOKATaNi3aTopa, HOro 3HAYeHHS 3MIIYETHCS B KUCITY
o0macThb aist 000X GapBHUKIB. K70406i c106a.; TMHK OKCUJ, BIOPLUT, (POTOKATai3, KOHTO YePBOHH, METHJICHOBHI CHHIH.

Introduction. Physical properties of wurtzite zinc reasons. For example, they are useful for the rational
oxide. Researching and understanding of the basic design of functional devices and for developing their
physical properties of zinc oxide is important for many potential as building blocks for future nanoscale devices.
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Table 1
Physical properties of wurtzite (at 300 K) [5]

Property Value
a,, nm 0.32495
C,, NM 0.52069
a,/c, 1.602
U 0.345
Density, g/cm® 5.606
Stable phase at 300 K Waurtzite
Bond length, A 1.977
Melting point, °C 1975
Thermal conductivity, W/em-K 0.6-1.2
Static dielectric constant 8.656
Refractive index 2.008; 2.029
Band gap, eV 34
Knoop's hardness, N/cm? 0.5
Bulk hardness, GPa 5.0£0.1
Tonicity, % 62
Heat capacity, J/mol-K 40.2
Jung's module, GPa 111.2+4.7
Involuntary polarization, S/m? -0.057

Table 1 shows a compilation of the main physical
parameters for bulk zinc oxide. It is worth noting that there
is still some uncertainty in these values. For example,
several reports only mention the physical properties of
the type of zinc oxide, and hence the hole mobility and
effective mass are still under discussion [1, 2]. In addition,
as the size of semiconductor materials continuously
decreases to the nanometer or even smaller scale, some
of their physical properties undergo changes known as
«quantum size effectsy. Quantum confinement increases
the band gap of zinc oxide nanowires, which has been
confirmed by photoluminescence measurements [3, 4].

Mechanical properties. Direct measurement of the
mechanical properties of individual ZnO nanostructures
is a really difficult task. Therefore, there are very few
experimental studies on the mechanical properties of
ZnO nanostructures. In fact, the lack of experimental
studies on ZnO nanostructures is mainly due to some
problems arising from the characterization methods
of nanoscale material, such as sample manipulation,
alignment and gripping to achieve the desired boundary
conditions, and the application and measurement of
force and displacement with very high resolution [6].
According to Table 1, ZnO is a relatively soft material,
with a hardness of 5 GPa at a plastic penetration depth
of 300 nm (for a ZnO mass oriented on the c-axis). Some
researchers have tried different techniques to measure
the Young’s modulus of ZnO nanostructures. Based on
the resonant excitation caused by an electric field, the
bending modulus of ZnO nanobelts was characterized
using a transmission electron microscope (TEM) [7]. In
this method, a special TEM sample holder was fabricated

to apply an oscillating electric field between the ZnO
nanobelt and a fixed electrode. This electric field drove
the vibration of the nanobelt, and resonant oscillations
were achieved by tuning the frequency of the motion.
Following the classical theory of elasticity, the bending
modulus was calculated and found to be 50 GPa.

In addition, atomic force microscope (AFM)
experiments are popular methods for the mechanical
characterization of ZnO nanostructures. Since the
stiffness of the AFM tip is very small, the resolution of
the force measurement is very high (nano-newtons). In
this technique, a very soft spring (e.g., a cantilever beam)
was used to bend the ZnO nanowire. Researchers have
used this technique to measure the Young’s modulus of
ZnO nanowires [8, 9]. They reported different values
of the Young’s modulus of 29+8 and 97+18 GPa. On a
massive scale, the Young’s modulus of zinc oxide in the
[001] direction is 140 GPa [10], which is significantly
higher than the value of the modulus reported for ZnO
nanostructures.

Electrical properties. Due to its electrical properties,
ZnO is very attractive for optoelectronic and electronic
devices. For example, a device made of ZnO material has
a high breakdown voltage, lower noise, and can operate
at higher temperatures with a large operating power. The
background concentration of the ZnO carrier is typically
10'"*cm™, and the effective electronmass of ZnOis 0.24 m,
(m, is the mass of free electrons), while the effective
hole mass is 0.59 m, [5]. In addition, studies of electrical
transport after configuring individual ZnO nanowires
as field-effect transistors confirm that the grown ZnO
nanowires exhibit n-type behavior [11]. Typically, the field-
effect mobility of grown nanowires is 20—100 cm*/V's
[12]. Later, scientists reported an electron mobility
of 1000 cm?/V-s after coating the nanowires with a
polyimide passivation layer to reduce scattering and
trapping of electrons on the surface. Recently, it has
been found that after coating ZnO nanowires with a SiO,
layer followed by Si,N, for surface state passivation, the
mobility of ZnO nanowires can be significantly increased
to over 4000 cm?*V's [13]. These results indicate that
devices based on ZnO nanostructures have exceptional
potential in high-speed electronics applications.

Optical properties. The optical properties of ZnO
nanostructures have been widely studied due to their
promising potential in optoelectronics. The optical
properties of ZnO nanostructures are related to both
internal and external effects. The internal optical
transitions occur between electrons in the conduction
band and holes in the valence band, including excitonic
effects due to Coulomb interaction. External properties
are associated with additives or defects that tend to
create discrete electronic states in the band gap, and
therefore affect both optical absorption and emission
processes. ZnO is typically formed as an n-type
semiconductor material in which electrical conductivity
is due to excess zinc, presumably interstitially within
the lattice and oxygen vacancies [14]. External defects,
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such as hydrogen, are more often included as minor
donors [15]. In general, ZnO is a wide semiconductor
bandgap material (3.4 eV), making it potentially useful
for efficient UV laser diodes and low power thresholds
for room temperature pumping. It is also one of the
promising materials for high temperature and high
power devices. High-temperature operation requires a
wide bandgap so that the internal carrier concentration
remains. High-power operation 1is attractive for
wide bandgap semiconductors because of the larger
breakdown fields.

Materials and methods. Synthesis of zinc oxide
samples. The synthesis of zinc oxide was carried out
using the sol-gel method. To do this, 10 g of zinc acetate
was dissolved in 300 cm® of ethanol at 80 °C and under
constant stirring for 10 hours to obtain a clear solution.
The resulting solution was then cooled to 0 °C and NaOH
solution (0.225 mol/dm®) was added dropwise to form a
white gel. The resulting gel was left to age for 3 days.
After that, the precipitate was separated on a vacuum
filter and calcined for 3 hours at 500 °C [15].

The following dyes were used as research materials:
Congo red and methylene blue. Congo red is an organic
substance belonging to the class of azo dyes. In the
literature, this substance may be referred to as: dinitrium
salt of 4,4-bis(1-amino-4-sulfo-2-naphthylazo) biphenyl,
congorot, kongorot. The formula is C;,H,,N:Na,OS,.
The molar mass is 696.665 g/mol [16]. Structural
formula of Congo red is presented in Fig. 1.

. 2 NH.‘
: Q_Q_
Nago,

Fig. 1. Structural formula of Congo red

Methylene blue is an organic substance belonging to
the class of azo dyes. In the literature, this substance can
be called: methylene blue, methylenblau, methylthionii
chloridum, N, N, N’, N’-tetramethylthionine chloride
trihydrate, 3,7-bisdimethylaminophenothiocyanine
chloride [17]. Structural formula of methylene blue is
presented in Fig. 2.

CH,
Fig. 2. Structural formula of methylene blue
To study the rate of photocatalytic activity of the

synthesized zinc oxide, the following experiments were
performed.

Photocatalytic decomposition of Congo red in a flow-
through unit. A concentration of the dye of 5 mg/dm?
was used to study the photocatalytic activity of the
synthesized sample toward Congo red under dynamic
conditions. The suspension consisting of zinc oxide and
dye was exposed to ultrasound for 5 minutes. Then the
suspension was quantitatively transferred to a vessel
with a capacity of 5 dm? to the total volume of the dye
solution. After that, the pump was turned on to pump the
solution, and after 20 minutes, the UV lamp was turned
on. Samples were taken every 5 min for 30 min, and then
every 10 min for the next 150 min. The suspension was
then filtered through a syringe membrane filter and the
residual dye concentration was determined.

Photocatalytic decomposition of methylene blue in a
Sflow-through unit. A methyl blue solution of 5 mg/dm®
was used to study methyl blue under dynamic conditions.
A suspension of the photocatalyst in a small volume of
the solution of the dye under study was first exposed
to ultrasound for 5 min. The resulting suspension was
quantitatively transferred to a 5 dm? vessel to the total
volume of the dye solution. Next, the pump was turned
on to pump the solution and the UV lamp was turned on
after 20 minutes. Samples were taken every 5 min for
30 min, and then every 10 min for 150 min.

Acid-base properties of the surface. The Hammett
method was used to study the acid-base properties of
the surface, namely the distribution of surface centers
by acidity [18]. This method involves the use of
13 indicators with different pK, values in the range from
+0.80 to +12.8. The list of these indicators and their
characteristics are presented in Table 2.

Table 2
Characterization of acid-base indicators

Ne Indicator pK, P L
1 Crystal purple +0.8 580

2 Diamond green +1.3 610

3 Methyl orange +3.46 460

4 Bromophenol blue +4.1 590

5 Methyl red +5.0 430

6 Chrysoidine +5.5 448

7 Bromocresol purple +6.4 540

8 p-Nitrophenol +7.15 360

9 Bromothymol blue +7.3 430
10 Thymol blue +8.8 430
11 Pyrocatechin +9.45 274
12 Tropheoline 00 +12.0 440
13 Indigocarmine +12.8 610

Results and discussion. Experimental data on the
photocatalytic decomposition of Congo red in a flow-
through unit are shown in Fig. 3—4.

As can be seen from the histogram shown in Fig. 3, a
solution of Congo red dye with an initial concentration of
5 mg/dm? of a volume of 3 dm® undergoes discoloration
up to 75 % when the decomposition process with UV
irradiation lasts for 180 min at a mass of ZnO of 2 g. In
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Fig. 3. The degree of photocatalytic decomposition
of Congo red (m,,, =2 g)
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Fig. 4. The degree of photocatalytic decomposition
of Congo red (m,,, =3 g)

the first 10 minutes, the degree of discoloration is 30 %,
and in the next 60 minutes it rises to 57 %.

It is shown from the histogram in Fig. 4 that a solution
of Congo red dye with an initial concentration of 5 mg/dm?
of a volume of 3 dm? is subjected to discoloration only
up to 76 %, with UV irradiation duration of 180 min at a
mass of ZnO of 3 g. In the first 10 minutes, the solution is
discolored by 23 % and after 60 minutes by 51 %.

Comparing the data of Figs. 3 and 4, it can be
concluded that when implementing the photocatalytic
decomposition process under dynamic conditions, the
duration of UV irradiation has a greater effect on the
degree of photocatalytic decomposition of Congo red
than the weight of the photocatalyst used.

Experimental data on the photocatalytic
decomposition of methylene blue in a flow-through unit
are shown in Fig. 5-6.

As can be seen from the histogram in Fig. 5,
a solution of methyl blue dye with an initial
concentration of 5 mg/dm?® of a volume of 3 dm?
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Fig. 5. Degree of photocatalytic decomposition
of methyl blue (m,,, =2 g)
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Fig. 6. Degree of photocatalytic decomposition
of methyl blue (m,,, = 3 g)

undergoes a decolorization of up to 73 % when the
decomposition process with UV irradiation lasts
for 180 min at a mass of ZnO of 2 g. In the first
10 minutes, the degree of decolorization is 29 %, and
in the next 60 minutes it reaches 51 %.

From the histogram in Fig. 6 shows that a solution
of methyl blue dye with an initial concentration of
5 mg/dm? of a volume of 3 dm® undergoes discoloration
up to 75 % when the decomposition process with UV
irradiation lasts for 180 min at a mass of ZnO of 3 g. In
the first 10 minutes, the degree of discoloration is 30 %,
and in the next 60 minutes it reaches 53 %.

Comparing the data of Figs. 5 and 6, it can be
concluded that when implementing the photocatalytic
decomposition process under dynamic conditions, the
duration of UV irradiation has a greater effect on the
degree of photocatalytic decomposition of methyl blue
than the weight of the photocatalyst used.

Fig. 7 shows the distribution of surface centers by the
degree of acidity of the synthesized zinc oxide.
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Fig. 7. Distribution of surface centers of synthesized ZnO
by the degree of acidity

As can be seen in Fig. 7, to the left of the neutrality
point (pH 7) are the acidic centers on which the basic
indicators (pH < 7) adsorb. On the right are the basic
centers on which acidic indicators (pH > 7) adsorb.
At pH 7, the adsorbate molecules and surface centers
have basic and acidic properties equally. The surface
properties of the synthesized ZnO are determined by
the presence of intense peaks in the weakly acidic (pK,
= 6.4) and weakly basic Bronsted regions (pK, = 9.45).
Therefore, the sample is characterized by low proton

acceptor and proton donor properties. However, due to
the presence of a peak in the neutral region, it is possible
that the established equilibrium is shifted towards
the manifestation of proton-acceptor or proton-donor
properties by the centers.

Conclusions. In a model photocatalytic process
implemented in a flow unit in the presence of a synthesized
ZnO sample of 2 and 3 g, an average of 75 % of Congo
red and methyl blue dyes decomposition was achieved
in 3 hours of UV irradiation. Such an experimental data
indicate a greater influence of the duration of ultraviolet
irradiation than the dose of the applied photocatalyst.

The study of the acid-base properties of the surface
of the synthesized powder showed the presence of acidic
Bronsted centers with a pK, of 6.4 and basic Brensted
centers with a pK, 0f 9.45. The role of such centers is played
by hydroxyl surface groups, which are differently attached
to the surface of the synthesized zinc oxide crystals.

As shown by the study of the pH of the solutions of
the studied dyes during photocatalytic decomposition in
the presence of the synthesized photocatalyst, it shifts
to the acidic region for both dyes. This indicates the
destruction of the molecules of the model pollutants
and is also indirect evidence of the formation of new
compounds to which the studied dyes decompose
because of photodegradation.
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