Dependence of the textural properties and surface species of
ZnO photocatalytic materials on the type of precipitating agent
used in the hydrothermal synthesis
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Abstract. Three different precipitating agents (NaOH, NH4(H)CO3z and CO(NH:)2) have been applied for the hydrothermal synthesis of
ZnO powder materials, aiming at obtaining various types of porosity and surface species on ZnO. The synthesis procedures were carried
out in the presence and in the absence of tri-block copolymer Pluronic (P123, EO20PO70EQ20). These materials were characterized by
powder X-ray diffraction (PXRD), X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM)—energy-dispersive X-
ray spectroscopy (EDX), BET method and TG—differential thermal analysis (DTA) method, and their photocatalytic activities were tested
in the removal azo dye Reactive Black 5 (RB5). The urea precipitant yields spongy-like surface forms and the greatest share of mesopores.
It has the highest specific surface area, highest degree of crystallinity of wurtzite ZnO phase and largest content of surface OH groups in
comparison with the other two precipitants. The zinc hydroxycarbonate intermediate phase is missing in the case of NaOH as precipitating
agent; therefore, it manifests poorer textural characteristics. The morphology of P123-modified sample is different and consists of needle-
shaped particles. The urea-precipitated samples display superior performance in the photocatalytic oxidation reaction, compared with the
other precipitated samples. The other two precipitating agents are inferior in regard to their photocatalytic activity due to greater share of
micropores (not well-illuminated inner surface) and different surface morphologies.
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1. Introduction

Zinc oxide is a wide bandgap semiconductor (3.37eV) with wurtzite crystalline structure possessing excellent
features like electronic, optical, sensing and catalytic properties, which favor its numerous potential applications in various
electronic, optoelectronic, sensor, energy storage and other devices [1]. Other ZnO applications and major uses of ZnO,
particularly in the form of powder, are pigments [2], photocatalysts [3] and UV-light absorbers [4].

Photocatalytic oxidation, based on UV-light-irradiated semiconductors such as TiO, ZnO, WO3, Fe;Og, etc., is a
powerful process for discoloration of wastewaters, since the chromophore groups can be broken down, leading to their
degradation and complete mineralization. Among them, ZnO is a suitable inexpensive and non-toxic compound having high
photocatalytic efficiency for detoxification of organic dyes [4, 5]. Many expensive ZnO synthesis methods, such as
mechanical milling [6], thermal evaporation of zinc metal [7] or decomposition of zinc-containing salts [8], have been applied.
The wet chemical methods have the potential advantage of large-scale preparations for high-technology applications. Among
the ZnO powders preparation techniques, the hydrothermal method is a low-cost and fast synthesis method, offering potential
capability to obtain lowly aggregated ZnO structures with different morphologies, narrow grains size distributions and high-
degree purity without any heat treatment at high temperature [9].

Some authors have applied hydrothermal preparation of ZnO by precipitation with nitrogen-containing compounds such
as urea (U) [10,11] and ammonium carbonate (HC) [12,13], which are cheap, safe and highly water-soluble compounds,



therefore easily to be separated and removed. The application of these precipitants is attractive repeatable and easily
controlled strategy for the synthesis of nanosized ZnO particles.

Surfactant-assisted hydrothermal methods have been recently applied to the synthesis of porous ZnO with high
degree of crystallinity and chemical and thermal stability. Many types of surfactants have been reported, including
polyethylene glycol (PEG) [14] and cetyltrimethyl ammonium bromide (CTAB) [15]. Recently we have prepared
successfully ZnO powder photocatalysts by P123-assisted precipitation of zinc acetate with NaOH, followed by hydrothermal
treatment [16,17].

The aim of this paper was to study the dependence of the textural properties, surface species and phase composition
on the type of precipitating agent used in the hydrothermal synthesis of ZnO photocatalytic materials.

2. Experimental

2.1 Preparation of the samples

Three different synthesis procedures were applied.

(i) The first synthesis step is dissolving 2.2g zinc acetate in 100ml of deionized water. Sodium hydroxide agqueous
solution was added dropwise to the acetate solution until pH=12—-13 was reached. Then 4g of tri-block copolymer
Pluronic (P123, EO20PO70EO020) was added to this solution under magnetic stirring. The resulting mixture was
transferred into an autoclave maintained at 140°C for 12h.The resulting samples are denoted as N1. Reference sample
was obtained from the solution without any P123 under the same preparation conditions and denoted as NO.

(if) Aqueous HC solution (0.5M) was added dropwise t00.2M aqueous (2.2g in 100ml water) zinc acetate solution until
pH=7 was reached. Then 4g P123 was added to the acetate solution. The resulting mixture was transferred into an
autoclave maintained at 140°C for 12h. The resulting samples are denoted as C1. Reference sample was obtained from
the solution without any P123 under the same preparation conditions and denoted as CO.

(iif) Urea aqueous solution (0.6M) was added dropwise t00.2M zinc acetate solution. The pH of solution was adjusted to
7 using ammonium hydroxide. Then 4g of P123 was added to this solution. The resulting mixture was transferred into
an autoclave maintained at 90°C for 12h. The resulting samples are denoted as U1. Reference sample was obtained
without any P123 under the same preparation conditions and denoted as UO.

2.2 Characterization of the samples

The X-ray diffraction (XRD) patterns were recorded on a Bruker D2 Phaser diffractometer within the range of 26 values
between 25°and 75°using Cu Ka radiation (A = 0.154056nm) at 40kV. The express BET method has been applied to measure
the specific surface area, based on low temperature adsorption of nitrogen. The relative error of the method is about 8%. The
specific surface area and the pore size distribution measurements were accomplished on an automated apparatus NOVA
Win—CFR Quanta chrom — Gas Sorption System. The calculation of the surface area was done using the BET equation,
whereupon the pore size distribution and the average pore diameter were evaluated by the DFT method assuming a cylindrical
model of the pores. The total pore volume was estimated in accordance with the rule of Gurvich at relative pressure of 0.96.

The X-ray photoelectron spectroscopy (XPS) analyses were performed on a Kratos AXIS Supra instrument with a
monochromatic Al X-ray source. Each analysis started with a survey scan from 0 to 1200eV at a pass energy of 160eV, and
steps of 1eV with 1 sweep. For the high-resolution analysis the number of sweeps was increased, and the pass energy was
lowered down to 20eV at steps of 100meV. The XPS method was used for the investigation of the surface of ZnO powders
synthesized by different methods. The binding energy of C1s photoelectron line at 285.0eV belonging to the adventitious
carbon was used for calibration. The C1s, Ols and Zn2p photoelectron lines were recorded and the obtained spectra were
analyzed. No additional peak corresponding to any impurities in the sample, other than Zn and O, is observed.

The morphology of the powder samples has been analyzed using a combined scanning electron microscopy (SEM) focused
ion beam system LYRA XMU (Tescan). The scanning electron images have been obtained at 30 kV accelerating voltage,
using a secondary electron (SE) detector, which gives information about morphology and surface topography of the sample.
The samples were coated with a thin layer of carbon and gold for better conductivity prior to the investigation. Energy-
dispersive X-ray spectroscopy (EDX) analysis was performed in order to obtain information about elemental composition.
EDX spectra have been collected using the point analysis method, which gives precise information at a single point. The X-
ray detector used is a Quantax 200 BRUKER.



The differential thermal analysis (DTA) has been accomplished on a combined DTA-TG apparatus LABSYSEVO 1600
manufactured by the SETARAM Company (France). Synthetic air was used as the carrier gas, with flow rate of 20ml
min~t. Therateofheatingwas10K min- upto350°C. A corundum crucible and a Pt/Pt—-Rh thermocouple have been used.

The diffuse reflectance (DR) UV-Vis spectra were recorded with a Thermo Evolution 300 UV-visible spectrophotometer
equipped with a Praying Mantis device. The spectra of Spectralon were used for background calibration (Spectralon is a
fluoropolymer that has the highest DR of any known material or coating over the ultraviolet, visible and near-infrared regions
of the spectrum).

2.3 Testing of the photocatalytic activity

The photocatalytic oxidative discoloration of Reactive Black 5 (RB5) azo dye was evaluated using RB5 aqueous solution of
initial concentrations 20 and 40ppm. The photocatalytic activity measurements were conducted under polychromatic UV-A
lamp illumination (power 18W, light intensity 5 x 10~ Wcm™2) with maximum emission at wavelength 365nm. The reactor
contained 20 or 40ppm water solution (150ml) of RB5. The course of the oxidative discoloration reaction was monitored by
a UV-visible absorbance spectrophotometer UV-1600PC within the wavelength range 200-800nm. The samples were
equilibrated in the dark (reaching adsorption-desorption equilibrium) for about 30 min before switching on the irradiation.
The photocatalytic efficiencies of the samples were evaluated in the reaction of RB5oxidative discoloration and the results
are plotted based on the equation

C/Co=1(t), (1)

where C, is the initial concentration of the dye and C is the concentration of the dye after irradiation after a certain time
interval t.

3. Results and discussion

3.1 Structure and morphology of the samples

The XRD patterns of both samples NO and N1 revealed narrow and sharp diffraction peaks, which proved the existence of
well-crystallized wurtzite polycrystalline phase. The phase corresponds well to hexagonal type of structure characteristic of
ZnO (JCPDS 36-1451; figure 1). It can be seen that the sample obtained from polymer-modified HT process possesses higher
degree of crystallinity than that of the sample without polymer addition. The average crystallite sizes of the samples, evaluated
by the Scherrer formula, are 21 and 7nm for NO and N1 samples, respectively.
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Figure 1. XRD patterns of (1) sample NO and (2) sample N1.



Figure 2 presents the X-ray diffractograms of the CO sample. The diffractogram after hydrothermal treatment at 140°C reveals
peaks corresponding to zinc hydroxycarbonate Zns(COz)2(OH)e that are consistent with the values of the database JCPDS 19-
1458  (pattern  1).  This  intermediate  compound  was reported by Chen et al [11]
afterdirectprecipitationofzincnitratewithammoniumcarbonate. Afterthermal ~ treatment  of  zinc  hydroxycarbonate
Zns(CO3)2(OH)s at 170°C it is not completely decomposed and only a fraction of it is transformed into wurtzite ZnO (figure
2—pattern 2). At 200°C the formation of well-crystallized wurtzite phase is completed. The sample C1, obtained from
Pluronic-assisted HTprocessandannealedat170°C, contains only zinc hydroxycarbonate phase, which is not so well
crystallized compared with the CO sample (figure 3). The wurtzite phase is formed after treatment at 200°C. The average
crystallite sizes of the samples, evaluated by the Scherrer formula, are 10nm for both CO and C1 samples.
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Figure 2. XRD patterns of CO sample (1) after HT, (2) after treatment at 17OoC and (3) after treatment at 20000

In the case of urea-assisted HT process the sample U0 possesses poorly crystallized zinc hydroxycarbonate (figure 4). It
decomposes completely into ZnO wurtzite phase at 170°C with two predominant peaks, which correspond to (100) and (101)
planes. This is in contrast with the randomly oriented zinc oxide, obtained in the cases of NaOH- and NHsHCOszassisted HT
procedures. A similar X-ray diffractogram is registered with the U1 sample. The average crystallite sizes of the samples,
evaluated by the Scherrer formula, are 17 and 12 nm for U0 and U1 samples, respectively. It should be noted that the sample
obtained from polymer-modified HT process possesses lower degree of crystallinity than that of samples without polymer
addition, in contrast with the samples C0O and C1. It is also notable that in the case of urea precipitant the powders obtained
exhibit higher degree of crystallization. This can be explained by the supersaturated nucleation, which may accelerate
crystallization. This effect of urea precipitant is in accordance to the results published in [18].
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Figure 3. XRD patterns of C1 sample (1) after HT, (2) after treatment at 170oC and (3) after treatment at 20 -C.
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Figure 4. XRD of U0 sample (1) after HT, (2) after treatment at 170oC and (3) U1 sample after treatment at 170oC.

The adsorption—desorption isotherms (not shown here) of both NO and N1 samples can be classified as type 1V of the IUPAC
nomenclature, which reveal the dominating presence of mesopores. The hysteresis loop could be interpreted as one belonging
to the type H3. An almost horizontal section is observed, whereupon the hysteresis loop is shifted towards higher relative
pressures (P/Poapproximately 1), which implies the presence of cylindrical pores. A similar behavior was observed with the
ZnO particles [19]. The pore size distributions of the samples are shown in figure 5.
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Figure 5. Pore size distributions of NO and N1 samples.

The BET surface areas (S) are as follows: Sno= 10m? g~*and Sn; = 13m? g1, while the average pore diameters are 8.4 and
9.2nm for the NO and N1 samples, respectively. The polymer modification of the zinc precursor solution increases the relative
share of the mesopores at the expense of the share of micropores.

The powder obtained from NH4sHCOs-assisted HT procedure at 140°C exhibits one narrow peak corresponding to some
quantity of micropores up to 20nm and a broad peak appearing in the pore size region from 20 to 50nm. It has to be noted
that the sample CO possesses larger pore volume and greater average pore diameter (0.09cm3g*and 15nm, respectively) than
those of samples obtained from sodium hydroxide (N). The C1 sample does not reveal any substantial difference in the pore
size distribution, compared to the CO sample.

The pore size distributions of the specimens prepared by HT procedure with urea as precipitant are shown in figure 6. They
follow a bimodal pattern. One pore group is representative of micropores, whose size is less than 10 nm, and the other pore
group consists of bigger mesopores, whose size is in the range 15-50nm. It has to be noted that the U0 sample possesses
increased share of mesopores and macropores in comparison with the U1 sample. Similar distributions of pore size have been

obtained by Miao et al [20] for ZnO powders produced hydrothermally from zinc acetate and urea.
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Figure 6. Pore size distributions of the U0 and U1 samples.

Figure 7 summarizes the data on the specific surface areas, average pore volumes and average pore sizes for all HT samples.
It should be noted that the samples U0 and CO possess higher specific surface areas (lower precipitation rate at pH=7),
compared with the NO sample. The area decrease in the U1 and in the C1 sample can be explained by polymer blocking of
the pores.
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Figure 7. Specific surface areas, average pore volumes and average pore sizes of HT samples: (1) NO, (2) N1, (3) CO, (4) U0 and (5) U1.
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Figure 8. SEM photograph of samples: (a) NO and (b) N1.



The behavior of the N1 is quite different—the polymeric sample has higher specific surface area (higher precipitation rate at
pH=13) as expected in advance from our previous studies [16,17]. The greatest share of mesopores and the largest average
pore volumes are observed in the cases of zinc hydroxycarbonate intermediate phase (U0 and CO samples)—figures 2, 3 and
4; hence, this is an alternative route to obtain the wurtzite phase— passing through zinc hydroxycarbonate intermediate phase.
This phase is missing in the case of ZnO, obtained using NaOH as the precipitating agent (see figure 1). As far as the porosity
is concerned, it is influenced to a great extent by possible gas evolution during the synthesis procedure. In our case we suppose
CO; liberation in the case of ammonium hydroxycarbonate and urea precipitating agents —CO; is liberated as a result of
thermal decomposition of the zinc hydroxycarbonate intermediate phase. In the case of CO sample the decomposition of the
zinc hydroxycarbonate intermediate phase proceeds at higher temperature (200°C) compared with the sample UO, which
results in decrease of the specific surface area and lowering of the average pore volume. This is the explanation for the
different texture of these two samples, both passing through the zinc hydroxycarbonate intermediate phase. It is worth noting
that the different precipitants produce samples with different specific surface areas and morphology. The surface
morphologies of ZnO samples prepared using NaOH as precipitant were investigated by SEM (figure 8a). The surface forms
consisting of nano-sheets and nano-wires in sample NO have lengths in the range of 250-500nm and
diametersintherangeof30-60nm.WhenPluronicwasadded into the solution, the surface morphology of the product was
slightly changed—needle-shaped particles appeared having different lengths in the sample N1 (figure 8b), which are
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Figure 9. SEM photographs of sample: (a) CO, (b) CO, magnification 46,830, (c) CO, magnification 100,000 and
(d) C1, magnification 18,000.



Similar to the structures of NO sample. Similar elongated particles were also observed by Zhang and Mu [21] in HT-prepared
ZnO powders. Due to the long PEO chains, the P123 micelles are large enough to act as nanoreactors in which the growth of
larger particles is induced.

The surface morphology of the CO sample reveals the existence of spherically shaped coral-like clusters, which consist of
very small particles with average dimensions of 30-50nm (figure 9a and b). For example, figure 9c illustrates a higher
magnification image of such spherical coral-like cluster. After the addition of P123 the clusters altered their shape. They have
been transformed into finer grains, in which the individual particles are not distinguishable but on their surface many
elongated needle-like particles have grown (figure 9d).

Figure 10a presents the surface morphology of a sample obtained by HT procedure using urea as the precipitant. The
morphology is spongy-like formations with many pores, which are comparable to the pore size distribution in the sample U0
(figure 6). The surface morphology of sample U1 is quite different (figure 10b and c). It consists of many thin petals which
contain elongated particles, similar in shape and size to particles on the surface of the samples N1 and C1.

3.2 EDX chemical analysis of U0 sample

To establish the composition of the prepared products, EDX analyses were recorded. The typical EDX spectrum of sample
U0 (figure 11) indicates the presence of both Zn and O peaks without any other elemental contamination. We have estimated
the chemical composition in several points and the results confirmed that the quantities of O and Zn in all points are identical.

3.3 XPSdata

The O1s photoelectron lines were processed by an additional fitting procedure with XPSPEKA41 software for the evaluation
of different forms of oxygen. These results indicate that the chemical valence of Zn on the surface of the two studied
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Figure 10. SEM photographs of sample: (a) U0, (b) U1, magnification 5000 and (c) U1, magnification 10,000.

Samples of ZnOis+2oxidationstate, with the binding energy value 1021.4eV of Zn2ps/, peak (see figure 12). Simultaneously
the difference between binding energies of the Zn2p12 and Zn2ps/, signalsis23eV.Theobtainedresultsareinagreement with
those already reported for ZnO [22-24].
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Figure 12. Zn2p core level spectra of samples CO and UO.

TheO1sphotoelectronlinesofCOandUOofZnOpowders, as mentioned earlier, were processed by a fitting procedure. The
results from the fitting are represented in the next figure (figure 13a, b). The three peaks are clearly distinguishable. The first
peak for both catalyst samples is associated with the O ions in a highly ordered wurtzite structure of ZnO [22]. The first
higher binding energy component at 531.2eV is assigned to the oxygen-deficient region or oxygen vacancies within the ZnO
matrix [25,26].

The 532.5eV peak can be ascribed to the Zn—OH bonding and to the presence of another type of carbon—oxygen bonding,

or other adsorbed molecules on the surface. This value is in agreement with the one already reported [27].
The calculated O/Zn atomic ratio is 1.22 for the CO catalyst and 1.15 for the UO one. This ratio shows that the UO catalyst is
closer to stoichiometricity compared with CO. This result is in coincidence with the XRD observation. We calculated the ratio
of oxygen belonging to defects (oxygen vacancies) to the total oxygen content for the investigated catalysts as well as the
ratio of oxygen associated with presence of hydroxyl groups, carbonate group or water on their surfaces. The CO catalyst has
larger number of defects; nevertheless, we observed with the UO catalyst higher amount of oxygen related to existence of OH
groups, other type of C—O bond or other adsorbed molecules on the surface. This correlates with the well-evolved surface
and higher number of pores in it.
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3.4 TG-DTA analyses

Figure 14 presents TG and DTA patterns of the U0 sample, dried at 120°C. An exothermal peak is observed at 170°C,
interpreted as desorption of water molecules. At a higher temperature of 244°C an endothermal peak is registered, which
corresponds to decomposition of zinc acetate precursor. Upon increasing the temperature further no other peaks are observed.
The change in the TG curve indicates 22.5% mass loss of the sample. Similar results on thermal decomposition of zinc acetate
and urea precursor have been obtained by Hu et al [28]. They observed an endothermal peak at 250°C with weight loss of
about 25%.
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Figure 14. DTA-TG analyses of U0 sample, dried at 1200C.

3.5 DR UV-visible analyses

The bandgaps were estimated for each sample from its reflectance spectra. Performing Kubelka—Munk transformation of
measured reflectance, the reflectance axis was converted. A tangent straight line is plotted on the generated curve; from the
point where this line crosses the graph energy axis, the gap value is obtained (the figure is not presented here). The bandgap
values of NO, C1 and U1 photocatalysts are 3.21eV. The photocatalyst N1 has bandgap value of 3.23eV, while for CO and
U0 this value is 3.24eV. The results show that the addition of P123 has no significant influence on the bandgap values.
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Figure 15. Kinetic curves of RB5 decolouration in coordinates C/C, = f (t) for samples NO and N1 at 20ppm initial dye concentration

Figure 16. Kinetic curves of RB5 decolouration in coordinates C/C, = f (t) for samples CO and C1 at 20ppm initial dye concentration.

3.6 Photocatalytic activity tests

ThephotocatalyticefficienciesofthesamplesNOandN1were evaluated in the reaction of RB5 oxidative discoloration; the results
are plotted in figure 15 as C/C, = f (t), where C,and C are based on initial absorbance and current absorbance of the illuminated
solution for time interval t, respectively. The experimental error is kept within the acceptable limit.

The reaction rate constant k was evaluated based on the slope of the -In(C/C,) vs. time of illumination straight line. The
rate constant (k) for the NO sample is k = 0.82 x 102 min~%, while the N1 sample has a higher rate constant: k = 1.73x102
min~L. Figure 16 presents the concentration decrease with the illumination time for samples produced by HT using ammonium
hydroxycarbonate as precipitant. The experimental error is kept within the acceptable limit.



The CO photocatalyst powder exhibits a complete decomposition of the dye within 120min under UV irradiation with a
rate constant k = 3.12 x 102 min~%, while sample C1.
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Figure 17. Kinetic curves of RB5 deceleration in coordinates C/C, = f (t) for samples U0 and U1 at 20 and 40ppm initial dye concentration.

exhibits rate constant k = 2.23 x 102 min~L. In this case the presence of polymer P123 plays a negative role in the activity of
the samples probably due to the diffusion down the pores.

The photocatalytic efficiencies of the samples U0 and U1 were also evaluated in the reaction of RB5 oxidative discoloration
for concentrations 20 and 40ppm and the results are plotted in figure 17. The adsorption of the 40ppm dye molecules on the
surface lowers the formation rate of OH ions, decreases the number of catalytically active sites and consequently affects all
the steps of the reaction, leading to a slightly lower photocatalytic reaction rate but even at 40ppm the sample UO preserves
the excellent photocatalytic performance.

The rate constants were calculated and they increased in the following order: 0.13 x 102 min~< 2.46 x 102 min-'<

4.1 x 1072 mint< 4.8 x 102 min~* for samples U1 (40ppm),U0(40ppm),U1(20ppm)andU0(20ppm), respectively. This result
confirms the most positive effect of use of urea as precipitant in the HT procedure on the photocatalytic properties of ZnO.

As proved by BET measurements the ZnO samples, produced by hydrothermal treatment of polymer-containing solution
using NaOH, have slightly higher surface areas and possess greater share of mesopores than the reference sample NO. The
presence of vesicles and needle-like particles reveals more internal surface area; therefore, the rate of dye molecules diffusion
is increased, where upon the inner pores become easily accessible. This leads to higher rate of the photocatalytic reaction.

It is well known that the photocatalytic activities are higher in cases of larger specific surface areas of the photocatalysts
as the reactant molecules are adsorbed on their surfaces. The larger surface area and larger pore volume of the
polymermodified samples (N1) provide a larger number of active sites for the photocatalytic reactions. In addition to this, the
mesoporous channels also facilitated the diffusion of large reactant molecules, thereby increasing the turnover number per
active sites of photocatalytic material [29]. According to Baruah et al[30] the mesoporous structure of ZnO can provide more
active sites available for adsorption of reactive species, due to the larger pore volume, which causes improvement in the
photocatalytic activity due to better inner surface illumination. A similar conclusion about the roles of mesopores for effective
adsorption of the pollutant on the catalyst resultinginrelativelyhighphotoactivityofTiO2 photocatalyst has been proved in [31].
Additionally, the higher crystallinity degreeofsampleN1decreasesthebulkdefectsandlowersthe recombination probability of
photoexcited electrons and holes, which can enhance photocatalytic activity [32].

When ammonium hydroxycarbonate is applied as precipitant, the samples CO and C1 possess higher surface area in
comparison with NO and N1 samples. The coral-like clusters consisting of very small particles ensure a larger number of
active sites, which are responsible for the higher adsorption rate and rate of the photocatalytic reaction.

Urea-precipitated samples exhibit the best photocatalytic performance among the samples, which can be assigned to the
largest specific surface area, largest pore volume and greater share of mesopores as well as the highest degree of crystallinity.
This leads to enhanced adsorption of dye molecules, resulting in efficient photocatalytic degradation of dyes under irradiation.
It has been reported for the case of OH groups on TiO2[33,34], that the higher surface concentration of OH groups is beneficial
to photocatalytic activity—this is also valid in our case of ZnO photocatalyst [35]. The explanation is probably the adsorption



of RB5 molecule with its diazo group N=N, possessing pairs of non-bonded electrons, on the hydrogens of the polar OH
groups.

4. Conclusions

The hydrothermal synthesis procedure involving urea and ammonium hydroxycarbonate as precipitants passes through zinc
hydroxycarbonate intermediate during the synthesis, which is thermally decomposed into well-crystallized wurtzite ZnO
phase after the thermal treatment. The best precipitating hydrothermal procedure to synthesize ZnO powders involves the use
of urea as precipitating agent in the absence of Pluronic in view of the highest photocatalytic efficiency in the oxidative
degradation of RB5. The most important promoting factors are the higher specific surface area, higher degree of crystallinity
and greater share of mesopores in case of passing through zinc hydroxycarbonate intermediate phase for the samples, obtained
using urea and ammonium hydroxycarbonate as precipitants. Probably the adsorption of RB5 molecule is involving the diazo
group N=N, possessing pairs of non-bonded electrons, occur on the hydrogens of the polar OH groups, which is probably the
explanation of the superior photocatalytic activity. The polymer exerts some beneficial effect only in the case of NaOH as
precipitating agent.
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