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ARTICLE INFO ABSTRACT

Keywords: The effect of the ZnO nanoparticles (NPs) size on the photocatalytic degradation of phenol in a water solution
Photocatalytic degradation under the influence of UV and Vis radiation was discussed. For the first time, research on photocatalytic
Phenol

degradation has used ZnO NPs produced by only one method (microwave solvothermal synthesis without heat
treatment or other processes of reduction/oxidisation of the surface of NPs samples). ZnO NPs average size was
determined using the Scherrer’s formula, Nanopowder XRD Processor Demo web application, by converting the
results of the specific surface area-density, and TEM tests. The ZnO NPs (average size between 23 nm and 71 nm)
characterise by uniform morphology and narrow size distribution. The photocatalytic performance of ZnO NPs
increases with the increase of the particle size and the decrease of the specific surface area. For both UV and Vis
radiation, the highest reaction rate for phenol degradation was found for ZnO sample with the average particle
size of 71 nm. Low concentrations of resorcine and hydroquinone (co-products of phenol degradation) were
found for UV light photocatalytic test. However, high concentrations of hydro- and p-benzoquinone were
observed for visible light photoactivity due to the slower decomposition of the main contamination associated
with the utilized of other type of radiation. The photocatalytic activity was found to be attributable to the

ZnO nanoparticles (NPs)
Microwave solvothermal synthesis (MSS)
Recombination time

decrease in the charge carrier recombination rate.

1. Introduction

Nanomaterials are characterised by at least one dimension in the
range of 1-100 nm and specific properties, different from those observed
for their coarse-grained counterparts. All fundamental properties, like
chemical, optical, mechanical, electrical, magnetic, are size-dependent
[1,2]. Then, it is of particular importance to produce nanomaterials of
well-controlled particle shape and size, as well as a narrow particle size
distribution. The issue is especially crucial in the area of catalysis, where
a chemical reaction occurs at the catalyst surface and with an increasing
surface-to-volume ratio of atoms, the concentration of active sites
exposed for the reactants adsorption and activation increases. Surface
structure and electronic properties change dramatically at the nano- and
sub-nano scale, which is extremely important for the catalytic perfor-
mance. Despite the size of catalyst particles, the size of carrier particles
can be important as well, as was demonstrated by Carretin et al. [3] for
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the case of a gold catalyst supported on ceria and applied in CO oxida-
tion. The activity of ceria with a particle size of 3.3 nm (specific surface
area of 180 m?/g) was two orders of magnitude greater compared with a
ceria material having an average particle size of 15.9 nm (specific sur-
face area of 70 m2/g). The authors explained the phenomenon by a
synergistic effect of nano-Au and nano-ceria, enhancing the formation of
highly reactive oxygen species at one-electron defect sites of the support.

Nanotechnology enables nowadays not only to produce small cata-
lyst particles but also to expose a preferred crystalline plane (the most
active in a reaction), by assembling nanocatalyst particles from building
nano-blocks. Then, thanks to nanotechnology, it is possible to extend the
approach from “smaller — is better” to “optimum morphology is better”.
For example, Hu et al. [4] carried out the combustion of methane over
Co304 nanosheets, nanobelts and nanocubes. The reaction rate was two
times faster over the nanosheets than on the nanocubes. The methane
combustion catalytic activity of crystal planes followed the order {112}
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Fig. 1. The number of scientific publications referring to the search of “photocatalytic degradation” and “photocatalytic degradation, ZnO” phrases published in the

period 2010-2020. Source: ScienceDirect (accessed June 29, 2020).

> {011} > {001}.

Moreover, thanks to nanotechnology, it is now time to revise the rule
“smaller is better” because it is not always the case. In the subnano
regime, the precise number of atoms in a catalyst particle becomes
important, and some optimum value can be determined, as was shown
by Crampton et al. [5] for a structure-sensitive reaction of ethylene
hydrogenation on the platinum catalyst, in the subnano particle size
regime of Pt;—Pt4o, with a maximum reactivity observed for Pt;s.

The situation becomes more sophisticated in the case of photo-
catalysis when additional phenomena occur. In a photocatalytic process
under the flux of photons, the electrons from the valence band are
excited and transported to the conduction band, where a corresponding
number of holes are created as well. Then, the group of photocatalysts is
limited to semiconductors, with bandgap and band position enabling to
utilise light energy effectively.

The charges generated in the conduction band, separate from each
other and move to the active sites at the photocatalyst surface. Co-
photocatalysts can also be applied, promoting the separation and
migration of photogenerated charge carriers, lowering the activation
barrier, favouring desired reaction selectivity and inhibiting the back-
recombination reaction. The nanostructure is a positive feature not
only providing a high specific surface area but also a direct pathway for
electron transport, facilitating separation of photogenerated electron-
hole pairs. The optimum nanoparticle size is determined as a result of
a combination of specific surface area, charge-carrier-dynamics and
light absorption efficiency [6].

Wang et al. [7] found an optimal size of titania nanoparticles (10 nm)
as the most effective in the photocatalytic decomposition of chloroform.
Zhang et al. [8] explained the existence of such an optimum through the
competing effect of specific surface area and charge carrier recombi-
nation dynamics. On the other hand, a decrease in particle size increases
the rate of surface charge recombination. When the particles are suffi-
ciently small, the surface recombination can become prevailing, because
the charge carriers are formed neighbouring surface, and the recombi-
nation process is faster than interfacial charge transfer [9].

Murakami et al. [10] determined an optimum of the photocatalytic
activity for the particles of decahedral anatase as 40 nm when the
controllable size of investigated particles varied from 25 to 60 nm. The
authors explained the existence of the optimum as due to the balance
between the efficient separation of redox sites and large specific surface
area. Smaller titania particles (between 4.5 and 29 nm) were investi-
gated by Koci et al. [11] in the process of photocatalytic reduction of
carbon dioxide. The optimum was determined for the particle size of 14
nm, and the authors stated that it was due to competition of specific
surface area, charge-carrier dynamics and light absorption efficiency.

The type of species deposited on the photocatalyst surface also can

cause a suppression of recombination or charge-carriers trapping, as it
was shown for the case of the titania-graphene composite in the paper of
Kusiak-Nejman et al. [12].

Surface modification of a photocatalyst with metals can cause a
plasmonic resonance effect, generating “hot” electrons and enabling an
enhancement of charge density and/or extension the light absorption
spectrum to the visible region. It was proved mainly for noble metals
(Zaleska etal. [13], Leeetal. [14], Duetal. [15], however, there are also
reports about base metals, like Ni, Fe, Co [16] or Cu [17].

Photocatalytic degradation of organic water pollutants is a topic
which is developing quite dynamically nowadays and might become the
key technology of sewage treatment [18-20]. Such semiconductors as
titanium dioxide (TiO2) [21,22], cadmium sulphide (CdS) [23] and zinc
oxide (ZnO) [24-26] enjoy a particular interest on the part of research
groups dealing with the issue of photocatalysis. Currently, scientists
focus on the photocatalytic properties of ZnO because the band gap of
this material (3.37 eV [27]) is similar to the band gap of TiO; (3.2 eV
[28]). The growing popularity of ZnO in photocatalytic degradation
applications could be confirmed by the search results of the phrases
“photocatalytic degradation” (51 039 matches) and ‘“photocatalytic
degradation, ZnO” (15 233 matches) in the ScienceDirect scientific
publication search engine (Fig. 1).

The methods of obtaining ZnO nanomaterials (ZnO NMs) which are
reported in the literature most often are sol-gel [29-31], calcination
[29,30], precipitation [29-32], hydrothermal synthesis [29,30], sol-
vothermal synthesis [29,30], combustion synthesis [30,32], mechano-
chemical process [32], micro-emulsion synthesis [29,31,32], green
synthesis [33-37], vapour techniques [30,38,39] and microwave radi-
ation assisted syntheses [40,41]. Despite the fact that the publication of
a considerable number of papers so far [40], the topic of repeatable
syntheses and properties of ZnO NMs has still been quite controversial.
Obtaining ZnO NPs with homogenous sizes and at the same time, ho-
mogeneous properties is a quite difficult task, which was discussed by us
in the overview paper [40]. Mclaren et al. [42] showed that the pho-
tocatalytic activity of ZnO NMs was strongly dependent on the size and
shape of nanocrystals. Sun et al. described the influence of morphology
on the photocatalytic activity of ZnO NMs [43]. Therefore, it is crucial to
skilfully select the synthesis method and the preparation process of the
ZnO NPs samples, because this makes it possible to avoid unrepeatable
properties of ZnO NPs caused, e.g. by contamination or heterogeneity of
the sample (size, shape). The appearance of new types of microwave
reactors [44,45] permitted the development of unique synthesis
methods [40], which make it possible to obtain homogeneous ZnO NPs
with controlled properties and pharmaceutical purity.

Articles concerning photocatalytic degradation in the presence of
ZnO already account for almost 28% of the number of all the scientific
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papers referring to the topic of “photocatalytic degradation” (Fig. 1).
The main topic in the majority of papers is research on the impact of the
ZnO NPs synthesis method on the photocatalytic degradation properties
[24,46-50], while ZnO NPs with various sizes are obtained by means of
additional soaking of samples at high temperatures in various gaseous
atmospheres (oxidising, reducing) [51-56]. Some authors also perform
modifications of the surface of ZnO NMs by immersing them in reducing
or oxidising solutions (e.g. NaBHy4 [57]) [24]. There are also papers
where the surface of ZnO NMs is modified with a polymer (e.g. poly-
aniline [58]) [24]. The majority of authors [24,46-56] did not provide
the results of ZnO sample density in their papers. ZnO NPs density is the
primary parameter which permits assessment of the quality of ZnO
crystals used for the tests, e.g. in terms of the presence of an amorphous
phase. The electron spin state and the structure of the surface of the ZnO
NPs are assessed with the use of the electron paramagnetic resonance
(EPR) spectroscopic technique [52,53], which is also often called elec-
tron spin resonance (ESR) spectroscopic technique.

One of the popular reference substances used for researching the
suitability of photocatalysts is phenol [59]. The literature offers a range
of publications discussing the photocatalytic degradation of phenol in
the presence of ZnO catalysts [60-72]. The authors in their papers
[60-68] described the influence of critical conditions of the process such
as the photocatalyst quantity, the initial pH of the solution, the initial
phenol concentration and the contact time on the reaction rate. Tao et al.
[69] determined the products of photocatalytic degradation of phenol
using ZnO NPs, which proved to be hydroquinone, catechol, benzoqui-
none, acetic acid, and proposed photocatalytic degradation pathways of
phenol under the UV irradiation. Morales-Flores et al. [70] proved on
the example of Pt-ZnO composite that by selecting the composition of
the composite based on the ZnO matrix, it was possible to selectively
control the type of product of the photodegradation of phenol. Udom
et al. [71] presented an overall model for the variation in phenol
degradation rate for the function of the intensity of UV light and pH level
of the solution. For constant pH, Udom et al. [71] stated that the reaction
rate was approximately linear and depending on the intensity of UV
light, while for a constant intensity of UV light radiation the reaction
rate assumed approximately the form of the third-order polynomial
function in pH. Similar research concerning the reaction rate was per-
formed by Ye et al. [72], who used the Langmuir-Hinshelwood model to
analyse the kinetics of the photocatalytic degradation of phenol over
ZnO nanosheets. Hu et al. [73] showed that ZnO with the average size of
500 nm (SSA = 3.7 m?/g) displayed higher photocatalytic activity than
ZnO with the average size of 50 nm (SSA =12.4 m?/ g). The ZnO powder
used by Hu et al. [73] was different, apart from the average particle size,
in the method of production: ZnO 50 nm was produced by the chemical
precipitation method, while 500 nm ZnO was produced by oxidation of
the metal in oxygen. It is common knowledge that the photocatalytic
activity of materials increases in line with the decrease in the particle
size and simultaneously with the increase in the specific surface area
[74,75]. The results obtained by Hu et al. [73] do not satisfy this prin-
ciple, and the authors explained them with the decisive impact of the
method of ZnO preparation on ZnO photocatalytic properties. Dodd
et al. [9] produced nanoparticulate ZnO in the range of 28-57 nm by
mechanical milling and measured hydroxyl radicals concentration as a
function of irradiation time. The optimum of photocatalytic activity was
determined for particles of 33 nm. The authors explained the existence
of the optimum as an effect of the competition between charge carrier
recombination rate and specific surface area. Li et al. [76] demonstrated
in their paper that the photocatalytic activity of ZnO powder depended
on the crystallinity rather than on the specific surface area value and
also considerably on the type of ZnO NPs morphology. Parida et al. [77]
suggested that the photocatalytic activity of ZnO depended on such
parameters as surface area, surface acidity and method of ZnO
production.

To contribute somehow to expanding the knowledge on photo-
catalysis of nanostructured materials, we applied a model reaction of
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Table 1
Results of the analysis of H,O content in the precursors of ZnO NPs.

Sample Actual H,0 concentration, Cpyao (Wt.%)
ZnO (1%H,0) 1.03 + 0.01
ZnO (2%H,0) 2.02 £ 0.02
ZnO (3%H»0) 3.03 +0.02
ZnO (4%H50) 3.02 + 0.03
ZnO (5%H,0) 5.04 £ 0.06
ZnO (6%H»0) 6.05 + 0.04

phenol decomposition to study the effect of nanoparticle size of ZnO on
the reaction rate. Most publications indicate that the photocatalytic
activity decreases with the increase of ZnO crystallites size. In this paper,
we observed and explained for the first time entirely the opposite trend.

2. Materials and methods
2.1. Substrates and synthesis of ZnO NPs

The following chemicals were used as received: zinc acetate dihy-
drate (Zn(CH3COO),-2H,0, analytically pure, Avantor Performance
Materials Poland S. A.); ethylene glycol (EG, ethane-1,2-diol,
C2H4(OH)3, pure, Chempur, Piekary Slqskie, Poland); deionised water
(H20) (specific conductance < 0.1 pS/cm, HLP 20UV, Hydrolab, Stras-
zyn, Poland).

The microwave solvothermal synthesis procedure, described in our
previous papers [78-81], was used for obtaining ZnO NPs. The particle
size was tuned through a controlled amount of water in the precursor
(500 cmg), which was obtained by dissolving zinc acetate (0.3037 mol/
dm®) in ethylene glycol. 80 cm® was poured into six 100 cm® sealed
containers (PP) each and an analysis of the initial water content in the
precursor solution was carried out: it amounted to 1.03 + 0.01 wt%.
Then such water quantities were calculated and added to the containers
with the precursors that the following final water concentrations could
be achieved 1-6 wt%. The results of the tests of actual final concentra-
tions of Hy0 in the obtained precursors are presented in Table 1.

The following microwave reactor was used for the syntheses: Model
02-02, ERTEC, Poland (600 W, 2.45 GHz), with the following setpoints:
precursor volume poured into the reaction vessel: 75 cm?; reaction
duration: 25 min; cooling duration: 20 min; the temperature of reaction
chamber bottom: 190 °C; microwave power: 100%. The obtained sus-
pensions were centrifuged, rinsed intensively with deionised water four
times, and dried in the freeze dryer.

2.2. Characterisation methods

Detailed descriptions of the measurement procedures used for ana-
lysing the ZnO NPs samples are included in our earlier publications
[78-81]. An automatic coulometric titrator with the integrated Karl
Fischer method (Cou-Lo AquaMAX KF, GR Scientific, United Kingdom)
[79,81] was used for analysing the H2O content. The phase composition
was determined by the X-ray diffraction method (XRD) (2 theta from 28°
to 72°, room temperature, CuKal, X’Pert PRO, Panalytical, the
Netherlands). To determine the crystallite size, the Scherrer’s formula
[78] and the FW15/45M method of XRD peak profile analysis [82-84]
was used, which permitted also determining the crystallite size distri-
bution. The morphology of NPs was determined using the scanning
electron microscopy (SEM) (ZEISS, Ultra Plus, Germany).

The density of NPs samples was determined using the helium pyc-
nometer at the temperature of 24 + 1 °C (ISO 12154:2014, AccuPyc II
1340 FoamPyc V1.06, Micromeritics, USA). The specific surface area of
NPs was determined by analysing the nitrogen adsorption isotherm by
the Brunauer-Emmett-Teller (BET) method (ISO 9277:2010, Gemini
2360, V 2.01, Micromeritics) at the P/PO range of 0.05-0.25 using
multipoint BET equation. The average pore width was calculated by the
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Fig. 2. SEM images of ZnO NPs obtained from precursors with varied H>O content: a) and b) 1%; ¢) and d) 2%; e) and f) 3%.

Barrett-Joyner-Halenda (BJH) method using adsorption isotherms at the
p/po range of 0.001-0.99. The total pore volume of samples was esti-
mated from the amount of adsorbed nitrogen at p/pp = 0.9896. The
obtained data of the adsorption isotherms were analysed by us using the
MicroActive software V4.03 (Interactive Data Analysis Software,
Micromeritics). The obtained results of the specific surface area and
density enabled calculating the average particle size with the assump-
tion that all particles were spherical and identical [78]. The size distri-
bution of NPs was determined by the bright field and the dark field
technique for the analysis of microscopic images from the transmission
electron microscopy (TEM) (Talos F200X, Thermo Scientific™, Wal-
tham City, Massachusetts, MA, USA) based on the theoretical model
assuming spherical particles with a log-normal size distribution [81].
The FT/IR-4200 spectrophotometer (Jasco Co., Tokyo, Japan)
equipped with a diffuse reflectance accessory (PIKE Technologies,
Madison, WI, USA) was used to characterise the structure of obtained
ZnO nanoparticles photocatalysts. The FTIR/DR spectra were collected
with 4 cm™! resolution in the range of wavenumber 400-4000 cm ™.
The photoelectric spectrometer (Instytut Fotonowy Sp. z o.o.,
Krakéw, Poland) equipped with intensity-modulated photocurrent/

a)AvHIoR | A%
ol &

photovoltage module was utilised for measuring the minority carriers
lifetime (positively charged holes in case of n-type semiconductor). Then
the software options converted the obtained results into the recombi-
nation time of the ZnO minority carriers. Potassium chloride (pure p.a.,
Firma Chempur, Gliwice, Poland) solution with a concentration of 0.1 M
was used as an electrolyte solution. A silver chloride electrode (Elme-
tron, Zabrze, Poland) was used as a reference electrode, a platinum wire
as a counter electrode and indium thin oxide coated PET foil with the
surface resistivity of 60 Q/sq (Merck KGaA, Darmstadt, Germany)
covered with a thin film of the tested sample, was utilised as working
electrode.

2.3. Photocatalytic activity tests

The photocatalytic activity of tested samples under UV and visible
light irradiation was determined based on the oxidative decomposition
of phenol (analytical grade > 99%, Avantor Performance Materials
Poland S.A., Gliwice, Poland). 20 mg of the appropriate photocatalyst
(concentration of 0.2 g/dm®) was suspended in 100 cm® of aqueous
phenol solution with the initial concentration of 10 mg/dm?. Prior to the

QG

Fig. 3. SEM images of ZnO NPs obtained from precursors with varied H>O content: a) and b) 4%; c) and d) 5%; e) and f) 6%.
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Fig. 4. X-ray diffraction patterns of ZnO NPs.

light exposition, the suspension was stirred (at 1000 rpm) for 30 min in
the dark to ensure the establishment of the adsorption-desorption
equilibrium. Next, the suspension was continuously radiated with the
UV light source (6 lamps, 20 W each, 40 cm long, Koninklijke Philips N.
V., Amsterdam, Netherlands), and Vis light source (20 lamps, 20 W each,
25 cm long, Koninklijke Philips N.V., Amsterdam, Netherlands) for 5 h.
During the radiation, 5 cm® of phenol solution was taken every 30 min to
observe the changes of phenol concentration, thus determine the pho-
tocatalytic activity of tested nanoparticles.

The temperature of the photooxidation reaction was kept at 25 °C
using a thermostatic chamber. The radiation intensity of the utilised
light source was 110 W/m? of UV and 5 W/m? of Vis (measured using
the LB 901 radiation intensity meter with CM3 and PD204AB Cos sen-
sors, LAB-EL Elektronika Laboratoryjna s.j., Reguly, Poland). The
changes of concentration of phenol and its degradation derivatives
(calibration curves prepared for benzoquinone, hydroquinone, catechol
and rezoncine) were performed on HPLC Elite LaChrome chromato-
graph (Hitachi Ltd., Schaumburg, IL, USA), equipped with an auto-
sampler, binary solvent delivery system and UV detector, was coupled to
LiChroCART®250-4 Purospher®STAR RP-18 end-capped (5 pm)
analytical column (Merck KGaA, Darmstadt, Germany). The mobile
phase used was a mixture of methanol (HPLC grade, Scherlab S.L.,
Barcelona, Spain) and water (ultrapure water, Millipore Elix Advantage
water purification system, Merck KGaA, Darmstadt, Germany with the
conductivity of 0.05 pS/cm at 25 °C) in the volumetric proportion of
30:70, respectively. Tested samples of 100 pcm® were injected in the
analytical column.

3. Results and discussion
3.1. Morphology

Figs. 2 and 3 present typical SEM images for the obtained ZnO NPs
samples. Images 2a, 2c, 2e, 3a, 3¢ and 3e present a uniform morphology
of ZnO NPs. Images 2b, 2d, 2f, 3b, 3d and 3f show the size of individual
NPs and their uniform shape. SEM images (Figs. 2 and 3) reveal an
impact of the change in HyO content in the precursor on the size of the
obtained ZnO NPs and the shape change. We reported an identical
observed effect of H,O on the changes to ZnO NPs properties in our
previously published papers [78-81]. For the water content from 1% to
4% in the precursor, the average size of spherical ZnO NPs increases
from circa 25-40 nm to 50-65 nm. For the water content of 5% and 6%,
in turn, elliptical NPs are visible apart from spherical NPs. It can be
concluded from the comparison of SEM images that the particle size
distribution for the 5% H20 and 6% H50 samples must be considerably
wider than the size distributions for samples with the water content from

Table 2
Characteristics of ZnO NPs samples.

Sample Specific surface BJH Total pore Skeleton density
area by gas adsorption volume at by gas
adsorption, a; +  average pore p/Po = pycnometry, ps +
6 (m%/g) width (&) 0.9896 6 (g/cm®)

(em®/g)
ZnO 46.4 239.5 0.2893 5.24 + 0.02
1%
H20)
ZnO 35.9 240.2 0.2575 5.31 = 0.02
(2%
H,0)
ZnO 31.8 289.2 0.2505 5.42 + 0.03
(3%
H,0)
ZnO 23.1 401.8 0.2310 5.46 = 0.03
(4%
H,0)
ZnO 16.5 498.7 0.2128 5.49 £+ 0.02
(5%
H;0)
ZnO 12.9 457.3 0.1444 5.51 + 0.02
(6%
H;0)
Table 3
Comparison of the ZnO NPs size from different methods.

Sample Average Average crystallite Average Average
particle size size from crystallite size, particles
from SSA Nanopowder XRD Scherrer’s size from
BET,d+ ¢ Processor Demo, d formula, based TEM, d + SE
(nm) + o (nm) on XRD, d,, d. (nm)

(nm)

ZnO 25 21+5 19a, 17¢ 23+1
1%
H20)

ZnO 32 20+8 26a, 33c 27 £1
(2%
H,0)

ZnO 35 33+9 31a, 39¢ 32+1
(3%
H»0)

ZnO 48 40 £12 35a, 49¢ 44 £1
(4%
H,0)

ZnO 66 52 +19 41a, 61c 57 £2
(5%
H,0)

ZnO 85 58 £ 22 46a, 68c 71 £1
(6%

H>0)
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Fig. 5. TEM images of ZnO NPs obtained from precursors with varied H,O content: a) 2%; b 4%) and f) 6%.
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Fig. 6. Nitrogen adsorption isotherms of ZnO NPs. STP means standard temperature and pressure.

1% to 4%, which is caused by the presence of several particles exceeding
200 nm.

3.2. Phase composition

Fig. 4 presents the X-ray diffraction patterns of the synthesised ZnO
NPs powders. At room temperature, the wurtzite hexagonal structure is
the thermodynamically stable crystalline structure of ZnO [85]. All
diffraction peaks visible in Fig. 4 were matched with the data of the
reference sample of ZnO reported in PDF card No. 36-1451 [78], which

means that the obtained ZnO NPs samples were characterised by the
wurtzite hexagonal structure. No presence of crystalline impurities was
observed in the prepared ZnO NPs samples within the detection limit of
the XRD method. Fig. 4 indicates a noticeable influence of the increase in
the water content in the precursor on the narrowing of peak width for
individual ZnO NPs samples, which means an increase in ZnO NPs
crystallite size in line with the increase in the HyO content in the
precursor.

Equation y = y0 + A/(sqr{2'Pl) i) exp(-{in(xixc Equation y = y0 + A(SGr(Z'PI) W) exp(-(n(uixc) Equation y = y0 + A/(sqrt(2"P1) w"x)"exp(-(In(xxc)
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3.3. Density, specific surface area, average size and size distribution of
ZnO NPs

The results of the analyses are presented in Tables 2 and 3 and
Figs. 5-7. The theoretical density of ZnO is 5.606 g/cm? [86]. Generally,
it is assumed that the closer the value of ZnO NPs sample density is to the
value of the theoretical density of ZnO, the better the crystallinity of the
obtained material. The increase in the HoO content from 1 wt% to 6 wt%
in the solution of zinc acetate dissolved in ethylene glycol resulted in the
increase in the density of ZnO NPs powder samples from 5.24 g/cm? to
5.51 g/em® and the decrease in the specific surface area from 46.4 m?/g
to 12.9 m?/g. In order to determine causes of the difference in density of
ZnO NPs samples, TEM analyses were performed (Fig. 5). As shown in
Fig. 5, ZnO NPs can be divided into two parts: internal crystalline core
and external disorder shell. A decrease in thickness of the irregular
disordered shell can be observed in the TEM images (Fig. 5), which
explained the increase in the density of ZnO NPs in line with the increase
in their size. Our earlier research on the change in stoichiometry of ZnO
as a function of size change did not indicate significant differences [78],
and therefore we believe that the disordered structures were an amor-
phous phase of ZnO. We reported a similar impact of the change in the
water content on the density and specific surface area and at the same
time on the size of the obtained ZnO NPs in publications [78,79,81]. The
correlation between the density and specific surface area, in turn, is
common knowledge [78,79,81,87-89].

The total pore volume value for the obtained ZnO NPs samples
decreased from 0.2893 cm®/g to 0.1444 cm®/g in line with the decrease
in their specific surface area (Table 1), which coincides with the liter-
ature [90,91]. The nitrogen adsorption isotherms in Fig. 6 indicate that
the micropores are filled with nitrogen at very low pressures, then a
monolayer is formed, subsequently successive layers, and the mesopores
are filled. Close to the saturated vapour pressure po, the surface con-
centration of nitrogen rapidly increased because capillary condensation

Zn0 (6% H0) - 71 nm

Zn0 (5% H,0) - 57 nm

ZnO0 (4% H0) - 44 nm

Zn0 (3% H,0) -32 nm

Zn0 (2% H,0) - 27 nm

Zn0 (1% H,0) - 23 nm

=4

3600 2800 2000 1200 400
Wavenumber (cm™!)

Absorbance

Fig. 9. FTIR/DR spectra for ZnO samples of various particle size.
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Fig. 10. Photocatalytic phenol decomposition on the tested ZnO samples under UV light irradiation.

occurred. The calculated average pore width (Table 2) is lower than 500
A, which indicates that the obtained ZnO NPs samples displayed the
mesoporous structure. An increase in the average pore width in line with
the decrease in the specific surface area is observable in the case of
samples from ZnO (1%H30) to ZnO (5%H30). The average pore width in
ZnO (6%H70) sample, in turn, is lower than in ZnO (5%H20) sample,
which is probably caused by the change in the shape of the obtained ZnO
NPs (Fig. 3).

To determine the average size of ZnO NPs, the microscopic TEM
method and the method of converting the results of the specific surface
area and density were employed (Table 3, Fig. 7). Both methods yielded
converging results of the increase in the average size of NPs arising from
the increase in the water content from 1% to 6%. The XRD results
allowed calculating the average crystallite size and the crystallite size
distribution (Fig. 8). The results of the average size of NPs obtained by
four methods for samples from ZnO (1% H30) to ZnO (4% H30) are
virtually identical. However, the results for ZnO (5%H20) samples are
located on the extremes of the standard deviations of these methods. The
results for the ZnO (6% H,0) sample, in turn, are outside the standard
deviations of the employed methods. If the properties of the tested NPs
satisfy the assumptions of the methods employed for calculating their
average size, i.e. NPs are spherical or quasi-spherical, highly mono-
disperse and monocrystalline, the obtained results display nearly ideal
convergence [92-94]. In the case of the ZnO (6% Hy0) sample, we
explain the lack of convergence of the results with the lack of uniformity
of the NPs shape and the noticeable difference in the sizes of individual
NPs, which can be seen in the SEM image (Fig. 3f). Based on a com-
parison of the obtained results of the average particle size with the

average crystallite size, it can be concluded that the ZnO NPs obtained in
the microwave solvothermal synthesis is built of single crystals.

3.4. Surface characterisation

The characterisation of the surface of tested ZnO nanoparticles with
various size was performed with the FTIR spectroscopy, and the results
are shown in Fig. 9.

It can be generally stated that the intensity of the broad peak at
3700-2900 cm’l, attributed to —OH stretching vibrations of water [95],
decreases with the increase of ZnO nanoparticles size. The broad peak
with low intensity at 3688 cm™! can be assigned to stretching vibration
modes of isolated hydroxyl groups. The peaks at 548 and 1027 cm™!
correspond to Zn-O bonds [96,97]. The low-intensity peak at about
2945 cm ™! can be attributed to the presence of ~CH, groups, remaining
from organic precursors applied to the synthesis of the samples. It is
possible to observe that the intensity of this peak found for all studied
samples decreases with the increase of water content used in the fabri-
cation process.

3.5. Photocatalytic degradability of phenol

The results of the investigation of the photocatalytic decomposition
of phenol as well as the formation of co-products under UV and visible
light on ZnO samples of various particle size are shown in Fig. 10 a-f and
11 a-f, respectively. The UV-assisted photodegradation was more effi-
cient in comparison to visible light photoactivity.

It can be generally concluded that the photocatalytic performance of
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Fig. 11. Photocatalytic phenol decomposition on the tested ZnO samples under visible light irradiation.

ZnO nanoparticles strongly depends on particle size. As it can be seen in
Figs. 10a-f and 11a-f, the photocatalytic activity enhances with the in-
crease of the particle size of fabricated ZnO samples. In contrary to
determining results, Jing et al. [98], as well as Pardeshi and Patil [75],
confirmed typically known principle for nanoparticulate photoactive
semiconductors that the reaction rate of photooxidation process in-
creases with the decrease of the particle size, thus the increase of the
specific surface area. These studies confirmed that the photocatalytic
efficiency of ZnO nanoparticles increased with the increase of the par-
ticle size. The former assigned the photocatalytic activity to the surface
properties (mainly specific surface area) of the ZnO ultrafine particles.
The generated holes attack the surface hydroxyl and yield surface-bound
hydroxyl radicals, while photoexcited electrons are captured by the
surface oxygen deficiencies, restricting the recombination of these
photogenerated charge carriers. This particular aspect has been verified
based on intensity-modulated photocurrent/photovoltage measure-
ments of the minority carriers’ recombination time. The obtained results
allow concluding that the charge carrier recombination rate of photo-
generated holes decreases with the increase of the particle size. The
results of the intensity-modulated photocurrent/photovoltage tests can
be presented in the following order (starting from the photocatalyst with
the slowest recombination time): ZnO (6% H,0)-71 nm < ZnO (5%
H30)-57 nm < ZnO (4% H30)-44 nm, ZnO (3% H20)-32 nm < ZnO (2%
H50)- 27 nm, ZnO (1% H30)-23 nm.

Additionally, the hydroxyl groups, present on the surface of ZnO

nanoparticles, act as the centres for the photocatalytic reactions [98].
Yusoff et al. [99] found that the ZnO obtained under hydrothermal
conditions was composed of agglomerates of zinc oxide nanoparticles
with an average size of 71 nm. That agglomeration process may cause
the reduction of the photocatalytic activity mainly due to the significant
reduction of the surface area [100]. Interestingly, in our case, the
highest decomposition rate of phenol was found for a sample with the
average particle size of 71 nm (the largest particles of ZnO) and the
lowest value of the specific surface area (12.9 mz/g). Moreover, based
on a comparison of the obtained results of the average particle size with
the average crystallite size, it can be concluded that the ZnO NPs ob-
tained in the microwave solvothermal synthesis were not agglomerated.
This is in line with results obtained by Li et al. [76]. Xu et al. [73]
summarised that the preparation method of the nanoparticulate ZnO is
commonly taken as the main factor that determined the photocatalytic
performance of tested material.

The intermediates (hydroquinone and rezorcine) formed during the
UV-assisted photocatalytic oxidation of phenol were also studied (see
Fig. 12a-f). It can be concluded that the formation of primary or sec-
ondary hydroxylated products of phenol decomposition is mediated by
the generation of reactive oxygen species, notably hydroxyl radicals
[59]. Typically, the addition of *OH radicals in the photocatalytic pro-
cess proceeds by an electrophilic addition reaction and different in-
termediates are produced depending on the position of the substituted
group for the OH position on the benzene ring [101]. Both determined
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Fig. 12. Kinetic plots of phenol decomposition by ZnO photocatalysts under UV light irradiation.

by-products contained two hydroxyl groups substituted in a different
position to the benzene ring (meta for rezorcine and para for hydro-
quinone). The formation of hydroxylated intermediates in the phenol
photodegradation process confirms the role of *OH radicals as reactive
species what was also noticed by Dodd et al. [9].

In case of the visible light-assisted photodegradation of phenol it was
confirmed that the process of degradation both main compound and its
derivatives occurs slower, thus, less efficient. The presence of p-benzo-
quinone as a co-product was additionally noted.

The qualitative analysis of by-products formed during UV light
irradiation allowed concluding that the concentration of both in-
termediates was rather low. However, the para-position in benzene ring
was favourable to be substituted with hydroxyl groups to generate
higher amounts of hydroquinone in reaction suspension. Additionally,
for smaller ZnO nanoparticles (23-32 nm), hydroquinone and rezorcine
by-products were firstly produced for 90 and 120 min, respectively, and
after that time decomposed as the primary pollutant. For larger ZnO
nanoparticles (44 and 57 nm) the decomposition of both intermediates
started approx. after 60 min of UV radiation of phenol solution and the
immediate degradation of by-products was observed for 71 nm-sized
ZnO.

In the visible light-assisted photodegradation process the concen-
tration of formed rezorcine was rather low for all tested samples. The
amount of generated hydroquinone was generally higher in comparison
to degradation of phenol under UV light, and it started being decom-
posed for 150 min only for 71 nm-sized ZnO sample. The para-position
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in benzoquinone molecule was favourable to be substituted with OH
groups to generate higher amounts of p-benzoquinone in comparison to
hydroquinone for ZnO NPs with the size of 44, 57 and 71 nm. What is
more, for these samples the latter-mentioned intermediate started being
degraded after 120 min.

The kinetics of the phenol photooxidation was found to obey the
Langmuir-Hinshelwood model. Figs. 12a-f and 13a-f present the kinetics
is the pseudo-first-order concerning the phenol concentration under UV
and Vis light irradiation, respectively. The apparent rate constant (k) is
proportional to the photocatalytic efficiency of the tested nanoparticles:
the higher k value the higher efficiency of the photocatalytic oxidation
reaction. Idris et al. [102] stated that a higher decomposition rate
indicated more reactive oxygen species, and water molecules at the
surface of the sample vigorously promoted the degradation of phenol.

The calculated results confirmed that the particle size had a decisive
impact on the effectiveness of the photocatalytic oxidation of phenol.
Fig. 14 presents the relation between average particle size and rate
constant value listed for total phenol removal from reaction suspension.
It can be clearly stated from Fig. 14a that the kyy value was similar for
ZnO NPs with 27 and 32 nm as well as 57 and 71 nm. No difference in
total degradation time was noted for samples with 27 and 32 nm.
However, in the case of larger nanoparticles, the total phenol degrada-
tion was 30 min faster for the sample with a larger particle size (71 nm).
The influence of the ZnO particle size on the efficiency of photocatalytic
degradation of phenol was also confirmed in case of visible light-assisted
process. Despite the fact that the rate of phenol decomposition was much
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Fig. 14. Influence of the particle size of ZnO photocatalysts on the rate constant for total phenol degradation under: a) UV and b) visible light.

lower, the trend of kyjs values was similar to kyy — the apparent rate
constant was appox. the same for ZnO NPs with the size of 27 and 32 nm,
as well as 57 and 71 nm.

4. Conclusions

The microwave solvothermal reaction permitted to obtain ZnO NPs
with average size between 23 nm and 71 nm with uniform morphology
and narrow size distribution. The photocatalytic performance of ZnO
NPs increased with the increase of the particle size for both UV and Vis
light irradiation. The highest reaction rate for phenol degradation was

found for ZnO sample with the average particle size of 71 nm (total
degradation of phenol after 90 min of UV radiation). Low concentrations
of rezorcine and hydroquinone (found as a degradation co-products of
phenol degradation) were finally photooxidized after 90 and 150 min,
respectively. The presence of p-benzoquinone as an additional inter-
mediate product of phenol photodegradation under visible light was
confirmed. Despite the fact that the efficiency of the Vis-assisted
photodecomposition was significantly lower than the UV photooxida-
tion, the trend of the obtained results was similar for both processes. The
intensity-modulated photocurrent/photovoltage studies confirmed that
the recombination time of the minority carriers (in this case positively
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charged holes) was the longest for ZnO photocatalyst with the largest
particles size. Hence, the increase of the photocatalytic activity with the
NPs size in this experiment was attributable to the decrease in the charge
carrier recombination rate.
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