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ABSTRACT

Cerium oxide (Ce0,.3) ultrafine nanoparticles, with the lower (CeO,.3-HT) and higher (CeO,_3-SS) fraction
of oxygen vacancies, were used as anchoring sites for the polymerization of aniline in acidic medium. As
a result, polyaniline-emeraldine salt (PANI-ES)-based composites (PANI-ES@Ce0O,_;-HT and PANI-
ES@Ce0,.3-SS) were obtained. The interaction between CeO,.; and PANI was examined by FTIR and
Raman spectroscopy. The PANI polymerization is initiated via electrostatic interaction of anilinium cation
and Cl~ ions (adsorbed at the protonated hydroxyl groups of CeO,.3), and proceeds with hydrogen and
nitrogen interaction with oxide nanoparticles. Tailoring the oxygen vacancy population of oxide offers
the possibility to control the type of PANI-cerium oxide interaction, and consequently structural, elec-
trical, thermal, electronic and charge storage properties of composite. A high capacitance of synthesized
materials, reaching ~294Fg~! (PANI-ES), ~299Fg~! (PANI-ES@Ce0,_5-HT) and ~314Fg~' (PANI-
ES@Ce0,_3-SS), was measured in 1 M HCl, at a common scan rate of 20 mV s~L The high adhesion of PANI
with cerium oxide prevents the oxide from its slow dissolution in 1MHCI thus providing the stability of
this composite in an acidic solution. The rate of electrochemical oxidation of emeraldine salt into per-

nigraniline was also found to depend on CeO,_; characteristics.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

The linkage of diverse metal oxides (TiO,, CeO,, ZnO, graphene
oxide, SiOy, FeyOy, MnO, ...) with one of the oldest conducting
polymers such as polyaniline (PANI) has been shown as an effective
strategy for improving mechanical, thermal, dielectric, electrical
and optical properties of this polymer [1-5]. An easy synthesis,
environmental stability, and fast doping/dedoping process, make
PANI very suitable matrix for the facile further fabrication. On the
other hand, inorganic oxides easily interact with PANI chains,
resulting in the synergistic behaviour. The versatile properties of
these hybrid materials, achieved either through the different
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degree of PANI‘s protonation or different oxide structures (obtained
through numerous synthesis procedures), make their study
inexhaustable.

While the investigations of composites with TiO, were quite
diverse and numerous, the studies on PANI/CeO; nano-composites
have mostly directed to the development of sensor technology
including H,0, sensors, humidity sensors, biosensors, gas sensing
materials [6—11]. The positive influence of CeO, particles, incor-
porated into PANI chains, has been recognized in many sensor
properties. Besides, the binding of cerium oxide with the polyani-
line was found to improve thermal [12,13], corrosion protection
[14] and electrochemical properties [15—17]. Still, the studies
regarding the Ce-oxide's influence to the charge storage properties
of polyaniline are quite rare. Recently, Fei et al. [17] showed that an
indirect chemical bonding of PANI to CeO surface via its —OH and
—NCO functionalized groups improves both electrocatalytic and
capacitive performance of PANI. By mixing CeO, with 10% of PANI,
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Maheswari et al. [15] have significantly improved charge storage
properties of oxide in HCl, from a very high value of 927 Fg~! (for
pure oxide) to the extremely high one amounting to 1452 Fg~! for
the CeO,/PANI composite. Also, Gong et al. [16], have recently
prepared nickel doped cerium oxide nanospheres at PANI
(Ni—CeO,@PANI) as an electrode material for supercapacitors,
which provided a very high capacitance of 894Fg~! (at 1Ag™1),
thanks to the defective nature of Ni—CeO,. The excess of reactive
oxygen vacancies was achieved by doping CeO, with nickel
atoms, whereas the Ni—CeO,@PANI nanocomposite was prepared
by in situ chemical oxidative polymerization of aniline in
presence of Ni—CeO, particles. Herein, polyaniline-cerium oxide
composites have been synthesized by typical chemical polymeri-
zation of aniline (under highly acidic conditions), adsorbed on the
surface of cerium-oxide nanoparticles, in order to examine its
charge storage ability. The idea was to use the two types of CeO5_;,
containing different fraction of oxygen vacancies (without metal
doping), in order to compare how the O-vacancy population in-
fluences the PANI-CeO; interaction. The oxide's particles were
synthesized by two different methods: i) the solid-state method,
yielding cerium-oxide with higher concentration of oxygen va-
cancies and ii) the hydrothermal method yielding oxide with lower
concentration of oxygen vacancies. The influence of vacancy con-
centration of CeO,.; oxides, in their composites with highly
conductive emeraldine form of PANI, on the thermal, vibrational
and electrochemical properties of composites, was thoroughly
examined. The mechanism of PANI-CeO,_; interaction is proposed
and discussed.

2. Experimental
2.1. Synthesis procedure

2.1.1. Synthesis of polyaniline emeraldine salt

Polyaniline, in the form of emeraldine salt (PANI-ES), was syn-
thesized by typical chemical polymerization of aniline (Sigma
Aldrich) in the presence of hydrochloric acid using ammonium
persulfate (Sigma Aldrich) as an oxidant [18]. Briefly, 0.18 mL of two
times distilled aniline monomer was injected into 7 mL of 2 M HCI
solution. 0.45 g (NH4)2S04 (previously dissolved in 2 mL of deion-
ized water) was dropped to the solution and stirred magnetically at
25 °C. After filtration, the precipitate was washed (with 2 M HCl and
deionized water followed by ethanol) and dried at 60 °C in the oven
for 36 h.

2.1.2. Hydrothermally synthesis of CeOy.s

The CeO,_; nanoparticles with a lower amount of oxygen va-
cancies were prepared by the hydrothermal treatment (CeO,.3-HT),
according to the procedure presented in Ref. [19]. In a typical
synthesis, 2 g of polyvinylpyrrolidone (Sigma Aldrich) was dis-
solved in 40 mL of deionized water, continuously stirring on a
magnetic stirrer (at room temperature T = 25 °C) until a homoge-
neous solution was obtained. 6 mmol of Ce(NOs3)3-6H,0 (Acros
Organics 99.5%), previously dissolved in deionized water V =40 mL,
was slowly added to the resulting solution, with constant stirring.
During the synthesis, the pH of the solution was not adjusted and
value was pH = 4. The prepared solution was put into a Teflon-
lined stainless steel autoclave (capacity ~80 mL), and hydrother-
mally treated at 200 °C for 6 h. After synthesis, the autoclave was
cooled down to room temperature naturally. The resulting precip-
itate was collected and washed several times with distilled water,
and afterwards dried in a vacuum oven overnight at 105.5 °C.

2.1.3. Solid state synthesis of CeO5._s
Solid-state reaction at room temperature was used for the

synthesis Ce0;-5 ultrafine particles with a higher amount of oxygen
vacancies [20,21]. Cerium nitrate hexahydrate (Acros Organics
99.5%) and sodium hydroxide (Carlo Erba) were used as starting
materials for this procedure. Synthesis involves manual mixing of
the starting chemicals in mortar (~10 min) until the mixture be-
comes light brown. After exposure to the air (4 h), the sample was
washed four times with distilled water and twice with ethanol to
remove NaNOs. The final product was transferred into petri dish
using ethanol and dried at 60 °Cin a drying oven overnight. The final
result of the synthesis obtained is a light yellow powder CeO,_s.

2[(Ce(NO3)3 x 6H0] + 6NaOH + (1/2-3)0, — 2Ce05.3 + 6NaNO3+
15H,0

2.14. PANI@CeO,.; synthesis procedure

The PANI@CeO,_5 composites were prepared in the same way as
PANI-ES, in presence of cerium oxide. Namely, 0.18 mL of distilled
aniline monomer was injected into an aqueous solution of 2 M HCl,
containing 50 mg of CeO,_3-SS or Ce0,_3-HT ultrafine nanoparticles.
The acidic solutions of cerium-oxide nanoparticles were previously
treated by ultrasound to prevent aggregation of nano-CeO, parti-
cles. The oxidizing agent (NH4),S,0s (0.45 g), previously dissolved
in 2 ml deionized water, was added to the solutions drop by drop.
After mixing the solution for 6 h on a magnetic stirrer, at room
temperature, the samples were filtered and washed. Afterwards,
the obtained dark-green PANI@Ce0O,.; composites, labelled as
PANI-ES@Ce0,_5-SS and PANI-ES@CeO,_s-HT, were dried in the
oven at 60° for 36 h to achieve the constant weight.

For the sake of comparison, the similar experiments using
100 mg of Ce0,_3-SS and 9 mg, 50 mg and 100 mg of TiO, anatase
(Sigma Aldrich) were also performed.

2.2. Characterization

The obtained powdered samples were pressed into pellets and
their conductivity was measured between two stainless pistons
using an ac bridge (Waynne Kerr Universal Bridge B 224) at 1.0 kHz,
at room temperature and pressure of 375 MPa.

Thermogravimetric and differential thermal analysis (TG/DTA)
were carried out simultaneously by an SDT 2960 Simultaneous
DSC-TGA thermal analyzer, in air atmosphere with a flowing rate of
10 Cmin~",

The morphology of synthesized samples was observed by field-
emission scanning electron microscope (FESEM, Tescan MIRA3).
PANI-based samples were clearly visible as such, while cerium
oxide sample required vacuum decoration by gold.

The Raman spectra of samples were recorded on a DXR Raman
microscope (Thermo Scientific) equipped with a research optical
microscope and a CCD detector. A HeNe gas laser with an excitation
wavelength of 633 nm was used for all measurements. The scattered
light was analyzed by the spectrograph with a grating of 600 lines
mm~! and a spectrograph aperture of 50 pm slit. The laser power
was kept at 0.5 mW on the sample. Each spectrum was measured
with an exposure time of 30 s and number of exposures of 20.

The Infrared transmission spectra (FTIR) of the samples in the
form of pellets with KBr, were recorded using an Avatar System 370
spectrometer (Thermo Nicolet), with 64 scans per sample and
2 cm~! resolution in the wavenumber range 4000—400 cm™ L,

2.3. Electrochemical measurements

Electrochemical measurements of examined samples were
performed at Gamry PCI4/300 Potentiostat/Galvanostat, in the
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typical three-electrode configuration. The reference electrode was a
saturated calomel electrode (SCE), while the counter electrode was
a wide Platinum foil (Pt). To prepare the working electrode the
examined powder was mixed with the 5 wt% Nafion binder (Sigma
Aldrich) in ethanol/water, in the 95:5 ratio. Several drops of ethanol
were added in order to obtain the desired viscosity. After homog-
enization in an ultrasonic bath, the slurry was deposited over the
rectangular glassy carbon support and dried at ambient tempera-
ture in order for ethanol to evaporate. The loading mass was
1.7mgcm~2 for all examined electrodes. The electrolyte was
1 mol dm—3 HCl aqueous solution.

3. Results and discussion
3.1. Conductivity measurements

The synthesized PANI-ES delivers a high value of electronic
conductivity, amounting to ~0.6 S/cm. The incorporation of semi-
conducting cerium-oxide, into polymer matrix, decreases the
conductivity to ~0.5 S/cm and ~0.3 S/cm for PANI-ES@Ce0,_5-SS and
PANI-ES@CeO,_3-HT, respectively.

3.2. Thermal behavior

Thermal behavior of prepared samples was examined by
simultaneous thermogravimetric/differential thermal analysis
(TGA/DTA), in the temperature range 25—700 °C, under air atmo-
sphere. The characteristic thermogram of conducting polymer [22],
made of three separated weight loss steps, is observed (Fig. 1a). The
first weight loss (about 7%) up to 100 °C, originates from desorption
of adsorbed water molecules, while the second weight loss be-
tween 180 and 300 °C (about 13%) can be attributed to the elimi-
nation of protonating acid dopant (HCl) bound to the polymer
chain. The third and the greatest weight loss (about 80% for pure
PANI), within the temperature range 300—700 °C, corresponds to
the structural degradation of the polymer backbone [22]. One can
notice that both composites, unlike the pure PANI, did not lose the
whole weight at 700°C, but ~96.3% (PANI-ES@Ce0,_3-SS) and
~95.8% (PANI-ES@Ce0,_3-HT) of its initial weight. It is due to a high
thermal stability of inorganic cerium oxide. Based on this, the
fraction of cerium-oxide in the composite could be determined and,
relative to the mass of dried sample (taking into account the
amount of adsorbed water), was found to be ~4% (PANI-ES@CeO,_3-
SS) and 4.5% (PANI-ES@Ce0,_3-HT). Somewhat higher content of
hydrothermally synthesized oxide in the composite was obtained.
This is in the correlation with the higher concentration of Ce** ions
i.e. higher fraction of oxygen atoms in the CeO,_3-HT crystal lattice.

It can be seen that weight loss of samples, up to 300 °C (removal
of water molecules and dopant), is insensitive to the presence of
oxide (it is governed by the type of dopant). However, above
~300°C, there are differences in the thermal decomposition of the
polymer chain in examined samples, which are more visible in
corresponding DTA curves (Fig. 1b). As our DTA curves show, two
exothermic peaks follow the process of ES degradation within the
temperature region 300—700 °C. The position of the first DTA peak
(appearing at 384 °C) is the same for PANI-ES and PANI-ES@CeO_3-
SS, while its values for PANI-ES@Ce0O,_3-HT is slightly shifted to-
wards higher temperature (393 °C). The second DTA peak, higher in
the intensity, appears at ~489 °C (PANI-ES), 499 °C (PANI-ES@CeO,-
5-SS), 512 °C (PANI-ES@ CeO,_3-HT). It can be concluded that the
thermal resistance of PANI becomes higher by its binding with the
cerium-oxide, especially when the chains grew on hydrothermally
prepared oxide. This originates from its strong interaction with the
oxide. The improved thermal stability of PANI in interaction with
metal oxides has been already reported [12,13,17], but the opposite
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Fig. 1. TG (a) and DTA (b) curves of PANI-ES and PANI-ES@Ce0O,_; samples.

behavior [17] was also found. These variations can be explained in
the different interactions of cerium oxide with polyaniline chains,
which can be influenced by the synthesis of oxide, the type of PANI
dopant and the doping level. Here, higher thermal stability of PANI
was obtained for the composite containing CeO,_; with the lower
fraction of oxygen vacancies. Furthermore, the declining slope of
the PANI@CeO,_5 DTA curves is steeper than that of PANI-ES, which
suggests that the cerium oxide acts as a catalyst of the combustion
process of carbon, formed by the thermal decomposition of
polymer.

3.3. Morphology

Ultrafine nanoparticles of CeO,_3-HT and Ce0;_3-SS are shown in
Fig. 2a and b. Nanodispersed, nearly spherical particles, 20—40 nm
in diameter, prevail on the Ce0,.3-SS surface (Fig. 2a) while the
Ce0,-5-HT sample is composed of monodispersed spherical parti-
cles, 0.7—1.1 um in diameter (Fig. 2b). Interestingly, these sub-
micron/micron CeO,.3-HT spheres are huge agglomerates of
nanoparticles 20—40 nm in diameter, which are similar to CeO,.
5—SS particles. Representative FE-SEM micrograph of PANI-ES
sample shows that the short nanofibers (~75 nm in diameter) can
be perceived (Fig. 2c). The FE-SEM micrographs of PANI-ES@CeO,.
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Fig. 2. SEM micrographs of Ce0,.5-SS (a), CeO,_3-HT particles (b), PANI-ES (c), PANI-ES@Ce0,_3-SS (d) and PANI-ES@CeO,_5-HT (e).

5 composites (Fig. 2d and e) indicate that the presence of ultrafine
nanodispersed CeO,_; particles do not influence the original PANI-
ES morphology.

3.4. Vibrational spectroscopy study

3.4.1. Infrared spectroscopy

It is well known that FTIR spectrum of PANI is very sensitive to
various experimental conditions such as humidity, temperature,
pressure, storing and processing of samples and so on [23]. In order
to avoid differences caused by the influence of the mentioned pa-
rameters we measured the spectra under the same conditions
following recommendations by Trchova et al. [23].

Representative FTIR spectra of synthesized polyaniline-based
samples are shown in Fig. 3. The characteristic spectrum of pro-
tonated emeraldine salt form can be recognized in all samples. The
assignation of FTIR bands (well-documented in literature [23—30]),
is presented in Supplementary Data. The spectrum of PANI-
ES@CeO,_5 sample is almost the same as the spectrum of pure PANI-
ES since the characteristic CeO,.3 vibrational modes (shown in inset
of Fig. 3) cannot be distinguished. This can be associated to very
intensive vibrational bands of protonated polyaniline as well as the
low amount of cerium oxide in the composite. It can only be noticed
that the intensity ratio of 1306/1244cm~! bands (which are
assigned to C—N stretching modes) changes in the presence of the
oxide being 1.25,1.28 and 1.29 for PANI-ES, PANI-ES@Ce0-_3-SS, and
PANI-ES@CeO,_5-HT, respectively. These changes are in correlation
with the measured trend of electronic conductivity, and suggest the
involvement of nitrogen from the polymer chain in the interaction
with oxide.

3.4.2. Raman spectroscopy

The molecular structure of samples was studied also by Raman
spectroscopy. The obtained Raman spectrum of PANI-ES (Fig. 4a) is
typical for protonated emeraldine form, and its assignment is well-
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Fig. 3. FTIR spectrum of PANI-ES (a), PANI-ES@Ce0,_3-SS (b) and PANI-ES@CeO,_;-HT
(c). FTIR spectra of pure Ce0,_3-SS and CeO,_3-HT are given in inset.

documented [27,31—36]. It can be seen in Supplementary Data.
Raman spectra of PANI@CeO,_; composites (Fig. 4b and c) show
all characteristic modes of PANI-ES, but CeO,_3 vibrations cannot be
distinguished. The Ce0O,.3 spectra are measured under the same
experimental conditions as that of PANI-ES and presented in the
inset of Fig. 4. The high intensity Raman band at ~463 cm™~' cor-
responds to the Fyg vibrational mode of fluorite CeO,.5 structure.
Interestingly, this high intensity mode is not visible in the spectra of
composites. This confirms that the CeO, is encapsulated into
polymer chains thus forming the core-shell structure, via the
polymerization of aniline adsorbed on the cerium oxide as a
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nucleation core. A weak broadband (at ~ 606 cm™~!) in the spectrum
of Ce0,_3-SS is related to the presence of oxygen vacancies. The use
of more appropriate Raman conditions [35], provides more defined
oxide modes, suggesting that both synthesized oxides investigated
in this work actually possess a certain amount of vacancies, which
is noticeable higher in the CeO,_3-SS sample.

The changes of the PANI-ES mode positions due to the presence
of CeO,_3 are not visible, but changes of the vibration modes in-
tensity can be noticed. One can notice the CeO,_; influence on the
band corresponding to the C~NVe stretching vibration of the
delocalized polaronic structure, which is also identified by FTIR.
Actually, the splitting of this band to ~1344cm™! and ~1326 cm™!
modes, which occurs in the pure PANI-ES, is more pronounced in
the composites, especially in the PANI@CeO,_3-HT sample with the
lower concentration of vacancies, and consequently, a higher de-
gree of Ce** ions. It seems that the relative ratio of 1344cm™!/
1326 cm~! bands decreases in the composite thus confirming the
involvement of PANI's nitrogen in the interaction with cerium ions
handing in electrons. By donating electrons to oxide, the C—N*
stretching bonds became weaker thus appearing at low wave-
numbers which is reflected in the decreased intensity of 1344 cm ™!
band on account of the increase of 1326 cm™~! band intensity. The
change in the 1509 cm~! mode, corresponding to N—H deformation
vibrations, upon PANI-CeO,_; interaction, is also visible and is more
pronounced in the composite containing CeO,-5-SS.

The PANI-CeO,_; interaction causes also pronounced changes of
the vibrational modes intensity in the low-frequency region (in
which the oxides modes appear). The relative intensity of the
PANI's 421 cm~! band (which is positioned in the vicinity of the
most intensive Ce0,-3 mode), is decreased in the composite. It can
be correlated to the stronger Fg vibrational mode of fluorite
structure of CeO,.5 which causes the strong interaction. Further-
more, the intensity ratio of bands at 585 cm™" (positioned in the
vicinity of oxygen vacancy band) and 520 cm™! is decreased upon
Ce0-_3 action (as indicated in Fig. 4), thus following the trend PANI-
ES, PANI@CeO,_5-HT, PANI@CeO,_3-SS. So, this decrease is more
pronounced for PANI@CeO;_3-SS, which could be related to the
presence of higher concentration of oxygen vacancies. Also, the

change in the relative intensity of 718 cm~'-assigned band to other
bands follows this trend.

The observed changes in the Raman modes of polyaniline
caused by the presence of cerium oxide indicates the existence of
two types of PANI-CeO,_; interactions including the nitrogen- (from
radical cation) and hydrogen (from amine of polarons and bipo-
larons) bonding. Unlike the interaction involved nitrogen atoms, it
seems that the hydrogen bonding interaction is facilitated by oxy-
gen vacancies in the oxide lattice.

3.5. Electrochemical behavior

3.5.1. Narrower voltage interval

The influence of the cerium oxide to the charge storage behavior
of PANI was studied by Cyclic Voltammetry. Typical redox pair of
PANI, corresponding to the transition of leucoemeraldine to
emeraldine salt, was observed in the potential range from —0.2V
vs. SCE to 0.6 V vs. SCE (Fig. 5a) [37]. This redox process is sensitive
to the presence and relative fraction of CeO,; in the samples. As
shown in Fig. 5a and Fig. S1, the current response of both cerium-
oxides, in an acidic solution, is very poor, (below ~1 mA). On the
other hand, PANI has more than twenty times higher current
response. Theoretically, the ratio of active redox centers, such as
Ce**/Ce3* and the amino/imino centers in the composite (wt%/M
for CeO2-5: wt%/M for CgHsNH), corresponds exactly to the ratio of
1:22, respectively. However, taking into account the mass ratio of
individual components in the composite, the current ratio of PANI
and oxide (in the composite) would be even higher in favor of PANI.
Therefore, the slightly depressed current response of PANI-ES could
be expected if the certain fraction of PANI was replaced with CeO.;.
However, the current response of PANI was somewhat increased
after incorporation of cerium-oxide. This enhancement factor de-
pends on the type of used oxide. Actually, the interaction of PANI
with CeO,_3-HT leads to the very small increase of its current
(which is practically negligible), while this response became
somewhat higher in the presence of CeO,5-SS (Fig. 5a and b).
Charge/discharge capacitance expressed in F g~!, were found to be
296/294 F g~ for pure PANI, 302/299 Fg™! for PANI@CeO,_3-HT and
319/314Fg~! for PANI@Ce0O,.5-SS, at a common scan rate of
20mvs~,

Incorporation of CeO,_3 into PANI-ES provides a slightly higher
coulombic capacity despite the fact that the conductivity of com-
posite was decreased by CeO,_3 doping (although it decreased, the
electronic conductivity of PANI-based composite is still very high).
Therefore, the capability of polyaniline chains to attach/release
electrolyte ions (without the charge transfer of protons) to
compensate acceptance/liberation of electrons upon cycling can be
limiting step. This process can be faster in the composite due to
improved wettability caused by CeO,_; presence [38]. Better charge
behavior of PANI@CeQ,_5-SS than PANI@CeO,_5-HT can be attrib-
uted to the differences in wettability. CeO,_3-SS surface contains a
higher amount of surface hydroxyl groups, compared to the one of
Ce0,_3-HT surface (Fig. 3). The presence of these groups improves
the wettability of both PANI's surface at its boundary with CeO,_3.

To summarize, both investigated PANI@CeO,_3 composites pre-
sent novel materials with a very large charge storage ability in an
acidic solution. The synthesized PANI-ES@CeO,_; composites are
also stable in 1 M HCl solution. This is confirmed by the stability of
the charge storage of PANI-ES@Ce0,_3-SS during the long cycling in
this acidic electrolyte solution (Fig. S2, Supp.Data). Upon cycling,
PANI@CeO,_3-SS electrode is kept in the electrolyte overnight, after
which the same charge storage behavior was measured. TG curve of
such cycled electrode powder was identical to the one for the raw
powder, thus confirming the same oxide fraction in the composite.
It can be concluded that a strong adhesion of PANI with the cerium
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Fig. 5. a) Stabilized CVs of PANI-ES, CeO,_;, and PANI-ES@CeO,_; composites; b) Spe-
cific capacitance of PANI-ES, PANI-ES@CeO,_3-HT, and PANI-ES@Ce0,_3-SS at different
scan rates; c) The cyclic stability of PANI-ES@CeO,_3-SS. The electrolyte was 1 M HCl.

The voltage range was 0.2—0.6 V vs. SCE and the scan rate was 20mV s .

oxide surface prevents the oxide from its possible slow dissolution
in 1M HCL The fact that the cerium oxide in the composite is
encapsulated into the shell of polymer chains favors this
assumption.

The higher capacitance was obtained for PANI-ES@CeO,_3-SS,
which makes this composite a very promising supercapacitor
electrode. Its stable capacitance during consecutive cycling (Fig. 5¢
and Fig. S2) indicates the stable leucoemeraldine-emeraldine redox
process. A small capacity decrease, with the increase of the scan
rate, was measured (Fig. 5b).

3.5.2. Extended voltage interval

It is known that over-oxidation of PANI in an acidic solution by
applying potentials above ~0.6—0.7 V vs. SCE, results in its capacity
decrease. Because of that, the cycling behavior in the deeper
positive-going scan (beyond 0.6V vs. SCE) was rarely examined
[39]. Among other things, the idea of this work is to see how the
presence of nonstoichiometric cerium-oxide influences the elec-
trochemical over-oxidation of polyaniline.

CVs of all three samples, measured in an extended potential
range from —0.2—1V vs. SCE during ten consecutive cycles were
shown in Fig. 6. In the first cycle, beside the main redox couple |
(positioned at 0.22/0.01V vs. SCE), which originates from the
oxidation of leucoemeraldine base (LM) to emeraldine salt, one can
see another main redox pair (labeled as III) at 0.8/0.65V vs. SCE,
corresponding to the emeraldine/pernigraniline (EM/PN) salt
transition. A small redox pair II (0.55/0.45V vs. SCE) positioned
between these two main redox pairs can be also observed.
Although the nature of this peak depends on the experimental
details of polyaniline synthesis, electrolyte, and pH, this peak is
generally attributed to the formation of benzoquinone degradation
products and formation of cross-linked polyaniline chains by direct
reaction between parts of the polyaniline chain itself [39]. One can
see that the current of this middle redox couple increases during
consecutive cycling of PANI within the extended water stability
window, while the current of both LE-EM and EM-PN redox process
decreases. Actually, over-oxidation of polyaniline leads to the irre-
versible formation of electrochemically inactive structures, which
causes the current decrease throughout the consecutive cycling
[37,39]. During experiments we noticed that the current of the
second redox couple became more pronounced as soon as the
current of the third peak has increased. One can conclude that the
redox process corresponding to the second peak is still associated
with the emeraldine-pernigraniline transformation.

Interestingly, some differences of the relative ratio of anodic
peaks I and IIl can be observed between PANI and the CeO;_3-
modified PANI. A similar current response of these anodic peaks is
observed for PANI and PANI@CeO,_3-SS (Fig. 6a and b), indicating
similar kinetics of the LE-EM and EM-PN redox processes in these
samples. However, this is not the case for PANI-ES@CeO,_3-HT
(Fig. 6¢) where the first anodic peak is noticeable higher than the
third one. The process of the PN formation during PANI's oxidation
is aggravated by CeO,_3-HT action. The involvement of positively
charged nitrogen in the interaction with cerium oxide impedes
PANI-ES deprotonation, resulting in the lower fraction of formed PN
upon the first anodic scan (Fig. 7a) and consequently the slower
disappearance of the third peak after ten cycles (Fig. 7b). As a result,
slightly better capacitance retention of PANI@CeO,.;-HT (83.4%
after 10 cycles or 64.4% after 30 cycles) was observed with respect
to the pure PANI (80.8% after 10 cycles or 60.5% after 30 cycles) and
PANI@Ce0O,_3-SS (76.8% after 10 cycles and 55.6% after 30 cycles).

3.6. PANI-CeO,._s interaction

Polyaniline chains can change their redox state from a
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Fig. 7. CVs of PANI-ES, PANI-ES@CeO,.5-SS and PANI-ES@CeO,_3-HT samples measured
in HCI at a common scan rate of 20mV s~': a) the 1st cycle and b) 10th cycle.

completely reduced form (leucoemeraldine), composed of benze-
noid units containing amine nitrogen atoms —NH—, to a fully oxi-
dizied form (pernigraniline), composed of quinoid units containing
imine nitrogen atoms —N =. A semi-oxidized form of polyaniline,
known as emeraldine (either in the form of base or salt), is
composed from equal numbers of reduced and oxidized polymer
repeat units. The protonation of the emeraldine base, under acidic
conditions, includes the addition of protons to imine nitrogen sites
to generate radical cations (some amine nitrogen atoms can also be
protonated to give NH3 groups even if all the imines are not pro-
tonated), which can significantly increase the conductivity of pol-
yaniline (up to 11 orders of magnitude) [25,40], reaching the
metallic values.

On the other hand, cerium oxide crystallized in the fluorite type
cubic crystal lattice where the Ce** cation is surrounded by eight
0%~ anions, each of which is coordinated to four Ce** cations. Both
theoretical and experimental results revealed that in oxygen defi-
cient cerium oxide the adsorbed water molecules prefer to disso-
ciate near the oxygen vacancy sites thus forming surface hydroxyl
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groups [41,42]. Therefore, both chemisorbed H,O and OH groups
coexist at the reduced cerium oxide surface, so their presence can
be expected at the surface of the CeO,_3-SS and CeO,_3-HT oxides, as
confirmed by their FTIR spectra (inset in Fig. 3, O—H stretching
vibrations around 3500 cm’l). Their lower content in the CeO_3-
HT can be correlated to the lower reactivity of surface towards the
water dissociation, due to the smaller fraction of oxygen vacancies.

The experimentally determined pH values of Ce0,_3-SS, at zero
point of charge (pHzpc=6.3), showed that the oxide surface
became positively charged in the reaction solution of HClI (Fig. 8).
Namely, surface hydroxyl groups are protonated, according to the
equation

Ce—OH + H" « Ce—OHJ

Such formed positively charged cerium oxide nanoparticles can
electrostatically attract CI~ ions from the acidic solution (Fig. 8a).

The adsorbed Cl™ ions can easily attract the anilinium cation
(formed by adding aniline into acidic solution) which undergoes
further polymerization to the emeraldine salt when the oxidant is
added in the acidic medium. Consequently, there is possibility that
various oligomers with an active radical cation head (positive head)
are adsorbed to the surface of CeO, 3 particles as well, but this
possibility is reduced by the fact that the adsorption centers of
cerium oxide were previously saturated with protonated aniline
species. In this way, CeO,_; particles become wrapped into PANI
chains thus forming the "core-shell" nanostructure. This type of
structure has been already recognized for polyaniline/cerium oxide
system [6,7,12,43—45]. These data showed that the interaction of
protonated form of polyaniline with CeO,.; is usually achieved
through the formation of hydrogen bond between surface hydroxyl
(—OH) groups of oxide and hydrogen of the polymer chain
[6,44—46]. Based on both Raman and FTIR measurements, the
similar type of interaction is also identified in as-synthesized
PANI@CeO,_3 composites. Namely, zeta potential-pH dependence,
measured for oxygen deficient cerium oxide [21], revealed that the
maximum positive charge, at the surface, was achieved for the pH
solution of about 4—5. Besides, some of OH groups at the cerium-
oxide surface can be found un-protonated, thus participating in
the formation of hydrogen bonds, acting as the bridge between
polymer and oxide (Fig. 8b). This type of interaction is more pro-
nounced in the Ce0,3-SS since the higher fraction of oxygen va-
cancies (relative to CeO,.3-HT) results in the higher amount of
hydroxyl groups. Besides, another type of oxide-polyaniline inter-
action (Fig. 8c), involving positively charged nitrogen (-N°**H-), is
identified by vibrational spectroscopy study. This interaction is
found to be stronger in the case of composite with the hydrother-
mally synthesized oxide, which has the smaller oxygen vacancy
population (i.e. higher concentration of Ce** ions). Theoretical
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=1 3,
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study on CeO,.; revealed that the electrons can be localized at
cerium ions or oxygen vacancies [35]. Having in mind, that the
nitrogen-involved interaction is more manifested in CeO;.3-HT
than in Ce0,.3-SS, and easier reduction of Ce** to Ce3* ions, one can
assume that delocalized m electrons of polymer chains became
localized at 4f states of cerium ions. This may result in the
decreased of the electronic conductivity of PANI when bonded to
cerium oxide, following the trend PANI, PANI-ES@Ce0,_3-SS and
PANI-ES@CeO,_3-HT. Also, it could be responsible for the higher
amount of bonded Ce0,_3-HT and consequently improved thermal
stability of PANI-ES@CeO,_3-HT composite. The mechanism of
PANI-CeO,_; interaction is illustrated in Fig. 9.

A small amount of oxide (about 4%wt), incorporated into the
shell of conducting polymer, was found to decrease its conductive
behavior (in the extent that depends on properties of the used
oxides), but conversely to improve its charge storage capability. The
interactions at the PANI@CeO,_; interface weakened the polymer
interchain bonds providing an easier attraction of electrolyte ions.
Whether the higher amount of CeO,_3 can improve electrochemical
performance even more is the main question which arises here?
Our attempt to answer this question, by increasing the amount of
doped CeO,.; oxide during the synthesis, failed. Interestingly, PANI
was not capable to bind a higher amount of CeO,_3 (under applied
synthesis conditions) regardless to the increase of its initial amount
into reaction medium. Actually, the doubling of the initial content
of Ce0,-; (from 50 mg to 100 mg) for the aniline oxidation did not
increase the content of bonded-CeO,.5 at all. Such behavior is
opposite to the case of TiO2 added upon aniline oxidation, under
completely same experimental conditions. In a set of separated
experiments we showed that the initial amounts of 9 mg, 50 mg
and 100 mg of TiO, (under same synthesis conditions), resulted in
the ~4 wt%, ~18 wt% and ~34 wt% of oxide (calculated per mass of
dried sample), in the composites (Fig. S3), respectively, which is in
agreement with results of Bian et al. [18]. We try to explain this
peculiar behavior using TG analysis. It can be seen from TG curves
of composites, doped with a small percent (3—4%) of either CeO,.
5 (Fig. 1) or TiO, (Fig. S1), that the presence of such doped con-
centration did not change the final amount of internal dopant (HCl)
in the composite. One can suggest that the type of interaction of
these oxides in the case of their small doped fraction is similar i.e.
both oxides coexist together with ClI~ ions (some of the ClI™ ions are
adsorbed on the protonated hydroxyl groups) thus interacting also
with hydrogen/nitrogen and weakening PANI's bonds with dopant.
Furthermore, it can be seen that the amount of doped acid is
noticeably decreased after mixing PANI with the higher percent
(18% or 34%) of TiO; (Fig. 1). By competing with dopant ions for the
positions of chains (close to the nitrogen atoms) during the syn-
thesis, titanium oxide molecules (in higher concentration), are
capable to eliminate some of dopant ions thus making complex

c)
|
Ho i g
A T
|O}:| Cl N H*

e 0 09 &

Fig. 8. The initial stage of polymerization (a) and hydrogen (b) and nitrogen-involved interactions (c).
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The rest of rhr chain

Fig. 9. Schematic illustration of the formation of PANI chains on the surface of CeO,_; nanoparticles (core-shell structure).

with nitrogen atoms of PANL It could be related to a strong ten-
dency of titanium to form coordination compounds with nitrogen
[47]. On the other hand, nano-CeO,;, in spite of the higher con-
centration in the reaction solution, does not show this capability
under the same experimental conditions, which resulted in its
unsuccessful high-level bonding.

4. Conclusions

The use of non-stoichiometric cerium oxide as the adsorption
center for the polymerization of aniline, in highly acidic conditions,
influences thermal, electrical and charge storage properties of the
formed emeraldine salt. These changes are the consequence of the
strong interaction of polyaniline chains with cerium oxide ultrafine
nanoparticles. The oxygen vacancies control indirectly the intensity
of these interactions. A higher fraction of O-vacancies in CeO,.
3 promotes the dissociation of chemisorbed H,0 to OH groups at
the oxide's surface, which in the protonated form, play the role of
chemically active sites for the growth of PANI chains. Besides, un-
protonated hydroxyl groups of cerium oxide surface interact with
the hydrogen of polymer chains through the formation of hydrogen
bonds. A lower fraction of O-vacancies provides the higher con-
centration of Ce*t jons into crystal lattice, thus intensifying the
interaction of Ce** cation with the nitrogen of the polaron structure
(C~N*™), through the trapping of electrons into localized 4f states
of cerium ions.

By encapsulating small weight percent of oxygen deficient
cerium oxide, into highly conductive emeraldine salt, the
improvement of both thermal stability and charge storage behavior
is achieved. The highest and stable capacitance, amounting to
314Fg~!, was obtained for the oxide with the higher degree of
deficient oxygen (PANI-ES@Ce0,3-SS), thus making this material
promising as electrode for supercapacitors.
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Abstract

Purpose Every advanced oxidation process (AOP) has its limitations in water purification. Novel designs with simultaneous
application of different AOPs can offer better solutions for cleaner water.

Methods We have comparatively studied two advanced oxidation processes (AOPs) on decolourisation of Reactive Orange
16 (RO 16) azo dye pollutant from water: gas plasma treatment by low power atmospheric pressure plasma using novel
plasma needle configuration, and semiconductor heterogeneous photocatalysis using titanium dioxide (TiO,) nanopowders.
Additionally, simultaneous application of two advanced oxidation processes on azo dye decolourisation was studied.
Results It was found that plasma treatment is very efficient system for the dye removal even for low flow rates (1 slm) of
the Ar as feed gas. The presence of 10% of O, in Ar flow intensified dye oxidation process and shortened required time for
total decolourisation. When plasma and catalyst were simultaneously applied, TiO, was activated with a few Watts plasma
source as well as 300 W UV lamp source. The synergic effect of two AOPs was more pronounced for higher feed gas flow
rates, resulting in improved decolourisation efficiency.

Conclusion Plasma needle can efficiently remove Reactive Orange 16 azo dye from water with a power consumption of only
few Watts. With the addition of TiO, the removal efficiency is significantly improved.
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Statement of Novelty

Textile industry consumes around 2000 L of water to pro-
duce a single pair of jeans. Ten to fifteen percent of the
global production of dyes is discharged into the waterbod-
ies. This is not sustainable. Treated wastewater has to be
reused. We propose a novel and efficient method for treat-
ment of textile industry wastewater. A combination of two
advanced oxidation processes—Ilow power atmospheric
pressure plasma and TiO, heterogeneous photocatalysis
is used for decolourisation of Reactive Orange 16 azo dye
pollutant.

Introduction

Since water is one of the most important resources, its
availability and quality have become one of the biggest
social priorities today. Increasing pollution of the water
system, including textile industries and agriculture, affects
ecosystem and human health directly and represent the
widespread concern.

Textile and paper industries generate complex and
diverse effluents and they belong to the most polluting
industrial sectors [1]. Organic dyes as the main compo-
nents of these effluents, are considered to be very toxic,
mutagenic, and potentially carcinogenic [2, 3]. About
10-15% of the total world production of dyes are dis-
charged into different waterbodies affecting directly
aquatic life by disrupting the amount of dissolved O, and
consequently photosynthesis and respiration processes
[4-6].

Azo dyes are organic molecules generally with an azo
bond (R-N=N-R’) as main chromophore group. They
are widely used in textile industry and because of their
chemical complexity and low biodegradability; the waste-
water treatment is very demanding. Different methods are
applied to remove these organic compounds from the water
sources: biological, physicochemical (adsorption, coagula-
tion/flocculation, reverse osmosis) or chemical treatments
(chlorination and ozonation). However, these methods
have certain limitations. The biological treatments are not
effective in the case of stable and resistant azo dyes. Only
few unstable azo dyes can be degraded under aerobic con-
ditions. On the other hand, anaerobic degradation causes
aromatic amines generation which are toxic and carcino-
genic [7]. The physicochemical treatments often cause for-
mation of secondary pollution, generating large amounts
of sludge and transferring pollutants from water to solid
phase. Therefore, incomplete degradation and necessity
for additional operations including final degradation of

@ Springer

the waste and adsorbent regeneration limit the application
of these treatments [8]. Chemical treatments like chlorina-
tion can result in complete decolourisation of dyes, but
chlorinated organic by-products are very hazardous [9].
Ozone oxidizes dyes as well, but its extreme oxidizing
effects can harm the atmosphere. Thus, ozonation system
must include a control unit which prevents excessive use
of chemicals [10].

Advanced oxidation processes (AOPs) have shown some
advantages over the conventional water purification tech-
nologies. Based on the production of very strong and unse-
lective oxidizing species (hydroxyl radicals—OH"), these
techniques are used in mineralization of soluble complex
organic pollutants. The ultimate goal of this process is to
decompose pollutants to CO, H,0, and some inorganic ions.
Most common AOPs are: gas plasma oxidation [11, 12],
(heterogeneous) photocatalytic oxidation [13, 14], ultra-
sounds [15], photo Fenton oxidation [16, 17], etc.

Among above-mentioned treatments, gas plasma is a
relatively novel AOP method for wastewater decontamina-
tion. The method is based on ionized gas produced by an
electrical discharge, generating electrons, radicals (OH', H,
0, ions (OH—, H,0+, H+, HO, 7) and neutrals (H,0,  O;).
Plasma systems can be generally divided into thermal or
non-thermal plasma. Thermal plasma typically needs more
power than non—thermal and creates high flux of heat, which
can be used for degradation of very resistant organic mol-
ecules. In the case of non—thermal plasma, electrons are at
temperatures as high as 11,000 K, and are colliding with gas
molecules at temperatures as low as the room temperature,
promoting the generation of chemically active species [18].

Previous studies reported that non-thermal plasma gener-
ated in the gas phase above the water surface initiates many
chemical and physical effects including a high electric field,
intense ultraviolet radiation, overpressure shock waves and,
of particular importance, formation of various chemically
strong oxidative species like radicals and molecules (OH’,
H, 0,7, O, H,0, 0,). These species, dissolved in water,
initiate oxidation processes [19, 20].

Until now, various types of non—thermal plasma devices
such as plasma jets [21, 22], plasma needle [23-25], glid-
ing arc [26, 27], dielectric barrier discharge [28, 29],
pulsed corona discharges [30, 31] have been developed.
These systems have strong oxidizing ability and include
simple feed conditions such as temperature and atmos-
pheric pressure. During the treatment, various complex
chemical reactions (collision, addition, dissociation and
transformation reactions) can be initiated in the polluted
solution [26]. Among above mentioned types of non-ther-
mal plasma devices, plasma needle may be easily operated
under atmospheric pressure and room temperature and do
not require expensive vacuum systems. Its simple configu-
ration provides very easy to work and it can be applied to a
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wide range of vessels for treatment. Plasma needle is non-
aggressive oxidation method which produces chemically
active species at low gas temperature, thus meets all the
necessary conditions for the treatment of organic materi-
als, living tissues (wound sterilization, cancer treatment
and other biomedical applications) and delicate materials
which are unable to withstand vacuum or are thermally
sensitive (heat- sensitive polymers, foodstuffs).

Liquid and gas plasma chemistry have been largely
studied during the last decade and it is concluded that
the degradation takes place mainly because of the for-
mation of reactive radicals. The amount of radicals and
their oxidation mechanisms depend on the discharge type
and properties, such as the feed gas composition and flow
rate, but also on the properties of the liquid [32]. Since
the efficiency of non—thermal plasma treatment is highly
dependent on the characteristics of both contaminant and
liquid media, it is necessary to study and develop adequate
treatment scheme for every pollutant/wastewater system.

Another most explored AOP is heterogeneous photoca-
talysis, because it is suitable for the destruction of resistant
hazardous contaminants, as it uses inexpensive operational
parameters such as light and semiconductors [33, 34]. It is
based on the application of semiconductors and their capa-
bility to generate electron—hole pairs under light irradia-
tion, which participate in different redox reactions on the
catalyst surface leading to mineralization of the pollutant.

Nowadays, one of the most promising treatments for
wastewater remediation combines plasma treatment with
metal oxide catalysts [35]. The most common catalysts
reported in literature are: TiO, [8, 36-38], ZnO [39], Fe,0;
[40], NiO [41], and Al,O4 [42]. It is expected that com-
bined plasma—catalyst treatment can overcome drawbacks
of individual plasma treatment and photocatalysis, pre-
venting at the same time the electron—hole recombination
at metal oxide surface and enhancing the mass transport
of the reactants to the solid surface [18].

In this paper, we have investigated the decolourisation
of toxic RO 16 azo dye through different treatments: low
power atmospheric pressure gas plasma (plasma needle
configuration); heterogeneous photocatalysis using TiO,
as catalyst; and combined plasma—catalysis application. To
the best of our knowledge, the joint application of plasma
needle and catalyst employed for decolourisation of
organic dye has not been studied yet. We have developed
plasma needle setup to study the effects of flow rate, feed
gas composition (Ar and Ar/O, mixture), and the eventual
UV influence on the oxidation process. Furthermore, we
attempted to enhance the efficiency of the decolourization
process by combining plasma and TiO, photocatalyst and
to evaluate the synergic effect of non—thermal plasma and
TiO, for the decomposition of RO 16 in aqueous solution.

Experimental Section
Chemicals and Sample Preparation

RO 16 (C.I. 17,757; CAS 20262-58-2; C,,H,7N;0,,S;Na,,
Sigma Aldrich) was used as a model pollutant. The
TiO,nanopowders were prepared by a sol-gel method
using tetrabutyltitanate (Ti (OBu),) as a precursor, hydro-
chloride acid as the catalyst, ethanol as the solvent and
water for the hydrolysis. The hydrolysis and polycon-
densation reactions of Ti(OBu), were carried out on the
ice—bath. The reagent molar ratio was Ti(OBu),:HCI:EtO
H:H,0=1:0.3:15:4 [43]. After the gelation, the wet gel
was dried at 80 °C, and then calcinated at 500 °C for 1.5 h.

TiO, Characterization

Phase identification of TiO, sample was performed
by X-ray powder diffraction (XRPD) (Ital Structures
APD2000, Italy) using Cu—Ka radiation (A=1.5406 A).
The measurements were performed at room tempera-
ture in the 20 range from 20 to 80° in a continuous scan
mode with a step width of 0.1° and the counting time
of 0.5 s/step. Software MDI Jade 5.0 was used for the
calculation of the structural and microstructural param-
eters. The powder specific surface area of the sample was
calculated following the multipoint BET procedure on
the Quantachrome ChemBet-3000 setup. The nitrogen
adsorption—desorption isotherm was obtained at 77 K.
Morphology of the synthesized nanopowders has been
studied on a Tescan MIRA3 field emission gun scanning
electron microscope (FE-SEM), at 20 kV in high vacuum.
The infrared (IR) transmission spectrum of TiO, using
the potassium bromide pellet was measured on a Thermo
Nicolet 6700 Fourier transform infrared spectrophotometer
at the room temperature.

Treatment Setups

In Fig. 1 five different treatment setups are presented: plasma
treatment — PT (Fig. 1a), PT with quartz glass (Fig. 1b),
heterogeneous photocatalysis—HP (Fig. 1c), plasma cou-
pled with catalyst—PC (Fig. 1d) and PC with quartz glass
(Fig. le).

The plasma needle setup, which we have adapted for this
research (Fig. 1a), consists of a body made of Teflon and
a central copper electrode inserted in the glass tube 1 mm
above the sample. Its electrical properties are presented by
Zaplotnik et al. [44]. Discharge is generated at the tip of
a copper wire. Ar (5.0 purity) and a mixture of Ar and O,
(Ar/10%0,) are used as feed gases. The flow rates vary from

@ Springer
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Fig. 1 Different treatment setups used in the study: a Plasma treatment (PT), b Plasma treatment (PT) with quartz glass, ¢ semiconductor hetero-
geneous photocatalysis (HP), d plasma coupled with catalyst (PC), e plasma coupled with catalyst (PC) with quartz glass

1 to 4 slm. The exposure times for all treatments range from
5 to 150 min.

In the first set of experiments (PT, Fig. 1a) we have ana-
lysed the decolourisation effects of plasma needle on the
RO 16 solution, by changing its flow rate and feed gas com-
position. UV contribution of plasma needle to decolourisa-
tion process was investigated by putting a quartz glass (190
to 2500 nm) between the sample and the plasma source
(Fig. 1b). In such a way only UV contribution from plasma
source to the decolourisation process can be estimated, as in
this configuration reactive radicals generated in plasma are
prevented to reach the sample surface and oxidize the dye.

The photocatalytic experiment (Fig. 1c) was performed
as follows: TiO, (2 g/l as the optimal concentration for RO
16 photodegradation) [13] was added to the RO 16 solution
and magnetically stirred for 30 min in the dark in order to
uniformly disperse nanopowder and to achieve the adsorp-
tion—desorption equilibrium. Afterwards, a mercury lamp
(300 W, UVA/UVB, Osram Vitalux) as a light source placed
40 cm above the sample was switched on in order to initiate
the photocatalytic reaction.

In the third set of experiments, we have used plasma nee-
dle in the presence of TiO, (Fig. 1d) in order to examine
whether there is a synergic oxidation outcome. The effects
of plasma generated UV radiation on the TiO, activation was
investigated by using quartz glass in order to restrict reactive
radicals to participate in the dye oxidation process (Fig. le).

Decolourisation Measurements
The above—mentioned experiments were conducted in

magnetically stirred thermostated glass vessel. The concen-
tration of dye solution (¢ =50 mg/l) and working volume
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(V=25 ml) were kept fixed during all treatments. At certain
time intervals, aliquots were withdrawn, centrifuged (in the
case of TiO,) and analysed on UV/VIS spectrophotometer
(Varian Superscan 3, USA). RO 16 concentration was fol-
lowed by measuring the variation of the intensity of main
absorption band at 494 nm. This absorption band originates
from n — n* transition in the chromophore group (-N =N-)
and its disappearance indicates that the main chromophores
of the dye were destroyed. The measurements were repeated
three times to check their reproducibility and the mean value
was taken into consideration.

Detection of Reactive Hydroxyl Radicals

In order to detect the formation of free hydroxyl radicals,
photoluminescence (PL) measurements were performed
using terephthalic acid (TA), which in reaction with hydroxyl
radicals induced on the photocatalysts surface produces
highly fluorescent 2-hydroxyterephthalic acid. The experi-
ment was carried out at room temperature, where 20 mL of
working solution was prepared using distilled water in such a
manner that the concentrations of the terephthalic acid (TA)
and NaOH were 5x 10 M and 2 x 107> M, respectively. The
nanopowder TiO, (50 mg) was dispersed and solution was
constantly stirred on a magnetic stirrer. A 300 W UV lamp,
(Osram Vitalux) was used as a light source, placed 40 cm
above the solution. At given time intervals (5, 10, 15, 20 and
30 min), aliquots were withdrawn, centrifuged and filtered
to remove the catalyst particles. The room- temperature PL
spectra at 425 nm of the supernatant were analyzed on the
Fluorescence Spectrometer (Spex Fluorolog) using 320 nm
as excitation light, in order to estimate the concentration of
2- hydroxyterephthalic acid.
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Results and Discussion

The RO 16 decolourisation mechanism by plasma needle
is dependent on the generation of plasma directly above the
treated sample in the continuous gas phase simultaneously
contacting molecules, clusters, aerosols, droplets, and planar
surfaces of the liquid [45]. The complexity of physical and
chemical phenomena, which appear during the discharges in
both gas and liquid phase, is considerable. For this reason,
we studied different plasma needle treatment parameters (e.g.
feed gas flow rate and composition) and their influence on
the RO 16 oxidation process (decolourisation). Later, we have
also studied combined plasma—heterogeneous photocatalysis
in order to examine the potential oxidation synergic effects of
plasma and catalyst and to verify whether plasma UV radia-
tion was adequate to activate the TiO, surface. The TiO, based
heterogeneous photocatalysis on RO 16 degradation was used
as a benchmark.

Effects of Plasma Treatment on the RO 16
Decolourisation

Producing concurrently large amount of active species with
high reduction potential (Table 1) [46] UV radiation and shock
waves, plasma decomposes organic matter with no additional
procedures and no sludge production [47]. Chemically reactive
radicals reach the liquid surface, diffuse into the bulk, and oxi-
dize the hazardous component. Therefore, plasma chemistry,
which occurs in these atmospheric and subsequently aqueous
conditions, is highly relevant to the evolution of the reactive
radicals and their influence on the target compound. Figure 2
illustrates the formation mechanisms of possible reactive spe-
cies, whereas the oxidation potential of plasma reactive species
are given in Table 1.

Key reactions from Fig. 2 which take place during the air
discharge are described in the following sections.

Depending on the electron energies formed by electrical
discharges, high—energy electrons collide with ambient mol-
ecules resulting in the several possible reactions such as excita-
tion, dissociation, electron capture or ionization, (Egs. 1-5):

e+ N, > N + N + e 6))
e +0, >0 +0 +e )

Table 1 Oxidation potential of plasma reactive species
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Fig.2 Important chemical species in the gas and liquid phase induced
by Ar fed plasma needle discharge

e + H,0 > O('D) + O + e~ 3)
e* +H,0 - OH + H +e” 4)
e +2H,0 - H,0, + H, + e~ 5)

Further important reactions related to the formation of the
primary long live reactive species (O3, H;O, NO;, NO,")
and their dissolution in water are described below. O gener-
ated in air plasma together with O, produce O; which reacting
with water molecules forms H,0O, (Egs. 6-7). Additional H,0,
generation mechanism is through the recombination reaction
of OH radicals (Eq. 8).

O+0,+M—->0;+M
(M — third collision partner, which may be Ar, O,, N,, etc.)

(6)
O; + H,0 = 0, + H,0, @)
OH + OH' - H,0, (8)

Nitrogen oxides (NO, NO,) formed in air plasma through
reactions between O, and N, dissolve in the solution creating
nitrites and nitrates (Eqs. 9—10) and consequently forming the
peroxynitrous acid through the reaction of nitrites with hydro-
gen peroxide (Eq. 11) [32].

2NO, + H,0 — NO; + NO; + 2H* ©)

NO + NO, + H,0 — 2NO; + 2H* (10)
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NO; + H,0, + H* — O = NOOH + H,0 (11)

Occurrence of even more reactive species (OH', O,
NO,etc.) (Egs. 12-18) can be expected as well, but because
of their short lifetime they can react directly with a pollutant
only in its current encirclement where the reaction occurs [5,
48, 49]. Among them, the most influential reactive species
found in electric discharges is OH'. It is a very powerful oxi-
dizing agent with a standard reduction potential of E°=2.8 V
[50] and lifetime (~200 s in the gas phase and 10~ s in an
aqueous solution).Although it has very short lifetime there are
additional OH' formation mechanisms in the bulk as a conse-
quence of the transformation of above—mentioned long life-
time species. Several mechanisms are responsible for the OH'
formation: electron impacts dissociation of H,O (Eq. 4); ozone
dissolution in water [51] (Egs. 12—14); reactions of excited O
atoms and O" with water (Egs. 15, 16); reaction of ¢"and H,0,
(Eq. 17) or via reaction of peroxynitrous acid in water (Eq. 18).

The degradation of dyes is mainly attributed to the attack
of these oxidative species, which are among the most influ-
ential reactive species found in electric discharges [52]
that initially attack the most sensitive chromophore group
(-N'=N-). The decolorization process of RO16 usually
manifests as decrease of the 494 nm band intensity, rela-
tively faster than for other bands. Therefore, it can be con-
cluded that reactive species like OH' initially attack the
chromophore group (—N=N-) followed by the degradation
of aromatic part, benzene and naphthalene rings, of the dye
molecule [38].

The OH' addition to the —-N = N— bond probably produces
the hydrazyl type radical forms, —-N-N(OH)- as reported
in the literature [5], leading to the destruction of the colour
in the visible range and finally mineralization into totally
innocuous gaseous nitrogen [38]. The oxidation of nitrogen
containing organic molecules leading to the NO, generation
is also reported [53], but in small quantities not harmful for
the environment.

Influence of Different Flow Rates and Composition
of Feed Gas on the Decolourisation Rate

The absorption spectral changes of RO 16 solution at differ-
ent irradiation time during PT with Ar as feed gas (1 slm),
are presented in Fig. 3. The intensity of absorption peaks in
the visible region (494 and 386 nm), as well as the intensity
of peaks in the ultraviolet region (297 and 254 nm), rapidly
decreased in the initial stage of the PT and after 90 min none
of the absorption peaks were observed.

The kinetics of RO 16 decolourisation under PT process
at different flow rates of Ar is given in Fig. 4. C; and C, rep-
resent the initial dye concentration and the dye concentration
at reaction time ¢. The RO 16 concentration of each treated
sample was determined using a calibration curve which is

=== No treatment
w30 min
e == 45 min
== == == 60 min

90 min

O; + HO™ —» O + OH (12)
0; =07 +0, (13)
O~ + H,O = OH + HO™ (14)
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O + H,0 —» 20H (16)
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O = NOOH = NO, + OH (18)
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Fig.4 Decolourisation of RO
16 (¢c=50 mg/L, V=25 mL) 1.0 B
under PT treatment using Ar (1 N2
and 4 slm); At/O, (1 slm) and 0.9 1
Ar (4 slm+ Quartz) as feed gas. 08 +
Symbols: filled diamond- Ar 1

slm; filled rectangle- Ar 4 slm; 0.7
filled triangle- Ar/O, 1 slm; 0.6
filled circle — 4 slm with Quartz L? 05

S 04
0.3
0.2

0.1
0.0

previously established with prepared standards and theirs
related absorbances. It can be observed that RO 16 decol-
ourisation was faster for the increased flow rate of Ar (4 slm)
and almost total decolourisation was achieved after 90 min.
It is obvious that generation of radicals in plasma depends
on gas flow rate. The higher is the flow rate, the faster is the
decolourisation. However, the efficiency of radicals genera-
tion and plasma chemistry can be also tailored by changing
the feed gas composition. For that purpose, in Fig. 4 is pre-
sented the kinetics of RO 16 decolourisation when 10% O,
was introduced into Ar flow rate of 1 sIm.

The O, introduction into the feed gas has the similar
decolourisation effect on RO 16 as increasing of Ar flow rate
from 1 to 4 slm. It is evident that adding only 10% O, to the
feed gas (Ar, 1slm) the decolourisation of RO 16 is faster,
reaching almost complete decolourisation after 90 min.

The introduction of O, into the feed gas evidently influ-
enced the oxidation process kinetics. The better efficiency
of the RO 16 oxidation with the addition of O, can be a
consequence of at least two reasons. The most apparent rea-
son is that higher amount of active species, like OH', can be
formed when O, is introduced in Ar because of the lower
energy of the first ionization of O, (12.1 eV) compared to
Ar (15.8 eV). In their work, Gumuchian et al. [24] measured
amount of OH' in different compositions of feed gases and
concluded that in Ar/O, feed gas mixture, the concentration
of OH was the highest [24]. Beside this, atomic oxygen
can react directly with organic pollutants, and together with
O, can produce very reactive ozone (Eq. 6). Nevertheless,
in the paper of Miyazaki et al. [54] it was shown that very
small amount of ozone was produced if the Ar concentra-
tion in Ar/O, feed gas mixture is equal or higher than 80%.
Since in our experiments 90% of Ar, was used, we suppose
that ozone contribution in these experiments is not of great

60 80 100 120 140 160
TREATMENT TIME [MIN]

importance. Evidently, the presence of O, in the feed gas
significantly improves the oxidation potentials of plasma
needle, presumably due to the formation of more reactive
species (Egs. 2, 15-16).

In order to investigate an isolated effect of plasma gen-
erated UV light on dye oxidation, the quartz glass was
placed between plasma source and RO 16 solution to block
plasma—generated species from reaching the surface, allow-
ing only UV light to pass to the sample. Namely, for 1 slm of
Ar flow rate there was no observed UV contribution, while
for 4 slm Ar flow rate UV dependent decolourisation was
less than 15% after 60 min of treatment. For that reason,
it can be concluded that isolated UV light cannot be con-
sidered as significant contributing factor to decolourising
process of the dye.

Effects of the Heterogeneous Photocatalysis
on the RO 16 Removal

Among the semiconductors, titanium dioxide (TiO,) is by far
the most frequently studied photocatalyst, highly abundant
in nature, photochemically very stable under ambient condi-
tions and environmentally friendly. Among the three TiO,
crystal phases: anatase, rutile and brookite, the anatase is
the most frequently applied photocatalyst showing excellent
photocatalytic activity, although its application is restricted
to the utilization of UV light due to the large band gap
(Eg~3.2¢V).

The photochemical decolorization of RO 16 was studied
by heterogeneous photocatalysis, using anatase TiO, nano-
powders as catalyst and UV lamp as an excitation source.
TiO, nanopowders were synthesized by sol-gel method and
the XRPD pattern of TiO, is presented in Fig. 5a.
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The main diffraction peaks correspond to the anatase
crystallite phase (PDF card 782,486) and no other phases
were detected. Characteristic Miller indices are denoted
for the main diffraction peaks. The average crystallite
size, < D> and average lattice strain of the prepared sample
were calculated using Williamson—Hall Method and are pre-
sented in Table 2 together with cell parameters [55].

To determine the surface area of synthesized nanopowder
the nitrogen adsorption—desorption isotherm at 77 K has
been measured and shown in Fig. 5b. Prior to adsorption,
the sample was outgassed for 1 h under vacuum at room
temperature, and additionally for 16 h at 110 °C at the same
residual pressure. The specific surface areas (Sggy) of sample
is calculated from the linear part of the adsorption isotherm
by applying the Brunauer-Emmet-Teller (BET) equation
[56]. The curves may be interpreted as type IV [57], typical
for mesoporous materials, with an H2-type hysteresis loop,
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Table2 The unit cell parameters, average crystallite size<D>and
micro strain values of TiO,

Sample name Unit cell parameters Williamson—Hall method

a, ¢ (A) - -
<D>(nm) Microstrain (%)
TiO, a=3.784(3) 24 0.301
¢=9.53(0)

indicating the presence of pore networks. The reported value
of the BET specific surface area (Sggy) is 52 m* g='.

TiO, nanoparticles produced by sol-gel method are
not porous itself, so the porous structure originates from
interparticle voids. From the FE-SEM images given in the
Fig. 5c, d, it is clear that we are dealing with spherical and
agglomerated nonporous nanoparticles, where the particle
size ranges from 30 to 100 nm.
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Fig.5 XRPD pattern of TiO, nanopowder obtained by the sol-gel method (a); The nitrogen adsorption—desorption isotherm of synthesized TiO,

nanopowder at 77 K (b); FE-SEM images of TiO, sample (c), (d)
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When the RO 16-TiO, solution is illuminated with UV
irradiation, main processes, which take place on the nano-
particles surface are illustrated in Fig. 6.

When TiO, solution is illuminated with light having
energy greater than the band gap of the semiconductor,
photogenerated electron (e,,”) —hole (h,,*) pairs are formed
(Eq. 19). These pairs can be recombined within the bulk of
the material or at the particle surface. Furthermore, the (e, )
and (h,,") can migrate to the semiconductor surface [38,
58] and react with adsorbed reactants leading to increased
photocatalytic efficiency. The photodegradation mechanism
can be summarized as follows:

energy

TiO, + hv — e + h, (19)
ey, + hf, — thermal energy (20)
hf, + dye — oxidation of organic molecule 1)
hi, + H,0 — H" + OH (22)
hi, + OH™ — OH (23)
ep + 02 = O @4

The direct oxidation of organic substances is possible
since the holes (h,,") have high oxidative potential (Eq. 21),
or they can also react with H,O (Eq. 22) and OH™ (Eq. 23)
producing very active and unselective OH' radicals [14, 38,
58]. On the other hand, photogenerated electrons can react
with O, molecules dissolved in water forming superoxide

Fig.6 Formation of e/h* pars
in TiO, nanoparticles and cata-
lytic processes on TiO, surface

Energy

A

Uv (A<400 nm)

radical anion (O, ) (Eq. 24) leading to the production of
other very reactive species as follows:

O, + H* — HO, (25)

0; + HO, + H" - H,0, + O, (26)

Figure 7 shows the decolourisation rate of RO 16 for
TiO, nanopowder activated by UV lamp. As can be seen
from Fig. 7, photodegradation of the dye reached about
90% after 90 min of treatment, similar to the decolouri-
sation effects of plasma needle for Ar 1 slm (Fig. 4). No
detectable degradation of RO 16 was registered without
the presence of TiO, sample (triangles on Fig. 7).

The presence of H,O and O, molecules is crucial for
generation of very reactive radicals. In the presence of
H,0 and O, molecules, highly reactive radicals such as
OH/, O, and HO,, generated through processes of pho-
todegradation, substantially contribute to the degrada-
tion of organic molecules/pollutants. However, the most
important contribution and benefits among these pro-
cesses arise from reactions accompanying generation of
hydroxyl radicals. These radicals are considered as very
strong and nonselective oxidizing species [59, 60]. The
presence of functional groups at the surface of TiO, affects
the formation of hydroxyl radicals. Infrared spectroscopy
is used to analyse the surface of TiO,. The IR spectrum
of TiO, nanopowder is presented in Fig. 8a in the range
from 500 to 4000 cm~'. The main bands of O—H groups
and H,O are denoted with arrows. Namely, a wide band
around ~ 3400 cm™!, corresponds to stretching vibration
of the O—H bond involved in hydrogen bonding O—H::-O,
whereas the band around ~ 1600 cm™! can be ascribed to
the bending mode of the water molecules H—O—H.
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Fig.7 Decolourisation effi- L
ciency of RO 16 (c=50 mg/l, 1.0 & £ & Y
V =25 ml) by using TiO, 09 + i
(¢=2 g/1) under UV irradia- z
tion. Symbols: filled circle- RO 08
16+ UV +TiO,; filled triangle 07 |
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Fig.8 IR spectrum of TiO, nanopowder (a), PL spectral changes of a TA—OH solution generated by TiO, under UV light irradiation (b)

The IR spectrum confirmed existence of O—H groups
and water molecules (H,0), on the surface of TiO, nano-
powder (Fig. 8a), implying that generation of OH' radicals
in high concentration is likely to occur.

Since the hydroxyl radicals are considered the primary
oxidizing species their presence on the surface of the UV
illuminated photocatalyst can be confirmed in reaction
with terephthalic acid (TA) as a probe molecule. This
acid reacts with OH' radicals, generated at the water/TiO,
interface, forming a highly fluorescent product: 2-hydroxy-
terephthalic acid (TA-OH), with intensive peak at about
425 nm [61]. Since PL peak intensity is proportional to
the amount of generated OH' radicals, by monitoring the
changes in the intensity of 425 nm peak the hydroxyl radi-
cals could be detected indirectly. From the Fig. 8b, it can
be observed that the intensity of 425 nm peak increases in
time, meaning that the concentration of hydroxyl radicals
also increases [61, 62]. The spectrum labelled as "0 min"
represents the pure TA solution recorded prior the UV

@ Springer

irradiation source. These results clearly demonstrated that
with increasing illumination time the increasing amount of
OH ' radicals are formed at TiO,/water interface, responsi-
ble for dye degradation.

Effects of the Plasma-Tio, Catalyst Treatment
on the RO 16 Removal

Figure 9 illustrates the degradation kinetics of RO 16 during
the combined TiO, and non—thermal plasma treatment—PC
treatment. As can be seen from Fig. 9, PC treatment is more
efficient than PT (Fig. 4) for the same Ar flow rate of 1 slm.
Namely, after 15 min more than 40% of dye was degraded
under the PC treatment, whereas under PT the photodegrad-
ation of dye reached only15%. It is also evident that the time
for complete decolourisation reduced from 150 to 120 min.
Similar effect was observed with increased feed gas flow rate
(4 slm) when the time for complete RO 16 decolourisation
was shortened from 90 min (PT) to 60 min (PC). Improved
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Fig.9 Decolourisation of RO
16 (c=50 mg/L, V=25mL)
under PC treatment by using
TiO, (c=2 g/L) and Ar (1,

4 slm) as feed gas. Sym-
bols: filled diamond- Ar 4
slm+ Quartz + TiO,; filled
rectangle- Ar 1 slm+TiO,;
filled triangle- Ar 1

slm+ Quartz + TiO,; filled
circle —Ar 4 slm +TiO,

C/Co

decolourization of RO 16 can be ascribed to the synergic
effect of plasma—photocatalysis process.

In order to investigate an isolated effect of plasma gen-
erated UV light on dye degradation during the PC treat-
ment, we placed a quartz glass between plasma source and
TiO,—dye solution, allowing only UV light to pass to the
solution. From Fig. 9 it is evident that the dye degradation
process was much slower compared to the PC experiment
without quartz glass. Hence, it is clear that UV emission
from the plasma needle activates TiO, leading to enhanced
synergic effects for pollutant removal.

The oxygen addition (10%) to the feed gas (1 slm of Ar)
further improved the PC decolourisation process, i.e. the
synergic effect between plasma and photocatalyst was more
pronounced, as the total decolourisation was achieved after
60 min (Fig. 10).

60 80 100 120 140 160
TREATMENT TIME [MIN]

The experimental kinetic data for all presented treatments
followed pseudo first—order kinetics and were fitted by pseu-
dofirst—order reaction, [n(C/C,) =kt where k is pseudo—first
order constant rate, ¢ the treatment time. The constant rates
and correlation coefficient (R?) for different treatment setups
(PT, heterogenous photocatalysis and PC) are presented in
Table 3.

In the case of PT treatment, with increasing Ar
flow rate from 1 to 4 slm, the constant rate k increases
from 24.5 to 51.8 x 107 min~'. The k values for Ar
4 slm (k=51.8x 107> min~!) and mixture of Ar/O,
1 slm (k=47.4x 10 min™!) are comparable imply-
ing similar final oxidation effect. PT treatment with
Ar 1 slm (k=24.5x10"% min~!) manifest almost the
same oxidation degree as heterogeneous photocatalysis
(k=22.8x 1072 min™!). This is very important knowing that

Fig. 10 Decolourisation of RO
16 (c=50 mg/L, V=25 mL)
under the PC treatment using
TiO, (c=2 g/L) and Ar (1slm)
and Ar/O, (1slm) as feed gas.
Symbols: filled diamond- Ar/O,
1 slm +TiO,; filled rectangle-
Ar 1 slm+TiO,

Cc/C,

60 80 100 120 140 160
TREATMENT TIME [MIN]

@ Springer



Waste and Biomass Valorization

Table 3 Constant rates for different treatment setups

Constant rates, R?
kx 103(min™")

Treatment setups

PT 1 slm (Ar) 24.5 0.988
PT 4 slm (Ar) 51.8 0.993
PT 1 slm (Ar/O,) 474 0.970
HP TiO,+UV 300 W 22.8 0.975
PC 1 slm (Ar)+TiO, 30.1 0.986
PC 1 slm (Ar/O,) +TiO, 66.2 0.953
PC 4 slm (Ar) +TiO, 73.1 0.971
PC with quartz 1 slm (Ar) +TiO,+Quartz 8.9 0.986
PC with quartz 4 slm (Ar) +TiO,+Quartz  15.5 0.943

plasma needle needs smaller power consumption for TiO,
activation than UV lamp.

In the case of PT treatment with quartz glass, the UV radi-
ation emitted from the 1 slm plasma needle was not enough
to decolourise RO 16 dye by itself. For increased Ar flow
rate (4 slm) low value of constant rate (k=3.1x 107> min™")
confirmed that UV light cannot be considered as significant
factor during the process of decolourisation.

As expected, the best removal efficiency was obtained
with combined plasma/TiO, process (PC). Namely, among
all experiments with different setups (HP, PT and PC), the
PC rate constants are the highest (see Table 3).

This is particularly evidenced for increased Ar flow
rate (4 slm) when the rate constant is almost 50% higher
for PC than for PT treatment (k=73.1% 10~ min~! vs.
k=51.8%x107 min‘l). Therefore, it can be concluded that
the synergic effect of two AOPs is evident and very depend-
ent on the flow rate of feed gas and gas mixture. PC experi-
ment with quartz glass demonstrated that UV radiation from
the plasma needle source evidently has influence on the TiO,
photolytic activity and contribute to the RO 16 decolourisa-
tion process. Further investigations will be directed to the
estimation of the optimal TiO, concentration, identification
of RO 16 oxidation by—products and determination of their
levels of toxicity.

Conclusions

In this paper, we investigated the RO 16 decolourisation
process by using two advanced oxidation processes (plasma
discharge process and heterogenous photocatalysis), as well
as combined plasma/TiO, process. For that purpose, we have
developed a low power atmospheric pressure plasma source
(plasma needle). The anatase TiO, nanopowders, used in
experiments, were synthetized by sol-gel method. In the
case of only plasma treatment, it was demonstrated that both
flow rate and feed gas composition had significant effect on
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dye removal. The presence of O, in the feed gas, as well
as, increased feed gas flow rate significantly improved the
process of RO16 decolourisation as compared with the TiO,
based heterogenous photocatalysis.

The RO 16 degradation efficiency significantly improved
when plasma was combined with TiO, photocatalyst. Such
an improvement can be attributed to synergic effects of radi-
cals generated by the plasma in the gas phase and delivered
to the liquid and radicals generated directly in the liquid on
the surface of TiO, The synergic effect of two AOPs was
more pronounced at higher flow rate of the plasma feeding
gas. Accordingly, we can conclude that simultaneous appli-
cation of different AOPs can offer better solution for waste-
water treatment and improves energy utilization efficiency
when using plasma needle as UV source.
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confinement model. A size-strain line-broadening analysis of the XRPD patterns and Raman

spectra for two anatase/brookite (TiO,)-based nanocomposites with carbon (C)
Supporting information: this article has was carried out and the results compared with those of a similar sample free of
supporting information at journals.iucr.org/b carbon. The crystal structures and microstructures of anatase and brookite, as

well as their relative abundance ratio, have been refined from XRPD data by the
Rietveld method (the low amount of carbon is neglected). The XRPD size—
strain analysis resulted in reliable structure and microstructure results for both
anatase and brookite. The experimental Raman spectra of all the samples in the
region 100-200 cm ™" are dominated by a strong feature primarily composed of
the most intense modes of anatase (E,) and brookite (Ai,). The anatase
crystallite sizes of 14-17 nm, estimated by XRPD, suggest the application of the
phonon confinement model (PCM) for the analysis of the anatase E, mode,
whereas the relatively large brookite crystallite size (27-29 nm) does not imply
the use of the PCM for the brookite A, mode. Superposition of the anatase E,
mode profile, calculated by the PCM, and the Lorentzian shape of the brookite
Ay, mode provide an appropriate simulation of the change in the dominant
Raman feature in the spectra of TiO,-based nanocomposites with carbon.
Raman spectra measured in the high-frequency range (1000-2000 cm ') provide
information on carbon in the investigated nanocomposite materials. The results
from field-emission scanning electron microscope (SEM), thermogravimetric
analysis (TGA), Fourier transform infrared (FTIR) spectroscopy and nitrogen
physisorption measurements support the XRPD and Raman results.

1. Introduction

Titanium dioxide (TiO,) is the most commonly used photo-
catalyst because of its high efficiency, nontoxicity, chemical
and biological stability, and low cost. Among the three natural
crystalline modifications (anatase, rutile and brookite) of
TiO,, anatase and rutile are the most common and have been
extensively investigated due to their excellent photoactivity.
However, little has been reported for the brookite modifica-
tion. Investigation of the properties and applications was
limited due to the difficulty in producing pure brookite (Di
Paola et al., 2008, 2013; Xie et al., 2009; Iliev et al., 2013; Lee et
al., 2006; Bhave & Lee, 2007; Lee & Yang, 2006). It was also
: . : , u reported that hydrothermal synthesis is necessary to obtain
000 1200 1400 00 gLk 2000 2 . .
Raman shift (o) brookite as a major phase (Bhave & Lee, 2007). The control of

pH is very important, as high basicity is required for the

Raman intensity

—— Pure caman
—T.C8
—T-C20
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formation of brookite (Yanqing et al., 2000; Zheng et al., 2000;
Okano et al., 2009). Also, the control of the synthesis para-
meters, such as the hydrothermal temperature and reaction
time, is of great importance (Nguyen-Phan ef al., 2011; Lin et
al., 2012; Tomic¢ et al., 2015).

Modifications of metal oxide nanoparticles with carbonac-
eous materials have attracted much attention over the past
decade. Carbon materials, such as graphene, carbon nanotubes
and carbon black, having unique structures, morphology, good
conductivity and large surface area appear to be good candi-
dates to be involved in the synthesis procedure with nano-
materials (Zhang, Lv et al, 2010; Zhong et al., 2010; Xie et al.,
2010; Cong et al., 2015). This kind of composite is showing
improvement in different application areas, such as water
splitting for hydrogen generation and the degradation of
various pollutants in wastewater, as well as air purification
(Fan et al.,2011; Sun et al., 2014; Zhang, Tang et al., 2010; Xie et
al., 2010). In this regard, it is beneficial to design composites
that can provide higher adsorptivity, extended light absorption
and good charge separation and transportation (Zhang, Lv et
al., 2010). Among the mentioned materials, carbon is easily
affordable due to its low cost (Cong et al., 2015).

This article is devoted to an investigation of the features and
distinctions of XRPD and Raman scattering in the micro-
structure characterization of nanomaterials. XRPD and Raman
spectroscopy results have been analysed and compared for
pure TiO, and TiO, nanocomposites with carbon. The results
of scanning electron microscopy (SEM), thermogravimetric
analysis (TGA), Fourier transform infrared (FTIR) spectro-
scopy and nitrogen physisorption measurements support the
XRPD and Raman results, and provide additional insight into
the microstructure of the samples and their carbon content.

2. Materials synthesis

TiO, nanoparticles based on the brookite phase were syn-
thesized using the sol-gel hydrothermal method. In a typical
procedure, an appropriate amount of TiCly (99.9% pure,
Acros Organic) was dissolved in distilled water (150 ml) in an
ice bath. In order to obtain the hydrogel, an aqueous solution
of NaOH was added after careful control of the pH of the
solution (pH ~ 9). After aging in the mother liquor for 5 h, the
hydrogel was placed in a steel pressure vessel (autoclave, V =
50 ml) at a controlled temperature. After treatment at 200°C
for 24 h, filtration and washing (rinsing) with distilled water
until complete removal of chloride ions were carried out. The
last step was drying at 105.5°C for 72 h. For the purposes of
preparing the composites of TiO, with carbon, a different
amount of carbon black was added together with the hydrogel
to an autoclave. As well as the pure TiO, sample (T-AB),
samples with 9 and 20 wt% carbon black in the nanocomposite
were prepared and are denoted T-C9 and T-C20, respectively.
The carbon black content in these nanocomposites was esti-
mated using thermogravimetric analysis (TGA) (see §1 of the
supporting information).

3. Experimental methods

X-ray powder diffraction (XRPD) measurements were carried
out on a Philips PW1710 diffractometer employing Cu Ko,
radiation. Data were collected every 0.06° in the 10-110° 26
angular range in step scan mode using a counting time of 12.5 s
per step. The instrumental resolution function was obtained by
parameterizing the profiles of the diffraction pattern of an
LaBs (NIST SRM660a) standard specimen. Details of the
XRPD line-broadening analysis are presented in §S2.1 of the
supporting information.

Raman scattering measurements were performed using the
TriVista TR557 triple spectrometer system equipped with a
nitrogen-cooled CCD detector. The samples were excited in
backscattering micro-Raman configuration by a Coherent
Verdi G optically pumped semiconductor laser operating at
532 £2nm with a minimal output laser power of about
20 mW. The Raman scattering measurements of nanopowders
pressed into pellets were performed in the air, at room
temperature, using an objective lens with 50x magnification
and a 0.75 numerical aperture to focus the laser to a spot size
of around 2 pm. To avoid local heating of the sample surface
due to laser irradiation, neutral density filters transmitting 10
or 1% of the incident light were used to additionally reduce
the laser power at the entrance of the optical system of the
Raman spectrometer to less than 1 mW. To reveal the local
heating effects on the Raman spectra of the investigated
samples with a high carbon content, the output laser power
was varied from 20 to 400 mW. In order to record the spectra
with relatively high resolution in a lower frequency range, a
1800/1800/2400 grooves/mm diffraction grating combination
was used in the TriVista system, whereas for the measure-
ments in a wide wavenumber range with lower resolution, a
300/300/500 grooves/mm grating combination was used. In
order to analyze the experimental results, the Raman spectra
are fitted by the sum of the Lorentzian profiles and the profile
obtained by Phonon Confinement Method (PCM) (see §S3.1
in the supporting information).

The morphologies of the synthesized nanopowders were
studied on a Tescan MIRA3 field emission gun scanning
electron microscope (FESEM) at 20 kV in a high vacuum.
Powdered samples were sonicated in ethanol for 10 min, then
a drop of the solution was applied to ‘kish’ graphite (crystals
of natural graphite) and the sample was degassed in a low
vacuum for an hour.

The loading percentage of C in TiO, was checked by TGA
in air by scanning the temperature from 30 to 700°C at a rate
of 10°C min~"' on an SDT 2960 TA instrument.

The IR transmission spectra of T-AB, T-C9 and T-C20
pellets before and after the introduction of carbon black were
measured on a Thermo Nicolet 6700 FTIR spectrophotometer
at room temperature in the range from 4000 to 400 cm ™.

The textural properties of the nanocomposites were
analyzed by nitrogen physisorption at —196°C using a Sorp-
tomatic 1990 Thermo Finnigan device. Prior to adsorption, the
samples were outgassed for 1h in a vacuum at room
temperature and, additionally, at 110°C and the same residual
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pressure for 16 h. The specific surface areas (Sggr) of the
samples were calculated from the linear part of the adsorption
isotherm by applying the Brunauer—-Emmet-Teller (BET)
equation (Brunauer et al., 1938).

4. Results and discussion

Results concerning composite materials of similar com-
position, TiO,:Fe, are reported in Kremenovi¢ et al. (2011,
2013). In relation to the TiO,:C composite materials presented
in this article, the amount of Fe in TiO,:Fe was significantly
lower than the amount of C in TiO,:C. Heterogeneity (phase
and spatial), disorder, morphology and crystal structure were
investigated for TiO,:Fe. Only phase heterogeneity and not
spatial heterogeneity is shown in TiO,:C. The presence of
three polymorphic modifications of TiO, (rutile, anatase and
brookite), as well as amorphous TiO,, was confirmed in
TiO,:Fe. The presence of Fe in TiO,:Fe composites was
confirmed only by SQUID magnetic measurements, but was
not located in TiO, (rutile, anatase, brookite or amorphous)
by XRPD (WPPF and PDF fit), high-resolution transmission
electron microscopy (HRTEM) or Raman spectroscopy.
SQUID magnetic measurements defined only the type of Fe
distribution in the composite material. In the composite
materials TiO,:C, the presence of only two polymorphic
modifications of TiO, (brookite and anatase) was confirmed,
as well as amorphous C, but not amorphous TiO,. The effect of
Fe on the heterogeneity and disorder of TiO,:Fe composites
has not been studied, but the effect of C on TiO,:C composites
has been investigated. The aim of the study of TiO,:C com-
posite materials presented in this article is focused primarily
on comparing the results of diffraction line/vibration mode
broadening analysis using XRPD and Raman spectroscopic
techniques. Also, during the investigation of TiO,:Fe com-
posite materials, the XRPD and Raman results were analyzed
routinely. The XRPD and Raman results for TiO,:C com-
posite materials presented here have been analyzed and
compared in much more detail. Such an analysis is necessary
to determine the agreement/mutual support of the XRPD and
Raman results. In this way, these two methods show a
common/synergistic series of effects, which the individual
methods alone cannot completely resolve.

4.1. XPRD

The XRPD patterns of the investigated samples are pre-
sented in Fig. S2 (see §S2.2 of the supporting information). In
all three samples, the most intense diffraction peaks in the
XRPD patterns can be ascribed to the two polymorph phases
of TiO, brookite (PDF card 29-1360) and anatase (PDF card
78-2486). For the carbon-containing samples (T-C9 and
T-C20), low-intensity diffraction peaks that correspond to
carbon, i.e. the graphite 2H pattern (PDF card 89-7213), could
be hardly distinguished due to extensive peak overlap with
peaks from the brookite and anatase patterns. However, the
101 reflection at ~44.5° 26 that corresponds to the graphite 2H
pattern could be recognized if the y axis is represented as a

Table 1

Refined unit-cell, structure and microstructural parameters (average
apparent crystallite size and average maximal strain), quantitative phase
analysis results, i.e. contents of anatase and brookite, as well as reliability
factors of the refinements for T-AB, T-C9 and T-C20.

Sample T-AB T-C9 T-C20
Brookite (space group Pbca, No. 61)

a (%) 9.1747 (2) 9.1850(3) 9.1837 (2)
b(°) 54518 (1) 5.4579 (2) 5.4568 (1)
c(®) 5.1428 (1) 5.1488 (1) 5.1472(1)
a=p=y (°) 90 90 90
V(A% i 25724 (1) 25811 (1) 257.94(1)
(Ti—0) (A) 1.963 (5)  1.967 (6)  1.965 (5)
Average appar. size (nm) 29 (3) 27 (6) 29 (4)
Average max. strain x10~* 11 (1) 7(2) 9(1)

% 74 (1) 83 (1) 77 (1)

Ry (%) 1.95 271 227
Anatase (space group [4,/amd, No. 141)

a(°) 37898 (2) 3.7939 (3) 3.7930 (2)
c(®) 9.4954 (6) 9.508 (1)  9.5089 (7)
a=p=y (°) 90 90 90
V(A% i 136.38 (1) 136.86 (2) 136.81 (1)
(Ti—0) (A) 1.955(2) 1962 (4) 1.957(3)
Average appar. size (nm) 17 (2) 14 (5) 15 (7)
Average max. strain x10~* 27 (3) 17 (6) 11 (5)

% 26 (1) 17 (1) 23 (1)

Ry (%) 1.79 3.10 1.74
Reliability factors of the refinements

Ryp (%) 6.51 8.41 6.96

R, (%) 4.71 6.52 5.36

Rexp (%) 4.70 4.63 4.41

X 1.97 3.38 2.55

logarithm of diffraction intensity (insets of Fig. S2 in §S2.2 of
the supporting information). The XRPD patterns indicate the
microcrystalline to amorphous character of carbon black (see
Fig. S3 in §S2.3 of the supporting information). The above-
mentioned 101 reflection that corresponds to the graphite 2H
pattern indicates a slight change of the carbon black crystal-
line structure during synthesis.

Structure models for the Rietveld (1969) refinements are
taken from Meagher & Lager (1979) for brookite and from
Horn et al. (1972) for anatase. Some of the results from the
Rietveld refinements are presented in Table 1 and Fig. 1.
Refined values of the atomic coordinates and the corre-
sponding interatomic distances and angles are in good
agreement with the literature data. For all three samples, the
refined values of the interatomic Ti— O distances for brookite
and anatase are in excellent agreement with the values
obtained by Meagher & Lager (1979) and Horn et al. (1972)
(Table 1). The same is true for the refined unit-cell parameters
when compared to the values obtained by Meagher & Lager
(1979) for brookite and Horn et al. (1972) for anatase. This is
clear evidence that C atoms did not enter in significant
amounts into the brookite and anatase crystal structures.

The contents of the brookite phase in the samples T-AB,
T-C9 and T-C20 are 74 (1), 83 (1) and 77 (1) %, respectively
(values in parentheses represent estimated standard devia-
tions). A somewhat higher brookite content in the TiO,-based
nanocomposite samples (T-C9 and T-C20) in comparison to
pure TiO, (T-AB) indicates that the presence of carbon may
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have an influence on the brookite/anatase phase ratio. The
quantity of crystalline carbon could not be refined due to its
low abundance (probably less than 2%) and large diffraction
peak overlap.

The refined average apparent crystallite size and average
maximal strain in brookite are similar for all samples, indi-
cating that the average crystallite size radius is about 30 nm
and the average maximal strain is about 1 x 10> (Table 1).
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Figure 1

Final Rietveld plots for (a) T-AB, (b) T-C9 and (c) T-C20. Blue crosses
denote observed step intensities and the red line represents the
corresponding calculated values. The difference curve between the
observed and calculated values is given at the bottom (black line).
Vertical green bars represent diffraction line positions; the upper bars
correspond to brookite and the lower bars to anatase.

The refined average apparent crystallite size and average
maximal strain in anatase are similar for all samples, with the
exception of the strain in T-AB (27 x 10~*), indicating that the
average crystallite size radius is about 15 nm and the average
strain is about 15 x 10~ (Table 1).

4.2. Raman scattering

The Raman spectra of all the synthesized samples are
dominated by the features of anatase and brookite (shown and
assigned in §S3.2 of the supporting information). The spectra
taken in the region from 100 to 230 cm” !, usually used as a
reliable titania fingerprint (TomiC et al., 2015), are shown in
Fig. 2. Characteristic Raman modes at ~126 [A,(B)], 130
[B1o(B)], 143 [E(A)], 153 [A1(B)], 160 [B,,(B)]. 172 [B(B)].
197 [E,(A) + A1,(B)] and 212 cm ™' [A,,(B)] are assigned to
the anatase (A) and brookite (B) phases (Iliev et al., 2013;
Ohsaka et al., 1978; Tomic et al., 2015; géepanovié et al.,2007),
as denoted in Fig. 2. Since the average crystallite sizes in
anatase are estimated by XRPD to be from ~14 to ~17 nm
(Table 1), it is expected that phonon confinement and other
effects relevant for nanomaterials may have an impact on the
most intense anatase FE, mode (Séepanovié¢ et al., 2007,

Anatase
nanocrystallites:
L,=16 nm

5= 7.0x10%

E(A)

AB) By(B)

Raman intensity

Ly=15nm
5= 2.6x107

100 120 140 160 180 200 220
Raman shift (cm™)

Figure 2

Experimental Raman spectra of T-AB, T-C9 and T-C20 in the titania
fingerprint region (100230 cm™'), with the modes assigned, together
with the corresponding calculated results, given as the sum of the most
intense anatase mode, E,(A), obtained by the PCM, other anatase (A)
and all brookite (B) modes fitted by the Lorentzians. The values of the
reduced chi-squared (x?) and adjusted R-squared (R?) parameters: T-AB
(*=1.98 x 1075, R* = 0.9964), T-C9 (x> = 4.55 x 10, R* = 0.9928) and
T-C20 (x* = 1.24 x 107, R* = 0.9982).
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Kremenovic et al., 2013). On the other hand, for the crystallite
size of brookite, estimated to be close to 29 nm (Table 1), the
effect of phonon confinement (shift and broadening of the
Raman mode) on the A;, mode is not expected, as can be seen
in previous work related to mixed-phase titania (Kremenovic¢
et al., 2013; Tomic et al., 2015). Therefore, all the modes shown
in Fig. 2 are fitted by the Lorentzian profiles, except the most
intense anatase E, mode, which is simulated by the PCM
(defined in §S3.1 of the supporting information).

The phonon confinement due to the nanosize effect causes
asymmetrical broadening and a shift of the most intense
anatase £, mode to higher frequencies (blue-shift) in com-
parison to the corresponding bulk values. The influence of
strain on the mode position is simulated in the PCM by
Equations S11 and S12 (see §S3.1 in the supporting informa-
tion), proposed by Gouadec & Colomban (2007) and Kiba-
somba et al. (2018). The values of the average correlation
length L, and the so-called Raman strain (¢g) in anatase, both
obtained as fitting parameters in the numerical adjustment of
the spectrum calculated by PCM to the experimental spec-
trum, are shown in Fig. 2. A good agreement between the
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Figure 3

(a) Normalized Raman spectra of the TiO,-based nanocomposite with
20% C (T-C20) taken at different laser powers in the range 1-400 mW. (b)
The dependence of the Raman shift and the FWHM of the most intense
anatase £, (A) and brookite A, (B) modes on laser power.

simulated and experimental E, mode, with a similar Raman
shift (~144 cm™') and broadening (~10-11 cm™") in all the
investigated samples, could be obtained by using a parameter
choice reflecting the compensation of the blue-shift due to a
decrease of nanocrystallite size and the red-shift due to tensile
Raman strain (see §S3.1 in the supporting information).
Namely, the effects of tensile strain partially compensate for
the effect of phonon confinement in such a way as to produce
similar Raman positions in the spectra of all the samples in
spite of their different correlation lengths.

The brookite modes are simulated by Lorentzian profile,
with the position ~153 cm ™" and linewidth ~12 cm ™" of the
most intense brookite A;, mode similar for all the samples,
which relies on the similar crystalline structure of brookite
(Table 1). Therefore, the proposed fitting procedure is
appropriate for an analysis of the changes in the position and
shape of the dominant Raman features with C content in
TiO,-based nanocomposites.

The strong impact of different laser powers (1-400 mW)
during the Raman measurements on the spectra of TiO,-based
nanocomposites with carbon has been noticed and analyzed
for sample T-C20. The Raman feature shown in Fig. 3(a) is
blue-shifted and becomes more symmetric with increasing
laser power. The decomposition of the spectra with a proce-
dure similar to that described above shows that the anatase E,
mode is blue-shifted (from 144.0 to 148.8 cm™') and broa-
dened (from 10.5 to 18 cm™') with increasing laser power,
whereas the brookite A, mode is less influenced; it is slightly
red-shifted (by less than 1 cm ™) and less broadened (by 12 to
16.5 cm™") in comparison to the anatase E, mode [Fig. 3(b)].
This is in accordance with literature data (ééepanovié et al.,
2007, 2019; Du et al., 2006) and indicates the increase of the
local temperature at the sample surface up to 277°C at
maximal laser power (400 mW) (Du et al., 2006). This analysis
also reveals that the Raman spectrum of the TiO, nanopowder

Raman intensity

Pure carbon
—T-C9
—T-C20

= ; . = it S O e
1000 1200 1400 1600 1800 2000 2200
Raman shift (cm™)

Figure 4

The Raman spectra of pure carbon and TiO,-based nanocomposites T-C9
and T-C20, taken in the fingerprint carbon region and normalized to the
G mode. Inset: the Raman spectra of nanocomposite sample T-C9, fitted
by the sum of the corresponding Lorentzian and Gaussian profiles.
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Table 2

The frequencies of the first-order Raman modes of carbon, together with relevant mode intensity ratios and the statistics of fit.

The intensities are denoted as: vs = very strong, s = strong, m = medium and w = weak. FWHM is full width at half maximum.

Pure C T-C9 T-C20

Vibrational mode Raman shift FWHM Raman shift FWHM Raman shift FWHM
Band (Sadezky et al., 2005) (em™) (em™) (em™) (em™) (em™) (cm™)
G E,, Graphitic structure (s) 1582 68 1590 67 1596 60
D1 A,y Disordered graphitic lattice (vs) 1343 193 1345 148 1345 140
D2 E,, Disordered graphitic lattice (s) 1610 39 1615 37 1615 37
D3 Amorphous carbon (Gaussian shape) (m) 1513 220 1520 200 1530 160
D4 A, Disordered graphitic lattice (w) 1177 318 1170 255 1170 300
Mode intensity ratio
I(D1)/1(G) 23 3.6 3.9
1(D3)/1(G) 1.8 12 0.8
Goodness-of-fit
Reduced y* 3.40 x 107* 8.82 x 107 491 x 107*
Adjusted R* 0.9958 0.9906 0.9943

composed of anatase and brookite phases, in the spectral
range presented in Fig. 3(a), is mostly influenced by the
behaviour of the anatase £, mode.

Besides the TiO, modes discussed above, in the Raman
spectra of the TiO,-based nanocomposites (T-C9 and T-C20),
features related to carbon are detected. In Fig. 4, the varia-
tions of the Raman spectra of pure carbon black and TiO,-
based nanocomposite samples are shown in the carbon
fingerprint range (1000-2200 cm™'). It can be seen that the
central part of the normalized spectrum (around 1500 cm ™)
decreases from the pure carbon sample to T-C20. To relate the
observed variations in the spectra to variations of the carbon
structure due to hydrothermal synthesis conditions, the
spectra have been fitted by the sum of the Lorentzians
(denoted D1, D2 and G) and Gaussian (D3), according to the
methodology optimized by Sadezky et al. (2005) and Pawlyta
et al. (2015). The decomposed spectrum of T-C9 is given in the
inset as an example, and the results are summarized in Table 2.

The D1 band, ascribed to the disordered graphitic lattice
(Sadezky et al., 2005), is located at a similar position in pure
carbon and the TiO, nanocomposites. However, the G band,
related to the graphitic structure (Sadezky et al., 2005), is
shifted in T-C9 and T-C20 towards higher frequencies in
comparison to pure carbon. Such a shift, together with the
narrowing of the D1 and G bands (see Table 2), indicates a
decrease of the amorphous carbon content in the nano-
composite samples (Ferrari et al., 2000; Pawlyta et al., 2015).
Also, the narrowing and shift to higher frequencies of the D3
band, related to amorphous carbon (Merlen et al, 2017
Sadezky et al., 2005; Pawlyta et al, 2015), supports the
conclusion that the content of amorphous carbon decreases
when carbon is subjected to a hydrothermal procedure, which
is more pronounced in the nanocomposites with a higher
carbon content.

Note that bands D3 and D4 (related to the disordered
graphite lattice) may also originate from hydrogenation (CH)

and oxidation (CO), respectively (Karlin et al., 1997; Merlen et
al.,2017), but in the nanocomposite samples investigated here,
we have not detected CH and CO vibrations in the relevant
regions of the FTIR spectra (see §S5 in the supporting infor-
mation).

The ratios of the integrated intensities of the different
Raman bands in the first-order spectral region have been used
to perform further analysis of carbon crystalline and amor-
phous phases (Sadezky et al., 2005; Pawlyta et al., 2015). The
increase of the integrated intensity ratio Ipi/[g and the
decrease of Ips/lg (Table 2) both point to a slightly higher
content of the crystalline carbon phase and a lower amount of
the amorphous carbon phase in the nanocomposites (espe-
cially in sample T-C20) than in pure carbon.

Although the refined unit-cell parameters obtained from
XRPD analysis have shown that C atoms did not enter in
significant amounts into the brookite and anatase crystal
structures, the results of both characterization methods imply
that carbon could influence the formation of brookite and
anatase phases in TiO,-based nanocomposites synthesized by
the hydrothermal method. This is also supported by our wider
research, where we have investigated the influence of carbon
content in the range from 0.3 to 20% on the formation of
titania phases by this synthesis method. The Raman results,
presented in §S3.2 in the supporting information, show that
the addition of a small amount of carbon suppresses the
formation of brookite, so that the synthesized sample with a
low carbon content is dominated by the anatase phase. An
increase in the carbon content is followed by the formation of
brookite in preference to the anatase phase. However, it seems
that this transformation may be partially suppressed at a
higher percent of carbon (as in sample T-C20), which may be a
consequence of a different manner of formation of the com-
posite with the highest carbon content (for an analysis of
nitrogen physisorption, see §S7 of the supporting informa-
tion). Recent research shows that the influence of carbon
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content on the brookite-to-anatase ratio in TiO,-based
nanomaterials depends on the carbon source, the type of
synthesis and the starting TiO, phase (Li ef al., 2013; Cano-
Casanova et al., 2021), but this subject still needs further study.

4.3. XRPD versus Raman scattering

Both XRPD and Raman scattering analyses have shown
that TiO, consists of a combination of anatase and brookite
phases in all samples investigated in this work. This is also
supported by the SEM measurements (see §S6 in the
supporting information), revealing two different types of
particles: spherical, ascribed to anatase, and spindle-like,
characteristic for brookite (Tomi¢ et al., 2015). The spindle-
like particles of brookite in sample T-AB are elongated by up
to ~200 nm, with the shorter dimension estimated at less than
40 nm. By comparing size values for brookite obtained from
XRPD (Table 1) and SEM measurements, one can conclude
that on average one particle is composed from 67 crystallites.

It is known that the Raman modes in nanocrystalline oxide
materials are very sensitive to disorder, caused by nonstoi-
chiometry due to the nanometric crystallite size or thermal
effects. In that sense, the correlation length is introduced in
the PCM to define the mean size of the homogeneous regions
in a material (Kosacki et al., 2002). The correlation length may
be influenced by many factors, such as the level of disorder
due to the presence of point defects, dislocations and voids, as
well as a disturbance in the long-range order, due to doping or
the creation of solid solutions, so the PCM analysis of the
Raman spectra may provide important information about
lattice disorder (Séepanovié er al., 2010). Having in mind that
in this work the correlation lengths of the anatase phase used
in the PCM simulations match the anatase crystallite size
estimated by XRPD, the crystallites are suggested to have
little disorder.

The analysis of the Raman spectra, performed in §4.2, has
shown that the most intense brookite Raman A;, mode is not
significantly shifted and broadened in comparison to the bulk
values (Iliev et al, 2013). This fact, together with the brookite
crystallite size (according to XRPD) being too big for phonon
confinement effects, excludes the PCM analysis in the case of
the brookite phase.

Regarding the amorphous TiO, phase, the Raman and
XRPD analyses have given similar results. Namely, an analysis
of the Raman spectra, decomposed by the combination of the
PCM and Lorentzian profiles (§4.2), did not show the presence
of modes which could be assigned to this phase (Kremenovié¢
et al., 2013), either in pure TiO, or in the nanocomposites.

Besides giving insight into the nanocrystalline structures of
the anatase and brookite phases in pure TiO, and nanocom-
posites, XRPD and Raman scattering may also provide
information on their content ratio (see §S4 in the supporting
information).

The carbon content, which contributes to the very dark
colour of the sample (in comparison to the white of pure
TiO,), has little influence on the XRPD measurements, but in
the Raman scattering causes a significant increase in the

absorption of laser energy, which can induce local heating.
This makes the nanocomposites with carbon extremely
sensitive to laser power, which requires additional attention
during the Raman measurements (careful choice of para-
meters and equipment). However, this allows an investigation
of the behaviour of the Raman spectra of complex materials
with local heating. The observed variation of the Raman
spectra with increasing laser power (see Fig. 3) may even be
used to estimate the level of heating and local temperature.
It appears that XRPD is not very useful for the investiga-
tion of carbon in the crystalline and especially amorphous
state when it is present in small amounts. The intensities of the
diffraction maxima depend on the number of electrons of the
atoms that make up the crystal and XRPD barely detects
carbon (carbon has only six electrons; we had to show the
diffraction intensity on a logarithmic scale in order for the
strongest carbon reflection to be visible) in samples T-C9 and
T-C20. Note also that the results of XRPD analysis show that
initial carbon is mostly amorphous (see §S2.3 of the supporting
information). In contrast, the intensity of Raman scattering is
proportional to the change in the polarizability of molecules;
the atoms in carbon are tightly bound by strong covalent
bonds and the Raman spectra show clearly defined carbon
bands which do not overlap with the anatase and brookite
modes. This allows a detailed analysis to be made of the
variation of carbon structure due to hydrothermal synthesis by
Raman scattering measurements (presented in Fig. 4 and
Table 2). These results show that, during hydrothermal
synthesis, the amorphous carbon phase is reduced in the
nanocomposites in comparison to this phase in initial carbon.
This is even more pronounced in sample T-C20, which may
indicate that higher carbon content probably enhances the
carbon crystallization during the hydrothermal process.

5. Conclusions

The compatibility, synergy and limits of XRPD and Raman
scattering measurements have been established by investi-
gating pure TiO, nanopowder and two TiO,-based nano-
composites with different amounts of carbon, fabricated by
the sol-gel hydrothermal method. To assure proper correla-
tion between the XRPD and Raman results, several analytical
techniques (TGA, SEM, FTIR and nitrogen physisorption)
have also been used. Both XRPD and Raman scattering,
together with SEM results, have shown that, in all the samples,
brookite is a major phase with good crystallinity. Matching
anatase crystallite sizes were determined by XRPD and PCM
analysis of the anatase Raman E, mode, confirming the low
disorder of this phase. Amorphous TiO, has not been detected
by either Raman scattering or XRPD. XRPD analysis could
not detect whether significant amounts of carbon had been
incorporated into the brookite and anatase crystal structures,
whereas the Raman results revealed a decreasing content of
amorphous carbon when subjected to the hydrothermal
procedure, which is more pronounced in the nanocomposite
with the higher carbon content. The brookite-to-anatase ratios
estimated by the XRPD and Raman measurements imply that
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carbon could influence the formation of the brookite phase in
preference to the anatase phase in the TiO,-based nanocom-
posites synthesized by the hydrothermal method.
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Abstract: Due to the inability of conventional wastewater treatment procedures to remove organic
pharmaceutical pollutants, active pharmaceutical components remain in wastewater and even reach
tap water. In terms of pharmaceutical pollutants, the scientific community focuses on 3-blockers due
to their extensive (over)usage and moderately high solubility. In this study, the photocatalytic activity
of V,05 was investigated through the degradation of nadolol (NAD), pindolol (PIN), metoprolol
(MET), and their mixture under ultraviolet (UV) irradiation in water. For the preparation of V,0s,
facile hydrothermal synthesis was used. The structural, morphological, and surface properties
and purity of synthesized V,05 powder were investigated by scanning electron microscopy (SEM),
X-ray, and Raman spectroscopy. SEM micrographs showed hexagonal-shaped platelets with well-
defined morphology of materials with diameters in the range of 10-65 um and thickness of around
a few microns. X-ray diffraction identified only one crystalline phase in the sample. The Raman
scattering measurements taken on the catalyst confirmed the result of XRPD. Degradation kinetics
were monitored by ultra-fast liquid chromatography with diode array detection. The results showed
that in individual solutions, photocatalytic degradation of MET and NAD was relatively insignificant
(<10%). However, in the PIN case, the degradation was significant (64%). In the mixture, the
photodegradation efficiency of MET and NAD slightly increased (15% and 13%). Conversely, it
reduced the PIN to the still satisfactory value of 40%. Computational analysis based on molecular and
periodic density functional theory calculations was used to complement our experimental findings.
Calculations of the average local ionization energy indicate that the PIN is the most reactive of all
three considered molecules in terms of removing an electron from it.

Keywords: (3-blocker; nadolol; pindolol; metoprolol; photocatalysis; nanomaterial characterization;
DFT analysis

1. Introduction

The World Health Organization noted in its reports that pharmaceuticals are present
in natural and treated water in concentrations from 0.1 to 0.05 mg/L [1]. Among all phar-
maceuticals, a large increase was noted for (3-blockers due to an increase in cardiovascular
diseases [2]. Because of their moderately high solubility [3] and incomplete removal by
wastewater treatment plants, 3-blockers are persistent in water environments and they
may show potential toxic properties against nontarget organismes, i.e., aquatic organisms
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and even human health. For example, metoprolol (MET, Figure 1) is one of the most used
medicines in this class, and its usage increased four times in recent years [4]. Pindolol (PIN,
Figure 1) possesses lipophilic properties and at natural pH is almost completely insoluble in
water [5,6]. Nadolol (NAD, Figure 1) is another medicine from the (3-blockers class, which
is highly soluble in water and hydrolytically stable, and thanks to that property, is highly
bioavailable in the environment [7,8]. Usually, 3-blockers are present in the environment in
combination with other 3-blockers and various organic pollutants. Their mutual reactions
may manifest additional health and environmental risks caused by unexpected interactions

between them.
MET /~w NAD

\O i

PIN
HN \
: :— ’EO/\/\HJ\

Figure 1. Structural formulas of studied beta blockers.

WOH

o

Conventional water treatment plants (WWTPs) lack the potential to remove emerging
pollutants, such as pharmaceuticals, especially (3-blockers [9]. The poor efficiency of
conventional WWTPs in removing 3-blockers is proven by the presence of 3-blockers in
various water organisms [10]. The average removal efficiency of these compounds is around
30-40% [11]. The degradation of individual 3-blockers depends on various factors, such as
temperature, pH value, compound’s polarity, cation-exchange properties, biodegradability,
etc. [12]. Multiple strategies have been applied in their removals, such as adsorption [13],
chemical treatment for tackling water contamination, and advanced oxidation processes
(AOPs) [14,15]. However, to achieve easy operation, low equipment cost, and cheap raw
materials, AOPs are highly desirable. In addition, AOP, such as photodegradation, is
considered most commonly used due to its ability to remove most organic pollutants from
water [16]. To prevent and eliminate their unexpected toxic properties, there is a need for
new efficient methods and materials for 3-blockers removal from the water environment.
A slow degradation rate during photolysis requires catalysts activated by interaction
with light, after which the degradation process is more efficient [8]. For more than ten
years, semiconductor-based photocatalysts have focused on water purification because
of their high potential for the degradation of pollutants [17]. Some latest photocatalysts
used are nanocrystalline M-type hexaferrite Cag 5Pbg 5-xYbxZnyFe;s yO19 synthesized by
sol-gel autocombustion method [15], the C3Nay / AgOy@Co1.4Biy yO7 synthesized by the
combination of sol-gel and annealing approaches [14], porous methacrylic organosilica
materials (Ag@PMOS) synthesized by reducing the silver moieties on and in the surfaces of
porous methacrylic organic silicates [18], V,O5 nanoparticles [19], V,05 nanorods [20], etc.

Vanadium oxide is a compound with colossal potential in water treatment because
of its capability of light absorption, lower bandgap (2.3 eV) than TiO; and ZnO, chemical
stability, and surface catalytic properties [21-25]. Following previously obtained results
(Table 1), the V,05 catalyst showed significant photocatalytic activity toward various or-
ganic pollutants [21,23-27]. Most studied molecules are branched with at least one aromatic
ring and nitrogen and oxygen atoms in their structure. Degradation pathways and degra-
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dation rate is determined by the nature of substituents on aromatic rings [25]. For example,
Fu et al. noted that surface OH groups play a vital role in increasing the degradation
rate of nitrobenzene and methylene blue after introducing Al,O3 particles. The structural
similarity of previously investigated compounds and selected (3-blockers and obtained
results in those experiments served as a starting point for this research.

Table 1. Some previous research on the photocatalytic activity of V,O5 toward organic pollutants.

Synthesis Method Compounds Irradiation Efficiency Reference
Hydrothermal method After 180 min degradation of

V,0s5 pure vanadium ?:;h};lr(;??gﬁ)(MO) Visible light MO was 82% and [21]
pentoxide nanoparticles 8 CR was 99.61%
Coprecipitation—calcination After irradiation for 20, 300, and
V,05/Al,03 composite Reduction of Cr(VI), 20 min, the highest removal (or
photocatalyst nitrobenzene (NB), and uv conversion) efficiencies for Cr(VI), [23]
The highest activities degradation of methylene NB, and MB over the optimal sample -
were obtained for the sample with blue (MB) were found to be 79%, 67%, and

the V/Al ratio of 1:1 31%, respectively

Ultrasound-assisted . After 150 min

V,0s5 nanoparticles Rose Bengal dye (RB) Solar light degradation of RB was around 99% [24]
Chemical precipitation from

ammonium metavanadate using s . No contribution to the -
Triton X-100 as surfactant Phenol and derivatives Natural sunlight photocatalytic process 23]
V,05 powder

Growing radially on PET fibers . . . After 60 min degradation of RhB was

V,05 nanoflakes Rhodamine B (RhB) Visible light around 50% [26]
Simple thermal decomposition Visible light After 120 min [27]

method V,05/ZnO nanocomposites

degradation of MB was around 97%

In this paper, we investigate the photocatalytic properties of V,05 nanopowder for the
degradation of three 3-blockers (MET, NAD, and PIN) separately and in a mixture. Several
methods of characterization, such as X-ray powder diffraction (XRPD), scanning electron
microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), Brunauer-Emmett—Teller
(BET) measurements, Fourier transform infrared (FTIR) and Raman spectroscopy, are
employed to correlate structural and morphological properties of synthesized nanopow-
ders and their photocatalytic activity under ultraviolet (UV) irradiation. The efficiency
of the photodegradation process was compared with the efficiency of direct photolysis
(DF). The experimentally obtained results were correlated with the molecular and peri-
odic DFT analysis to explain the influence of molecular structure on the efficiency of the
degradation process.

2. Results and Discussion
2.1. XRPD

Only one crystalline phase Shcherbinaite, V,0Os5 (PDF card no. 01-072-0433; orthorhom-
bic Pmnm space group) could be identified in the sample, Figure 2. Refined unit cell
parameter values (a = 11.506 (2), b = 4.3708 (6), ¢ = 3.5627 (4) A,V =179.17 (4) A3) are in
good agreement with reference values reported in upper mentioned PDF card (a = 11.5100,
b =4.3690, c = 3.5630 A, V = 179.173 A3). The significant presence of an amorphous compo-
nent is not evident. Crystallite-sized (1251(35) A) and lattice strain (0.16(2)%) values point
to well crystalline material with important lattice strain.
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Figure 2. Experimental XRPD pattern in red. Peak positions for Shcherbinaite, V,Os5 (card number
01-072-0433; ICDD (PDEF-2 Release 2016 RDB)) in blue are shown below the experimental pattern.

2.2. SEM/EDS

By applying the hydrothermal method, where ammonium metavanadate was used as
a precursor in an acidic media, hexagonal-shaped platelets with well-defined morphology
were obtained as a major entity (Figure 3). The diameters of the platelets are in the range of
10-65 um, whereas their thickness may be estimated to be a few microns. Rashed et al. [28]
obtained similar information regarding the morphology, where the cetyltrimethylammo-
nium bromide (CTAB) was used as a surfactant. Due to this, the thinner nanoflake particles
were formed with an average diameter of ~70 nm for the sample annealed at 500 °C for
2 h. A similar procedure was conducted by Abdullah et al. [29] with the same surfac-
tant: after annealing at 500 °C for 4 h, the nanoflakes with thicknesses close to 65-80 nm
were obtained.

Figure 3. SEM micrographs of V,05 powder with different magnifications.

The EDS analysis indicates that the main elements of the catalyst are vanadium
and oxygen, and no other impurity elements could be detected (Figure 4). The atomic
percentage of V and O in Spectrum 1 is estimated as 39.86% and 60.14%, respectively,
indicating possible oxygen deficiency on the edge of the platelet. The values obtained in
Spectrum 2, at the flat surface of the platelet, estimated as 25.47% for V and 74.53% for O,
are close to the values of stoichiometric V,0Os.
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Figure 4. SEM image (left) with corresponding EDS spectra (right) of V,0O5 catalyst.

2.3. Raman Scattering Measurements

The Raman scattering measurements taken on the catalyst sample have confirmed
the results of XRPD regarding orthorhombic «-V,0Os structure with Pmnm symmetry. This
structure is associated with 21 Raman active modes (74¢ + 3B1g + 7Bag + 4B3,) [30], 10 of
which are registered in the spectrum shown in Figure 5. These modes are unambiguously
assigned to a-V,Os structure [30,31]: ~104(Ay), 146(B1g/Bag), 198 (Ag/Bag), 285 (B1g/ Bsg),
306 (Ag), 406 (Ag), 483 (Ag), 528 (Ag), 701 (B1g4 /Byg), and 995 cem™! (Ag). A good agreement of
the position of the Raman mode at 995 cm ! with corresponding bulk value, together with
the absence of ~840 cm ™! mode in the spectra of the catalyst, reveals a good crystallinity of
the V,05 phase [30-32]. A broad feature at ~1020 cm~! may be ascribed to surface VO,
species on V705 [33].

146

995

Raman intensity

1020

sl —
100 200 300 400 500 600 700 800 900 1000 1100 1200
Raman shift (cm™)

Figure 5. Experimental Raman spectrum of V,0O5 catalyst (after a baseline correction).

2.4. UV-Vis

In order to estimate the energy bandgap of V,05 powder, Kubelka—Munk functions
F(R) [34] were calculated as F(R) = (1 — R)2/2R, where R is the diffuse reflectance of the
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V1,05 sample. Taking into account that F(R) is proportional to the absorption coefficient «,
the Tauc plot [35] was obtained by using the following equation:

(hv F(R))Y" = A(hv — Eg)

where h is Planck’s constant, v—photon’s frequency, E;—bandgap, A—proportional con-
stant, and the n factor depends on the nature of the electron transition. They equal 1/2 or
2 for allowed direct and indirect transition band gaps [36]. The band gap values were
deduced by extrapolating the linear portion of the curves to the energy axis, as shown
in Figure 6. According to this procedure, the bandgap energy Eg values, assuming the
allowed direct and indirect transitions, are estimated as ~2.24 and ~2.11 eV, respectively.

E 0.4

2 |
= R
a 031

s

S 02-

S

o 01-

L

0.0 1

0

=

S 0.015 .

o %MM»E,@;R
© Ry
& 0010+

‘-E\ 0.005

= |
= § E_=2.24 eV (direct)

0.000 - g

I I ! I :
1.0 15 20 25 30 35 40 45 50 55
hv(eV)

Figure 6. Transformed Kubelka-Munk functions (F(R) hv)? and (F(R) hv)1/2 assuming direct and
indirect energy bandgap in the V,05 sample, respectively.

It should be noted that different V,Os5 structures may undergo direct and indirect
transitions, and it is not often easy to decide which type of electron inter-band transition
is predominant [37]. According to a detailed analysis of available literature data and the
film properties, Schneider concluded that the direct allowed transition could be considered
the most probable in investigated V,0O5 films [37]. Conversely, Mousavi et al. [38] have
suggested the direct bandgap in the V,O5 nanoparticles based on the best line fitting of
Kubelka-Munk functions. Still, in our case, it is impossible to decide the character of the
allowed transition, considering the good quality of line fitting (Figure 6).

In this work, the DFT approach was used to perform band structure calculations to
complement our experimental observations and to compare band gaps. The model of V,05
was generated according to the previously mentioned information regarding the crystal
structure of V,0Os5  The model of V,05 was first subjected to geometrical optimization,
followed by band structure calculations, using the PBE-D3 level of theory with Hubbard U
value set to 3.5 eV for vanadium 3d states, a value reported to produce excellent results

in terms of band gap for this material [39]. The obtained band structure is presented
in Figure 7.
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Figure 7. Band structure of V,05, The red dotted line denotes the Fermi level. The black line connects
the top of the valence and the bottom of the conduction zones.

As presented in Figure 7, it can be seen that the DFT calculations lead to excellent
matching between experimental and computational results. Our DFT calculations indicate
that an indirect band gap characterizes the V,05. Additionally, the DFT + U approach
utilized in this work yielded a band gap value of 2.289 eV, which is in excellent agreement
with our experimental observations and reports of other research groups [40,41]. The
importance of Hubbard U correction was essential for reaching this level of agreement.
However, it is also interesting to note that the absence of Hubbard U correction led to
a reasonably decent band gap value equal to 1.880 eV (again, with the indirect band

gap type).

2.5. Photocatalytic Application

The photocatalytic activity of the V,Os catalyst was studied through the photocatalytic
degradation of NAD, PIN, and MET and their mixture. The results of the degradation
efficiency were compared with the efficiency of DFE.

Since light absorption is an important parameter influencing the degradation efficiency,
we have also analyzed the excitations within studied pharmaceutical molecules. For these
purposes, we have performed TD-DFT calculations with CAM-B3LYP functional and
6-311++G(d,p) basis set, which enabled us to simulate the UV spectra of the compounds
mentioned above (Figure 8). The obtained results agree with the investigated compounds’
experimental spectra.

Computational UV spectra Experimental UV spectra

\a) —— MET
| —— NAD
— PIN

e © o
- w (=]
Absorbance

Relative absorbance
o
w

0.1

- 0.00 N~ ~
200 220 240 260 280 300 200 220 240 260 280 300

Wavelength [nm] Wavelength [nm]

0.0

Figure 8. (a) Computational and (b) experimental UV spectra of MET, NAD, and PIN.

UV spectra presented in Figure 8 indicate one more interesting property of the PIN
molecule, in line with the experimentally observed degradation efficiencies. Namely, aside
from the excitations at wavelengths around 200 nm, the PIN molecule is also characterized
by relatively strong light absorption at 260 nm. The stronger light absorption of the
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molecule is significant for photocatalytically assisted degradation and, in the case of the
present study, may be a crucial factor leading to the superior degradation efficiency of PIN
over other molecules (Figure 9).

AR IS — e N S =S S—
BN ) } * - T b)
0.8 = 0.8
_0.6 +——NAD 06
‘3 —=—PIN g o
0.4 MET 0.4 — - 3
0.2 0.2
0.0 T T T 1 0.0 T 1
0 5 10 30 60 120 0 5 10 30 60 120
Time (min) Time (mim)

Figure 9. NAD, PIN, and MET degradation kinetics under UV irradiation: (a) without V,05 and
(b) with V505 catalyst.

The poor degradation efficiency of investigated compounds was expected, consider-
ing the investigated compounds’ absorption maxima and the UV lamp’s characteristics.
Namely, the absorption maximum of the used lamp corresponds to the UV /A-B region of
the spectrum. As shown in Figure 9a, MET and NAD expressed 10% and 15% degradation
after 120 min. DF of separate solutions offers slight removal of NAD and MET and a two- to
three-times higher degradation rate for PIN (30%). The nature of the substituents attached
to the aromatic ring and the secondary interaction of released ions have significant roles in
the degradation progress and regulate the degradation pathways. The obtained results can
be explained based on the structural characteristics of the tested compounds.

The efficiency of DF is usually improved when irradiation is combined with a photo-
catalyst. However, V,0s5 did not show a positive effect on the removal of NAD and MET
from the aqueous solution (Figure 9b). Moreover, the efficiency of the process has decreased
in comparison to DF. We can conclude that the turbidity of the solution resulting from
the presence of nanomaterials decreased the removal efficiency of the mentioned two beta
blockers. However, PIN showed higher efficiency than MET and NAD in the presence
and absence of a V,Os catalyst. Namely, 64% of PIN was eliminated by photocatalytic
degradation within 120 min.

In addition to the fact that it is necessary to overlap at least partially the radiation
spectrum and the compounds that DF decomposes, the pH of the solution plays a vital role
in the creation of reactive oxygen species and the further interaction of released ions and
radicals. The pH value of the aqueous solutions for DF was about 7.5 £ 1.0 (Figure 10). At
the specified pH value of the aqueous solution, reactive oxygen species can be created in
the water, contributing to the degradation efficiency.

In the presence of V,0s5, the pH values of water suspensions were around
4.0 £ 0.5 (Figure 10). The effect of pH solution on photocatalytic degradation is complex
due to the electrostatic interaction between the semiconductor surface, solvent molecules,
substrate, and radicals formed during the photodegradation reaction.

V;0:s is a transition metal oxide of vanadium that has a narrow band gap (2.3 eV) [22,24].
It can capture a significant fraction of the UV spectrum to generate active redox centers.
Photoactivation happens with wavelengths less than 443 nm [42]. Catalyst also accelerated
the degradation of PIN two times compared to the DF study within 120 min (64% and 30%,
respectively). However, the catalyst did not have expected behavior towards MET and
NAD, wherein the degradation rate was almost the same for these two 3-blockers (7% and
5%, respectively). Differences between the efficiency of PIN removal and removal of MET
and NAD result from differences in these compounds’ structural and electronic properties.
With the addition of V,05, the pH value of NAD and PIN solutions decreased from 8.0 to
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around 3.5. There was no significant change in pH value for the MET solution after V,05
addition, and the pH value was about 4.4 during 120 min of photocatalysis.

10.00 DFE B NaD PIN . MET

Photocatalysis =

1] -

(11

8.00
6.00

oo

= = 5E e o
4.00 z = £
2.00 1= I i :
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Time (min)
Figure 10. pH value during degradation of selected pharmaceuticals under UV irradiation without
V105 (DF) and with V,0s5 catalyst (Photocatalysis).

When the pH is >7 *OH radicals are the main reactive species, while at lower pH
values, the reactive species are h* [43,44]. Based on pH value, it can be determined through
which reactive species the process takes place in the presence of V,Os. Since the pH value
is less than 7 for all three 3-blockers, the reactive species are h*. However, because the effi-
ciency for MET and NAD is low in the presence of V,Os, it implies that degradation did not
occur via h*. In contrast, the degradation of PIN takes place via h*. To better understand
the interaction between MET and the *OH radicals, Armakovi¢ et al. [45] have conducted
a DFT computational analysis. The interaction of *OH radicals with MET formed a new
bond. It was concluded that *OH binds to the aromatic ring of MET. Moreover, the struc-
tural properties of MET indicated the highest interaction of MET and *OH, compared
to other radicals and h*. These data are essential, considering that MET and NAD are
similar -blockers, concluding that NAD will also interact with *OH radicals. Data ob-
tained in this work also supported similar behavior of MET and NAD in reaction with
V,05. Armakovic et al. [46] have determined the Fukui fy function of the PIN molecule,
which provides information about the sensitivity towards radical attacks. Since positive
values of Fukui f( were mainly located at the PIN rings, they suggested that this molecular
site is the most sensitive to radical attacks. However, they emphasized that the h* gen-
erated during the photocatalytic process significantly increases degradation efficiency.
Jovanoski Kosti¢ et al. [47] have stated that the influence of h* on the photodegradation
of PIN is favored in acidic conditions. The obtained pH value (Figure 10) within the pho-
todegradation of PIN using V,0Os indicated that the mechanism of degradation of PIN
occurs mainly via h*.

To explain the observed difference in degradation efficiencies, we performed a com-
putational analysis of all molecules in the framework of the DFT approach. Since the
degradation efficiency generally depends on the reactivity of molecules and photophysical
properties of the catalyst, we decided to compare the reactivity of considered molecules by
calculating the average local ionization energy (ALIE), a well-known quantum molecular
descriptor. The analysis of the ALIE quantum-molecular descriptor precisely identifies the
PIN molecule as the most reactive of all three considered, see Figure 11.
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Figure 11. ALIE surfaces of (a) MET, (b) NAD, and (c) PIN.

This work visualized the ALIE descriptor as an electron density surface mapped
with the ALIE values. ALIE values indicate the energy required to remove an electron
from a certain point around the molecule. The lower this energy is, the easier it is to
remove an electron from a certain point around the molecule. The results presented in
Figure 11 indicate that the PIN is by far the most reactive of all three considered molecules
in terms of how easy it is to remove an electron from it. Both MET and NAD have relatively
similar lowest values of the ALIE descriptor (the difference is ~4 kcal/mol). On the other
side, the PIN has around 14 kcal/mol lower minimal ALIE value than NAD and about
19 kcal/mol lower minimal ALIE value than MET.

This significant difference in ALIE indicates that the PIN molecule is much more
sensitive to the influence of positive charge than the other two molecules. This also
suggests that the positively charged h™ might be responsible for the efficient degradation of
the PIN. Since, according to the ALIE descriptor, the other two molecules are not sensitive
to positive charge as the PIN is, their degradation efficiency is very low. The distribution
of ALIE values on the electron density surface leads to one more important conclusion
regarding the PIN’s degradation efficiency. Namely, the lowest ALIE values are delocalized
to a much greater extent over the PIN molecule than the MET and NAD. This means that
a much higher surface area of the PIN molecule is sensitive toward the positive charge
compared to the MET and NAD.

Further, the mixture of NAD, PIN, and MET was subjected to DF and a photocatalytic
reaction with V,Os to study their degradation when coexisting in environmental waters, as
it occurs in nature. As seen in Figure 12a, exposure of the NAD, PIN, and MET mixture
to UV did not cause a higher degradation efficiency of these three compounds. The DF
of the separate solution of each (-blocker was a more efficient process. The reason may
be caused by the additive or synergistic effects of the structures of these three (3-blockers
and the same amount of UV energy distributed over all three compounds [11]. Moreover,
the pH value during decomposition (Figure 13) was constant and slightly basic (around
7.7 £ 0.2), indicating no changes in the aqueous solution.
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Figure 12. NAD, PIN, and MET mixture degradation kinetics under UV irradiation: (a) without V,0s
and (b) with V,0s catalyst.
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Figure 13. pH values during NAD, PIN, and MET mixture degradation under UV irradiation
without/with V,Os catalyst.

The lower photocatalytic efficiency of the PIN removal was achieved in a mixture
with NAD and MET than in an individual solution. However, a much more interesting
result is the increase in the degradation rate of NAD and MET in the presence of PIN
(Figures 9b and 12b). One of the possible reasons for the acceleration of the decomposition
process of NAD and MET in the mixture with PIN could be the higher concentration of
NAD and MET molecules on the surface of the catalyst, which is also an explanation for the
lower decomposition efficiency of PIN. Namely, 5 min after the beginning of UV irradiation,
a certain amount of each compound was removed, and it continued to slightly increase up
to a degradation rate of 13% for NAD, 40% for PIN, and 15% for MET within 120 min.

The mixture solution’s pH was also acidic, but a 1.0 value higher than in the separate
pharmaceuticals solutions (around 5.0 & 0.2). These results also indicate that the presence
of all three compounds in water changes starting pH. Moreover, the changing pH during
degradation is different, showing the other degradation mechanism and the generation of
various intermediates during the degradation process (Figures 10 and 13).

3. Materials and Methods
3.1. Chemicals and Solutions

The active components of (3-blockers, NAD (>99%, Sigma-Aldrich, Hamburg, Ger-
many), PIN (>99%, Sigma-Aldrich, Hamburg, Germany), and MET (>99%, Sigma-Aldrich,
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Hamburg, Germany) were used as received. All three solutions were made using ultrapure
water (UPW, « = 0.055 uS/cm, pH 6.6).

As the catalyst, V,05 was used at a concentration of 1.0 mg/cm?. Detailed information
about the V,0O5 synthesis is given in Sections 3.2 and 3.3.

Ammonium metavanadate (NH4 VO3, ACS reagent, >99.0%, Sigma-Aldrich, Ham-
burg, Germany), acetic acid (glacial) 100% (CH3CO,H) anhydrous for analysis (EMSURE
ACS, ISO, Reag. Ph Eur, Supelco, Bellefonte, PA, USA), ethanol absolute (CH;CH,OH,
ACS reagent absolute, Supelco) were used as received.

3.2. Powder Synthesis

The facile hydrothermal synthesis method was used to prepare V,05 powders [14,48].
For that purpose, 0.1 M ammonium metavanadate (NH4VO3) was dissolved in 80 mL of
distilled water, resulting in a pale yellow solution. To adjust the pH of the reaction solution
to about 4, the diluted acetic acid (CH;COOH/H,0O = 1:1 v/v) was added drop-wise. The
final orange solution was placed into a Teflon-lined stainless steel autoclave and kept at
180 °C for 24 h and then naturally cooled down to room temperature. The orange product
was centrifuged with distilled water and absolute ethanol and dried at 80 °C for 12 h. The
as-prepared sample was annealed at 500 °C for 2 h in air.

3.3. Characterization

The catalyst was investigated by X-ray powder diffraction (XRPD). Measurements
were conducted on a Rigaku Smartlab X-ray diffractometer in 6-6 geometry (the sample
in horizontal position) in part focusing on Bragg—Brentano geometry using a D/teX Ultra
250 strip detector in 1D standard mode with a CuK«; » radiation source (U = 40 kV and
I =30 mA). The XRPD patterns were collected in the 4-90° 26 range, with a step of 0.01°,
and a data collection speed of 5.1 °/min. The low background single crystal silicon sample
holder minimizes the background. Unit cell parameters and average crystallite size and
lattice strain values were obtained by PDXL2 integrated X-ray powder diffraction software
(Version 2.8.30; Rigaku Corporation, Tokyo, Japan).

The morphology and composition/quality of the catalyst were analyzed on SEM (JEOL
JSM-6460LV, with the operating voltage of 20 keV) equipped with an EDS INCAXx-sight
detector and an “INAx-stream” pulse processor (Oxford Instruments, Abingdon, UK).

The Raman scattering spectra of the catalyst were taken in the backscattering geom-
etry at room temperature in the air using Jobin-Yvon T64000 triple spectrometer (with
1800 grooves mm ! grating) equipped with a confocal microscope and a nitrogen—cooled
charge-coupled device detector. The spectra were excited by a 514.5 nm line of Ar*/Kr* ion
laser with an output power of less than 10 mW.

The UV-vis diffuse reflectance (UV-vis DR) spectrum was recorded in the wavelength
range of 200—1400 nm using the Shimadzu UV-2600 spectrophotometer equipped with
an integrated sphere. The reflectance spectra were measured relative to a reference sample
of BaSOy.

3.4. Photodegradation Experiments

Photocatalytic degradation experiments were conducted through NAD, PIN, and MET
solutions (0.05 mmol/dm?®) exposed to UV irradiation in the presence of catalyst V,Os
(1.0 mg/cm?). In the case of the DF study, solutions were exposed to UV irradiation
without a catalyst. Each solution, separately (in the volume of 20 cm?®), and then a mixture
of all three B-blockers, was placed in a cell made of Pyrex glass (total volume ca. 40 cm?,
liquid layer thickness 35 mm) with a water circulating jacket. The cell was then placed in
an ultrasonic bath, and suspensions were sonicated for 15 min. Afterward, a magnetic stir
was added to the cell and placed on a magnetic stirrer in the stream of O, thermostated at
25 £ 0.5 °C. The cell has a plain window on which the UV light beam was focused. The
UV radiation source was a 125 W high-pressure mercury lamp (emission bands at 290,
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293, 296, 304, 314, 335, and 366 nm, with maximum emission at 366 nm and intensity of
2.6 x 1073 W/cm? in the visible region and 1.4 x 1072 W/cm? in the UV region).

In order to investigate the adsorption of selected 3-blockers on the surface of the
material, a solution of the corresponding compound was analyzed in the presence of
V705 under identical conditions as photocatalytic degradation but without irradiation
of the solution. The results showed negligible adsorption (less than 1% in 120 min in all
three cases).

3.5. Analytical Procedure

For each solution (NAD, PIN, and MET) the sample was collected before cell exposure
to the UV irradiation, filtered through a Millipore membrane filter (Milex-GV, 0.22 um),
and placed in a chromatographic vial. Then, the samples were collected and filtered after
5,10, 30, 60, and 120 min from the beginning of exposure to the UV irradiation. At each
sample point, the pH value was measured.

In order to study the degradation kinetics, 20 uL of the filtrate was analyzed by Shi-
madzu UFLC-PDA (Shimadzu Scientific Instruments, Columbia, Maryland, USA) Eclipse
XDB-C18 column, 1550 mm x 4.6 mm i.d., particle size 5 pm, 30 °C). The UV /Vis PDA
detector was set at wavelengths of maximum absorption of each (3-blocker: 210 nm (for
NAD), 217 nm (for PIN), and 223 nm (for MET). To achieve better peak separation, gradient
elution was used (flow rate 0.7 mL min—!, ACN, and water mixture—15% ACN at the
beginning increased to 25% ACN at 6 min, and after that, it was constant for the next 2 min;
post time 1 min).

3.6. Computational Details

All molecular DFT calculations were performed using the B3LYP density functional [49-52]
in combination with a 6-31G(d,p) basis set [53-55]. All molecules were subjected to fre-
quency calculations to check that geometrical optimizations identified the true ground
states. Frequency calculations yielded only positive values. During geometrical optimiza-
tions, frequency, and property calculations, solvent effects (water) were considered in the
Poisson-Boltzmann solver framework. Molecular DFT calculations were performed with
the Jaguar program [56-59], as implemented in the Schrodinger Materials Science Suite
2022-2. TD-DFT analyses were performed using the long-range corrected version of B3LYP,
namely the CAM-B3LYP density functional [60], together with the 6-311++G(d,p) basis
set [61,62]. TD-DFT calculations were performed with ORCA 5.0.3. molecular modeling
package developed by Prof. Frank Neese and coworkers [63—70]. Input files for TD-DFT
analyses were prepared with the online ORCA input generator of the atomistica.online
web application [71], available at https://atomistica.online.

All periodic DFT calculations were performed using the PBE density functional [72],
including the empirically derived correction (D3 variant) developed by Prof. Stefan Grimme
and coworkers [73-77]. Additionally, we included the Hubbard U correction for vanadium
atoms to consider the underestimation of the band gap by the DFT approach [78]. In this
case, we set the U value for vanadium to be 3.5 eV [39]. All periodic DFT calculations
were performed with the Quantum Espresso program [79-82], as implemented in the
Schrodinger Materials Science Suite 2022-2.

4. Conclusions

For the preparation of V,0Os, facile hydrothermal synthesis was used. X-ray diffraction
identifies only one crystalline phase in the sample, which is proven by the fact that the
crystallite size (1251(35) A) and lattice strain (0.16(2)%) values point to well-crystallized
material with a significant lattice strain. SEM micrographs show that hexagonal-shaped
platelets with well-defined morphology were obtained as substantial entities with diameters
in the range of 10-65 pm and thicknesses of around a few microns, following previously
conducted similar procedures available in the literature. EDS spectra indicate that the
main elements of the catalyst are vanadium and oxygen with no other impurities, and the
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estimated contribution of each component is close to stoichiometric V,Os. The Raman
scattering measurements taken on the catalyst confirmed the result of XRPD.

The efficiency of DF of the individual solutions was poor, except for PIN (10% for MET,
15% for NAD, and 30% for PIN). Adding a catalyst in the water solution of MET and NAD
did not improve the degradation. However, the degradation efficiency of PIN increased up
to 64% within 120 min. This study considered various perspectives to determine why PIN
showed the highest efficiency. The fact that PIN absorbs light at a wavelength of around
200 nm and has relatively strong light absorption at 260 nm may indicate its superior
degradation efficiency over the other two molecules. Calculations of ALIE indicate that the
PIN is by far the most reactive of all three considered molecules in terms of how easy it
is to remove an electron from it. MET and NAD have similar minimal ALIE values, and
PIN has around 14 kcal/mol lower minimal ALIE value than NAD and about 19 kcal /mol
more down minimal ALIE value than MET. Moreover, the pH value indicated different
intermediates of photocatalysis. Namely, following the fact that PIN degradation was at
a pH value below 4, it can be concluded that PIN degradation occurs via h*.

A photocatalytic study of a mixture of NAD, MET, and PIN, as they occur in nature,
shows that the degradation processes for MET and NAD were accelerated compared to
individual solutions of these two compounds. This can be explained by a higher concen-
tration of NAD and MET molecules on the surface of the catalyst, which also explains the
lower decomposition efficiency of PIN. Conditions in the mixture were acidic, with a pH
value higher than in individual solutions. pH values were changing differently, indicating
the other degradation mechanism and generation of various intermediates during the
degradation process.

This and other research demonstrated that V,0s has a significant potential for practical
applications to eliminate organic pollutants from the most precious natural resource—water.
However, an extensive literature survey performed for this research has indicated several
more essential facts regarding the potential of V,Os for practical applications. One of the
most important facts concerns bandgap engineering in the case of the V,0O5. Namely, it was
demonstrated that the bandgap value can be efficiently tuned, either by manipulating the
structure of V,Os or by applying an external stimulus. It has been reported that the band
gap of V705 can either be decreased or increased, depending on the selected technique.
The ability to finely tune the band gap of V,Os is essential for its practical application as
a photocatalyst. Finally, the readily available synthesis of this material is one more factor
determining the bright future of the material.
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ARTICLE INFO ABSTRACT

Keywords: Non-woven fibers were produced by sol-gel and electrospinning methods, from a solution containing cerium
Electrospinning nitrate, zinc acetate, titanium isopropoxide, polyvinylpyrrolidone, acetic acid, ethanol, and water. The fibers
Nanofibers were calcined at various temperatures ranging from 300 to 900 °C and were characterized using Scanning
g;:;aoxi de Electron Microscopy (SEM), X-Ray diffraction (XRD), Brunauer-Emmett-Teller (BET) surface area analysis, En-

ergy Dispersive X-ray (EDX), Raman spectroscopy, Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC). Structural characterization revealed the fluorite nanocrystalline phase of ceria (CeO3) at all
temperatures, the wurtzite zinc oxide (ZnO) phase in the 300-500 °C range, and a variety of zinc titanate phases
(such as ZnTiOs, ZnyTisOg and ZnyTiO4) at higher temperatures. Titania (TiO2) phases were not observed
following calcination up to 900 °C. The average ceria nanocrystallite size increases with calcination temperature,
as revealed by XRD and confirmed by the Phonon Confinement Model (PCM) of Raman spectra. The opposite
trend is observed for the BET specific surface area of the nanofibers, where this value decreases with calcination
temperatures above 400 °C. These nanofibers containing ceria and zinc titanates are potential candidates for

Zinc titanate

photocatalytic applications.

1. Introduction

Electrospinning is a relatively inexpensive and simple method for
making non-woven nanofibers [1-3]. One of the notable advantages of
this method is the ability to tailor the chemical composition, and thus
the properties of the fibers, through the choice of polymer and inorganic
components. The electrospinning method is typically coupled with the
sol-gel preparation process. A sol-gel is prepared by mixing a polymer
with inorganic precursor and solvents, until a desired rheology for
electrospinning is achieved. Electrospinning the solution under high
voltage (typically between 10 and 20 kV) produces fibers containing an
amorphous mixture of polymer and inorganic material, which, after
calcination at high temperatures, results in the formation of metal-oxide
nanofibers. Calcination of as-spun nanofibers first removes moisture and
solvents, followed by removal of polymer at temperatures between
400 °C and 500 °C, and results in the formation of metal-oxides

nanofibers.

Composite metal-oxide nanofibers have potential applications
ranging from environmental [4], to catalysis and energy storage [5].
Many of these potential applications are based on the relatively large
surface area-to-volume ratios, high porosity, and various functionalities
[6] of these nanofibers. Ceria or cerium dioxide (CeO») nanostructures
have potential applications in fuel cells [7,8], optical devices [9], and in
high-storage capacitors [10], to name a few. Ceria nanostructures have
been made using various methods including hydrothermal [11], spray
pyrolysis [12], electrosynthesis [13], and sol-gel and electrospinning
[14]. Yang et al. studied the effect of calcination temperature on
morphology, structure and photocatalytic activity of electrospun ceria
nanofibers, reporting an increased photodegradation rate for methylene
blue from 500 to 800 °C [15]. The wide band gap of ceria and its high
electron-hole recombination rates reduce its photocatalytic efficiency;
however, combining ceria with other metal oxides holds great promise
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for making novel materials with enhanced photocatalytic properties
[16,17]. For example, electrospun cerium-based titania nanofibers are
potential candidates for photocatalytic oxidation applications [18]. Li
et al. [19] produced electrospun CeO,-ZnO composite nanofibers using
zinc acetate and cerium nitrate precursors, with poly(vinylpyrrolidone)
fiber template, and investigated their photocatalytic properties. They
calcined fibers at 600 °C for 3 h, and observed almost complete
decomposition of the Rhodamine B, making these composite nanofibers
good candidates for use in the purification of organically polluted water.

TiO2-ZnO composite nanofibers have been fabricated by electro-
spinning a solution based on tetraisopropyl titanate, zinc acetate dihy-
drate, and polyvinylpyrrolidone (PVP). The resulting nanofibers
exhibited three different crystalline phases (anatase and rutile titania
(TiO3), and wurtzite ZnO) [20]. In another study, it has been reported
that TiO, binds ZnO and decreases its sublimation rate [21]. Zn-Ti
composite oxides can also exist in ZnyTiO4 (cubic), ZnTiO3 (hexagonal),
and ZnyTi3O0g (cubic) structures [22]. For example, Cai et al. [23] pro-
duced the zinc titanate composite nanofibers using sol-gel and electro-
spinning methods, followed by calcination. They synthesized ZnO-TiO,
ceramic nanofibers including ZnTiOs, Zn,TiO4, and rutile phases by
calcination at 700 °C. Pinto et al. [24] fabricated Zn-Zn,TiO4 nano-
composites from zinc hydroxide nitrate and proposed them as promising
materials for photocatalytic degradation of complex organic
compounds.

The main goal of this study is to produce novel, composite, metal-
oxide nanofibers by calcining an electrospun sol-gel from relatively
inexpensive Ce, Ti, Zn precursors, and to understand how calcination
temperature affects their physical properties and the formation of
crystalline phases. The resulting nanofibers are characterized using
Scanning Electron Microscopy (SEM), X-Ray diffraction (XRD),
Brunauer-Emmett-Teller (BET) surface area analysis, Energy Dispersive
X-ray (EDX), Raman spectroscopy, Thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC).

2. Experimental procedures
2.1. Materials and methods

Acetic acid, ethanol, zinc acetate dihydrate (Zn(CH3COO),-2H50),
titanium (IV) isopropoxide (Ti(OCH(CHs)2)4), and polyvinylpyrrolidone
(PVP) (M,, = 1 300 000) were purchased from Sigma-Aldrich, while
cerium(IIl) nitrate hexahydrate (Ce(NOg3)3-6H20) was purchased from
Alfa Aesar. All of the materials were used without further purification.

2.2. Preparation of solutions and electrospinning

In a typical experiment, 0.28 g of zinc acetate and 0.42 g of cerium
nitrate were dissolved in 12 mL of a 2:1 (v/v) ethanol/water mixture.
The solution was transferred into an Erlenmeyer flask containing 0.24 g
of titanium isopropoxide and 0.5 mL of acetic acid. Then, 1.3 g of pol-
yvinylpyrrolidone (PVP) was added to the flask. The flask was capped
with a rubber stopper, and the solution was stirred for 3 h. After stirring,
5 mL of the solution was transferred into a 5 mL plastic syringe for
electrospinning.

An electrospinning apparatus, consisting of a syringe pump (WPI
SP101I), a high voltage supply (Gamma High Voltage Research ES), a 5
mL plastic syringe connected to a 30 cm plastic tube, a metallic needle
(inner diameter = 0.8 mm), and grounded aluminum foil for collecting
fibers, was used to produce composite nanofibers. The sol-gel was
electrospun at 18 kV, with a working distance between the tip of the
needle to the aluminum foil of 15 cm, a 10 pL/min pumping rate, and at
standard temperature and pressure. The as-spun fibers were calcined in
air, in a tube furnace (Blue M Minimite) at a rate of 1°/min, at tem-
peratures ranging between 300 °C and 900 °C. The fibers were calcined
for 5 h at each temperature.
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2.3. Characterization

2.3.1. Scanning Electron Microscopy and energy dispersive X-ray
spectroscopy

The surface morphologies of the nanofibers were studied using a
scanning electron microscope (SEM, Hitachi S-3000 N), operating at 28
kV. Before imaging, the fibers were sputter coated with precious metals
using a Denton Desk 2 Sputter/Etch Unit, to reduce charging effects. The
elemental composition of the nanofibers was analyzed using Bruker
QUANTAX 100, operating at 15 kV.

2.3.2. Nitrogen physisorption at 77 K

Specific surface area and pore size distribution of the calcined
composite nanofibers were obtained using Brunauer-Emmett-Teller
(BET) [25] and Barrett-Joyner-Halenda (BJH) [26] methods, respec-
tively. The samples were degassed at 290 °C for 3 h and then analyzed
using NOVA 4200e Surface Area & Pore Size Analyzer (Quantachrome
Instruments). The measurements were performed using N adsorption at
77 K (—196 °C). The BET experiments were performed several times on
each sample to confirm reproducibility.

2.3.3. X-ray diffraction

Structural properties of the fibers were characterized by powder X-
ray diffraction (XRD, Rigaku D/Max 2200), operating at 40 kV and 40
mA, with 2 = 0.154 nm X-rays. The step size was 0.02°, and the scan
speed was 1° per minute. The fibers were ground into powders for XRD
analysis.

2.3.4. Raman spectroscopy

Raman scattering spectra were recorded with backscattering geom-
etry at room temperature in open air. A Jobin-Yvon T64000 triple
spectrometer (gratings with 1800 grooves/mm) equipped with a
confocal microscope and a nitrogen—cooled charge-coupled device de-
tector was used. The samples were excited by a 514.5 nm line of Ar"/Kr™
ion laser with an output power of ~10 mW.

2.3.5. Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC)

TGA/DCS analysis was performed using a SDT Q600 instrument (TA
Instruments) from room temperature up to 1000 °C, under a dynamic air
atmosphere (heating rate: 20 °C/min, flow rate: 100 ml/min).

3. Results and discussion
3.1. SEM

Scanning electron microscopy (SEM) was used to confirm the fibrous
nature of the electrospun material and to probe the surface morphology
of the fibers. Fig. 1 displays SEM images of the composite nanofibers
before calcination (left panel), and the fibers after calcination at 600 °C
for 5 h (right panel). The images were taken using a beam operating at
28 kV, and the scale bars are 5 pm. The thickness of the nanofibers
depends on different experimental parameters. The diameter of the as-
spun fibers was 290 + 40 nm and after calcination it decreased to 180
+ 10 nm. The decrease in the thickness of the fibers after calcination
reflects the removal of the PVP polymer template. The nanofibers
become harder and more brittle with increase in calcination
temperature.

3.2. EDX

The representative energy dispersive X-ray (EDX) spectrum of the
composite nanofibers calcined at 600 °C for 5 h is shown in Fig. 2. The
atomic percentages were obtained using C-K, O-K, Ti-K, Zn-K, and Ce-L
signals. The carbon and part of the oxygen signals originate from the
sample mounting assembly. The elemental composition (in at. %) of the
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Fig. 1. SEM images of as-spun nanofibers (left panel), and fibers calcined at 600 °C for 5 h (right panel).
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Fig. 2. EDX spectrum of composite nanofibers calcined at 600 °C for 5 h, recorded at 15 kV excitation.

calcined composite nanofibers, corresponding to Fig. 2, are: 60% O, 17%
Zn, 12% Ti, and 11% Ce. Carbon was not included in the calculation.
Similar compositions were observed for other samples calcined between
300 and 900 °C. The measured percentages are consistent (within
experimental uncertainty) with the values calculated based on the
amount of chemical used.

3.3. BET

The BET [25] experiments were performed using N physisorption
under isothermal (77 K) conditions. Fig. 3 shows the specific surface
area (Spgr) of composite nanofibers as a function of calcination tem-
perature. Nanofibers calcined at 400 °C exhibit the largest specific sur-
face area, Spgr = 74 mz/g, and as the size of the CeO, crystallites
increases, the specific surface area of the nanofibers decreases. Effect of
calcination temperature on morphology and structure of electrospun
CeO nanofibers was also investigated by Yang et al. [15]. It was re-
ported that the specific surface area decreased from 56.3 to 3.3 m?/g as
temperature increased from 500 to 800 °C. In the same study, it was
found that the photodegradation rate of methylene blue was increased
from 67 to 98% for ceria calcined at 500 and 800 °C, revealing that the
photocatalytic activity of ceria nanofibers is not only related to the
specific surface area, and that increasing the calcination temperature
increases crystallinity, providing conditions for improved photocatalytic
activity. They reported the greatest specific surface area for a calcination
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Fig. 3. BET specific surface area of the composite metal oxide nanofibers as a
function of calcination temperature.
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temperature of 500 °C. In our study, the greatest specific surface area
was found after calcinations at 400 °C. The Sggr increases from 300 to
400 °C and then drops as the calcination temperature is raised to 900 °C.
Using the BJH method [26], the pore volume was estimated at 0.05
cm3/g and pore radius was 1.5 nm. The value of Sggr is an important
parameter in catalysis, and it typically increases with decrease in par-
ticle size and decreases with increase in calcination temperature. Our
BET results reveal that ceria-based nanofibers have greater values of
Sger below 500 °C than above this temperature. It is thus important to
compare the temperature trend of specific surface area with the tem-
perature trend of average CeO, particle size estimated from XRD and
Raman analysis.

3.4. XRD

The XRD patterns of the composite metal-oxide nanofibers (as-spun
and calcined at temperatures in the range of 300-900 °C) are shown in
Fig. 4. The diffraction peaks observed at ~31.8, 34.4, 36.3 and 63.0° in
diffractograms of nanofibers calcined in the 300-500 °C temperature
range are ascribed to wurtzite ZnO (JCPDS card 36-1451, space group
P63mc). Although the formation of oxides within the nanofiber struc-
tures at temperatures below 400 °C is rare, in a related study Turinske
et al. [27] observed the formation of ZnO within polymer-based fibers
after calcination at 120 °C.

The peaks at ~28.5, 33.1, 47.5, 56.5, 59.1, 69.4, 76.8, 79.1, and
88.4° noticed in the diffractograms of nanofibers calcined from 300 to
900 °C, have revealed formation of CeO; fluorite crystalline structure
(JCPDS card 34-0394, space group Fm3m). The CeO, diffraction peaks
sharpen and increase in intensity with temperature up to 900 °C as a
result of CeO, crystallization, which remains in its fluorite phase in
whole temperature range. The average crystallite size, d, of the CeO2
crystalline phase was estimated using the Scherrer formula, d = K4/
pcos6, where K is the shape factor, g is the full width at half maximum
(FWHM) of the (111) diffraction peak, 4 is the wavelength, and @ is the
Bragg’s angle. The value of d is not greater than the grain size. The
calcination temperature of 300 °C results in the CeO average crystallite
size of 4 nm, and further increase in temperature increases the crystallite
size, with 900 °C calcination corresponding to a size of approximately
52 nm.

Fig. 4 shows that beside the peaks, which may be assigned to ZnO
and CeOg, there are no other phases formed in the samples calcined in
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Fig. 4. XRD pattern of as-spun and fibers calcined for 5 h, at temperatures
ranging from 300 to 900 °C (CeO; and ZnO peaks denoted by “e” and “[J”
respectively, together with corresponding reflections).
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the temperature range of 300-500 °C. However, in patterns of samples
calcined at 600-900 °C, in addition to CeO,, the peaks which could be
related to zinc titanates phases appear [28-30]. Having in mind that
titanium oxide (TiO2) phases were not detected in XRD patterns in Fig. 4
up to 900 °C, this means that titanium combines with zinc and oxygen to
form zinc titanate, instead of going through any titania phase. Note that
doubling the concentration of titanium isopropoxide in the initial so-
lution did not result in the formation of titanium dioxide within the
composite nanofibers either.

In order to analyze zinc titanate peaks more thoroughly, the dif-
fractograms of composite metal-oxide nanofibers calcined at
600-900 °C are shown in Fig. 5(a), at an enlarged scale.

Broad diffraction peaks noticed at ~35.3, 42.8, 53.1, and 62.1° in the
difractogram of the nanofibers calcined at 600 °C could be ascribed to
(311), (400), (422) and (440) reflections of cubic ZnTiO3 and/or
ZnyTiz0g according to JCPDS cards 39-0190 and 87-1781, respectively.
As pointed out by Budigi et al. [29], it is difficult to differentiate cubic
phase ZnTiOs and cubic phase Zn,Ti3Og because they have similar
crystal structure and lattice parameters [31]. From 600 °C to 700 °C, the
crystallinity of these cubic phases increases, as evidenced from the in-
crease in the mentioned XRD peaks, as well as from the appearance of
several lower intensity peaks (as shown in Fig. 5(a)). In the pattern of
nanofibers calcined at 800 °C, each of the peaks located at ~18.1, 30.0,
35.2, 42.9, 53.2, and 62.1° split into two. This splitting is more pro-
nounced at 900 °C, which suggests the appearance of a different cubic
phase, ZnyTiO4 (JCPDS card 25-1164), at these temperatures (see Fig. 5
(a)). The evolution of cubic zinc titanate phases with temperature (Fig. 5
(b)) is followed through the analysis of shift and shape of the (311)
reflection peak. The broadening and low intensity of the peak at ~35.3°
points to the coexistence of cubic ZnyTi3Og and ZnTiOs in nanofibers
calcined at 600 °C. This peak (denoted by “1”) is narrowing and growing
in nanofibers calcined at 700 'C, and a second peak (“2”) corresponding
to ZnyTiO4 appears at a lower diffraction angle. The second peak is
narrowing, and its intensity increases relative to the intensity of the first
peak, becoming dominant in the sample calcined at 900 °C. At the same
temperature, the first peak is narrowed and slightly shifted to a higher
angle, suggesting that it originates only from Zn,Ti3Og. Note that the
presence of hexagonal ZnTiOs phase cannot be unambiguously estab-
lished, because most of its diffraction peaks overlap with the peaks of the
mentioned cubic zinc titanate phases. Moreover, detection of hexagonal
ZnTiO3 in the XRD patterns shown in Fig. 5(a) is made even more
difficult because it is the most intensive, distinctive peak (104) located
at 32.8° is overlapped with higher intensity (200) peak of CeOs.
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Fig. 5. (a) XRD pattern of nanofibers calcined at temperatures ranging from
600 to 900 °C (phases denoted by: “e” - CeO,, "4 - ZnyTiO4 and “[J” -
Zn,Tiz0g). The JCPDS cards of cubic and hexagonal ZnTiO3, as well as cubic
Zn,Tiz0g and Zn,TiOy4, are shown. (b) Shift in (311) reflection for the cubic zinc
titanate nanofibers calcined at 600-900 °C (fitted by Lorentzians: “1” -
Zn,Tiz0g/ZnTiOs, “2” - ZnyTiO,).
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Therefore, the presence of hexagonal phase can neither be confirmed
nor excluded.

3.5. Raman scattering measurements

The Raman spectra of composite metal-oxide nanofibers calcined at
400, 500, 600, 700, and 900 °C are shown in Fig. 6. In the spectra of the
sample calcined at 400 °C, no relevant Raman features were noticed, due
to the strong background signal. All other spectra are dominated by the
Raman mode at ~465 cm ™! ascribed to the first order Fag mode of CeO3
fluorite structure [14]. In the spectra of the sample calcined at 900 °C,
the position and linewidth of Fa; mode correspond to values that are
characteristic to bulk CeO, [32]. This mode is significantly shifted and
asymmetrically broadened to lower frequencies (redshift) in the spectra
of samples calcined at lower temperatures. The Phonon Confinement
Model (PCM) is used to analyze this Raman shift and broadening.

The PCM is phenomenological method often used to simulate
experimental Raman spectra by considering different nanoscale effects
[33]. In this model, several independent factors (phonon confinement,
strain, non-homogeneity of the size distribution and variations in
phonon relaxation with crystallite size decrease) contribute to the
changes in the position and linewidth of calculated Raman modes
[34-38]. Due to crystallite size decrease, the phonons are confined, and
optical phonons over the entire Brillouin zone contribute to the
first-order Raman spectra. The Raman intensity I(w) for effective crys-
tallite size and Gaussian confinement function is calculated as a super-
position of weighted Lorentzian contributions over the whole Brillouin
zone [34-36]:

Lo exp(_?:l‘z)ﬂpq
I()ex ; Z p(L)dLBZ (@ — (1(g) +ﬂA(g))2 + (& v

with p(L) - distribution of crystallite size L, ¢ - wave vector, § -
confinement strength and I” - the intrinsic mode linewidth. The Brillouin
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Fig. 6. Selected experimental Raman spectra of composite metal-oxide nano-
fibers calcined at different temperatures (the spectra of the samples calcined at
500, 600 and 700 °C were collected with an accumulation time of 200 s,
whereas the accumulation time for those at 400 and 900 °C were 2 and 30 s,
respectively).

Journal of Physics and Chemistry of Solids 179 (2023) 111410

zone is approximated as a sphere, and the sum is carried over n phonon
dispersion curves w;(q), with mode degeneracy and symmetry of zone
directions taken into account. The dispersions are taken from corre-
sponding bulk counterparts, due to lack of appropriate experimental and
theoretical dispersions of nanocrystalline materials [36,38,39]. The
additional shift of Raman mode Aw may appear due to relative variation
of lattice parameters. The crystallite size distribution in Eq. (1) is defined
by Gaussian distribution

o) = Jlfﬂexp< S )

with effective crystallite size, Ly , and standard deviation, o.

Simulated spectra obtained by PCM are shown in the range of
350-550 cm ™ lin Fig. 7(a), together with normalized Raman spectra of
nanofibers calcined at 500, 600, 700 and 900 °C. The following room-
temperature parameters have been used in PCM: the phonon strength
p= 22 [35], intrinsic linewidth I" = 9 cm’l, and phonon dispersion
functions taken in the polynomial form, based on the data given by
Nakajima et al. [32,37,38], with the frequency of the Fo; mode at the
Brillouin zone center, corresponding to bulk value (465 cm’l) [32]. The
integration is performed along the weighted high-symmetry directions
in the Brillouin zone (A, X, and A) [32,36-39]. Average nanocrystallite
size Ly and standard deviation ¢ were numerically adjusted to achieve
the best agreement between experimental and simulated spectra.

The Raman shift and broadening of Fo; mode in the spectra simulated
by PCM corresponding to experimental spectra of samples calcined at
different temperatures are shown in Fig. 7(b). These results show that
Raman shift gradually increases from 462 cm™! in the spectrum corre-
sponding to the sample calcined at 500 °C to 464.5 em~(close to the
bulk value) in the spectra of sample calcined at 900 °C. On the other
hand, the Fy; mode linewidth drastically decreases (from 41.5 to ~ 9
cm 1) with the increase of calcination temperature. These trends are the
result of a variation in nanocrystallite size with temperature. Namely,
with the increase of calcination temperature from 500 to 900 °C, the
average crystallite size estimated by PCM increases from 6 to 50 nm.
This behavior agrees well with the results obtained by XRD, as shown in
Fig. 7(c).

In order to analyze the Raman features other than the ceria Fog mode,
the spectra of composite metal-oxide nanofibers calcined at 500, 600,
700 and 900 °C are shown in Fig. 8, at an enlarged scale. The shape of
the spectra, with a broad hump in the region of 100-700 cm™!, may
point to the presence of some amorphous phases, probably amorphous
titania [40]. The only crystalline phase, beside nanocrystalline ceria,
which could be identified by the spectra of nanofibers calcined at 500 °C
is wurtzite ZnO (with P63mc space group). The features located at ~96,
382 and 582 cm 'may be assigned to the first order wurtzite Raman
modes E¥", A1(TO) and A;(LO)/E;(LO)), respectively. The wurtzite
Elgﬁgh mode, expected at ~438 em ! [41], is not noticed, probably due to
overlap with the more intense ceria Fo; mode. A mode registered at
~276 cm ™! may also be ascribed to the ZnO phase. This additional mode
in the ZnO spectrum may be related to intrinsic host lattice defects, but
its origin is still under debate [42,43]. None of these ZnO related modes
are seen in the spectra of samples calcined at higher temperatures.

In the Raman spectra of samples calcined above 400 °C, a broad
feature is noticed in the range of 650-850 cm . Beside this, low in-
tensity features at ~160 and 310 cm ™! were recognized in the spectra of
samples calcined at 600 and 700 °C. On the other side, well resolved
Raman modes in the spectrum of the sample calcined at 900 em ! are
registered at ~160, 177, 225, 260, 310, 363, 406, 532 cm L. These
modes may be related to some of the cubic zinc titanate structures.
Specifically, the cubic ZnTiO3 phase (space group Pm3m) has 10 Raman
active modes (5A; and 5E) usually registered at the following positions:
152, 188, 230, 262, 348, 403, 472, 486, 622, and 717 cm™! [28]. The
Zn,TiO4 phase has a cubic inverse spinel structure (space group Fd3m)
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Fig. 8. Experimental Raman spectra of composite metal-oxide nanofibers
calcined at 500, 600, 700 and 900 °C at an enlarged scale (wurtzite ZnO Raman
modes are denoted by [, central position of the ceria F, mode by @, whereas
the modes ascribed to cubic zinc titanates are marked by []).

with 5 Raman active modes (3Fag, Eg, and A1g) usually found around 245,
310, 470, 520, and 718 cm ™! [28,44]. The same space group is usually
assigned to a cubic defect spinel ZnyTizOg [28,45]. Although there is
limited Raman data related to this structure [28,45-47], the features
registered at about 229, 264, 311, 366, 409, 445, 462, 536 and 751 em !
are assigned to Zn,TizOg [45]. Therefore, the Raman mode in composite
metal-oxide nanofibers calcined at temperatures of 600 and 700 °C,
located at ~160 and 310 cm ™' could be ascribed to cubic ZnTiOs and
ZnyTiz0g (and/or ZnyTiO4), respectively. According to the literature
data listed above, in the spectrum of the sample calcined at 900 °C, the
modes at ~160 and 177 ecm ™ are close to cubic ZnTiO5 modes. Also, the
modes at ~225, 260 and 406 cm~! could be ascribed to both cubic
ZnTiOs and Zn,TisOg, the mode at 310 cm™! to both Zn,TiO4 and
Zn,Ti30g, and the modes at ~363 and 532 em ™! to Zn,TisOg. By com-
parison of our experimental Raman spectra to literature data, we notice
at least two zinc titanate phases with cubic structure in the nanofiber
samples calcined at 600 °C and higher temperatures. In addition, even
the presence of the hexagonal ZnTiOs phase cannot be excluded,
because characteristic Raman modes of this phase (~263, 341, 530 and
709 cm_l) [29,48,49] are very close to the modes of the cubic phases.

In order to analyze the presence of different zinc titanate phases in
calcined nanofibers, the Raman spectra in the region from 650 to 850
cm ! have been fitted to the sum of four Lorentzian peaks (Fig. 9(a)).
The Lorentzian centered at around 723 cm™! has been attributed to the
Ay mode of cubic ZnTiO3 [28], and/or the Aj; mode of Zn,TiOy struc-
tures [28,45], whereas the one at ~ 740 c¢m ! has been assigned to the
A1, mode of ZnyTiOg [45,46]. Beside the modes ascribed to cubic
structures, the low intensity peak at ~710 cm™! could be related to
hexagonal ZnTiOs. Since low frequency carbon-carbon (C-C) vibrations
appear at around 800 cm ™}, the peak at ~ 795 cm ™! may be attributed to
the presence of organic residuals.

The temperature dependance of Raman shift, linewidth and
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Fig. 9. (a) Experimental Raman spectra of nanofibers calcined at 600, 700 and 900 °C fitted by a sum of Lorentzian peaks in the region of 650-850 cm ! (the
Lorentzian peaks presented by a full line correspond to: “1” — hexagonal ZnTiOg, “2” — cubic ZnTiO3 and/or Zn,TiO4, and “3” — Zn,TizOg). (b) Variation of Raman
shift, linewidth and integrated intensity of Lorentzian peaks (denoted in (a) as “2” and “3”) with calcination temperature.

integrated intensity of the two modes originating from cubic zinc tita-
nate structures is presented in Fig. 9(b). The increase of intensity,
decrease of linewidth and shift towards higher frequencies of the mode
at ~740 cm™! could be the consequence of the improved crystalline
character of Zn,Ti3Og at higher calcination temperatures. On the other
hand, the variation of the mode at ~723 cm™}, together with its
broadening, may point to the partial transition of cubic ZnTiOg3 to cubic
ZnyTiO4 at higher temperatures. Also, the increasing integrated intensity
of this peak with calcination temperature, relative to intensity of the
peak at 740 cm’l, may point to ZnyTizOg as a dominant phase at lower
temperatures, whereas other phases (most probably Zn;TiO4) become
dominant at 900 °C. Note that the mode corresponding to hexagonal
ZnTiO3 (~710 cm 1) is almost negligible at 600 °C, slightly increased at
700 °C, narrower and more pronounced at 900 °C, but still significantly
less intensive than the modes of the cubic zinc titanate phases.

The analysis of the Raman results shown above confirms the findings
from the XRD data. Crystalline CeO, was observed in the Raman spectra
of the nanofibers calcined at temperatures higher than 400 °C. PCM
analysis of the ceria Fog Raman mode has shown that the average ceria
nanocrystallite size increases with calcination temperature, following
the same trend estimated by XRD. The wurtzite ZnO was only detected in
the Raman spectra of the nanofibers calcined at 500 °C. Raman features
of any crystalline titania phase were absent in the fibers calcined in the
300-900 °C temperature range. The Raman spectra of the nanofibers
calcined at 600 and 700 °C primarily point to the presence of cubic
Zn,Tig0g. Detailed analysis of the spectral region of 650-850 cm ™! have
shown that the Zn,Ti3Og phase dominated at calcinations temperatures
of 600 and 700 °C and that its crystallinity improved with the temper-
ature increase. This analysis also shows that some combination of
ZnTiO3 and ZnyTiOg4, both cubic phases, are present in the nanofibers
calcined at 600 and 700 °C, whereas the cubic Zn,TiO4 phase becomes
dominant at calcinations temperature of 900 °C. Also, the low intensity
Raman mode at ~710 cm™! points to the low content of hexagonal
ZnTiO3 in the fibers calcined at 700 and 900 °C.

The combination of XRD and Raman spectroscopy results evidences
the mixture of different zinc titanate phases in the metal-oxide nano-
fibers calcined at 600-900 °C. These results show that in the presence of

excess Zn relative to Ti (as determined by EDX), wurtzite ZnO is the
dominant crystalline structure during the early stages of crystallization
(300-500 °C), ZnyTi3Og is preferentially formed as the calcination
temperature increases, and partially transformed into Zn,TiO4 at 800 °C.
ZnyTiO4 becomes the dominant zinc titanate phase at 900 °C. Similar
complex temperature-dependent phase transitions have been observed
in sol-gel-synthesized zinc titanates (with zinc acetate dihydrate and
titanium tetraisopropoxide used as precursors) calcined at temperatures
in the range of 400-1000 °C, as reported by Nolan et al. [47]. According
to that study, in the presence of excess zinc (specifically, when the ratio
of Zn to Ti is 4:3), a cubic defect spinel Zn,Ti3Og structure is dominant at
700-900 °C, a hexagonal ZnTiOs appears in small percentage (up to
10%) at calcination temperatures 800 and 900 °C, whereas direct
transformation of Zn,Ti3Og, as a metastable phase, into Zn,TiO4 occurs
at temperatures above 900 'C [47]. The comparison of our findings to
those related to nanofibers without ceria component, reported by Nolan
at al. [47], indicates that solid-state reactions which result in the for-
mation of zinc titanate phases are not affected by the presence of ceria.
However, the decrease of specific surface area of nanofibers calcined
above 400 °C (Fig. 3) could be related to the increase of average CO4
particle size with temperature (Fig. 7(c)).

3.6. Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC)

Simultaneous thermal analysis measurements (thermogravimetric
analysis - TGA and differential scanning calorimetry - DSC) are typically
used to investigate the surface hydration, decomposition processes, and
thermal stability. We have employed these methods primarily to
investigate the formation of different crystalline phases of zinc titanates
in the calcined composite nanofibers. Fig. 10 shows the TGA/DSC of the
sample calcined at 500 °C. The endothermic peak in the DSC curve is
related to the loss of residual chemisorbed water [50] up to 200 °C (1.61
wt%). The second weight loss (1.32 wt%) in the TGA curve between 200
and 450 °C, accompanied by an exothermic peak in the DSC curve at
235 °C, could also be related to the removal OH groups on the material,
but mainly corresponds to the combustion decomposition of the organic
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Fig. 10. TGA and DSC curves of the sample calcined at 500 °C.

residues [50]. Note that these small amounts of organic residues in the
nanofibers calcined at 500 °C, may partially originate from PVP poly-
mer, as its complete combustion in oxide nanofibers produced by elec-
trospinning should be finished at 650 °C [51]. The third weight loss
(~0.5 wt%) is evident in the TGA curve between 600 and 1000 °C, and
in the shape of the DSC curve in this temperature range, with a broad
exothermic peak at around 722 °C (see the inset in Fig. 10). This very
likely points to the formation of some zinc titanate crystalline phases.

The XRD and Raman results are supported and complemented by the
TGA/DSC analysis. The TGA and DSC curves between 600 and 1000 °C
point to some changes in crystallization (Fig. 10), which may be related
to the formation of different crystalline phases of zinc titanates, revealed
by the XRD and Raman analysis. Namely, the observed splitting of some
diffraction peaks in the pattern of the nanofibers calcined at 800 °C
(Fig. 5(a)), points to the appearance of the cubic phase, ZnyTiOg4, be-
tween 700 and 800 °C. The Raman scattering data have also confirmed
additional crystallization at temperatures higher than 700 °C (Fig. 8).
Accordingly, the broad exothermic peak in the DSC curve, located at
~722 °C (Fig. 10), most probably corresponds to the formation of high-
temperature zinc titanate crystalline phase (ZnyTiO4). The DSC analysis
has provided a more precise insight into the temperature at which the
ZnyTiO4 crystallization starts.

4. Conclusions

Novel composite metal oxide nanofibers were successfully synthe-
sized from a solution containing Ce-Ti-Zn ions, using sol-gel and elec-
trospinning methods, followed by calcination at temperatures ranging
from 300 to 900 °C. The fibers were characterized using SEM, XRD, EDX,
Raman scattering, BET and TGA/DSC measurements, and, to the best of
our knowledge, this is the first composite electospun metal-oxide
nanofibers composed of ceria, zinc oxide, and zinc titanates. The
diameter of the fibers after calcination was estimated to be ~180 nm.
The specific surface area of nanofibers exhibits the greatest value at
400 °C and decreases with further increase in calcination temperature
up to 900 °C. The formation of crystalline CeOy was observed after
calcination at 300 °C, wurtzite ZnO phase existed in all samples with
calcination temperatures in the range of 300-500 °C, whereas no crys-
talline titania phases were observed. The increase of calcination tem-
perature above 500 °C facilitates solid-state reactions of Zn, Ti, O to form
zinc titanates. At 600 °C and 700 °C, cubic Zn,Ti3Og was found to be the
dominant zinc titanate phase, while cubic Zn,TiO4 becomes dominant at
900 °C. The particle size analysis of XRD data, as well as PCM modeling
of the ceria Fy, Raman feature, have shown that the average nano-
crystallite size of ceria increases with calcination temperature. Regard-
less of the presence of ceria, the complex temperature-dependent phase
transitions revealed by both XRD and Raman scattering measurements
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are in accordance with literature data obtained under similar synthesis
conditions. These nanofibers show complex dependence of crystalline
phases on calcination temperature. The presence of more than two oxide
phases within fibers provides an opportunity for tailoring their proper-
ties for use in numerous technological applications.
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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini A method to obtain sodium titanate nanoribbons starting from a mixture of brookite and anatase TiO2 nano-
powder is described. As-prepared TiO2 nanopowder with a major brookite phase was used as a precursor in an
alkaline hydrothermal approach, where the temperature was kept at 200 °C. The influence of hydrothermal
treatment and consequent annealing temperature (T = 500 °C) on the crystal structure, phase composition, and
morphology of samples were investigated by X-ray powder diffraction (XRPD), Raman and FTIR spectroscopy,
and electron microscopy techniques (FESEM, HRTEM). All these methods point out that the hydrothermally
treated sample, containing the NaTizOg(OH)(H20)2, NasTizOy, and NayTigO19, is dominated by layer-structured
sodium hydroxititanate dihydrate. The annealing leads to the formation of rare sodium titanates, Na3TigO;13 and
NayTigO19, with tunnel structures where the hexatitanate with increased sodium content prevails. The photo-
catalytic activity of synthesized nanostructures was tested in the degradation process of Reactive Orange (RO16)
azo-dye upon UV excitation. It appears that photocatalytic activity is lower after hydrothermal treatment, but
subsequent annealing makes sodium titanate nanoribbons faster in the degradation of RO16. The research im-
plies that these sodium titanate nanostructures are promising photocatalytic materials and should be considered
in the future for removing different pollutants from water.
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1. Introduction

Titanium dioxide (TiO2) represents the most commonly used pho-
tocatalyst because of its high efficiency, nontoxicity, chemical and bio-
logical stability, as well as low cost. The photocatalytic activity is well
known and studied for the anatase phase, but little has been reported for
the photocatalytic properties of the pure brookite or the mixed TiOy
phases with brookite as the major phase [1-7]. It was also reported that
hydrothermal synthesis is necessary to obtain brookite as a major phase
[6]. The control of pH value (high basicity is required), as well as the
temperature and reaction time, are of great importance in the formation
of brookite as a major phase in hydrothermal synthesis with titanium
tetrachloride as a precursor [8-13].

Furthermore, different kinds of titanates have been synthesized by
using TiO9 as a precursor. These species consist of negatively charged
layered sheets constructed with corner and edge shared TiOg octahedra,
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while alkali and alkaline earth metal ions (Na, Li, K, etc.) in the in-
terlayers of the titanates compensate for the negative charge of the TiOg
sheets [14]. The influence of temperature on the structural properties is
of great importance since practical performance can be directly influ-
enced by these properties. The physicochemical characteristics of alkali
titanates make them suitable for use in different fields such as photo-
catalysis, lithium/sodium ion batteries, humidity sensors, cation ex-
changers, dye-sensitized solar cells, and biosensors [15-19].
Tetragonal anatase and rutile phases of TiO» (as well as their com-
mercial mixture P25 Degussa) were often used as a starting material to
the obtained titanates by hydrothermal synthesis [15,17,20-27],
whereas the use of orthorhombic brookite for this purpose was less
common [16]. The variations in obtained titanates depend not only on
the crystalline phase of the starting material but also on grain size in the
same phase of the starting material [15]. Besides, the comparative
analysis of hydrothermally synthesized sodium titanates with nanowire
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morphology conducted by Meng et al. [16] has shown that the amount
of intercalated Na is different in the case of anatase and brookite as
precursors. Since titanate nanotubes, nanowires, and nanoribbons are
the products of hydrothermal reactions, it is important to point out that
the morphological transition between these species depends on syn-
thesis parameters [20,23]. It has been reported that the increase in time
or temperature treatment will favor the formation of nanoribbons [19,
22,24]. Besides this, Morgan et al. revealed that the contribution of high
NaOH concentration is a crucial factor in order to achieve exclusively
nanoribbon morphology [25].

All of this implies that the influence of the synthesis parameters as
well as the nature of the starting material on the structure, morphology,
and application of titanates represents a huge playground and is still
under investigation. Moreover, it was found that photocatalytic rate
varied with structural parameters and was also correlated with the
crystallite size of prepared titanates [26]. To the best of our knowledge,
a mixed TiO, phase consisting of brookite and anatase was not used as a
starting material for the preparation of sodium titanates, nor were the
photocatalytic properties of the resulting products estimated.

Water pollution is one of the biggest environmental pollutants. The
dyes that are found in water as a waste product from industries can cause
serious environmental problems due to their nonbiodegradability,
toxicity, and potential carcinogenic nature [27-30]. Since these prob-
lems have become increasingly serious and environmental awareness
continues to rise, a need for developing methods for low-cost and simple
photocatalytic active materials is required. Besides the reported photo-
catalytic activity of TiO, nanoparticles, these sodium titanate nano-
ribbons are considered suitable materials for removing a number of
pollutants from water.

In this study, we present the path to design sodium titanate nano-
ribbons via the hydrothermal method, using titanium dioxide nano-
powder as a precursor synthesized on purpose with brookite to anatase
ratio very close to 3:1. The impact of the nature of this precursor on the
morphology and phase composition of the obtained sodium titanate has
been investigated. Furthermore, the properties of sodium titanates ob-
tained after annealing at T = 500 °C have also been analyzed. Several
methods of characterization have been employed: XRPD, Raman and
Fourier transform infrared (FTIR) spectroscopy, FESEM and TEM/
HRTEM. The photocatalytic activity of synthesized sodium titanates, as
well as of TiO, precursor, has been investigated through the degradation
of a representative azo dye (RO16) under ultraviolet (UV) irradiation.

2. Experimental
2.1. Synthesis of TiO2 materials

TiO2 nanopowder with mixed brookite and anatase phase was syn-
thesized using the sol-gel hydrothermal method. In a typical procedure,
an appropriate amount of TiCls (99.9 % pure, Acros Organic) was dis-
solved in 150 ml of distilled water in the ice-bath. In order to obtain the
hydrogel, the aqueous solution of NaOH was added under careful con-
trol of the pH value of the solution (pH~9). After aging in the mother
liquor for 5 h, the hydrogel was placed in an autoclave at a controlled
temperature. After treatment at 200 °C for 24 h, filtration andrinsing
with distilled water until complete removal of chloride ions were carried
out. The last step was drying at 105.5 °C for 72 h. This procedure is also
described in detail in the paperwork [31].

For the purpose of preparing the nanoribbons, a hydrothermal
treatment starting with as-prepared TiO, was applied. Namely, 1 g of
this nanopowder was added into 50 mL of 10 M solution NaOH and
stirred on a magnetic stirrer for 1 h in order to uniformly disperse the
nanoparticles. The solution was then transferred into an autoclave,
where the temperature was T = 200 °C and the time of treatment t = 24
h. After the autoclave was cooled down to room temperature, the ob-
tained white precipitate was washed several times with distilled water
and dried at 105.5 °C over the night. The part from the batch of dried
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samples was subjected to annealing temperature (T = 500 °C). Besides
the influence of hydrothermal treatment on starting TiO nanopowder,
the annealing process is also additionally investigated regarding the
morphology and photocatalytic efficiency of the catalysts.

2.2. Characterization methods

The morphology of the synthesized nanostructures has been studied
on a Tescan MIRA3 field emission gun scanning electron microscope
(FE-SEM) at 20 kV in high vacuum. Prior to the measurements, samples
were ultrasonically dispersed in ethanol.

XRPD measurements were conducted on a Rigaku Smartlab X-ray
diffractometer in 0-0 geometry (the sample in horizontal position) in
parafocusing Bragg-Brentano geometry using a D/teX Ultra 250 strip
detector in 1D standard mode with a CuKa; » radiation source (U = 40
kV and I = 30 mA). The XRPD patterns were collected in the 5-70,/90°
260 range, with a step of 0.01° and a data collection speed of 5.1°/min.
The low background single crystal silicon sample holder minimizes the
background. PDXL2 integrated X-ray powder diffraction software
(Version 2.8.30; Rigaku Corporation) was used for phase identifications,
phase abundances (RIR method) calculation, and unit cell parameter
refinements.

The morphology, chemical composition, and crystal structure of the
samples were analyzed by a transmission electron microscope (TEM),
FEI Talos F200X, operated at 200 keV. Conventional and high-resolution
transmission electron microscopy analyses (TEM/HRTEM), together
with high-angle annular dark-field (HAADF) examination, were carried
out. The scanning transmission (STEM) mode with the energy-dispersive
X-ray spectrometry (EDS) method, using four silicon detectors inte-
grated into the Talos microscope, was used for spatially resolved EDS
imaging. The phase composition of the samples was probed by the
selected area electron diffraction(SAED) method and Fast Fourier
Transform (FFT) analysis. The samples for TEM observation were pre-
pared by standard procedure, where the solid powder was first dispersed
into ethanol, and then a drop of the solution was placed on a carbon-
coated copper grid, which was allowed to dry in the air.

Raman scattering spectra were taken in backscattering geometry
employing a Jobin-Yvon T64000 triple spectrometer with gratings of
1800 grooves/mm. The setup included a confocal microscope and a
nitrogen-cooled, charge-coupled device detector. The samples were
excited using a 514.5 nm line of Ar'/Kr™ ion laser with a power of~400
PW under an objective of 50 x magnification. The measurements were
performed at room temperature in the open air.

The infrared (IR) transmission spectra of the as-prepared TiO5 pellet

together with un-annealed and annealed sodium titanate nanoribbons
were measured on a Nicolet (NEXUS 470) Fourier transform infrared
spectrophotometer at room temperature. The KBr pellet technique was
used for this purpose, and the applied range was from 4000 cm ™ to 400
em L.
The thermal behavior of the material was examined by TGA/DTA
thermogravimetric analyzer. The measurements were performed in air
atmosphere with heating rate of 10° min~! in the temperature range
from 30 to 600 °C on an SDT 2960 TA instruments.

2.3. Photocatalytic measurements

The photocatalytic activity of all samples was evaluated by photo-
degradation of Reactive Orange 16 solution. The photodegradation re-
action was conducted in a batch Pyrex reactor equipped with a magnetic
stirring bar and a water-circulating jacket. The initial concentration of
RO 16was 50 mg L ™! while the catalyst loading was 2 g L™!. Irradiation
in the UV range was performed using a 125 W mercury lamp. Experi-
ments were carried out using 25 mL of dye solution. Prior to radiation,
the suspensions were stirred in the dark for 60 min to uniformly disperse
the photocatalyst particles and attain adsorption-desorption
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equilibrium. At given time intervals, aliquots were taken and centri-
fuged to remove the catalyst particles. The supernatant was then
analyzed on the UV-VIS spectrophotometer (DU 720) in order to
monitor the concentration at the wavelength of 494 nm, corresponding
to the maximum absorbance of RO16.

3. Results and discussion
3.1. Investigation of morphology, phase composition, and crystal structure

3.1.1. FESEM

The SEM image of the as-prepared TiO, nanopowder sample is pre-
sented in Fig. 1(a). Two different types of particles are noticed: spher-
ical, ascribed to anatase, and spindle-like particles, characteristic of
brookite [13,31]. These spindle-like particles of brookite in TiO, are
elongated up to ~200 nm, with a shorter dimension estimated as less
than 40 nm.

From Fig. 1(b), it could be noticed that a nanoribbon shape was
obtained where some structures aggregated into bundles. By comparing
Fig. 1(b) and (c), it is clear that the annealing processing resulted in the
formation of larger nanoribbons at the expense of smaller ones. Addi-
tionally, the somewhat shorter length of these elongated structures was
noticed. Furthermore, in Fig. 1(d), where the stage was tilted for 60°, it
has been proven that we are not dealing with nanotubes. Instead,
completely closed nanostructures were produced by a hydrothermal
procedure and annealing treatment. Nanoribbons are described as much
longer structures with very good crystallinity and well-defined edges
[19].

3.1.2. XRPD

The XRPD patterns of the as-prepared TiO5 nanopowder and sodium
titanate nanoribbon samples before and after annealing are shown in
Fig. 2. The comprehensive XRPD analysis of TiO2 nanopowder with
dominant brookite phase has been reported previously [31]. According
to the results of the quantitative phase analysis presented there, the
sample consisted of 74 % brookite and 26 % anatase, with refined

Fig. 1. FESEM images of (a) as - prepared TiO, nanopowder (brookite and
anatase), (b) nanoribbons obtained after hydrothermal treatment, (c) subse-
quently annealed sample, and (d) cross-section of annealed sample (stage was
tilted for 60°).
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Fig. 2. XRPD patterns of (a) mixed-phase TiO, nanopowder precursor and
sodium titanate samples (b) before and (c) after annealing.

average apparent crystallite sizes of ~29 and 17 nm estimated,
respectively.

The XRPD pattern of the sodium titanate nanoribbon samples before
annealing, using TiO2 nanopowder with major brookite phase as a
precursor, is presented in Fig. 3. The analysis of XRPD data has shown
that different kinds of titanates are formed: NaTi3Og(OH)(H20)2,
NayTizO7, and NayTigOp9, with the dominant presence of sodium
hydroxititanate dihydrate (Table 1). The refined lattice parameters are
in good agreement with unit cell parameter values reported in PDF
cards. Due to overlapping diffraction peaks (see Fig. 3), it is difficult to
reliably determine the anisotropic character of the crystallites of all
three present crystal phases. For crystal phases with a low fraction
(NayTi3O7 and NayTigO19) the analysis of diffraction line broadening is
not reliable. For the NaTizOg(OH)(H20)s, a crystal phase with the
highest percentage, the analysis of diffraction line broadening shows
that the dimensions of the crystallites calculated from the reflections
(001), (200) and (020) are 193, 114 and 309 ;\, respectively.

From the XRPD pattern shown in Fig. 4, it can be assumed that after
annealing at 500 °C of the sodium titanate nanoribbon sample, two
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Fig. 3. Experimental XRPD pattern of sodium titanate nanopowder before
annealing. Peak positions and intensities for NaTizOg(OH)(H20), (card number
01-080-7474), Na,TizO; (card number 01-070-9440) and Na,TigOq9 (card
number 01-078-1590) (ICDD (PDF-2 Release 2016 RDB)) in blue, red and
green, respectively, are shown below the experimental pattern. The most
prominent peaks are denoted by symbols. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of
this article.)
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Table 1

Phase composition, abundance, and unit cell parameters for crystaline phases in sodium titanate before annealing.
Formula/PDF # % a®) b (A) c(A) a() £C) Q) V(A%
NaTi30¢ (OH)(H20)» 86.5(8) 21.71(5) 3.75(1) 11.94(2) 90 136.79(7) 90 666(3)
PDF # 01-080-7474 21.5550 3.7583 11.9260 90 136.140 90 669.428
Na,TizO7 10.3(8) 9.24(3) 3.85(1) 8.60(3) 920 102.1(2) 920 299(1)
PDF # 01-070-9440 9.1330 3.8060 8.5660 90 101.570 90 291.706
Na,TigOp9" 3.2(1) 12.0799 3.7428 15.4464 90 105.0 90 675

2 Not refined due to low abundance.
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Fig. 4. Experimental XRPD pattern of annealed nanopowder. Peak positions
and intensities for Na3TigO;3 (card number 01-083-9417) and Na,TigO19 (card
number 01-078-1590) (ICDD (PDF-2 Release 2016 RDB)) in blue and red
respectively are shown below the experimental pattern. The most prominent
peaks are denoted by symbols. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)

kinds of titanates are formed, NasTigO13 and NasTigO19 (Table 2). The
refined lattice parameters are in good agreement with the unit cell
parameter values reported in PDF cards. Relatively broad diffraction
reflections may indicate somewhat disturbed crystallinity and/or small
cristallyte sizes of sodium titanate phases, as indicated in SEM. As
diffraction peaks highly overlap (Fig. 4) it is not possible to determine
the anisotropic character of crystallites in Na3TigO;3 and NayTigO19
phases. For the crystalline phase Na3TigO;3, the analysis of diffraction
line broadening shows that crystallite dimensions calculated from re-
flections (200), (020) and (006) are 67, 191 and 25 A, respectively. For
the crystalline phase NasTigO19, the analysis of diffraction line broad-
ening shows that the dimensions of the crystallites calculated from re-
flections (002) and (020) (there are no reflections of type (h00) on the
XRPD diagram) are 67 and 191 A, respectively.

It should be noted that dominant broadening of XRPD reflections
under the influence of crystallite size limits the analysis of the broad-
ening of reflections due to microstrain. Consequently, reliable analysis
of structural disorder from XRPD data is not possible.

To the best of our knowledge, Na3TigO;3 has not yet been recognized
as a product of the hydrothermal treatment followed by annealing. Meng
et al. [16] have reported that nanowires hydrothermally synthesized
from both brookite and anatase phases can be attributed to NaTigO13
phase. They observed that the diffraction peak of those samples, which is
denoted as reflection (2 0 0), shifts to a higher 26 position with an
increasing NaOH/TiO2 molar ratio, and this shift is greater for the
sample obtained from anatase than the one derived from brookite at the
same NaOH/TiO5 molar ratio. According to these authors, the increase
in diffraction angle 26 of the mentioned peak, i.e., the decrease in
d-spacing of the corresponding (2 0 0) planes, has been related to the
increase in Na amount intercalated into TiOy. On the other hand, Shen
et al. [32] have investigated the structural changes in the Nay,,TigO13
host structure due to Na-ion intercalation. By analyzing XRD patterns
collected at samples with different sodium compositions between x =
0 and x = 1 in Nay;,TigO13, they have shown that the crystal structure
possesses the same symmetry (monoclinic C2/m space group with a 3D
tunnel structure). The continuous shift of some original reflections of
NayTigO13 indicated a gradual change in the lattice parameters, most
pronounced in the increase of the lattice parameters c and angle 4. The
XRPD pattern of our annealed sample (Fig. 4) does not match the XRPD
pattern of neither Na,TigO13 presented by Meng et al. nor the one for x
= 0 given by Shen et al. Great discrepancies in position and width of
diffraction peaks allowed us to conclude that sodium titanate with
NayTigO13 as the dominant phase is not obtained as a product of the
annealing process applied here. However, the refined unit cell param-
eters. Table 2 is the same within three estimated standard deviations
with those reported by Shen et al. for x = 1, i.e., NasTigO13 [32].

3.1.3. TEM, HRTEM and STEM-EDS

The surface microstructure and phase composition of as-prepared
TiO5 nanopowder, as well as sodium titanate samples before and after
annealing, were investigated using transmission electron microscopy.
The low- and high-resolution TEM micrographs, along with the corre-
sponding selected area electron diffraction patterns, are summarized
altogether and presented in Fig. 5. The bright-field TEM micrograph of
the TiO9 sample (Fig. 5(a)) reveals distinct nanocrystal morphologies
among the two mixed phases, which is in accordance with SEM results.
Thus, the predominantly anatase phase exhibits the morphology of
quasi-spherical nanocrystallites of a few nanometers in size, whereas the
spindle-like particles of brookite TiO5 are up to 40 nm wide and typically
50-150 nm long. Indeed, the difference in the morphologies of the
anatase and brookite phases is clearly visible in Fig. 5(b), which presents
a TEM micrograph of the sample recorded at high magnification. Be-
sides, the local crystal structure of two mixed TiO2 phases was confirmed
by selected area electron diffraction; one SAED pattern of the TiO,

Table 2

Phase composition, abundance and unite cell parameters of crystaline phases in sodium titanate after annealing.
Formula/PDF # % ad) b (&) c® a () B 7 () V(A%
NasTigO13 59(8) 14.6(1) 3.77(3) 9.52(7) 90 100.1(4) 90 516(7)
PDF # 01-083-9417 14.8801 3.7570 9.4145 920 100.587 90 517.349
Na,TigO19 41(8) 12.11(8) 3.77(3) 15.3(1) 90 105.4(3) 90 673(9)
PDF # 01-078-1590 12.0799 3.7428 15.4464 90 105.0 90 675

51468



N. Tomi¢ et al.

Ceramics Internationdl 50 (2024) 51465-51475

anatase and
brookite

s(OH)(H20)z2,
and Na:TioO19

NaaTisO13 and
NaxTieO1o

Fig. 5. Low- and high-magnification TEM micrographs and SAED patterns of the samples; each row corresponds to the following sample: (a—c) precursor TiOy
nanopowder with major brookite phase, (d—f) sodium titanate before annealing, and (g-i) annealed sodium titanate. FFT's and HRTEM images with measured d-
spacing of one isolated nanoribbon for sodium titanates before and after annealing, are given in the insets in (e) and (h), respectively.

sample is given in Fig. 5(c). The diffraction pattern is characterized by
well-defined concentric rings, which is typical for a fine-grained nano-
crystalline structure. According to the radii of the rings, d-spacings from
different phases are calculated, hence providing indirect evidence of two
mixed TiO, phases. The characteristic d-spacing of the anatase (101),
(004), (200), and (105) plane is 3.52, 2.38, 1.89, and 1.69 1°\, respec-
tively, while the respective d-spacing for brookite (120), (121), and
(032) was found to be 3.51, 2.90, and 1.96 ;\, in accordance with the
reference values [33].

For the sodium titanate before annealing, TEM analysis revealed
quite different morphology as compared to the TiO, sample. Fig. 5(d)
shows a low-magnification bright-field TEM micrograph of this sample,
presenting a large number of separately dispersed rod-like nanoribbon
crystals with smooth morphology. The transparency of the nanoribbons
indicates they are very thin. The width of the single crystals is around
50-300 nm, and their length varies from a submicron range to more than
ten microns. A closer analysis of the microstructure was performed at
higher magnifications, from which the distances between two adjacent
planes were measured. Fig. 5(e) shows an enlarged section of one iso-
lated nanoribbon, presenting an HRTEM image in the bottom inset. The
HRTEM micrograph reveals clear and well-defined lattice planes, with a
d-spacing of 7.49 A. This value closely corresponds to the 7.47 A re-
ported for the (200) planes of NaTizOg(OH)(H20)s [34], as further

confirmed by the respective FFT analysis (top inset). Additionally, the
HRTEM image indicates that the nanoribbons have grown as single
crystals, elongated along the [020] direction (b axis). Fig. 5(f) shows a
representative electron diffraction pattern obtained from a selected area
of the sample, encompassing a large number of nanocrystals. The
d-spacing values measured from the SAED pattern of 3.45, 2.62, 2.21,
1.91, 1.74, and 1.39 A correlate closely with the theoretical interplanar
distances for several phases. Specifically, these values match the (6 03),
(8 04), (405), (10 06), (9 16), and (14 03) planes of NaTi30g(OH)(H20)
(theoretical d-values of 3.47, 2.61, 2.21, 1.91, 1.74, and 1.39 [o\) [34],
(011), (2 03), (3 12), (3 04), (2 21), and (4 15) planes of Na,Ti3O
(theoretical d-values of 3.46, 2.62, 2.20, 1.90, 1.74, and 1.39 A [35],
and (111), (311), (2 07), (1 17), (2 23), and (606) planes of Na,TigO19
(theoretical d-values of 3.44, 2.60, 2.22, 1.92, 1.74, and 1.38 A) [36],
respectively.

Similar analyses were also performed for the annealed sample, and
the results are presented in Fig. 5(g-i). Again, the morphology is char-
acterized by a typical nanoribbon-shaped structure, although in this case
the individual crystals are somewhat wider than for the sample before
annealing. Besides, the image contrast suggests that the microstructure
features distinctive stripes, a characteristic that has been previously
observed in the sodium titanates synthesized at high temperatures [37,
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38]. An exemplary HRTEM micrograph of one isolated nanoribbon is
shown in the bottom inset of Fig. 5(h). Although the channel structure is
difficult to clearly identify due to the complex atomic arrangement and
uncertain HRTEM imaging conditions, the micrograph reveals a char-
acteristic pattern of alternating bright and dark atomic planes that are
typical for the tunnel-like structure. The nanoribbon exhibits a
single-crystal structure oriented along the b-axis (i.e., the [020] crys-
tallographic direction), displaying parallel (200) planes of NagTigO;3.
The measured interplanar spacing of approximately 7.29 A matches the
theoretically predicted d-value of 7.31 A reported by Shen et al. [39].
Furthermore, fine stripes can be seen across the main crystalline planes,
with a d-value of 2.95 A corresponding to the interplanar distances be-
tween (310) crystal planes [39]. In a previous study, Zarate et al. re-
ported similar results regarding the structure of Na;TigO;13 nanowires in
single crystals [38]. This observation is further supported by the FFT
pattern in the top inset of Fig. 5(h), which shows two sets of spots
aligning with the [200] and [310] directions of NasTigO;3. The SAED
pattern of the sample, derived from a large number of nanoribbons, is
presented in Fig. 5(i). The measured d-values of 2.63 A and 2.47 A
correspond well to the (402) and (6 01) planes of Na3TigO;3 phase, with
the theoretical d-spacings of 2.64 and 2.47 A, respectively [39], thus
confirming the presence of this phase. Additionally, the measured dis-
tance of 2.57 A aligns with the predicted value of 2.60 A for the (311)
planes of NayTigO19 [36]. Furthermore, extra diffraction rings corre-
spond to interplanar distances of 1.69, 1.33, and 1.29 A, which can be
attributed to the (7 13), (714), and (4 25), planes of Na3TigO13 (theo-
retical d-values of 1.69, 1.33, and 1.30 A) [39], as well as the (603),
(028), and (607) crystal planes of NasTigO19 (theoretical d-values of
1.69, 1.33, and 1.29 A) [36]. Interestingly, the rings that correspond to
NaTi3O6(OH)(H20), and NayTizO7 phases are missing, thus indicating
that these phases are no longer stable after annealing. These results
strongly support those obtained by the XRPD analysis.

In addition to conventional TEM analysis, the samples were also
investigated by scanning transmission electron microscopy, together
with EDS measurements. For example, in Fig. 6(a—d) the STEM/HAADF
micrographs are presented together with corresponding elemental
image maps obtained for sodium titanate sample before annealing. The
elemental maps were acquired by using K and L line spectra, where
different colors were associated with different elements. The green, red,
and yellow color micrographs correspond to Na, Ti, and O elements,
respectively. According to the EDS mapping images, it is clearly visible
that sodium, titanium, and oxygen are evenly distributed over the
sample. The EDS spectrum taken from the sample area, covering a large
number of nanoribbons, is presented in Fig. 6(e). Apart from the C and
Cu lines, which originate from the carbon-coated copper grid used
during TEM observations, the spectrum shows that the sample is only
composed of Na, Ti, and O elements.

In Table 3, we also provide the elemental composition from EDS
analysis to evaluate the stoichiometry of sodium titanate samples both
before and after annealing. The results show that, despite a minor
variation in Na concentration, the atomic percent ratio of Na to Ti de-
creases from 0.44 in the hydrothermally treated sample to 0.38 after
annealing. Considering the phase composition of sodium titanates
revealed by XRPD measurements, this change in the Na/Ti ratio suggests
that in the sample before annealing, some excess of Na may exist that
was not incorporated into the sodium titanate structure. This could be
the reason for the formation of the NasTigO13 phase after annealing,
which has a higher Na ion content compared to the more common
NayTigO13 hexatitanate [39].

Based on the literature data, and having in mind above analysis,
transformation from NaTi3Og(OH)(H20), to NasTigO13 upon heating is
possible process [40]. In our case, the NaTi3Og(OH)(H20), with ~86 %
represents the major form in sample before annealing process. Addi-
tionally, it has been reported that phase transition from sodium tritita-
nate to sodium hexatitanate will occur through thermal treatment in
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Fig. 6. STEM analysis of the sodium titanate before annealing: (a) STEM/
HAADF image of large area of the sample with corresponding EDS maps
highlighting sodium (b), titanium (c) and oxygen (d) elements; (e) EDS spec-
trum taken from the sample area covering a large number of nanoribbons, as
presented in HAADF image in (a).

Table 3
EDS elemental composition analysis of sodium titanate samples before and after
annealing.

Sample Elemental composition (at.%)

(0] Na Ti
Hydrothermally treated 55.28 13.73 30.99
Annealed 51.10 13.56 35.34

temperature range from 300 °C to 800 °C [41-43]. This coincides very
well with the fact, that after annealing the NayTi3O; wasn’t detected.
The content of NayTigO19 phase increased from ~3 % to ~41 % in
annealed sample, while the amount ascribed to hexatitanate was 59 %.
In our case, instead of usually reported NayTigO13 phase, the XRD and
TEM results suggested the presence of Na3TigO13. The overall correla-
tion between amount of titanates before and after transformation pro-
cess, due to annealing, requires detailed analysis and remains to be
clarified in future investigation.

3.2. Vibrational properties

3.2.1. Raman scattering

The Raman spectra of as-prepared TiO5, hydrothermally treated, and
subsequently annealed samples are shown in Fig. 7. The measurements
repeated on several locations of each sample have confirmed the ho-
mogeneity of all investigated samples. The modes in the spectrum of as-
prepared TiOy (Fig. 7(a)) can be assigned to two titania crystalline
phases - anatase and brookite [13,31], indicating that the as-prepared
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Fig. 7. Raman spectra of as-prepared TiO, nanopowder (a), and sodium tita-
nates before (b) and after (c) annealing. Anatase and brookite modes are
denoted by A and B, respectively. The spectra are upshifted for clarity.

sample consists of these two polymorphs, which is in accordance with
XRPD results.

The Raman spectrum in Fig. 8(a) shows that hydrothermal treatment
of as-grown TiO nanopowder in NaOH solution leads to the trans-
formation of TiO5 to sodium titanate phases. The absence of character-
istic anatase and brookite Raman modes (see Fig. 7) and the appearance
of a large number of modes, which may be ascribed to sodium titanates
support this assumption. The spectrum of the sodium titanate sample
before annealing has been fitted by the sum of Lorentzians in Fig. 8(a),
where sodium titanate related modes were clearly distinguished at ~ 97,
112, 160, 175, 196, 239, 266, 283, 312, 370, 427, 470, 596, 674, 715,
792, 840, 895, 926, and 936 cm™ L. In the Raman spectra of sodium ti-
tanates, the modes occurring below 500 cm ™! are generally ascribed to
Na—O-—Ti vibrations, those in the region of 600-800 cm ™" to Ti-O vi-
brations in edge-shared and corner-shared TiOg octahedra, and the
features after 800 cm™! are related to Ti—O bonds of low coordination
[44,45]. In several studies addressing the Raman spectroscopy of so-
dium titanates, the spectra with similar features to the one presented
here have been related to Na,TizO7 [24,44,45]. Regarding the shape and
position of Raman modes, the spectrum shown in Fig. 8(a) matches to a
great extent the one reported by Montecelo et al. [33]. These authors
have claimed that most of the listed Raman peaks might be assigned to
NayTizO7, except the mode observed at ~263 cm !, which they
explained in terms of Na*/H™ exchange due to storing and manipulating
their samples in water [44]. However, based on our FTIR spectrum (see
Section 3.2.2) that confirms the presence of H3O" ions in sample, we

438 482

Raman intensity

T
100 200 300 400 500 600 700 900 1000 1100

Raman shift (cm™)

800

Fig. 8. Raman spectra of sodium titanates (a) before and (b) after annealing,
fitted by the sum of Lorentzians.
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believe that the Nat/H30" exchange gives the rise to the mentioned
peak. In addition to this, it has been reported when replacement of Na™
ions with H™ ions take place, due to the smaller ionic radius the decrease
of distance between adjacent layers will occur, which is consequently
evident in XRD pattern [46,47]. Having in mind that Na™ and H30™ ions
have similar radius and no shift was observed in XRD pattern regarding
this exchange, we can say that in our case this process is more likely to
happen.

It should also be pointed out that the Raman spectrum of the sodium
titanate sample (Fig. 8(a)) significantly deviates from the spectrum of
NayTizOy microcrystals, as presented in the Raman study by Silva et al.
[48]. Although deviation in position and line width of some modes could
be related to nanoribbon morphology [15], it is clear that the spectrum
in Fig. 8(a) cannot be ascribed to NayTi3O7, except if its structure is
strongly disturbed, most probably due to the presence of interlayer
water [23]. This assumption is supported by the results of XRPD analysis
with NaTi3Og (OH)(H20); as the dominat phase in this sample,
accompanied by NayTizO7 (Table 1). Although XRPD data point to the
presence of a small amount of NayTigO19, evidence of this phase has not
been found in the Raman spectra.

The Raman features in the spectrum of the annealed sample are
registered at ~86, 120, 152, 176, 195, 217, 257, 284, 326, 387, 439,
482,514, 614, 672, 725, 785, 830, 872, 928, and 1054 cm ™ (as fitted in
Fig. 8(b)). Structural change caused by annealing is confirmed by the
variation in relative mode intensity as well as the disappearance of some
Raman modes and the appearance of new ones in comparison to the
spectrum before annealing (Fig. 7), indicating that the process of
annealing has led to the dehydration of sodium hydroxititanate. The
enhancement of representative peaks below 400 cm ™! related to Na-O
vibrations may be noticed. The increase of peaks at 195 and 284 cm™!
characteristic for Na-Ti-O bonds suggests dehydration and good crys-
tallinity of the sample after annealing [49]. Additionally, the peak at
176 cm ™! most likely related to Na intercalated into TiO5 [16], becomes
sharp and well defined after annealing, as can be seen in Fig. 8. Ac-
cording to literature, the peaks at about 672 and 725 cm™! could be
associated with the Ti-O-Ti stretch in edge-shared TiOp, whereas the
weak feature at ~785 cm™! could be related to the Ti-O-Ti stretch in
corner-shared TiOg octahedra [16]. The appearance of three bands
(~872, 928, and 1054 cm™!), which may be ascribed to short Ti-O
stretching vibrations, Meng et al. attribute to the existence of multiple
species of short Ti-O bonds, characteristic of sodium hexatitanates ob-
tained from brookite as a precursor. Altogether, the spectrum of the
annealed sample is quite similar to that reported by Meng et al. [16], but
it also looks like those of Zhang et al. [40] and Kolenko et al. [50]. All
these authors [16,30,40,50] state that the titanate structure obtained as
a result of annealing at about 500 °C is close to NayTigO13, although
their overall spectra are clearly different from Na,TigO13 [51]. However,
the spectrum of our annealed sample (Fig. 7(c)) obviously deviates from
the spectrum of NayTigO13 microcrystals, as shown in a comprehensive
Raman study by Silva et al. [52], pointing out that NayTigO;3 cannot be
the dominant titanate phase in this sample. On the other side, the Raman
modes in the spectrum of the annealed titanate sample located at about
120, 153, and 831 cm™! could be ascribed to NayTigO19, whereas the
modes at about 217, 387, 483, and 614 cm ™! are somewhat shifted in
comparison to those registered in pristine NayTigO19 and correspond
more to sodiated/desodiated samples described in the work of Bhat et al.
[53]. However, a prominent shoulder at ~250 cm anda peak at ~439
em™! could hardly be related to both NayTigOq9 structures mentioned
above. Note that the features at these positions have been registered by
Liu et al. [41], who noticed that the intensity of these modes changed
during the structural transition from trititanate to hexatitanate due to
heating. The behavior of these features in our samples (Figs. 7 and 8) is
similar: the shoulder at ~250 cm™! is more pronounced, whereas the
peak at ~439 cm ™! is decreased after annealing. It should also be noted
that, to the best of our knowledge, there are no Raman modes of
NasTigO;3 reported yet. Although the analysis of the Raman spectra of
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annealed titanate supports the results obtained by XRPD, which suggests
the combination of NasTigO;9 and NasTigO;3 phases for this sample, it is
unable to fully confirm them.

3.2.2. FTIR

The FTIR spectra of all samples in the wave number range from 4000
to 700 cm ™! are presented in Fig. 9. A broad band around 3500 cm ™},
together with one around 1600 cm™!, assigned to fundamental vibra-
tions (stretching and bending) of different O-H hydroxyl groups and
water molecules, confirms the presence of water adsorbed on the surface
[49,54,55]. These bands are the most pronounced in sodium titanate
before annealing but are also present in the both annealed sample and
the as-prepared precursor, indicating that some amount of physisorbed
water remained in all samples. On the other side, the bands at 3150
em ! and 1730 cm ™}, associated with the bending and stretching modes
of the chemisorbed/interlamellar water molecules [45], exist only in
sodium titanate sample (b) before annealing, pointing that interlamellar
water has been removed by annealing. Moreover, based on literature
data, these bands at 1730 cm™! and 3150 cm™?, together with band
around 3260 cm ™! are ascribed to H30 " ions [56]. Unfortunately, due to
the overlapping with the broad band around 3500 cm ™!, this last band
can’t be detected. The contribution of this band together with the band
around 3150 cm ! is noticeable through the more pronounced widening
in this region, compared to other two samples.

Several bands of low intensity in the range of ~1100-1400 cm™! in
the spectrum of the annealed sample (Fig. 9(c)), could be related to
vibration of Ti-O and Ti-O-Ti bonds [57]. The band at ~1385 cm ™! is
assigned to Ti-OH stretch [57] and here is more pronounced in the
sample (c) annealed at 500 °C [58]. The peak at 870 cm ™! should
correspond to Ti-O bonds in TiOg octahedra, less pronounced in
annealed sample [49]. The band at ~910 cm! clearly recognized in
both sodium titanate samples (Fig. 9(b and c)) is related to Ti—O bonds in
TiOg octahedra [45,49], whereas the shoulder at ~ 1010 cm’l, present
only in the spectrum of the sample before annealing, might be ascribed
to the bending vibrations of Ti~OH non-bridging bonds [45].

The FTIR spectra show that interlamellar water disappears due to the
annealing, causing structural modifications. This is in accordance with
the findings of XRPD about the NaTi3O(OH)(H20), as the dominant
structure in the sample before annealing and the sodium titanate tunnel
structures in the annealed sample.

Simultaneous thermogravimetric analysis (TGA) and differential
thermal analysis (DTA) were carried out in air, in order to examine
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Fig. 9. FTIR spectra of as-prepared TiO, nanopowder (a), and sodium titanates
before (b) and after annealing (c). The spectra are upshifted for clarity.
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thermal behavior. Results are given in Fig. 10.

From TGA curve (Fig. 10), it could be noticed that overall weight
loss, for the temperature range up to 500 °C is about 11 %. This is in a
good agreement with the chemical composition of the material con-
taining the NaTi3Og(OH)(H20), as major phase. The corresponding DTA
curve (Fig. 10) displays three endothermic peaks at about 50, 100,
150 °C, and one peak around 300 °C. A common endothermic peaks
centered around 50 °C and 100 °C represent the release of moisture and
surface adsorbed water molecules. The peak at about 150 °C originates
from removal of water molecules bound to the surface of the sample. The
last broad peak, around 300 °C, is due to phase transition and corre-
sponds to desorption of interlayered water [40,43,49,59].

3.3. Photocatalytic activity

In order to evaluate the photocatalytic performance of the prepared
samples, the dye solution of Reactive Orange (RO16) was used as a
model pollutant. The effect of powders’ structure, composition, and
morphology on the photocatalytic activity is presented in Fig. 11.

As it can be noticed, all three samples were active in the degradation
of RO16 dye. The nanopowder TiO, with major brookite phase showed
the highest photocatalytic activity, where only after 30 min, an almost
complete degradation process took place. In the case of titanate before
and after annealing, for the same time, around 39 % and 64 % of dye was
removed, respectively. After 90 min the process of complete dye
degradation was achieved in the case of annealed titanate, whereas for
titanates before annealing, degradation was around 80 %.

The heterogeneous photocatalytic degradation reaction is usually
described by the Langmuir-Hinshelwood kinetic model. This model re-
lies on the assumption that a fast equilibrium sorption process is
accompanied by a slow reaction at the solid-liquid interface [60-62].

At a lower dye concentration, much less than 10~ M, the final form
of the equation can be expressed as [62-64]:

Co

In (a) :erLHt:k/t (1)

where k; is the reaction rate constant, Cy is the initial dye concentration,
Ky represents the Langmuir- Hinshelwood equilibrium constant, and k’
is the pseudo-first-order rate constant.

By presenting the In (C,/Cp) against irradiation time in Fig. 12, it can
be clearly observed that good linear dependence shows that experi-
mental data agree well with the first-order kinetic model for all three
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Fig. 10. TGA (black line) and DTA (blue line) during annealing process for
titanates containing: NaTi3Og(OH)(H20),, Na,Ti30;, and Na,TigOqo. (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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samples.

The values for k’, calculated from the slope of Eq. (1), are given in
Table 4. Together with these data, the high value of correlation co-
efficients (R?) is also presented, confirming the adequacy of the pseudo-
first-order model to describe the kinetics of RO16 dye degradation. From
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Table 4
Pseudo-first-order kinetic rate constant for all three samples.

Sample Reactive Orange 16

k' - ro16 (min™") R?
mixed-phase TiO, 0.161 0.9550
Titanate 0.017 0.9972
Annealed titanate 0.031 0.9976

this analysis, the lowest photocatalytic efficiency was recorded for
titanate before annealing, whereas the most effective in the degradation
process was mixed-phase TiOy nanopowder. The reason for the high
efficiency of the as-prepared nanopowder can be ascribed to the coex-
istence of brookite and anatase phases. Often, better photocatalytic ef-
ficiency of polymorph phases compared to a single crystalline phase of
TiO4 originates from better separation of photoinduced electrons and
holes, and thus a slower process of recombination will occur. The ad-
vantages of the synergistic effect and interfacial contact of two-phase
photocatalysts regarding the transfer of electrons have been reported
[64-66]. The mechanism of photocatalysis is delicate field. Many factors
have contribution such as: crystallinity, specific surface area,
morphology, promotion of the active facets, the efficient charge carrier
separation/slow recombination, and formation of different kind of
radicals (the most important OH®). In addition to this, it has been re-
ported that coupling of different crystals forms of TiOs, such as broo-
kite/anatase mixed, can enhance the photocatalytic activity [39,64,67].
On the other hand, from the literature data, it has been reported that the
sodium titanates are less photoactive. Namely, this was attributed to the
presence of Na' in the titanate, acting as a recombination center. The
post-annealing treatment of the nanostructures plays an important role
in determining photocatalytic activity, since the increase in this activity
is related to corresponding changes in crystal phase and morphology.
The improved performance can originate from the enhancement in
crystallinity due to the calcination process. Consequently, this enables
easier internal charge carrier transfer and also decreases charge
recombination [47]. Furthermore, sodium titanates with a tunnel-like
structure and nanoribbon morphology are formed as a result of the
annealing process. The explanation for improved effectiveness is prob-
ably related to their tunnel structure, which is believed to promote
electron/hole separation [47]. Although, the photocatalytic activity of
obtained sodium titanates didn’t outperform the activity of TiO,
regarding the decomposition of RO16 dye solution, their different
structural and morphological properties together with possibility for
modification opens the door for application in different fields, repre-
senting the topics of interest nowadays [46,68-70].

4. Conclusion

In the present study, different kinds of sodium titanates were pre-
pared starting from the hydrothermally synthesized TiO, brookite/
anatase mixed nanopowder, with the dominant brookite phase. Highly
alkaline hydrothermal treatment has been used in both the synthesis of
TiO4 precursor and the preparation of sodium titanate. According to
XRPD and HRTEM (also supported by FTIR and Raman results), as-
prepared sodium titanate with nanoribbon morphology appeared with
NaTizOg (OH)(H20); as a dominant phase. After subjecting this sample
to annealing, the interlamellar water present in the sample before
annealing disappeared, and phase transformation occurred. As a specific
product of the annealing procedure under the condition of sodium
excess, a unique combination of sodium hexatitanate (NagTigO13) and
nonatitanate (NayTigO19) appeared, which has been confirmed by the
XRPD and HRTEM analyses. The Raman and FTIR spectra of these still
insufficiently examined phases are analyzed in detail. The morphology
has been maintained in the annealed sample, but with somewhat wider
nanoribbons, implying that larger nanoribbons were growing at the
expense of the smaller ones. The fastest photocatalytic degradation of an
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aqueous solution of RO16 dye was ascribed to TiOy nanopowder with
brookite and anatase phase, which could be explained by a synergistic
effect. Hydrothermal synthesis of sodium titanate lowers photocatalytic
efficiency, but subsequent annealing procedures make it better. The
annealed sample, containing Nas3TigO13 and NayTigOp9, represents a
promising photocatalyst regarding the abatement of pollution caused by
organic dyes.
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ARTICLE INFO ABSTRACT

Handling Editor: P. Vincenzini This study investigates the hydrothermal synthesis of ZnO nanopowders using three different alkaline reagents:
KOH, NaOH, and NH40H, focusing on their morphological, structural, and photocatalytic properties. The
resulting ZnO powders displayed distinct morphologies — from hexagonal rods and prismatic structures to a 3D
butterfly-nebula-like morphology — depending on the base employed. Phase purity and structural characteristics
were confirmed via X-ray diffraction (XRD) and Raman spectroscopy, while scanning and transmission electron
microscopy (SEM/TEM) revealed significant morphological differences at multiple magnifications. When hy-
drothermally produced using KOH and NaOH, ZnO crystallizes into hexagonal prismatic rods along the [0001]
direction, starting from a zinc hydroxide precipitate. However, its transition to Zn ammine complex occurs by
replacing K or Na™ with NH{ ions during hydrothermal reaction, which changes the preferential crystal growth,
favoring the lateral direction. As a result, ZnO nanostructures with a 3D butterfly-nebula-like morphology are
formed. This alteration influences the photocatalytic activity, which is assessed by monitoring the degradation of
Reactive Orange 16 (RO16) dye under UV irradiation. The ZnO nanopowder synthesized using NaOH exhibited
the highest photocatalytic efficiency, achieving complete degradation of the dye within 90 min. The sample
prepared with KOH showed a faster degradation rate than the one synthesized with NH4OH, but still lower than
that of the NaOH-based sample. These findings highlight the crucial influence of base selection during hydro-
thermal synthesis on the morphology, crystallite size, and photocatalytic behavior of ZnO nanostructures,
providing insights for the design of more efficient materials for environmental remediation applications.

Keywords:

ZnO nanoparticles
Alkaline cations
Crystal growth
Photocatalysis

1. Introduction

Thanks to their unique physicochemical properties—chemical
inertness, thermal stability, a wide band gap (3.37 eV), high trans-
parency, and high electron mobility—ZnO nanoparticles have found
broad application in photocatalysis [1], chemical sensing [2], solar en-
ergy conversion [3], piezoelectric devices [4], biomedical applications
[5], as well as in many other advanced technologies. They have attracted
particular attention due to their biocompatibility, biodegradability, and
non-toxicity, making them especially suitable for applications in medi-
cine and environmental remediation [6,7]. Although TiO is the most
widely studied photocatalyst, research has shown that ZnO exhibits

* Corresponding author.
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higher photocatalytic efficiency [8], primarily due to more effective
generation and separation of photoinduced electrons and holes [9].

Through various synthesis procedures [10-15], diverse morphol-
ogies of ZnO particles have been successfully obtained, including
nanoparticles, nanodots, nanoneedles, nanotubes, nanoflowers, nano-
plates, nanopyramids, and others [16-18]. Moreover, the literature also
describes more complex morphologies of ZnO, such as flower-like,
star-like, or cauliflower-like structures [19]. Compared to other
methods, hydrothermal synthesis stands out because it allows the pro-
duction of highly crystalline materials with controlled shape and parti-
cle size, as well as the possibility of targeted morphology modification
according to desired applications.
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The characteristics of the obtained ZnO are determined by a range of
factors, including the pH of the reaction mixture, the type and concen-
tration of the precursor, reaction temperature and calcination process,
synthesis duration, and the choice of solvent [20,21]. According to most
available studies, the pH of the solution has a decisive influence on the
size and morphology of the synthesized ZnO nanoparticles [22-26]. In
the scope of this, additional control can be achieved by selecting the
initial precursor and introducing surfactants [27]. On the other hand,
different zinc salts (Zn(CH3COO),, ZnCly, Zn(NO3)2, ZnS04) [28-31],
used as precursors in ZnO nanoparticle synthesis, significantly affect the
morphology while having little or no effect on the crystallite size, ac-
cording to results summarized by Shaba and colleagues [20]. Further-
more, even small changes in the concentration of these reactants can
lead to particles of different shapes and compositions [32]. It has also
been shown that the particle shape largely depends on the nature of the
added base, indicating specific cation adsorption on the surfaces of
crystal seeds [33]. Parameters such as the rate, location, and direction of
ZnO crystal growth are crucial for controlling their morphology [34].
Using strong bases (NaOH, KOH) forms a larger number of species that
act as crystal seeds for ZnO formation, which slows down the growth
rate compared to the weaker base (NH4,OH) [35].

Although numerous studies have examined the influence of pH,
precursor type, and base nature on the morphology and crystal structure
of ZnO (e.g., NaOH in solvothermal and microwave procedures by
Anzlovar and Katiyar [36,37], NH4OH in sol-gel processes by Santra and
co-workers [33], and KOH under hydrothermal conditions by Kumar-
esan [26]), in most of these studies multiple synthesis parameters are
varied simultaneously — pH, type and concentration of precursor,
method/solvent, presence of surfactants, temperature, and/or reaction
time. This makes it difficult to isolate and quantitatively assess the
specific contribution of individual alkaline cations (Nat, K¥, NHJ) to
ZnO growth and morphology.

In contrast, in this work we present comparative study and system-
atically investigate solely the effect of the cation, under strictly identical
conditions: pH ~9, the same Zn?" precursor (ZnCly), identical reagent
concentration, temperature, time, solvent, and without any surfactants;
the only variable is the nature of the basic cation (NaOH, KOH, NH4OH).
Such an experimental design enables a direct and reliable attribution of
the observed differences in crystallinity, size, and morphology of ZnO
specifically to the type of cation.

At the same time, the photocatalytic degradation of organic dyes
using ZnO has been extensively studied, but most works focused on dyes
such as Reactive Red F3B, Auramine O-A, and Acid Red 14, Acid Brown
14 [38-41]. Only a few studies have addressed the degradation of
Reactive Orange 16 (RO16) [10,42], even though it is widely used in the
textile industry, resistant to natural degradation, and classified as a
hazardous environmental pollutant.

To the best of our knowledge, such system, where differences in
properties are established and further correlated with photocatalytic
activity, has not been previously reported. This approach clearly high-
lights the influence of alkaline cations on nucleation and crystal growth,
enabling a direct correlation between structural and morphological
characteristics implying the variety in the field of adsorption and the
photocatalytic performance of RO16 degradation.

2. Experimental
2.1. Synthesis of ZnO materials

ZnO nanoparticles were synthesized via a hydrothermal method
from ZnClj salt in the presence of three different bases: KOH, NaOH, and
NH4OH. The preparation procedure was identical for all three bases. In a
typical procedure, a certian amount of ZnCl, was dissolved in 100 mL of
distilled water, and the selected base, each one with concentration of
2M, was added dropwise under constant stirring using a magnetic stir-
rer, in order to achieve pH ~9. The resulting solution was transferred to
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a 100 mL Teflon-lined stainless steel autoclave, where the hydrothermal
synthesis was performed at a controlled temperature of 150 °C for 20 h.
After the reaction, the autoclave was allowed to cool naturally to room
temperature. The supernatant solution was then decanted to separate
the precipitate, which was washed several times with distilled water and
ethanol, followed by filtration and drying in an oven at a temperature of
60 °C overnight.

2.2. Characterization methods

The structural properties, phase composition, and crystallinity of
ZnO nanopowders synthesized with the three different bases were
analyzed using X-ray diffraction (XRD) on a Siemens D5000 diffrac-
tometer with Cu Ko radiation (A = 1.5406 10\) over a 20 range from 10° to
100°, with a step size of 0.02°. Phase identification was performed using
the JCPDS database, Card No. 36—1451 (ZnO).

Raman spectra of the samples were collected using a commercial
NTegra Spectra system from NT-MDT. The measurements were con-
ducted in the spectral range of 100-1500 cm ™' at room temperature,
using a 532 nm laser source set to 2 mW power. The spectral resolution
was 1 cm ™}, and the exposure time was 300 s.

Surface morphology was characterized using Scanning Electron Mi-
croscopy (QUANTA FEI 200 FEG-ESEM) operated at 20 kV. Prior to
imaging, the samples were ultrasonically dispersed in ethanol.

Crystallinity, morphology, and particle size were further examined
using transmission electron microscopy (TEM), with an FEI Talos F200X
microscope operated at 200 keV. For TEM analysis, samples were ul-
trasonically dispersed in ethanol and drop-cast onto carbon-coated
grids. Both conventional and high-resolution TEM (HRTEM) analyses
were performed, along with imaging in high-angle annular dark-field
(HAADF) mode. Scanning transmission electron microscopy (STEM)
was coupled with energy-dispersive X-ray spectroscopy (EDS). Phase
composition was also examined by selected area electron diffraction
(SAED), with further analysis using the Fast Fourier Transform (FFT)
method. The optical properties of ZnO samples were characterized by
UV-Vis spectroscopy. The diffuse reflectance spectra were recorded at
room temperature in the range of 300-800 nm with BaSO4 as an internal
standard, using a Shimadzu UV-2600i spectrophotometer with an inte-
grating sphere. Zeta potentials of ZnO samples were measured using a
0.1 mg/mL suspension of ZnO nanoparticles at (25 + 0.1) °C in a
disposable zeta cell (DTS 1070) of a NanoZS90 (Malvern, UK) apparatus.
The measurements were performed under optimal scattering conditions
in the pH range from 6 to 12, adjusted by adding HNO3 and KOH
solutions.

The photocatalytic activity of all three samples was evaluated
through the photodegradation of Reactive Orange 16 (RO16) solution.
The reaction was conducted in a batch-type Pyrex reactor equipped with
a magnetic stirrer and a water-circulating jacket. The initial RO16
concentration was 50 mg/L, and the catalyst loading was 2 g L™}, A 125
W mercury lamp, wich served as the UV light source, was placed 15 cm
above the reaction mixture. Experiments were conducted using 25 mL of
dye solution. Prior to irradiation, the suspension was stirred in the dark
for 60 min to ensure uniform dispersion of the photocatalyst and to
establish adsorption-desorption equilibrium. At predetermined time
intervals, aliquots of 0.5 mL were withdrawn, centrifuged to remove
catalyst particles, and the supernatant was analyzed using a UV-Vis
spectrophotometer (DU 720) to monitor dye concentration at 494 nm,
the absorption maximum of RO16.

3. Results and discussions
3.1. Investigation of crystal structure, vibrational, and optical properties
3.1.1. XRD analysis

The X-ray diffraction patterns of ZnO_KOH, ZnO_NaOH, and
ZnO_NH4OH powders synthesized from precursor solutions at pH ~9 are
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shown in Fig. 1. Analysis of all three diffractograms confirmed that all
diffraction peaks could be indexed to a hexagonal unit cell of the
wurtzite type (space group P63mc, JCPDS Card No. 36-1451).

The values obtained for the observed relative intensities, peak posi-
tions (20), and interplanar spacings were compared with data for pris-
tine ZnO from the crystallographic database and are presented in
Table 1. Analysis of the obtained XRD results reveals that, regardless of
particle size or shape, all synthesized ZnO powders exhibited very
similar diffraction patterns. No additional diffraction peaks were
observed in the recorded diffractograms, indicating the absence of im-
purities and confirming the high purity of the synthesized ZnO samples.
All samples exhibit hexagonal symmetry typical of the wurtzite
structure.

A detailed analysis of the recorded XRD patterns revealed variations
in the relative intensities of certain reflections, as well as changes in the
intensity ratios of the (1010):(0002):(1011) reflections. These variations
are attributed to differences in preferential crystal growth along specific
crystallographic planes in the individual ZnO samples.

Using Eq. (1), as described by Singh et al. (2015) [43], the inter-
planar spacing (d) was estimated and is presented in Table 1, while the
lattice constants a and ¢ of the wurtzite structure, defined by Egs. (2) and
(3) [44], are provided in Table 2.

1 4 (h%+hk+k? 2

23 e )Te W
P

_ 2

¢ v/3sin 2
A

C:sinf) 3

Assuming first-order approximation (n = 1), the following equation
is obtained:

) 2[4 (R +hk+Kk2\ P
SlIl2 0:? <§ <a—2> +§> (4)

By applying Equations (2) and (3) for the (1010) orientation and
using 26 values of approximately 31.74° for ZnO_KOH, 31.76° for
ZnO_NaOH, and 31.86° for ZnO_NH4OH, the calculated lattice constant
a values are: agoy = 3.252 ;\, anaon = 3.251 A and anm4on = 3.241 A.
Similarly, for the (0002) orientation and 26 values of approximately
34.39° (ZnO_KOH), 34.40° (ZnO_NaOH), and 34.52° (ZnO_NH4OH), the
calculated lattice constants ¢ are: cxoy = 5.211 ;\, CcNaoH = 5.210 Ai
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Fig. 1. Diffraction patterns of ZnO powders synthesized by the hydrothermal
processing method: ZnO_KOH, ZnO_NaOH and ZnO_NH,OH.
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CNH40H = 5.193 A

To determine how the pH ~ 9 value of the reaction mixture together
with the persence of different cations of base solution affect the crys-
tallinity of ZnO particles, XRD data were used to calculate the crystallite
sizes (Dscherrer) along the crystallographic planes (1010), (0002), and
(1011) for all synthesized samples. Using the Scherrer equation, with
appropriate corrections and peak broadening considerations, the
average crystallite sizes were calculated and presented in Table 2, based
on Eq. (5):

K
" pcosd

)

where k is a shape factor (0.9), 4 is the X-ray wavelength (1.5406 [o\), PBis
the full width at half maximum (FWHM) of the diffraction peak in ra-
dians, and 6 is the Bragg diffraction angle [45]. The average crystallite
size along the (1010) plane was estimated to be 43.3 nm for ZnO_KOH,
42.5 nm for ZnO_NaOH, and 54.1 nm for ZnO_NH4OH. The FWHM
values remained fairly consistent, except in the case of ZnO synthesized
in the presence of NH4OH, where noticeable deviation was observed.
The corresponding values are listed in Table 1.

The Zn-O bond lengths were calculated using Eq. (6) as described by
Bindu et al. [46], where a and c are the lattice parameters, and u is the
positional parameter that defines the relative displacement of atoms
along the c-axis. The positional parameter u was determined using Eq.
(7):

2
L= (a—;—&- (%—u) c2> (6)
2

a
"~ 3c2

The calculated Zn-O bond lengths for the ZnO_KOH, ZnO_NaOH, and
ZnO_NH4OH samples were 1.979 A, 1.978 f\, and 1.970 A, respectively.
The calculated atomic packing values were consistent across the sam-
ples, showing agreement up to the third decimal place.

In addition, the strain values (¢) caused by crystal imperfections and
lattice distortions in the powders were estimated using the Wil
liamson-Hall (W-H) method, which considers the broadening of
diffraction peaks due to both crystallite size and internal stresses within
the material. According to this method, the total peak broadening in the
diffraction pattern can be attributed to contributions from the size of the
coherent scattering regions and microstrain within the crystal structure.

The Williamson-Hall approach enables a clear differentiation be-
tween peak broadening caused by crystallite size and that caused by
lattice strain (stress). This is achieved by analyzing the peak width as a
function of the diffraction angle, under the assumption that the contri-
butions from size and strain are independent and can be expressed
through mathematical functions dependent on the diffraction angle
[46].

The peak broadening due to strain can be calculated using a formula
that relates microstrain to peak width, while the contribution from
crystallite size is inversely proportional to the size of the coherent
crystalline domains. The total peak broadening, S, represents the sum
of the contributions from crystallite size f, and strain g, Eq. (8) [47]:

Pra =Pp + Pe (€)]

Taking into account the instrumental broadening correction, this
sum can be further expressed as a function of the X-ray wavelength,
shape factor, crystallite size, and microstrain, yielding the final form of
the Williamson-Hall equation (Eq. (9)):

u +0.25 @

kA .
ﬁhkl Ccos Hhkl = B + 4¢ sin Hhkl (9)

This equation represents the so-called Uniform Deformation Model
(UDM), which assumes that strain is uniformly distributed in all
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Table 1
As compared ZnO NPs (ZnO_KOH, ZnO_NaOH and ZnO_NH,OH) and JCPDS data values.
20;cpps (°) 20xrD dxrp (A) ZnO relative intensity FWHMygp (hkil)
Licpps I xrp pC)
31.79 31.74(4) 31.76(4) 31.86(0) 2.819(4) 61.25 66.67 75.07 100 0.19(1) 0.19(1) 0.15(0) 1010
34.44 34.39(7) 34.40(8) 34.52(4) 2.608(6) 45.26 42.17 32.57 6.88 0.20(2) 0.20(2) 0.15(4) 0002
36.27 36.23(3) 36.24(3) 36.34(0) 2.479(3) 100 100 100 73.93 0.21(1) 0.22(1) 0.17(0) 1011
47.56 47.51(2) 47.52(2) 47.63(5) 1.914(1) 19.06 18.52 15.55 6.44 0.25(5) 0.26(4) 0.20(5) 1012
56.63 56.58(1) 56.59(1) 56.70(1) 1.627(1) 23.29 28.84 30.12 35.63 0.28(3) 0.29(3) 0.26(1) 1120
62.89 62.83(2) 62.85(2) 62.96(2) 1.479(1) 19.42 19.65 15.75 4.18 0.33(5) 0.33(5) 0.28(1) 1013
66.37 66.36(5) 66.37(8) 66.48(8) 1.409(2) 3.89 3.36 16.17 4.50 0.30(5) 0.32(1) 0.30(8) 2020
67.96 67.93(2) 67.95(2) 68.05(4) 1.378(1) 23.96 16.94 8.20 12.15 0.36(2) 0.36(2) 0.31(4) 1122
69.10 69.07(5) 69.08(4) 69.19(4) 1.359(2) 11.09 8.48 8.88 6.83 0.36(1) 0.35(1) 0.31(4) 2021
79.55 72.53(3) 72.56(2) 72.66(3) 1.303(1) 1.83 1.03 3.92 10.60 0.26(3) 0.23(1) 0.27(1) 0004
76.95 76.95(3) 76.98(3) 77.06(3) 1.239(1) 3.92 2.18 4.96 5.99 0.34(49) 0.35(2) 0.32(4) 2022
(KOH) (NaOH) (NH,4OH) (KOH) (NaOH) (NH,4OH) (KOH) (NaOH) (NH4OH)
Table 2
X-ray diffraction parameter values of the sample ZnO_KOH, ZnO_NaOH and ZnO_NH,OH.
Sample Lattice Parameter Values  Atomic packing factor (c/a)  Position parameter (u)  Average crystallite size Bond length  Lattice Strain  (hkil)
@ Zn-0
L(A
a c DScherrer (nm) DW-H ®)
ZnO (KOH) 3.252(2) 1.732 0.380(2) 43.3(2) 75.4(10) 1.979(3) 0.00132(2) (1010)
5.211(1) 42.2(4) (0002)
39.6(1) (1011)
ZnO (NaOH) 3.251(2) 1.732 0.380(2) 42.5(0) 72.3(8) 1.978(3) 0.00133(1) (1010)
5.210(1) 44.2(4) (0002)
38.6(1) (1011)
ZnO (NH40H) 3.241(5) 1.732 0.380(6) 54.1(2) 200.9(10) 1.97(1) 0.0016(2) (1010)
5.193(9) 57.2(4) (0002)
49.8(3) (1011)

crystallographic directions and that the crystal is isotropic, meaning its
properties do not depend on the measurement direction. Based on a plot
of Py cOS Op versus 4 sin Oy, linear parameters are obtained the y-
intercept corresponds to the crystallite size, while the slope of the line
gives the microstrain value. The Williamson-Hall plots for all three
samples, including the calculated values of slope and intercept, are
presented in Fig. 2.

The strain values (¢), calculated from the slope of the Wil-
liamson-Hall plots, are presented in Table 2 for all samples. Similarly,
the crystallite sizes (Dy_w) were calculated from the y-intercepts of the
Williamson-Hall plots using the relation D = ki/intercept, and the re-
ported values correspond to the average of ten reflections, as summa-
rized in Table 2.

3.1.2. Raman spectroscopy

Waurtzite-type ZnO belongs to the C6v* (P63mc) symmetry group,
with two formula units per primitive cell. According to group theory,
single-crystal ZnO possesses eight sets of optical phonon modes at the
Brillouin zone center: two A1, two E1, two E,, and two B; modes [48,49].
The E; and A; modes are polar, both Raman- and infrared-active, and
each splits into transverse optical (TO) and longitudinal optical (LO)
phonons (A;(ro), Eicro), and Ajwo), E1q0))- The E; mode is non-polar
and consists of low-frequency (EX") and high-frequency (E3®") pho-
nons. The B; modes are Raman inactive (silent modes), whereas the E,
modes are Raman active [50].

It is reasonable to assume that the low-frequency EX" mode mainly
originates from the vibration of the heavy Zn sublattice, while the high-
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- g g 1 = * *
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o 000451 R=0#a22 oo04s| R TOBET8 * .
L ¥ W 0.00361
8 0.0042 0.0042 *
= * 0.0032 o
0.0039- - 0,003 R ol
0.0036- 0.0036 * 0.00281 %
- "
00033 % 0.003H 4 ¥ 0.0024]  *
k.1
12 14 16 18 20 22 24 12 14 16 18 20 22 24 12 14 16 18 20 22 24

4sinb

Fig. 2. Plot of S, cos Opq versus 4 sin Opy.
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Fig. 3. Raman spectra of the ZnO_KOH, ZnO_NaOH and ZnO_NH4OH samples.

frequency E}®" mode is associated with the vibration of the oxygen
sublattice [51,52]. All three Raman spectra of ZnO powders synthesized
using KOH, NaOH, and NH4OH (Fig. 3) exhibit seven prominent peaks at
approximately: ~209 cm’l, ~335 cm’l, ~382 cm’l, ~412 cm’l,
~438 cm’l, ~542 cm’l, ~584 cm’l, as well as a broad and intense
band in the range of 1050 to 1200 cm™'. Our results are in good
agreement with previously published Raman studies [52,53].

The dominant high-intensity peak observed at approximately ~438
em™! is attributed to the E5®" mode, indicating that all synthesized
powders possess a highly crystalline wurtzite structure [54,55]. The
lower-intensity peaks at ~209 cm ™! and ~335 cm ™! are assigned to
second-order Raman scattering (E58" — EX mode), which arises from
zone-boundary phonons of hexagonal ZnO [50,56]. The Raman peaks at
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~382 cm ™! and ~412 cm™! correspond to the polar Ajcro) mode,
dominated by oxygen, and the Ejcroy mode, which is associated with
Zn-0 stretching vibrations, respectively [47] and reflect the strength of
polar lattice bonds [57]. The peak located at ~584 cm~! is attributed to
the E; 10y mode, which may appear due to nanorod misalignment or the
presence of structural defects such as zinc interstitials and oxygen va-
cancies. The peak at 542 em™ ! s assigned to the Ajqo) mode, in
accordance with theoretical predictions [49,58,59]. In the region be-
tween 1050 and 1200 cm?, a broad and intense band labeled as Ai(10)
+ Ei(ro) + E2a0) is observed, which is attributed to second-order fea-
tures involving longitudinal optical (LO) phonon combinations and
overtones [52,60].

Notably, the ZnO_NH,4OH sample exhibits stronger peak intensities
at ~382 cm~! and ~412 cm™! compared to the ZnO_KOH and ZnO_-
NaOH samples, where these peaks are less prominent. Furthermore, the
intensity of the EB8" mode in the ZnO_NaOH sample is relatively higher
compared to that in the ZnO_ NH4OH and ZnO_KOH samples. These
observations indicate differences in the structural and morphological
properties, which will be analyzed further.

3.1.3. Optical analysis

The UV-Vis spectra of zinc oxide samples in the diffuse reflectance
mode (R) are shown in Fig. 4(a)). The highest reflectance in the visible
light region is observed for the ZnO_NaOH sample. The direct band gap
energy (Eg) was determined using modified Kubelka-Munk function (F
(R)=K/S), where K is the absorption coefficient defined as (1—R)2, while
S represents the scattering factor defined as 2R. By plotting (F(R)hv)?
versus photon energy (hv) (See Fig. 4(b)), the band gap values were
estimated by the conventional Tauc’s plot as the x-axis intercept, using
the extrapolation of the linear fitting to the linear portion of the curve
(Fig. 4(b)). Consequently, comparing the results it has been revealed
that band gap is not significantly influenced by changing the base so-
lution during synthesis.
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Fig. 4. Diffuse Reflectance spectra (a), and Tauc plot of (F(R)hv)? versus energy (b) of ZnO_KOH, ZnO_NaOH, and ZnO_NH,4 samples.
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3.2. Morphological study

3.2.1. FESEM analysis

To determine the morphology and particle size of the hydrothermally
synthesized ZnO powders, field emission scanning electron microscopy
(FESEM) was employed. The FESEM results for the ZnO powders are
presented in Fig. 5. Based on the obtained micrographs, a clear depen-
dence of ZnO morphology and particle size on the choice of base solution
used during synthesis, can be observed implying the role of different
cations.

Fig. 5(a—c) presents the FESEM micrographs of ZnO samples syn-
thesized using different alkaline reagents. The ZnO_KOH and ZnO_NaOH
powders exhibit similar morphologies, consisting of randomly oriented
hexagonal prismatic rods with relatively smooth surfaces and shallow
central notches. In the ZnO_KOH sample, rod lengths ranged from 0.62
to 3.32 pm, with an average of 1.77 + 0.94 um, while rod diameters
(measured at the widest part of the prism) ranged from 0.22 to 0.65 pm
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(average 0.36 + 0.09 pm). For the ZnO_NaOH sample, the rods were
generally thinner and exhibited more pronounced but incompletely
developed hexagonal pyramidal tips. Rod lengths ranged from 0.53 to
2.37 pm (average 1.47 + 0.72 pm), with rod diameters ranging from
0.20 to 0.43 pm (average 0.35 + 0.04 pm).

In contrast, the ZnO_NH4OH sample (Fig. 5(c)) exhibits a markedly
different morphology, with significantly larger prismatic rods branching
from a central region; lengths range from 2.81 to 25.74 pm (average
11.71 + 9.26 pm) and diameters from 0.71 to 3.62 pm (average 1.90 +
1.12 pm), reflecting the pronounced heterogeneity of these branched
rods. These structures exhibit pronounced surface roughness with
numerous irregularities and a growth pattern involving beveled ends
shaped like truncated pyramids. As a result, prismatic rods branch from
a central region, and form a 3D butterfly-nebula-like morphology at the
microscale. This complex, laterally developed morphology indicates a
distinct crystal growth mechanism compared to the ZnO_KOH and
ZnO_NaOH samples.

Fig. 5. FESEM images of (a) ZnO_KOH, (b) ZnO_NaOH and (c) ZnO_NH4OH samples at different magnifications.
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The pronounced differences in morphology and crystallographic
orientation among the three samples highlight the significant influence
of the alkaline reagent on the ZnO crystallization pathway. The transi-
tion from isolated prismatic rods (KOH/NaOH) to branched, laterally
developed 3D butterfly-nebula-like structures (NH4OH) suggests the
involvement of distinct reaction mechanisms, likely governed by dif-
ferences in the basicity and complexation behavior of the cations, as well
as the formation of hydroxide and complex intermediates, despite all
samples being synthesized from the same zinc precursor (ZnCl,) under
identical hydrothermal conditions (pH 9, 2 M base, 150 °C/20 h).

3.2.2. TEM

Transmission electron microscopy was employed to examine the
morphology and crystallographic structure of the synthesized ZnO
nanopowders (ZnO_KOH, ZnO_NaOH, and ZnO_NH4OH). Fig. 6(a); 2,
(b)1,2 and (c)q,2 show representative low- and high-magnification TEM
micrographs of the samples, with the corresponding selected area elec-
tron diffraction (SAED) patterns given in Fig. 6(a)s, (b)s, and (c)s.

In the ZnO_KOH sample, the low-magnification TEM images reveal

2\
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micrometer-sized hexagonal rod-like particles with well-defined facets,
averaging 2.14 + 1.03 pm in length and 0.38 £+ 0.09 pm in diameter.
These particles exhibit central notches and partially formed tips. The
particles are randomly oriented in the projection plane, and occasional
overlaps arise from sample preparation rather than a specific tendency
to agglomerate. This morphology is consistent with SEM observations,
although fine surface textures are less discernible in TEM due to the two-
dimensional projection of relatively thick particles.

Similarly, the ZnO_NaOH sample exhibits a prismatic morphology,
consisting of micrometer-sized hexagonal particles but with a broader
size distribution, having lengths of 1.63 £+ 2.01 pm and diameters of
0.35 + 0.31 pm on average. Particle ends are generally flat or slightly
tapered, and no intrinsic clustering tendency is observed; apparent
groupings result from random particle overlap. Facets are clearly visible,
and some particles display shallow notches or terminations resembling
partially formed hexagonal pyramids. In contrast, low-magnification
TEM images of the ZnO_NH4OH sample reveal significantly larger pris-
matic rods, with average lengths of 7.25 + 7.60 pm and diameters of
1.84 + 2.01 pm. Many particles exhibit irregular terminations and

(0002) [ll‘l‘_ll

(1120)

.

z.a. [1100]
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=

? 27
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-
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— .

Fig. 6. Low- and high-magnification TEM micrographs and SAED patterns of the samples (a); 5 3 ZnO_KOH, (b); 23 ZnO_NaOH and (c) 5,3 ZnO_NH4OH. FFT’s and
HRTEM images with measured d-spacing of one isolated, are given in the insets (top — right for HRTEM, top - left for FFT) in (a);, (b)2 and (c),, respectively.
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Fig. 7. Schematic representation of ZnO crystal growth orientations under different synthesis conditions. ZnO_KOH and ZnO_NaOH samples exhibit axial growth
along the c-axis ([0001]), while ZnO_NH4OH samples show suppressed axial growth and dominant lateral extension along [1010].

surface microcracks. Although SEM highlights complex surface struc-
turing, such features remain hidden in TEM images, as the signal is in-
tegrated over the particle thickness, concealing finer topographical
details. Nevertheless, the TEM observations clearly confirm that NH,OH
promotes the growth of considerably larger ZnO rods compared to
powders synthesized with KOH and NaOH.

At higher magnifications, HRTEM was employed to analyze the
crystal structure in greater detail and to determine interplanar spacings.
Representative HRTEM micrographs of single-crystalline ZnO nanorods,
together with the corresponding FFT patterns, are presented as insets in
Fig. 6(a)o, (b)2, and (c)2 (top-right for HRTEM, top-left for FFT). For the
ZnO_KOH and ZnO_NaOH samples, the measured lattice spacing was
2.60 A, corresponding to the (0002) planes of wurtzite ZnO, (JCPDS
Card No. 36—1451), suggesting that the nanorods exhibit preferential
growth along the c-axis, ([0001] direction). In comparison, the
ZnO_NH4OH sample showed a spacing of 2.47 A, assigned to the (1010)
planes of ZnO, indicating that the particles predominantly grow along
the [1010] direction. The FFT patterns reinforce this structural inter-
pretation, revealing lattice periodicities consistent with (0002) planes in
ZnO_KOH and ZnO_NaOH, and (1010) planes in ZnO_NH4OH. These
findings are further supported by XRD results, which show changes in
relative reflection intensities, particularly a reduced (0002) peak and
enhanced non-polar plane reflections in ZnO_NH4OH. A schematic
depiction of the proposed growth orientations is provided in Fig. 7,
highlighting the contrast between the vertical (c-axis) alignment in
ZnO_KOH and ZnO_NaOH, and the lateral growth tendency observed in
ZnO_NH,OH.

To further verify the crystal structure and phase composition of the
ZnO nanorods, selected area electron diffraction (SAED) patterns were
acquired from individual nanorods in each sample. The resulting pat-
terns (Fig. 6(a)s, (b)s, and (c)3) display well-defined, sharp diffraction
spots arranged in a regular array, characteristic of single-crystalline
materials. Interplanar spacings (d-values) were calculated from the
measured distances relative to the central spot and compared with

standard reference data for ZnO (JCPDS Card No. 36—1451). The
observed reflections were successfully indexed to the (0002), (1120),
and (1122) planes, confirming the hexagonal wurtzite structure of ZnO.
The measured d-spacings were 2.60 A, 1.62 A, and 1.38 A for both the
KOH and NaOH samples, and 2.59 A 1.61 A, and 1.37 A for the NH4OH
sample, corresponding to the aforementioned reflections. Although the
differences between the samples are minor and within the expected
experimental uncertainty, the slightly reduced values in the NH4OH
sample may suggest a subtle lattice contraction. This effect could
tentatively be attributed to a lower oxygen content, as indicated later by
EDS analysis. Nevertheless, this variation does not compromise the
overall crystallinity or phase purity. In all cases, the sharpness and
symmetry of the SAED reflections confirm the well-preserved wurtzite
structure and the single-crystalline nature of the ZnO nanorods.

To complement the structural characterization, scanning trans-
mission electron microscopy (STEM) combined with energy-dispersive
X-ray spectroscopy (EDS) was employed to investigate the elemental
distribution and composition homogeneity. Fig. 8(a-c) show STEM/
HAADF micrographs along with the corresponding elemental distribu-
tion maps obtained using K and L spectral lines (zinc in red, oxygen in
green). For all three ZnO samples, the elemental maps reveal a uniform
spatial distribution of Zn and O, indicating good compositional homo-
geneity at the microscale. Quantitative EDS analysis was conducted on
larger regions containing multiple ZnO nanorods to determine the
atomic percentages of Zn and O and to assess the overall stoichiometry.
Signals of carbon and copper, originating from the carbon-coated copper
TEM grid, were also detected but excluded from the analysis. The
measured contents were 56 at.% Zn and 44 at.% O for the ZnO_KOH
sample, and 53 at.% Zn with 47 at.% O for the ZnO_NaOH sample
(Fig. 9). Notably, the ZnO_NH4OH sample exhibited significantly
elevated zinc content of 79 at.%, accompanied by only 21 at.% oxygen.
This elevated Zn/O ratio may be attributed to several factors, including
the surface morphology characterized by rough textures and surface
pores observed in SEM images (Fig. 5(c), as well as the possible presence
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Fig. 9. EDS spectrum taken from the sample area covering a large number of particles, as presented in HAADF image in Fig. 8(a, b and c).

of internal voids. The reduced oxygen content might also reflect the
formation of oxygen vacancies, residual Zn(OH); species, or adsorbed
Zn?* jons on particle surfaces. According to literature, the ideal stoi-
chiometric Zn/O atomic ratio in ZnO is 1:1 (i.e., approximately 50 at.%
of each element) [61], a ratio most closely achieved in the ZnO_NaOH
sample. Overall, the combined microscopy and spectroscopy analyses
illustrate that the alkaline environment used during synthesis has a

pronounced effect on the elemental distribution and Zn/O ratio in the
final ZnO structures.

In summary, TEM analysis confirms that the ZnO particle
morphology is strongly influenced by the choice of base during syn-
thesis. While KOH and NaOH promote the formation of micrometer-
sized hexagonal prisms with well-faceted surfaces and moderate size
distributions, NH4OH leads to a significant increase in particle
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dimensions, with widths exceeding 2 pm and lengths over 11 pm.
Although fine surface features are more clearly resolved in SEM, TEM
observations demonstrate unambiguously that NH4OH induces more
pronounced axial growth and results in particles with irregular termi-
nations and internal cracking. This trend correlates well with the ba-
sicity and complexing ability of the respective hydroxides, which govern
the nucleation and growth kinetics of ZnO crystals. The pronounced
increase in particle size and altered growth direction in the NH4OH
sample likely stem from the distinct basicity and complexation behavior
of the ammonium ion compared to K™ and Na™, affecting nucleation and
crystal growth kinetics. These findings are consistent with previous re-
ports highlighting the crucial role of OH™ ions not only in the formation
of ZnO crystallites but also in directing their growth along specific
crystallographic planes [62-64].

3.2.3. Cation-controlled crystal growth

The formation of ZnO nanostructures under hydrothermal conditions
from aqueous solutions of ZnCl, and alkaline sources (KOH, NaOH,
NH4OH) occurs through two main stages: nucleation and crystal growth.
These processes, which directly influence the structural and morpho-
logical characteristics of the resulting nanostructures, are based on the
initial formation of Zn-hydroxide species in the solution, whose devel-
opment further depends on the nature of the alkaline cation and the
types of complex species formed during synthesis.

Zn(OH), is the dominant species in the reaction of ZnCl, with an
OH™ -based solvent under moderate alkaline conditions (pH ~ 9) [65].
These species further react with OH™ ions and form Zn03~, according to
reactions (10) and (11) [35], while the OH™ concentration is insufficient
to trigger for the formation of typical Zn(OH)3~ units required for crystal
growth.

Zn(OH), + 20H™ — ZnO¥ + 2H,0 10)

ZnO% 4 2H,0 — ZnO + 20H" an

In this process, OH™ ions attach to the terminal vertices of the co-
ordination polyhedron of Zn(OH),, and ZnO3  intermediates act as
growth units, promoting crystal elongation along the [0001] direction in
KOH and NaOH samples. This mechanism complements the observed
formation of elongated prismatic morphologies.

ZnO nanorods synthesized in the presence of KOH and NaOH thus
exhibit preferential axial growth along the c-axis ([0001]), resulting in
elongated nanorods or prismatic morphologies. This anisotropic growth
is promoted under alkaline hydrothermal conditions (pH ~ 9), where

. ZnClz IOH' alkaline
solution reactatnt H

o

1= »
\ / N
\ 13 I-
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Zn" ions predominantly exist as Zn(OH)‘Zf complexes [65-67]. These
negatively charged species selectively adsorb on the positively charged
Zn-terminated polar (0001) surface of ZnO, thereby promoting elonga-
tion along the [0001] direction [64]. As a result, well-dispersed nano-
rods or prisms are formed, as confirmed by HRTEM and SEM analyses.

In contrast, in samples synthesized in the presence of NH4OH,
nucleation is slowed because the Zn-hydroxide precipitate further in-
teracts with ammonium ions. NHZ ions in the solution also act as a
buffering system, stabilizing the pH during synthesis and maintaining a
constant level of supersaturation [35]. This buffering effect enables
control over the nucleation rate and crystal growth kinetics of ZnO,
preventing uncontrolled precipitation. At the same time, the formation
of stable [Zn(NH3)4] 2+ complexes reduces the concentration of free Zn*
ions available for instantaneous nucleation and passivates the polar
(0001) surface, thereby inhibiting axial growth along the [0001] di-
rection and favoring lateral elongation, particularly along the [1010] or
[1120] directions, corresponding to nonpolar planes such as (1010) and
(1120) [35]. The ZnO growth mechanism, as influenced by different
alkaline agents under hydrothermal conditions, is schematically pre-
sented in Fig. 10.

Although growth along [0001] also occurs in NH4OH samples, it is
significantly less pronounced than in the KOH and NaOH systems. The
typical morphology includes bipolar growth along [0001] and [0001]
directions, with a characteristic central notch from which lateral struc-
tures branch. This formation of the notch and dual growth direction can
be explained by localized stress and defects formed during early nucle-
ation, consistent with previous reports on hydrothermally synthesized
hexagonal twin-rod ZnO structures [68] with a schematic representation
provided in the TEM section (Fig. 7). The lower ionic strength and
weaker basicity of NH4OH compared to NaOH and KOH slow ion
diffusion and increase local supersaturation around the nuclei, further
favoring radial and defect-mediated growth [69]. As a result, broader,
more complex, and often branched particles with a 3D
butterfly-nebula-like morphology at the micro-scale are formed, as
clearly visible in SEM images (Fig. 5).

The size of the hexagonal prisms in all samples indicates that the
crystallization rate follows the order NH4OH > KOH > NaOH. The for-
mation of zinc-amine complexes accelerates the crystallization rate.
Consequently, a smaller fraction of particles below the critical radius
may dissolve under NH4OH conditions (due to Ostwald ripening),
leading to reduced particle uniformity. In contrast, crystallization
initiated by Zn-hydroxide precipitate is slower, reflected in the smaller

e

ZnO growth
[0001]
direction
T

Zn0 growth
lateral
direction

Fig. 10. ZnO growth mechanism influenced by various alkaline agents under hydrothermal conditions.
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Fig. 11. Photocatalytic degradation of RO16 (50 mg/1) in the presence of ZnO
nanopowders, prepared with the three different bases, under UV irradiation.

size of prismatic rods, while adsorption of Na* and K" ions suppress
lateral crystal growth. Stronger binding of Na™ compared to K*, due to
its higher charge density (rNa+ ~ 102 p.m. < rg;~ 138 p.m.), slows the
elongation of the prismatic rods [35,67].

3.3. Photocatalytic activity

To assess the photocatalytic performance of the prepared samples, a
solution of Reactive Orange 16 (RO16) dye was employed as a model
pollutant. The influence of particle morphology induced by using
different bases such as KOH, NaOH, and NH4OH on photocatalytic ac-
tivity is presented in Fig. 11. As previously reported by Xu et al. [70],
ZnO nanostructures exhibit high sensitivity to growth conditions, which
can significantly influence their morphology and physicochemical
properties.

Based on the data presented in Fig. 11, it is important to note that the
ZnO powder synthesized in the alkaline environment using NH4OH
showed no dye adsorption after stirring in the dark, whereas the other
two powders, prepared using NaOH and KOH, exhibited adsorption
levels of approximately 30 % and 10 %, respectively. Having in mind
that these oxides are placed in aqueous solution, it is reasonable to as-
sume that hydroxyl groups are present on the surface of ZnO nano-
powders [71-73]. Experimentally determined zero point charge
(pHZPCQ)) values were ~6.85, 6.80, and 6.56 for ZnO_NaOH, ZnO_KOH,
and ZnO_NH4OH, respectively.

Since the pH value of the RO16 dye solution, pH ~4.6, is lower than
PHZPC of ZnO nanopowders, from Fig. 12(a and b) we can conclude that
the surface of hydroxyls will be protonated:

Zn-OH + H' - Zn-OH; (12)

In aqueous solution, the sulfonate groups of dye (R—SO3Na) disso-
ciate and will be converted to R—SO®~ anions (R represents the rest of
the molecule). The adsorption process can be explained throuh the
electrostatic attraction between two oppositely charged ions - positively
charged surface of ZnO nanoparticles and negatively charged dye ions:

Zn-OHj; + R-SO; = Zn-OHj ... ~O3S-R 13)

Furthermore, it is worth mentoning that samples ZnO_NaOH and
ZnO_KOH have more drastical increase of Zeta potential (see Fig. 12(a)
and inset in Fig. 12(a), implying that for the pH value of the RO16 so-
lution the positive charge surface of these samples will be higher
compared to ZnO_NH4OH. The difference in the level of adsorption can
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Fig. 12. Zeta potential values of ZnO samples vs. pH (a) and corresponding

adsorption mechanism (b). The value of zeta potential at pH = 6.5 is presented
for each sample as Inset in (a).

be aligned very well with the different positive charge surface of three
samples. The illustration of the adsorption mechanism is given in Fig. 12
(b).

All three ZnO nanopowders demonstrated photocatalytic activity in
the degradation of RO16 dye. The ZnO_NaOH sample exhibited the
highest photocatalytic efficiency, achieving complete degradation of the
dye within 90 min. In the case of ZnO_KOH and ZnO_NH4OH, approxi-
mately 90 % and 45 % of the dye was removed after the same exposure
time, respectively. Complete degradation for the ZnO_KOH sample was
observed after 120 min, while the ZnO_NH4OH sample reached
approximately 75 % degradation after 150 min. The Lang-
muir-Hinshelwood kinetic model is commonly applied to describe het-
erogeneous photocatalytic degradation reactions. This model assumes
that a fast adsorption-desorption equilibrium is followed by a slower
surface reaction at the solid-liquid interface [40,74,75]. The final form
of the model is typically expressed as Eq. (14) [40,76]:

C() _ 1 9 —
ll'l(a) 7erLHtfkt g ln(co) =-kt

a4
where k; is reaction rate constant, Cy and C; are the initial and time-
dependent concentration of dye, Kiy represents Langmuir-Hinshel-
wood equilibrium constant, and k’ is the pseudo-first-order rate
constant.

By plotting In(C/Cp) as a function of irradiation time (Fig. 13), a
clear linear dependence was observed, indicating that the experimental
data fit well with the pseudo-first-order kinetic model for all three
samples.

The k' values, calculated from the slope of Equation (14), are pre-
sented in Table 3. Along with these values, the corresponding high
correlation coefficients (R?) are also included, confirming the suitability
of the pseudo-first-order kinetic model in describing the degradation
kinetics of RO16 dye. Based on this analysis, the lowest photocatalytic
efficiency was observed for the zinc oxide sample synthesized using
NH,4OH as the base. A slight advantage in degradation performance was
recorded for ZnO synthesized with NaOH, compared to the nanopowder
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Fig. 13. Determination of the pseudo-first-order kinetic rate constant k’ for the ZnO_KOH, ZnO_NaOH and ZnO_NH,OH.

Table 3
Pseudo-first-order kinetic rate constant for all three samples.

Sample Reactive Orange 16
k’ - ro1e (min™") R?
ZnO_KOH 0.020 0.9853
ZnO_NaOH 0.025 0.9625
ZnO_NH,OH 0.008 0.9910
prepared with KOH.

The ZnO as a direct wide band gap semiconductor, for the photo-
catalytic application can be excited by ultraviolet light [77]. Conse-
quently, the band gap energy is considered as an important parameter in
analysis of photocatalytic activity and efficiency. Having in mind values
of band gap energies obtained in Section 3.13., we can observe that
ZnO_NH4OH even with the little bit lower band gap value of 3.10 eV,
didn’t provide more efficient degradation of the dye. The complex na-
ture of photocatalysis can be explained by interplay of parameters such
as: particle size, crystallinity, morphology, promotion of the active
facets, the efficient charge carrier separation/slow recombination,
density of hydroxyl groups on the catalyst surface, and formation of
different kind of radicals (the most important OH®) [72,78-80]. In
addition to this, it has been reported that for the maximum photo-
catalytic efficiency exists an optimal particle size [78]. Furthermore,
these factors can influence the adsorption behavior [80], which aligns
very well with the variations in measured zeta potentials data. The
ZnO_NaOH and ZnO_KOH samples with similar morphology, crystallite
and particle size, together with comparable adsorption values out-
performed activity of ZnO_NH4OH sample with larger crystallite and
particle size with no adsorption ability.

The common mechanism [81,82] for the degradation of organic
pollutants in the presence of metal oxides starts with the generation of
e~ —h™ pair upon UV irradiation:

ZnO+hy(UV) - ey + h; 15)
These electron-hole pairs can recombine:

e, + iy — heat (16)
Or, interact separately with other molecules:

ey + 0y — 03 a7

hj, + H,O - H' + OH (18)

hf, + OH —OH* 19

12

* + dye — oxidative products (20)
b

Besides hydroxyl and superoxide radicals, the formation of various
oxygen species is also possible

0y +H* - HO;, (21)

0;” + HOj + H"— H,0, + 0, (22)

All these reactive species represent the strong oxidants that can
attack chromophoric azo bond -N=N-, aromatic rings in RO16, C-S
bond between the aromatic ring and the sulfonate group, C-C, and C-N
bonds breaking them down into smaller and less harmful molecules [83,
84]. Very often the most significant contribution to the degradation of
organic pollutants is attributed to OH® radicals, known as very strong
and non-selective oxidizing agent [74,82,85]. It is expected that after
complete mineralization of RO16 dye, the products will appear in form
of CO,, H20, Na™, SO3~, NO3 and Cl~ [84].

4. Conclusion

The hydrothermal synthesis of ZnO nanopowders using different
alkaline sources resulted in distinct particle morphologies, which
significantly influenced their photocatalytic performance. The type of
cation controls the preferential crystal growth of ZnO under alkaline
hydrothermal conditions and consequently its photocatalytic activity.
Specifically, the presence of K™ and Na' ions leads to the formation of
prismatic, rod-shaped ZnO crystals, whereas NHJ facilitates the devel-
opment of a 3D butterfly-nebula-like morphology at the microscale
under the same pH conditions. These differences can be attributed to
distinct hydrothermal reaction pathways, including the nature of
nucleation sites and crystal growth units. Consequently, these morpho-
logical variations cause different photocatalytic activity. Among the
samples, ZnO synthesized using NaOH exhibited the highest photo-
catalytic efficiency, achieving complete degradation of RO16 dye within
90 min. The smaller rod-like particles of ZnO_NaOH enhance its pho-
tocatalytic performance when compared to ZnO_KOH. In contrast, ZnO
synthesized with NH4OH shows the lowest photocatalytic activity, likely
due to its larger particle size, increased surface roughness, and altered
crystallographic orientation. This study highlights the critical role of
synthesis parameters, particularly the type of alkaline cation, in
tailoring the morphology, surface structure, and photocatalytic behavior
of ZnO nanoparticles. The results suggest that controlled hydrothermal
synthesis at pH ~9 enables the formation of nanostructures with
favorable properties for environmental applications.
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area, mean pore diameter, pore volume and PSD), the presence of catalytically
active mixed crystal phases and appropriate morphology provided efficient
photocatalytic activity, especially when chemically modified catalyst was used.

1. M. Vasic, et al., Process. Appl. Ceram., 10 [3] (2016) 189
2. G. Shao, et al., Powder Technol., 258 (2014) 99
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PHASE TRANSITION FROM TiO2 BROOKITE-BASED
NANOPOWDER TO TITANATE: EFFECT OF ANNEALING
TEMPERATURE ON MORPHOLOGY AND PHOTOCATALYTIC
BEHAVIOR

Natasa Tomi¢?, Mirjana Grujié-Brojéin?, Aleksandar Kremenovié?,

Vladimir Lazovi¢?, Maja S¢epanovi¢!

Center for Solid State Physics and New Materials, Institute of Physics,
University of Belgrade, 11080 Belgrade, Serbia
Laboratory of Crystallography, Faculty of Mining and Geology, University of
Belgrade, Dusina 7, 11001 Belgrade, Serbia
Photonics Center, Institute of Physics, University of Belgrade,
11080 Belgrade, Serbia

TiO, nanopowder based on brookite phase was synthesized using sol-gel
hydrothermal method, with TiCl used as a precursor [1]. For the purposes of
preparing one-dimensional (1D) nanoribbons, the obtained TiO, nanopowder was
used as a precursor following an alkaline hydrothermal approach [2, 3], after which
an annealing process took place. The structural properties of the synthesized
nanomaterials were analyzed by X-ray powder diffraction (XRPD). Besides the
XRPD pattern, the structural and morphological characteristics of obtained
nanopowder and nanoribbon were also investigated by Raman spectroscopy and
Field Emission Scanning Electron Microscopy (FESEM). Synthesized
nanostructures were tested in photocatalytic degradation of Reactive Orange (RO16)
azo-dye, since these dyes represent the most toxic ones among various types of dyes.
The TiO2 brookite-based nanopowder showed the best photocatalytic efficiency,
whereas the titanate after annealing were much faster in degradation in comparison
with titanate obtained after hydrothermal process.

[1] N. Tomi¢, Mater. Chem. Phys., 163 (2015) 518

[2] V. Bellat, R. Chassagnon, O. Heintz, L. Saviot, D. Vandroux, N. Millot, Dalton
Trans. 44 (2015) 1150

[3] A. Souza, O. Ferreira, V. Nunes, Aet al., Mater. Res., 21 (2018) 20180110
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Pure Brookite Nanopowder: Photocatalytic
Properties Before and After Annealing

Nataga Tomi¢*, Mirjana Gruji¢-Brojéin®, Bojana Vigi¢*, Jugoslav Krsti¢®,
and Maja S¢éepanovi¢®

ACenter for Solid State Physics and New Materials, Institute of Physics, University of Belgrade,
11080 Belgrade, Serbia

® Institute of Chemistry, Technology and Metallurgy, Department of Catalysis and Chemical
Engineering, University of Belgrade, NjegoSeva 12, 11000 Belgrade, Serbia

Abstract. TiO, nanopowder with pure brookite phase was synthesized using sol-gel
hydrothermal method, with TiCl, as a precursor [1]. After this alkaline hydrothermal approach
an annealing process at 860 K took place. The structural properties of the as synthesized and
annealed nanopowders were analyzed by X-ray powder diffraction (XRPD). The structural,
morphological and texture characteristics of both nanopowders were also investigated by Raman
spectroscopy, Scanning Electron Microscopy (SEM) and N, physisorption at 77 K. Efficiency
of photocatalytic degradation of Reactive Orange (RO16), one of the most toxic azo-dye among
various types of dyes, was investigated for both nanopowders. As synthesized brookite
nanopowder showed the fast photocatalytic degradation of RO16, whereas the annealed
nanopowder was slower in degradation under the same conditions. Lower degradation efficiency
could be related to decrease of the textural parameters (specific surface area, mesopore volume,
and maximum pore diameter) of brookite nanopowder due to annealing.

REFERENCES

1. Tomic, N., et al., Mater. Chem. Phys. 163, 518-528 (2015).
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TiO4-PdO composite submicron fibers were produced using electrospinning method. The morphology of the fibers was probed using Scanning Electron
Microscopy, whereas Raman Spectroscopy and powder X-Ray Diffraction experiments were used for probing the crystalline phases of pure TiOy and TiOy --
PdO fibers. In particular, the effects of annealing time (at 600 ° C) on the crystal structure and the role of embedded PdO were investigated. The results of
Raman scattering measurements have shown dominant anatase TiO2 phase in all samples. The crystallinity of anatase phase, as well as the appearence of
rutile and brookite phases, depend on annealing and doping conditions. The existence of PdO within TiO2 stabilizes its anatase phase, and the Raman
modes ascribed to PdO become more pronounced with annealing. The combination of Raman and X-Ray diffraction techniques proves to be a powerful tool
in characterizing these materials.
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Structural and microstructural study of brookite based TiO, nanocomposites with carbon
black (C)

Aleksandar Kremenovi¢ 1, Mirjana Gruji¢-Brojc¢in 2, Nataa Tomi¢ 2, Maja S¢epanovic 2
1 Faculty of Mining and Geology, University of Belgrade, Belgrade, Serbia
2 Institute of Physics, University of Belgrade, Belgrade, Serbia

¥ aleksandar.kremenovic@rgf.bg.ac.rs

tructural and microstructural properties of TiO,-based nanocomposites with carbon black (C), synthesized by sol-gel-

hydrothermal method, have been studied by XRPD and Raman scattering. Detailed size-strain analyses of XRPD and Raman

scattering results are presented in order to investigate the influence of C content on brokite and anatase phase formation. The
XRPD size-strain analyses have resulted in reliable structure and microstructure results for both anatase and brookite and their
relative abundance ratio has been refined by Rietveld method. The brookite and anatase crystallite sizes are estimated by XRPD at ~
27-29 and 14-17 nm, respectively. The Raman spectra of all samples are dominated by the most intensive modes of anatase (E g) and
brookite (A14). The analysis of anatase E; mode by PCM (Phonon Confinement model) has revealed partial compensation of phonon
confinement due to anatase nanocrystallite size and tensile deformation of anatase lattice. The refined unit cell parameters obtained
from XRPD have shown that C atoms did not enter in the significant amounts into brookite and anatase crystal structures. On the other
side, the Raman spectra have revealed features assigned to carbon. The results of both analyses imply that the presence of carbon
could influence the formation of brookite and anatase phase in the TiO,-based nanocomposites synthesized by the hydrothermal
method [1].

[1] A. Kremenovi¢, M. Grujié-Brojéin, N. Tomié, V. Lazovi¢, D. Bajuk-Bogdanovié, J. Krstié, M. S¢epanovi¢, Size-strain line broadening
analysis of anatase/brookite (TiO;) based nanocomposites with carbon (C) - XRPD and Raman spectroscopy, Acta Crystallographica B,
in press.
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presented. This paper presents forensic medical expertise of traces on the corpse in
combination with trasological analyzes, both on the corpse and on the materials
related to the specific case of the crime of murder, which all contributed to
clarifying the cause of the murder. The murder happened at night, commited by
several people, the victim was a young man who was ostracized by his family due
to frequent consumption of alcoholic beverages in combination with narcotics. In
the cross-section of the set of conclusions that emerged after the conducted
analyzes, an indisputable fact “emerged” that helped clarify this case.

Key words: Forensics, Medical analysis, Micro traces.

REMOVAL OF NADOLOL USING COUPLED NANOMATERIALS
BASED ON TITANIUM AND CARBON

Andrijana Vukojevi¢', Maria M. Savanovi¢', Natasa Tomié?,
Stevan Armakovié¢', Svetlana Pelemi’, Sanja J. Armakovi¢'

"University of Novi Sad, Faculty of Sciences, Novi Sad, Serbia,
’Center for Solid State and New Materials, Institute of Physics Belgrade,
Belgrade, Serbia
3University of East Sarajevo, Faculty of Technology, Zvornik,
Republic of Srpska, Bosnia and Herzegovina

Abstract: Nadolol (NAD), one of the representatives of B-blockers, is used
to treat cardiovascular diseases such as angina and hypertension. Due to its fre-
quent use, it has been detected in hospital wastewater from which it is not removed
efficiently enough, so it reaches natural waters. The lack of a satisfactorily efficient
method for removing NAD from wastewater has created a need to find a more effi-
cient way for its removal. This paper aims to investigate the efficiency of photo-
catalytic degradation of NAD by two TiO;-C nanocomposites with different carbon
content (9 and 20 wt%) under UV radiation. The applied nanocomposites, synthe-
sized by the sol-gel hydrothermal method, showed significant efficiency in remov-
ing NAD compared to direct photolysis. Also, the reaction rate constant, according
to which the decomposition of NAD in the presence of TiO,-C takes place in the
pseudo-first order, was calculated. The degradation of NAD was monitored by
HPLC-PDA technique.

Key words: Nadolol, Photocatalytic degradation, Kinetics.
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The influence of the brookite/anatase TiO2 nanoparticles on structural
and electrochemical properties of conducting polyaniline form

Uticaj nanocestica brukit/anatas TiO2 na strukturna i elektrohemijska svojstva
provodne forme polianilina
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Abstract

The emeraldine salt polyaniline/TiO. composite (PANI_ES@TiO2_BA) was prepared by in situ
chemical oxidation of aniline in the presence of the TiO2 brookite(74%)/anatase(26%) nanoparticles.
Raman spectroscopy and Cyclic Voltammetry were used to examine the properties of the obtained
composites and their charge storage performances. A significant decrease of the composite
charging/discharging capacity indicates that the incorporation of 33 wt% of the brookite/anatase
TiO2 nanoparticles into the PANI_ES matrix deteriorates the charge storage possibilities of the
composite in comparison with the pure PANI_ES at a common scan rate of 20 mVs™.

Keywords: polyaniline; TiO2; composite; Raman spectroscopy; Cyclic Voltammetry; Charge storage.

lzvod

Kompozit polianilina u formi emeraldin soli/TiO> (PANI_ES@TiO2_BA) je sintetisan in situ
hemijskom  oksidativnom  polimerizacijom  anilina u  prisustvu  nanocestica  TiO>
brukit(74%)/anatas(26%). Za ispitivanje svojstava dobijenog kompozita i njegovih performansi za
skladistenje naelektrisanja koris¢éena je metoda Ramanske spektroskopije i ciklicna voltametrija.
Znacajno smanjenje kapaciteta punjenja/praznjenja kompozita ukazuje na to da ugradnja 33
tezinskih procenata (Wt%) nanocestica brukit/anatas TiO2 u PANI_ES matricu smanjuje sposobnost
skladistenja naelektrisanja u kompozitu u poredenju sa cistim PANI_ES, pri brzini polarizacije od 20
mvs,

Kljuéne reci: polianilin; TiO2; kompozit; Ramanska spektroskopija; ciklicna voltametrija;
skladistenje naelektrisanja.

Introduction

Both organic and inorganic core-shell hybrid materials have been extensively studied in the literature
[1]. The complementary characteristics of these materials and their synergistic attract much attention
advocating them as promising candidates for potential applications in electronic and optical devices,
photocatalysis, batteries, and protective coatings [2]. Among the most comprehensively studied
combinations for hybrid nanocomposites production are those of conducting polyaniline (PANI) and
numerous inorganic oxides (y-Fe203, TiO2, CeO», graphene oxide, ZnO, SiO») encapsulated inside
the PANI shell [3-6]. A small amount of oxide nanoparticles (NP) incorporated into the PANI matrix
can significantly modify its structural, morphological, electrical, and optical properties [7].
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Most of the existing studies of PANI@TiO. composites have been focused on their applications in
photocatalysts and gas sensors [8-10], but much less of them are focused on their possible use as
electrode materials for supercapacitors [11].

In studies of the PANI@TiO2 nanocomposites, the largest attention has been paid to the anatase TiO>
crystal form [12,13], while the use of rutile and rutile/anatase TiO crystal form nanocomposites is
much less investigated [7,14]. Due to the difficulties encountered in the synthesis process, there is
even less interest in the pure brookite TiO: crystal form nanocomposites.

In this work, brookite(74%)/anatase(26%) TiO2 (TiO2_BA) (NP) were synthesized using sol-gel
hydrothermal method, while PANI was obtained in the form of emeraldine salt (ES) (PANI_ES) by
typical chemical oxidation polymerization of aniline monomer under highly acidic conditions. The
PANI_ES@TiO,_BA dielectric material was developed by in situ chemical oxidative polymerization
in order to investigate its charge storage capacity and to relate it to the influence of the
anatase/brookite TiO2 (NP) on properties of the conductive PANI_ES matrix.

Experimental details and characterisation

Synthesis of polyaniline

The PANI_ES form was synthesized by typical chemical polymerization of aniline in the presence of
hydrochloric acid and ammonium persulfate as an oxidant, according to the procedure described in
our previous paper [5]. 0.18 mL of aniline monomer was injected into 7 mL of 2 M HCI solution.
Then, 0.45 g of (NH4)2SOa4, previously dissolved in 2 mL of deionized water, was added dropwise to
the solution, with constant stirring on a magnetic stirrer. After washing with 2 M HCI, deionized
water, and ethanol, the obtained precipitate was dried at 60 °C in an oven for 36 h.

Sol-gel hydrothermally synthesis of TiO2_BA

The polymorphic brookite/anatase TiO2 (NP) were synthesized by the sol-gel hydrothermal method,
with TiCls used as a precursor. An appropriate amount of TiCls was dissolved in 50 mL of distilled
water, with constant stirring in an ice bath. In order to form the hydrogel, the NaOH solution was
gradually added until pH ~ 9. After 5 hours of aging, the V = 80 mL of hydrogel was transferred to
an autoclave and treated at T = 200 °C for 24 hours. Using the XRD method, the brookite/anatase
phases relation in the obtained nanopowder sample [15], was determined to be 74%/26%.

PANI@TiO2_BA synthesis procedure

The PANI@TiO2_BA composites were synthesized using the same procedure as for PANI_ES
synthesis but in the presence of TiO2_BA. Two times distilled aniline monomer was added to an
aqueous solution of 2M HCI containing 33 wt% of TiO2 (NP) of the brookite/anatase TiO, crystal
structure synthesized in the previously described manner. In order to prevent aggregation, the solution
was treated with ultrasound, after which (NH4)2SO4 dissolved in deionized water was added with
constant stirring. The resulting sample was washed with 2M HCI aqueous solution and deionized
water and then dried in an oven.

Raman stady of PANI_ES@AB interaction

The Raman spectra of the PANI_ES and PANI_ES@TiO>_BA samples were recorded using a DXR
Raman microscope (Thermo Scientific) equipped with a research optical microscope and a CCD
detector, and the results are presented in Fig.1. The PANI_ES Raman spectrum is typical for this
protonated PANI form, and its peaks were assigned using literature data [16-18]. The TiO,_BA
Raman spectra were measured under the same conditions as those of PANI_ES and shown in the inset
of Fig. 1. The PANI_ES@TiO2_BA composite Raman spectrum shows all characteristic PANI
vibration modes with a modified intensity of certain bands mainly (but not exclusively) in the range
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of wave numbers characteristic for the incorporating oxide vibrations. Shifts of the PANI_ES Raman
bands were not observed in the composite, which can be attributed to the stability of principal
structural features of both individual components of the composite after its formation.

The assignment of the PANI_ES Raman bands in the 2000 cm™ to 200 cm™ range is given in Table
1. In the Raman spectrum of the mixed brookite/anatase TiO2 phase, the bands that correspond to the
brookite phase are: ~ 286 cm™ (Byg), ~ 412 cm™ (Ayg), ~ 505 cm™ (Bgg), ~ 544 cm™® (Ayg) and ~ 640
cm™? (Azg). The Raman modes of the anatase phase were observed at positions ~ 399 cm™ (Byg), ~
518 cm™ (A1g+Bag), and ~ 639 cm™* (Eg) [19].

Analyzing the Raman spectrum of the composite, one can observe the influence of the TiO>_BA
oxide (NP) on the PANI_ES band of medium intensity recorded at ~1490 cm™, which is related to
the C=N stretching vibrations of the quinonoid structures. The oxide influence is also evident on
mode at ~1509 cm, which is attributed to the N-H deformation vibrations of the semi-quinonoid
ring. In addition, the splitting of the band recorded at 1336 cm™, which is associated with C~N*"
vibrations in the delocalized polaronic structure [20] into ~1344 cm™ and ~1326 cm™ lines is
significantly more pronounced in the composite than in pure PANI_ES, and the ratio of their
intensities increases in the composite. It is indicative that all affected modes mentioned above
originate from various vibrations that include PANI_ES N-atoms, so the cause for their modification
should be searched in various interactions of N-atom, probably with both O and Ti atoms forming the
TiOz surface [21]. The assumption that oxide Ti-atoms form a coordination compound with PANI_ES
N-atoms is also possible [22].

Changes in the vibrational mode’s intensity due to the PANI_ES - TiO,_BA interaction are also
pronounced in the wave number range in which the oxide modes appear. The intensity of the band at
718 cm, which is associated to the deformation of the amine structure of the bipolaronic form of
PANI_ES, decreases in the presence of oxide (partially overlapping brookite Aig mode and the
anatase Eq mode). This indicates the possible existence of the PANI - TiO; interaction involving the
amine hydrogen, i.e., the NH-O-Ti interaction. Changes in the PANI_ES bands recorded at 585 cm™
and 520 cm™ are due to the interaction with A1g and Bsg vibrational modes of the brookite phase, as
well as with the A1g+B1g and Big anatase phase modes. The decrease of intensity of the PANI_ES
band at 421 cm™, and increase of intensity of the ~ 298 cm™ band can be attributed to the interaction
of the brookite phase Bg vibrational mode with these PANI_ES modes.
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Figure 1. Normalized Raman spectra of PANI_ES and PANI_ES@TiO,_BA in the normalized

scale. The spectrum of pure TiO2>_BA oxide phase is given in the inset. The symbols A and B
indicate bands corresponding to anatase, i.e., the brookite phase.

Table 1. The assignments of the PANI_ES Raman bands in the 2000 cm™ - 200 cm™ range. (v)-
stretching, (b)-bending, (w)-wagging, (t)-torsion, (i-p) in plane, (0-p) out-of plane, (d) deformation,
(r-d) deformation of ring, B: benzenoid, Q: quinonoid, SQ: semi-quinonoid rings.

Exp. frequencies (cm™) Assignments

1623 v(C-C)s

1585 V(C=C)a; v(C~C)so

1509 d(N-H)(i-p)

1490 v(C=N)q

1344, 1326 v(C-N")so

1262 v(C-N)

1172 b(CH)(i-p)sq
874 w(C-H)(r-d)s(i-p)
815 b(C-H)q(0o-p), (r-d)so
718 (r-d)s(o-p)
585 (0-p)(C-H)+(r-d)
520 7(C-N-C)(0-p)
421 (CH)(0-p)
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Electrohemical behavior

The influence of the brookite/anatase TiO2 (NP) on the charge storage behavior of PANI_ES was
studied by cyclic voltammetry method. The measurements were performed at Gamry PCI4/300
Potentiostat/Galvanostat in the typical three-electrode configuration. To examine the influence of the
PANI_ES electrochemical over-oxidation, both samples were measured in an extended potential
range of -0.2—1 V vs. SCE (Saturated Calomel Electrode) during ten consecutive cycles. The resulting
cyclic voltammograms (CVs) are shown in Figure 2.

20 :
- PANI_ES@TiO, BA
2 PANI ES 11 ] _ES@Tio,_

15+

0.2 ( 0.0 I 0.2 ’ nj4 . (]fﬁ I 0.8 I 1.0 ) -I}I.Z I (I:lI ’ l}iZ ' 014 . I}I.ﬁ I 0.8 1.0
E vs. SCE/V E vs. SCE/V
Figure 2. Cyclic voltamograms of PANI_ES, and PANI_ES@TiO2_BA samples measured in HCI in
potential range from -0.2 (the 1%%) to 1 V (the 10™) cycle vs. SCE, at scan rate of 20 mVs™.

The first cycle anodic peak, which originates from oxidation of leucoemeraldine base (LB) into
emeraldine salt (ES) is observed at 0.22 V, while the cathodic peak, which originates from reduction
of (LB) to (ES), is observed at 0.001 V. The anodic peak of the second main redox pair originating
from the oxidation of ES to pernigraniline salt (PNS) is positioned at 0.8 V, while the cathodic peak
originating from reduction of PNS to ES is observed at 0.65 V. A low-intensity redox couple is
positioned between these two main redox pairs of peaks, with the anodic peak at 0.55 V and the
cathodic peak at 0.45 V. This pair of peaks is generally attributed to the formation of benzoquinone
degradation products, leading to formation of the cross-linked PANI [23]. One can see that current of
this middle peaks increase during the consecutive cycling of PANI within the extended water stability
window, while the currents of redox peaks | and Il decrease. This is in accord with previous
observation that the formation of electrochemically inactive intermediates in preoxidized PANI leads
to decrease of the current response during successive cycling [24].

The current responses of the anodic peaks in the first cycle is similar for processes | and 111 indicating
similarity of the PANI_ES sample redox processes kinetics. After incorporation of the TiO2_BA (NP)
into the PANI_ES matrix, the reduced current response was reduced. The anodic peak Il is smaller
than anodic peak | indicating that the (PNS) formation takes place more slowly in the composite than
in pure PANI_ES. This behavior can be explained by the fact that the interaction of the TiO2,_BA
oxide with the PANI_ES chain hinders its deprotonation, which leads to a lower proportion of the
(PNS) formed in the first anodic scan. Consequently, a slightly slower disappearance of the third peak
was observed after the tenth cycle.

The charging/discharging capacitance of PANI is usually monitored in a narrower potential range (-
0.2 to 0.6 V vs. SCE), in which the electrochemical preoxidation of PANI does not occur. In this
regime, the calculated ratio of charging/discharging capacities was found to be 296/294 Fg* for pure
PANI_ES and 165/160 Fg* for PANI_ES@TiO,_BA. The significant decrease of the composite
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capacity clearly shows that incorporation of 33 wt% of the TiO2>_BA (NP) into the PANI_ES matrix
prevents the storage of significant amount of charge in the composite at a common scan rate of 20
mvs,

Conclusion

The 33wt% of brookite(74%) and anatase(26%) TiO2_BA nanoparticles (NP) mixture was
incorporated into the PANI_ES matrix during in situ chemical oxidative polymerization. The Raman
spectra analysis of the obtained samples suggests that formation of the PANI_ES@TiO,_BA
composite (NP) is accompanied by various interactions involving the N-atom from PANI_ES, and
most likely the O-atoms from the TiO2_BA (NP) surfaces of the both involved TiO> phases. However,
some kind of Ti-N interaction is also possible. The charging/discharging capacitance features of pure
PANI_ES and the composite were studied in 1M HCI using cyclic voltammetry at a common scan
rate of 20 mV s™*. In the -0.2 to 1 VV SCE range, besides the two principle peaks pairs that correspond
to the leucoemealdin base to emeraldine salt (0.22/0.001 V) and emeraldine salt to pernigraniline
salt (0.8/0.65 V) oxidation/reduction, an additional pair of peaks (0.55/0.45 V) attributed to
benzoquinone degradation products and subsequent PANI cross-linking appears. The relations
between these peaks’ current intensities in pure PANI_ES and the PANI_ES@TiO2_BA composite
and their changes during the consecutive cycling imply that interactions between the PANI_ES and
TiO2_BA (NP) in the PANI_ES@TiO2_BA composite hinders the PANI_ES deprotonation and
prevents about the half of the charge that could be stored in pure PANI_ES (in the -0.2t0 0.6 V SCE
range) to be stored in the composite.
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The nanosized Fe:O4 was prepared in two different ways. Firstly, the precipitati
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GRAPHENE ENHANCEMENT OF V205 AS CATHODE
MATERIAL

Nataga Tomié!”, Ivana R. Milosevi¢?, Jasna Vujin!, Bojana Kuzmanovié¢?, Milica Vujkovi¢®

Institute of Physics Belgrade, National Institute of the Republic of Serbia, University of Belgrade,
Serbia

’Institute of Nuclear Sciences “Vinca”, National Institute of the Republic of Serbia, University of
Belgrade, Serbia

3Faculty of Physical Chemistry, University of Belgrade, Serbia

*Corresponding author: natasat@ipb.ac.rs

The pure V205 nanopowder, synthesized by acid-assisted hydrothermal method [1],
was combined with water-based graphene dispersion in order to obtain the V.Os-graphene
nanocomposite. Previously, the simple and low-cost method known as liquid phase exfoliation
(LPE) [2] was used to get desired graphene dispersion. The influence of graphene coupling
with the vanadium oxide was analysed from the structural, morphological, and electrochemical
point of view. The structural properties of the nanomaterials, before and after graphene
modification, was analysed by X-ray powder diffraction (XRPD). The morphological
characteristics were investigated by Field Emission Scanning Electron Microscopy (FESEM).
These nanostructures were tested as an electrode material for Li-ion batteries using Gamry
Potentiostat/Galvanostat. The influence of graphene on the capacity and its stability was
evaluated and discussed. The applied graphene-based modification approach was found to be
successful in improving the cathode performance of V20s.
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ZnO NANOPOWDERS: EFFECT OF ALKALINE LIQUID
CHEMISTRY ON THE MORPHOLOGY AND
PHOTOCATALYTIC PROPERTIES

Bojana Kuzmanovi¢!”, Milica Vujkovi¢?, Katarina Batalovi¢!, Mirjana Medi¢ Ili¢!, Bojana
Paska$ Mamaula®, Natasa Tomi¢®
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Due to their exceptional properties, stability, cost-effectiveness, and especially their
environmental friendliness, metal oxide nanoparticles are considered as promising material for
the photocatalytic degradation of toxic dyes and organic solvents [1,2]. This study summarizes
the preparation and application of ZnO nanoparticles with high catalytic performance. Zinc
oxide powders were synthesized via a hydrothermal method in an alkaline environment using
three different bases: NaOH, KOH, and NH4OH. The phase purity, structural characteristics
and morphology of the ZnO nanostructures were investigated using X-ray powder diffraction,
Raman spectroscopy, Scanning electron microscopy and Transmission electron microscopy.
The effects of different bases on morphology and the photocatalytic degradation of RO16 dye
were evaluated and discussed. It was shown that the powder synthesized in the presence of
NaOH exhibited the highest photocatalytic activity, while sample with KOH showed a slightly
faster degradation rate compared to powder synthesized in the presence of NH4OH.
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The international conference “Advances in Solid State Physics and New
Materials” is being organized to celebrate the 30th anniversary of the Center for Solid
State Physics and New Materials at the Institute of Physics Belgrade (IPB). The
conference, subtitled "*30 Years of the Center for Solid State Physics and New
Materials at the Institute of Physics Belgrade™, will take place from May 19-23,
2025, as a joint endeavor of the Department of Natural Sciences of the Serbian
Academy of Sciencesand Arts (OTN SANU) and the Center for Solid State Physics
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The event commemorates the founding of the Center on May 24, 1995, and highlights
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independently executed by researchers at the Center.
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= New quantum materials
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= Topology

= Magnetism

= Unconventional superconductivity
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Conference venue:
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Nanostructured thin films with strong spin-orbit

M. Opaci¢ 2, B. Vasi¢?, N. Tomi¢?, M. Séepanovié? and Z. Konstantinovié?
V. Fuentes®, LI. Balcells ?, B. Martinez ? and A. Pomar®

aCenter for Solid State Physics and New Materials, Institute of Physics Belgrade, UB, Serbia
bInstituto de Ciencia de Materiales de Barcelona, ICMAB-CSIC, Campus UAB, Bellaterra 08193, Spain

Abstract. Materials with strong spin-orbit coupling (SOC) position themselves at the frontline of
spintronics, allowing generation and manipulation of pure spin-currents [1]. Perovskite iridates
have receivedspecial interest as they exhibit a rich electronic phase diagram with exotic states,
due to the delicate interplay between SOC and crystal field splitting. In particular, SrirOs has been
proposed as a topological semimetal, having band structures near the transition between semi-
metallic and insulating states, which can be finely tuned by strain and deposition conditions [2].
This electronic richness mixed with the inherent tendency of perowskite oxides towards self-
organized growth offers an enormous and unexplored potential for engineering functional
properties of thin films [3]. The influence of strain and nanostructured formation at the surface on
electronic transport properties of SrirOsis discussed (Figure 1).
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FIGURE 1. (a) Temperature dependent resistance of nanostructured SrirO5 thin films grown on different substrates (SrTiO,
(STO), LaAIO, (LAO), NdGdO; (NGO), GdScO; (GSO), LaAIOs),s—(SAITaOs)ss (LSAT) with SEM images (22 und) (b) 6-20
measurements of the corresponding films with similar thickness (25 nm<t<30 nm).
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Strain-dependent vibrational properties of
SrlrQO; thin films

M. Opacié?, N. Tomié?, L. Balcells®, B. Martinez®, A. Pomar®, M.
S¢epanovic¢?* and Z. Konstantinovic*

“Center for Solid State Physics and New Materials, Institute of Physics Belgrade, University of
Belgrade, Pregrevica 118, 11080, Belgrade, Serbia
bInstituto de Ciencia de Materiales de Barcelona, ICMAB-CSIC, Campus Universitario UAB,
Bellaterra 08193, Spain

Abstract. Ruddlesden-Popper series of 5d strontium-irridates (Sr,411r,O3,1) have been exten-
sively studied in the past years due to its unique properties, including spin-orbit coupling, crystal
field and electronic correlations. Interplay between these features facilitates transitions between dif-
ferent electronic states due to slight structural or chemical changes. In this work Raman spectra of
SrIrOs3 thin films grown on different substrates (LAO, LSAT, STO, GSO) are investigated for vari-
ous sample orientations and light polarizations. Our attention is focused on Raman mode appearing
around 395 cm™!, which is assigned as A, symmetry mode by orientation-dependent measure-
ments. A blue shift of this mode when going from SIO/GSO, through SIO/STO and SIO/LSAT,
to SIO/LAO sample, was observed, which is a clear fingerprint of increasing compressive strain,
induced by substrate.
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The Morphological And Structural Changes Of
V>0s Cathode Film Upon Electrochemical
Cycling

Natasa Tomié?, Borislav Vasi¢?, Milica Vujkovié®, Benjamin Martinez®
and Zorica Konstantinovi¢?

aCenter for Solid State Physics and New Materials, Institute of Physics Belgrade, UB, Serbia
PFaculty of Physical Chemistry, University of Belgrade, Serbia
CInstituto de Ciencia de Materiales de Barcelona, ICMAB-CSIC, Campus UAB, Bellaterra 08193, Spain

Abstract. Topics dealing with energy issues will always be of great importance. It has been known that
vanadium oxide has potential application as a cathode material for the Li-ion batteries [1, 2]. The first
step of this research is oriented towards designing the V,Os thin film. For that purpose, the pulsed laser
deposition technique [3] is used to deposit vanadium oxide thin film on a conductive substrate during
heating at 400 °C. Post annealing treatment is needed in order to achieve crystalline nature of V205 film.
Besides the intention to evaluate the lithium storage capability of the oxide as a cathode, the aim is to
thoroughly explore the changes occuring in the material during consecutive Li* insertion/deinsertion. The
morphological and structural properties are investigated by Field Emission Scanning Electron
Microscopy (FESEM), Atomic Force Microscopy (AFM) and Raman spectroscopy. Their correlation
with the electrochemical performance is analyzed. The presented results will shed light on new insights
into Li* storage mechanism of the vanadium oxide.
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