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ARTICLE INFO ABSTRACT

Keywords: Solvothermal crystallization is an adequate approach for preparing differently shaped TiO; crystalline materials

S?1V°Fhermal crystallization because it is highly sensitive to the synthesis parameters change. This study presents two sample series, one

g]l:ama | prepared from tetraisopropyl orthotitanate TTIP and one from tetrabutyl orthotitanate TBU. The influence of the
otocatalyst

applied temperature, different capping agents’ amount, and the precursor volume ratio affected the measured
characteristics (crystal phase composition, primary crystallity size, morphology, surface chemistry and optical
properties). Although the samples revealed strong differences in crystal phase and size distribution, mostly
spherical hierarchical morphology was achieved. The as-prepared samples were applied in photocatalytic pro-
cesses to assess their efficiency under UV light and examine the influence of the structural features on the
photocatalytic process. Not only the chosen precursor but the subtle changes in the listed parameters resulted in
catalytical performance differences. Besides the crystal phase composition and the Ti®* and Ti*" species, it was

Crystal phase
Surface quality

found that organic surface particularities influenced the semiconductors’ photocatalytic performance.

1. Introduction

Hierarchical TiO5 nanomaterials have shown many potential appli-
cations in photocatalysis including photocatalytic water splitting, solar
energy conversion, sensors, electrochromic-, photochromic-, optical-,
optoelectronic- and electrochemical devices [1,2]. The development of
this type of semiconductor is necessary because its structure, quality,
and morphology define the nanomaterials’ applicability resulting in
higher efficiency of the desired application [3,4]. The morphology
control of nanocrystals entered in the focus of semiconductor-research
during the last decade, including improvement of the photocatalytic
efficiencies or modulating the gas sensing properties by the means of
shape-tailoring [5,6].

In the literature, various synthesis routes are well-known to obtain
TiO4 crystals in diverse forms. Using solvothermal crystallization is a
good approach to control the morphology of the nanoparticles since the
synthesis conditions are easily adjustable. Parameters such as the

concentration of titania precursor, amount and structure of surfactants,
the temperature/duration of the hydrothermal crystallization are among
the most important factors which control the shape of semiconductor
nanoparticles [7]. The resultant features such as size, geo-
metry/morphology and crystal phase of the materials, largely affect the
photocatalytic performance and other applications of the semiconductor
[81.

The study of hierarchical nanostructures has brought a lot of recent
attention, due to their high specific surface area, beneficial light ab-
sorption, an appropriate refractive index, and other excellent chemical
and physical properties [8]. Many results indicate that hierarchical
semiconductor structures exhibit higher photocatalytic activity than
other nanocrystals with well-defined morphology [3,9-11]. Forming
porous or mesoporous properties for titania nanostructures were
considered as an efficient way to improve the efficiency of light ab-
sorption. The higher specific surface area and inner particle activation
resulted efficient charge separation [7,11]. Hierarchical structures are
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efficient in photocatalytic applications due to the enlarged surface area,
which is built up from nano-sized polycrystalline particles, furthermore,
the inter-particle connections enhance the charge transfer rate of pho-
togenerated electrons [7]. Among other semiconductors (e.g. BiVOy,
MoO3, WOs3, TiO,, etc.) the synthesis of hierarchical structures is
becoming more popular. Novel self-assembled BiVO,4 hierarchical
nanostructures (blood cell-like shaped and flower-like microsphere)
were synthesized and they also revealed high photocatalytic activity
(visible light degradation of methylene blue) which was closely corre-
lated with the morphology [12,13]. MoOs hierarchical structures are
generally considered as an excellent candidate as visible light photo-
catalyst [10,14,15]. WO3 hierarchical nanostructures are long-known as
visible light active photocatalyst and in the detection of organic com-
pounds, showing long-term stability and recyclability [9,16,17]. TiOg,
as a widely studied promising semiconductor, has also these beneficial
properties. Unfortunately, it has lower activity under visible light, but it
is a more efficient photocatalyst under UV irradiation than the
above-mentioned semiconductors because TiO, has a higher quantum
yield in UV light [18-20].

Hierarchical spheres, flower-like nanostructures were synthesized in
ultra-stable foams or by hydrothermal and solvothermal method. Re-
searchers found that TiO anatase structures with exposed (001) facets
showed better reactivity than the thermodynamically stable (101) sur-
face [21,22]. Theoretical calculation suggested that the (001) crystal
facets showed much better gas adsorption activity compared to (101)
facets [5]. Li H. et al. [19] reported a solvothermal method to obtain
hierarchical flower-like TiO,, where the reaction time, applied tem-
perature and the addition of ethanol played a critical role. Their results
revealed that the hierarchical flower-like nanostructures of anatase
contain thin TiOy nanosheets dominated by (001) facets exposed with
good photocatalytic performance, which can be attributed to the syn-
ergetic effect of the hierarchical structure, high crystallinity, large spe-
cific surface areas, and the exposed highly active (001) facets of the
crystal. Their samples showed higher stability even after calcination at
600 °C, the hierarchic nanostructure deteriorated somewhat but the
extended dominance of (001) facets further improved the photoactivity.
Other researchers used simple solvothermal methods to prepare anatase
TiO2 nanoplates with exposed (001) facets, in the presence of fluoride
ions F~. They achieved promising photonic efficiency (nearly 75%) in
the decomposition of acetaldehyde [23].

As already stated above, the agglomeration of individual crystals (e.
g. BiVO4, WO3, MoOj3 and TiO,) into secondary morphologies results
occasionally increased photocatalytic properties in visible and UV light
[13,24,25]. Therefore, the present work focuses on the investigation of
shape tailored hierarchical TiO; structures, as photocatalysts, and their
functioning mechanism. The present work investigates the effect of the
systematically chosen synthesis parameters (such as: temperature, the
used surfactant amount, precursor concentration) on the hydrolysis of
TTIP and TBU precursors and the assessment of their photocatalytic
activity, including the importance of the surface carbon contamination.
Specifically, the tuning capacity of their structural, morphological, and
surface particularities for improving the photocatalytic performances
are also evidenced.

2. Materials

All chemicals were used as received: titanium tetraisopropoxide
(TTIP, reagent grade 97%, MERCK), titanium butoxide (TBU, reagent
grade 97% Aldrich), hexadecyltrimethylammonium bromide (CTAB,
Aldrich), urea (NORDIC), ethylene glycol (99,8%, anhydrous, Aldrich
USA), distilled water, HCl (35-38%, CHEMPUR), acetone (99.5%,
NORDIC), commercially available TiOy (Aeroxide P25, Evonik In-
dustries) as reference photocatalyst and the model pollutants methyl
orange (MO) (85%, NORDIC) and salicylic acid (SA) 99.5% purity
(Sinteza, Oradea) were used. Furthermore, methanol (ME, ACS reagent,
>99.0% Aldrich USA), p-benzoquinone (BZQ, >99.5% (HPLC) Aldrich
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USA) and isopropanol (IPA, HPLC, 99.9% Aldrich USA) were employed
as scavengers.

2.1. Synthesis TiO2 hierarchical nanostructures

Two TiO, sample series were synthesized by hydrothermal crystal-
lization using TTIP and TBU as precursors. An aqueous precursor solu-
tion (TTIP,q or TBU,q) was prepared in two steps. Firstly 0.945 g CTAB
was added in 40 mL distilled water and stirred until a transparent so-
lution was obtained. Meanwhile, (0.25 mL of TTIP or 0.29 mL of TBU)
the chosen precursor was added dropwise into 20.65 mL concentrated
HCI. After stirring for 30 min, the acidic solution was added into the
aqueous CTAB solution and it was further stirred for 1 h. The control
sample (sample C) was crystallized from the above-mentioned mixture
using a Teflon-coated autoclave (~61 mL into 170 mL autoclave).

To achieve shape-controlled crystals, aqueous precursor solution
(TTIP,q or TBU,q) was mixed with ethylene glycol (EG) (Vprecursor-aq: VEG
= 1:2) resulted in the “F” samples. The “I” samples were obtained from
the same procedure, but urea was also added. In both cases, the auto-
clave was 70% (120 mL) loaded. The molar ratios applied during the
synthesis for C, F and I samples were: (TTIP or TBU: CTAB: HCIL: Hy0:
Urea) 1:3:284:3373:0, 1:1:284:3373:0, 1:3:284:3373:5.85. In each case
40 mL distilled water was used, in the molar ratios the water from the
hydrochloric acid is also included. The same synthesis procedure was
carried out, while the amount of the precursor was 10 times higher in
order to verify the effect of different hydrolysis conditions. These sam-
ples were denoted by using “CC” as subscript after the C, F, or I letter.

Every sample was obtained by solvothermal crystallization at two
different temperatures (150 °C and 180 °C) for 20 h. The obtained white
precipitate was washed (centrifugation time: 5 min at 6000 rpm) several
times with water and with acetone until the supernatant was colorless.
Despite washing with acetone, the samples prepared at 180 °C had a
slightly brownish color, suggesting organic contamination, when EG
was used. The product was dried in an oven at 70 °C for 20 h under
continuous airflow.

In summary, we present two main series of samples one prepared
from TTIP and one from TBU (Fig. 1). Within the series of TTIP or TBU
samples, there are three cases (C, F and I) which separate the samples in
function of the number of surfactants used. In each case, we used two
different precursor amount and two different applied temperatures.
Therefore, the samples were named as follows: precursor name’s
abbreviation, the synthesis case, the absence or the presence of subscript
“cc” indicates the precursor amount and the synthesis temperature.

2.2. Characterization methods

X-ray diffraction (XRD) measurements were performed on a Rigaku
Miniflex-II Diffractometer (angle-range: 26° = 20-40°, A = 0.15418 nm)
using characteristic CuKa X-ray radiation. The crystallites’ average size
was calculated using the Scherrer equation [26]. For the samples that
exhibited multiple crystal phases, the weight percentage was deter-
mined using two empirical methods [26,27]. For the samples containing
a mixture of anatase and rutile phases, their weight ratio was calculated
by the method developed by Banfield et al. [26], while the samples
which were built from three crystal phases, the calculations were carried
out based on reference [27].

A JASCO-V650 spectrophotometer with an integration sphere (ILV-
724) was used for measuring the reflectance spectra of the samples (A =
250-800 nm) by using the DRS (diffuse reflectance spectroscopy) and as
reference BaSO4. The indirect band gap of the TiO, samples was deter-
mined via the Kubelka—-Munk method [28].

The FT-IR absorption spectra were recorded with a JASCO 4100
spectrometer (Jasco, Tokyo, Japan), in the range of 400-4000 cm’,
with 4 em ™! spectral resolution and using KBr pellets as a reference. The
pellets were prepared by mixing 1.5 mg of TiO5 and 200 mg of KBr.

The microcrystalline morphology of the samples was analyzed by
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Fig. 1. TTIP (left) and TBU (right) samples, the circles’ area size shows the relative amount of the precursor between the “simple” and “CC” sample series. If the circle
is not color-filled, then no catalyst was obtained after the particular synthesis procedure. (For interpretation of the references to color in this figure legend, the reader

is referred to the Web version of this article.)

field emission scanning electron microscopy (FE-SEM), Hitachi S-4700
Type II FE-SEM operating in the range of 5-15 kV. The samples were
attached to an adhesive carbon tape which was fixed to an aluminum
holder. The TEM micrographs and SAED patterns of selected samples
were registered using a FEI TECNAI G2 20 X-Twin transmission electron
microscope operating at 100 kV.

The specific surface area values were measured by Ny adsorption and
the Brunauer-Emmet-Teller (BET) approach, using a Sorptomatic 1990
apparatus and the pore size distribution was evaluated for a selected
sample.

Raman spectra of the samples were acquired using a Thermo Scien-
tific DXR Raman microscope, equipped with a diode-pumped frequency-
doubled Nd:YAG laser with 10 mW maximum laser power (780 nm, spot
size of approximately 1 pm). The acquired spectra were recorded at 2
em™!, while a 50 pm slit confocal aperture was used for each
measurement.

The photoelectron spectroscopy XPS spectra were recorded by using
a Specs Phoibos 150 MCD system employed with a monochromatic Al-K,
source (1486.6 eV) at 14 kV and 20 mA, a hemispherical analyzer and, a
charge neutralization device. The oxide samples were fixed on a double-
sided carbon tape where the powder completely covered the tape. The
binding energy scale was charge referenced to the C 1s at 284.8 eV.
High-resolution Ti 2p and O 1s spectra were obtained using analyzer
pass energy of 20 eV in steps of 0.05 eV for analyzed samples. The data
analysis was carried out with CasaXPS software.

2.3. Photocatalytic investigations

Reaction conditions for the photocatalytic efficiency experiments
were a photochemical reactor system with 6 x 6 W fluorescent lamps,
(Amax =~ 360 nm), the irradiation time was of 2 h. Before starting the
degradation experiment, the suspension was kept in the dark for 10 min
(to achieve the adsorption/desorption equilibrium). The adsorbed
amount of (MO) for neither sample was significant (under 5%), while in
the case of salicylic acid (SA) various adsorption degree values were
achieved (between 20 and 40%).

During the photocatalytic test, 1.5 mL sample was taken every 10
min in the first hour, and every 20 min in the second hour. The photo-
catalyst suspension contained organic pollutant in an initial concentra-
tion of Cg initial = 0.125 mM or SA Cg initial = 0.350 mM, where the
suspension concentration was Crip, = 1 g L' and the volume of the
suspension was Vsyspension = 0.17 L. During the experiment, the system
was continuously purged by air to maintain the dissolved oxygen con-
centration. The quantitative analysis of MO and SA was carried out using
an Analytic Jena Specord 250 plus UV-Vis spectrophotometer at 513 nm
(MO) and 298 nm (SA). The photolysis of MO and SA under the applied
photodegradation conditions was negligible. The reference catalyst was
Evonik Industries’ P25 TiO». In the charge carrier trapping experiments
two samples were investigated: the reference photocatalyst (P25) and
sample TBU F,. 150. Four quenching agents were used in the trapping
experiments: isopropanol (IPA) (0.02 M) as hydroxyl radical (Jon, p-
benzoquinone (BZQ) (0.001 M) as superoxide anion radical ((/0,-), and

methanol (Me) (0.02 M) and formic acid (FA) as hole h™, scavengers.
3. Results and discussion

3.1. Influence of the solvothermal temperature and the capping agents on
the morphology of TiO»

3.1.1. Samples obtained from TTIP

The above-mentioned three parameters, i.e. (precursor amount,
surfactants presence and the applied temperature) are further investi-
gated in-detail to reveal the formation mechanism of the differently-
shaped hierarchical TiO, nanostructures. Control samples (TTIP C)
showed two dominant morphologies depending on the applied precur-
sor concentration. TTIP C 150 contained only irregular microrods with
an average width of 1 pm. TTIP C 180 (Fig. 2 a, b) sample presented
similar morphology to sample TTIP C 150 showing TiO, hierarchical
microrods which were grown from a central point. Increasing the pre-
cursor concentration (samples TTIP C.. 150 and TTIP C.. 180) the base
morphology changed from microrods to a spherical one. It seems that
the solvothermal treatment temperature increased the hierarchical
crystal size (TTIP Cc 150 - 2 pm, TTIP C. 180 - 4-5 pm, Fig. 2 c, d).

The TTIP F and TTIP I samples were prepared using different capping
agents (EG and urea) including CTAB. Among the samples, the hierar-
chical sphere-like morphology was the most representative one. TTIP F
150 and TTIP F,. 150 samples showed hierarchical structures with an
average diameter of 2 pm, however, the microparticles were not
monodisperse (Fig. 3 a, ¢). Interestingly, when the applied temperature
was 150 °C, the increased precursor concentration did not affect the size
nor the shape of the crystals. The temperature increase induced a well-
developed monodisperse crystalline system with spherical morphology
with 1.5 pm average diameter (TTIP F 180, Fig. 3 b) and a polydisperse
system that possessed an undefined morphology (TTIP F.. 180, Fig. 3 d).

The samples coded as TTIP I 150 and TTIP F 150 showed hierarchical
structures as well, however, a high degree of aggregation was observed
in TTIP 1150 (Fig. 4 a). When the hydrothermal temperature was further
increased (TTIP I 180) a monodisperse system and a well-defined
spherical morphology was achieved with an average crystal diameter
of ~ 2 pm (Fig. 4 b), just as sample TTIP F 180, which on its surface
showed primitive needle-like crystals, which were fully grown in TTIP I
180. Independently from the solvothermal crystallization temperature,
the amount of the added precursor affected the I samples’ morphology
(e.g. in the sample series F). The spherical geometry was not typical for
TTIP I.. 150 and 180, both samples showed a similar polydisperse sys-
tem without a specific shape. The only change was in the size of the
aggregates, which varied from 1 pm up to 7 pm, Fig. 4 ¢, d.

As it was detailed above in case of the TTIP series, the control sam-
ples depicted a well-defined morphology from microrods to micro-
spheres (Fig. 2), where the capping agents’ and the higher precursor’s
concentration determined the main morphological characteristics
(Fig. 2). The same synthesis condition changes in the case of samples F
and I showed that the spherical morphology (e.g. Figs. 3-4 a, b) dis-
appeared and a polydisperse crystalline system formed (e.g. Fc. 180, I
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Fig. 2. SEM micrographs of TTIP C samples present different morphological characteristics (from microrods to hierarchical microspheres). Every figure is divided
into two micrographs presenting the hierarchical structure of the sample and the size distribution.

TTIPE150 TTIP F 180

ETIPF 180

Fig. 4. SEM micrographs of TTIP I samples present different morphological characteristics depending on the precursor amount: hierarchical microshperes and

randomly aggregated particles..

150 and I.. 180). It seems that the precursor concentration and the
temperature affected the morphology, crystal size, and monodispersity
of the system, while the presence of urea, promoted the growth of
needle-like crystals on the microspheres’ surface. (Fig. 4 a, b). The
presence of EG favored the formation of a monodisperse system (F and I
samples).

3.1.2. Samples obtained from TBU

Using the base amount of TBU (0.29 mL), no precipitation was
observed after the solvothermal crystallization, which was carried out at
150 °C. The increased temperature (180 °C), however, was adequate to
form the desired TiOg crystals. TBU C 180 sample’s micrographs dis-
closed a polydisperse system where the aggregated structures showed an
average size of 2-3 pm (Fig. 5 b). TBU C,. 180 presented a well-defined

spherical morphology with an average size of 4-5 pm (Fig. 5 d). It is
evident that in this specific case, the synthesis temperature had a
considerable impact on the microstructures. While sample TBU C.. 180
is built up by aggregated spherical particles with an average size of 4-5
pm, TBU C. 150 had an average crystal size in the range of 200-300 nm
without a specific shape (Fig. 5 ¢, d). Comparing the TTIP C to TBU C
samples it can be pointed out, that changing the precursor of the syn-
thesis may lead to microcrystals showing different morphological fea-
tures and crystallite size distribution (Fig. 2 a, b, ¢, d and Fig. 5 b, c, d).

Capping agents (CTAB and EG) were applied successfully to obtain
the TBU F sample series. TBU F 180 and TBU F. 150 revealed spherical
morphology (Fig. 6 b, ¢), while TBU F 180 presented monodisperse 2 pm
sized microparticles (Fig. 6 b), which were built from the same needle-
shaped crystals as sample TTIP F 180 (Fig. 3 b). TBU F. 150 sample
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Fig. 5. SEM micrographs of TBU C samples present dominantly microspherical aggregates. Every figure is divided into two micrographs presenting the hierarchical
structure of the sample and the size distribution. Since no precipitate was obtained in TBU C, F and I 150 samples were not shown.

Fig. 7. SEM micrographs of TBU I samples present dominantly microspherical aggregates.

presents similarities (the TEM investigations did not reveal any new
features, neither hollow structures and it is presented in Figure S2) in
morphology as in the TBU F 180, but on the surface of 3 pm sized mi-
crocrystals, 200-300 nm-sized nanoparticles were attached (Fig. 6 c).
Increasing the applied crystallization temperature and the precursor

concentration (sample TBU F.. 180) the microspherical crystals started
to aggregate, therefore the monodispersity of this system decreased
compared to the other TBU F samples (Fig. 6 d).

Fig. 7 shows the SEM micrographs of the TBU I samples. Both sam-
ples prepared at 180 °C (TBU I 180, TBU I.. 180), revealed that the
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formation of microcrystals with spherical morphology was preferred
(Fig. 7 b, d). Comparing TBU I 180 to TBU I.. 180, the crystal size
increased from 2 pm to 4-5 pm due to the precursor amount (Fig. 7 b, d).
Unfortunately, at 150 °C in the presence of urea, TBU I.. 150 sample,
had irregular crystal shape, just aggregated TiO, particles were observed
(Fig. 7 c). These irregular particle aggregations were built from 50 to
150 nm-sized nanocrystals (based on SEM micrographs), where the
aggregated particle size distribution was between 0.6 and 1.0 pm (Fig. 7

o).

3.2. Structure and crystallite mean size of the obtained TiO» particles

The samples were investigated using X-ray diffractometry to gather
information about the crystal phase composition and primary crystallite
mean size of the samples. Fig. 8 shows the XRD patterns of all TTIP
samples. In each control (C) sample the dominant crystal phase was
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rutile, however, the solvothermal crystallization temperature and the
amount of precursor determined the appearance of other crystal phases
as well. It is evident that the increase of the precursor concentration
resulted in the formation of brookite in two samples (TTIP C.. 150 and
TTIP C.. 180), whereas the ratio between rutile and brookite was
slightly affected by the temperature. Namely that the thermodynami-
cally stable rutile phase ratio increased with the crystallization tem-
perature (Fig. 8 a) [29].

The crystal phase composition of F and I samples was dependent on
the precursor amount used. TiO5 crystals obtained in the presence of a
tenfold precursor concentration resulted in samples composed entirely
of anatase (TTIP F,. 150 and TTIP F,. 180). At lower precursor amount,
samples TTIP F 150, TTIP F 180 and TTIP I 150) contained mostly rutile
accompanied with 20-30% of anatase. The exception was sample TTIP I
180 (Fig. 10), which contained only rutile. In every case, the higher
amount of precursor diminished the primary crystallite mean size

<<
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g p
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Fig. 8. XRD patterns of TTIP C (a), TTIP F (b) and TTIP I (c) samples, C sample series shows all three crystal phases (A — anatase, B — brookite, R - rutile), F and I

samples present just rutile and anatase.
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(Table S1) while the aggregates’ size increased (Figs. 2-4).

The effect of the applied crystallization temperature on the crystal-
lite mean size was summarized in Table S1, showing that higher crys-
tallization temperature increases the average primary crystallite mean
size. This effect is dependent on the synthesis additives, particularly the
presence of EG diminishes the impact of temperature on the primary
crystallite mean size change.

Fig. 9 shows the XRD patterns of all TBU samples. All TBU C samples
contained anatase, rutile and brookite crystal phases in different ratios,
where the presence of anatase was negligible. The dominant phase was
rutile when the crystallization temperature was 180 °C. TBU C 180 has a
~ 5% of anatase and 45% brookite, while in TBU C,. 180 the rutile and
brookite phases were present as negligible components. At 150 °C and
increased precursor concentration (TBU C.. 150) a similar crystal phase
composition was achieved like at 180 °C, except the increased precursor
amount at 150 °C favored the formation of brookite. It must be
mentioned, that from TTIP series, TTIP C.. 150 and TTIP C.. 180,

(@)
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=)
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3 g2 o

g e S £

e 2 i 2

£ 2
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E
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20 (degree)
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contained all three crystal phases similarly to TBU C samples just the
ratio of the components was different. Therefore, by changing the pre-
cursor amount, the ratio of these three crystal phases, for both TBU and
TTIP samples, can be influenced.

Smaller primary crystallite mean size was obtained as the precursor
amount increased which suggested that the hydrolytic process of the
precursor most probably occurred differently in function of the added
precursor amount. Initially, samples in the C series presented crystallite
mean size from 76.4 nm to 29.5 nm, this range decreased in the presence
of EG (TBU F and I series): in case of F (from 15 nm to 5.4 nm), while in
case of I (4.7 nm-20.8 nm). Interestingly, this correlation is present in
the TTIP series as well (Table S1). The primary crystallite mean size
increases with the applied crystallization temperature in the TBU series
as well, just as in the case of the TTIP series. During the solvothermal
synthesis, the presence of EG prevented in both cases, the primary
crystal size growth (Table S1).

The distinct diffraction peak ((121) crystallographic plane at 30.75

(b) 5 TBUF,, 180
=t ~

(101) A
(110)R

Intensity (a.u.)

TBUF 180

(110)R

(10HR

20 (degree)

(110)R

(101) A
(110)R

Intensity (a.u.)

(110)R

TBUT,, 180
~

. 150

TBUI 180

(101)R

20 (degree)

Fig. 9. XRD patterns of TBU C (a), TBU F (b) and TBU I (c) samples as in TTIP samples the C samples presenting all three crystal phases (A — anatase, B — brookite, R —

rutile) while F and I samples present just rutile and anatase.
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Fig. 10. Comparison of TTIP and TBU samples’ phase composition. In the absence of EG, C samples, the brookite formation occurred consequently.

(26°)) of the brookite crystal phase was not detected in TBU F and I
samples. Following the TBU Cc, F. and I, 150 samples, it was
observable that in the presence of EG (TBU F¢. 150 sample) firstly the
brookite phase disappeared, then the anatase phase amount was reduced
as urea was added to the crystallization (see TBU I.. 150 sample),
meanwhile, the rutile became the dominant crystal phase (Fig. 9 a, b, c).
Regardless, the other synthesis parameters (temperature or precursor
concentration), the primary crystallite mean size considerably decreased
as more capping agents were added. The formation of primary crystallite
size and as well their aggregation are highly sensitive to the nature of the
used additives and their concentration in the synthesis [30]. The crys-
tallite sizes of TBU C samples were in the interval of 26.7-80.2 nm and
were reduced to 5.7-18.1 nm (TBU F samples) and respectively to
4.7-20.8 nm (TBU I samples).

Comparing the two main sample sets, it was found that TTIP con-
tained more often anatase TiOp compared to other crystalline phases,
even at 180 °C. If the rutile crystal phase was present (e.g. in samples
prepared at 150 °C), then its ratio increased with the crystallization
temperature. In TBU samples the rutile phase is more frequent, while in
the TTIP series four samples did not contain rutile (in TBU series there is
just one sample, Fig. 10). In both sample series, the presence of EG
prevented the formation of the brookite phase. In TBU I samples, the
presence of urea supported the formation of needle-like crystals but had
no significant effect on the crystal phase composition.

The as-prepared crystals show different structural characteristics
based on the nature of the precursor, precursor amount, applied tem-
perature, and the capping agents which are summarized in Fig. 10.
Based on the XRD patterns, it seems that the capping agents influenced
both the crystal phase composition and the primary crystallite mean
size.

As the temperature increased the size of the particles for the non-cc
samples decreased, while for the samples denoted with cc increased.
More precisely, among TTIP samples lower temperature resulted larger
hierarchical structures, but it must be mentioned that the primary
crystallite size (attached in supplementary information Table S1) is
higher when the applied temperature was 180 °C. However, the tem-
perature favors the crystallite size increase preventing the newly formed
crystals to form aggregates, therefore the occasionally formed aggre-
gates were smaller. In case of “cc” samples, the concentration of the
precursor determines the crystallization, hence the temperature affects
only the primary crystallite mean size, and not the hierarchical struc-
tures’ size.

In contrast, in the TBU series both the primary crystallite size and the
hierarchical structure size increased with the applied temperature. Be-
sides, the hydrolysis rate of TBU was lower than that of TTIP therefore
the temperature had lower impact on the formation of hierarchical
structures — in case of TBU at 150 °C the crystallization did not occur.
Whether TTIP or TBU was used the primary crystallite size was affected

comparably by the temperature but considering the hierarchical struc-
tures’ size the temperature’s influence differs.

It should be mentioned that also Raman and porosity measurements
were carried out. The first one reinforced the crystal phase composition
values shown in Fig. 10, while the second one showed that all the
samples are mesoporous ones. One representative example was provided
in the supplementary information as Figure S3 and Figure S4.

Considering the obtained amount of the samples, from the photo-
catalytic point of view, samples TTIP,. and TBU.. were considered.
Fig. 11 shows the diffuse reflectance spectra of TTIP.. and TBU,. TiO4
samples. The band gap values were determined for each sample by
Kubelka-Munk method, can be found in the Table S2. Among the TTIP.,
samples, TTIP C.. 150 and 180 showed the lowest band gap values (2.89
eV and 2.85 eV, respectively), because the high rutile content was
dominant. TTIP C.. 150 contained rutile and two other crystal phases as
well, therefore, a higher energy value (2.89 eV) was achieved than in the
case of TTIP C.. 180 (2.85 eV). For the most rutile dominated samples
these values were relatively low because, the bulk rutile band gap is ~
3.0 eV, which may indicate the TiOy could be doped with N which
decreased the band gap [31,32].

TTIP F,. and I.. samples which contained only anatase showed a
band gap value near to 3.0 eV, which was a small value for a bulk
anatase crystal if the 3.2 eV value was considered as reported in the
literature [32,33]. Regarding DRS measurements, TTIP I.. 180 was an
exception most probably due to the remanent organic compounds,
which remained after the crystallization procedure and influenced its
optical property.

Fig. 11 b presents the optical properties of the TBU series. The results
showed that the band gap values of TBU samples were increased
(Table S2) compared to those of TTIP samples. TBU C¢. 150, where the
dominant phases were brookite and anatase, had an increased band gap
value (3.08 eV), compared to TBU C.. 180 (2.96 eV), because of the
rutile content. Both TBU I.. 180 (2.98 eV) and TTIP I.. 180 samples’
(2.89 eV) optical properties were also influenced by the remanent
organic compounds. The band gap values of TBU samples showed
similar trends as in the case of TTIP, namely that which contained
anatase showed a 3.0 eV or higher band gap energy.

The materials prepared at 180 °C exhibited higher absorption in the
visible range compared to the samples obtained at 150 °C (Fig. 11). This
spectral behavior indicates the presence of organic contaminations on
the material’s surface. We can also remark that the optical properties,
for both sample series, were affected in a similar way as the capping
agent number increases.

3.3. Photocatalytic activity

The photocatalytic activity of the samples was assessed under UV
illumination and MO was used as a model organic compound. Fig. 12
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Fig. 11. UV-Vis diffuse reflectance spectra of TTIP and TBU samples. Samples prepared at 180 °C possess lower band gap values than the ones obtained at 150 °C as

well their reflectance in the visible range is somewhat lower.

shows the degradation curves of MO when TTIP., TBU., and the
reference catalyst were tested. Among the TTIP samples, only TTIP C.
150 was active, which contained rutile, brookite, and anatase. However,
the other TTIP samples with high anatase content (TTIP C.. 180 con-
tained mostly rutile), proved to be inactive during the degradation tests
of MO (Fig. 12). The inactivity of TTIP samples, containing only anatase,
was surprising since the anatase crystal phase might exhibit high pho-
tocatalytic performance [34]. Anyway, the inactivity of the TTIP C.. 180
sample was expected, because of rutile, which is usually considered as
an inactive catalyst in UV light [35]. The photocatalytic activity of the
rutile structure can be boosted in composites due to the synergistic effect
between the mentioned structure and other types of metal oxides. [36],
as it happens in the well-known P25-TiO,, where the anatase and rutile
particles are constantly in contact [35].

The efficiency of TBU Cc, Fc and I.. 180 catalysts was negligible as
expected, again due to their high rutile content (Fig. 12). Although, just
the precursor is different, TTIP C,. 150 and TBU C. 150 samples
possessed with all the three crystal phases but in a different proportion,
TTIP C.. 150 was an active photocatalyst (33% conversion - 70% rutile
content), while TBU C.. 150 with 65% brookite content, was inactive.
Despite TBU F.. 150 and I.. 150 samples contained both anatase and
rutile, they exhibited a good photocatalytic activity achieving nearly
80% conversion of methyl orange and salicylic acid (Fig. 13). Among the
active samples, the best photocatalytic performance was shown by TBU
Fcc 150. This enhancement in photocatalytic activity could be attributed
to the crystal phase composition, morphology of the hierarchical mi-
crocrystals, or to the surface chemistry of the crystals [37]. It is already
known that hierarchical systems containing both anatase-rutile can
greatly enhance the photocatalytic performance, due to the high number
of crystalline phase junctions [38]. The previously mentioned scenario
could be valid in the present case as well as the two active samples that
contained both rutile and anatase and were formed at the same time.
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The three active photocatalysts and P25-TiO3 as a reference, were
also used in the degradation of SA. The degradation yield of SA for every
sample (Fig. 12 b) was similar to the degradation yield of MO (Fig. 13 b).
During the photodegradation of SA, 25% of adsorption occurred,
behavior that was not observed throughout the MO photocatalytic tests.
During the photodegradation of MO, the intermediates were not
detectable using UV-Vis spectrophotometry, but MO residues could be
present in these processes [39], while during the decomposition of SA
the UV-Vis absorption spectra indicate the formation of byproducts (as
we have shown in our recent work [40]). As it happened in the case of
sample TTIP C.. 150, where is the most visible, that intermediates were
formed during the photocatalytic degradation of SA, in the 255-275 nm
and 320-360 nm spectral ranges (catechol and dihydroxybenzoic acid
could be formed [40]). Therefore, the concentration of SA decreases
slowly because the byproducts and SA spectral light absorption range
overlap causing the overall light absorption increase. In P25 degradation
byproducts were also noticeable but it not accumulated as it does in TTIP
Cce 150 decomposition. During the degradation of SA, using samples
TBU F. 150 and I.. 150, the presence of the byproducts were uncom-
mon, indicating a different possibly slower mechanism (Figure S1).

As we stated previously in the introductive section, hierarchical
structures possess high specific surface area, therefore for the most
active samples 2 times larger specific surface area values were obtained
compared to the reference P25: TBU F. 150 126 m? g’l, TBU I 113 m?
g ! and for P25 54 m? g~! [41]. The microspheres, despite having two
times higher surface area, achieved a similar conversion as the reference
photocatalyst, in the degradation of both pollutants. This suggests that
besides the specific surface area other structural features determine the
overall efficiency of a photocatalyst.

Generally, photocatalytic reactions follow pseudo first order kinetics
(the well-known Langmuir-Hinshelwood model) [37,42-44] due to the
absence of initial byproducts were not detected we assumed first order
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Fig. 12. Photocatalytic degradation of MO by TTIP.. (a) and TBU,. (b) samples under UV light. Interestingly, the majority of anatase containing samples were
inactive, merely three samples with mixed crystal phases presented valid photocatalytic performance, which was studied in detail.
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Fig. 13. The three active photocatalysts performance were also tested in the degradation of SA (a), under UV light. The comparative photocatalytic conversion of MO
and SA and the associated reaction rate constants can be also seen (b). Figure (c) presents the relative inhibition of the scavengers on P25 and TBU F.. 150.

kinetics for both pollutants to calculate the reaction rate constants,
which includes also the adsorption rate. The MO degradation curves
show that TBU samples initially are more efficient but P25 reached
higher conversion after 2 h. This indicates that TBU samples’ perfor-
mance depends on the pollutant concentration more likely than P25. In
decomposition of SA, TBU F.. 150 and TBU I.. 150 show faster initial
degradation yield than P25 because of the expeditious initial adsorption,
but overall P25 has a higher reaction rate thus produces higher con-
version (Fig. 13 b).

In the photodegradation of MO quenching experiments were
employed with the reference catalyst and TBU Fcc 150 sample as
mentioned in the experimental section. Formic acid is considered as a
hole scavenger, but during its decomposition hydrogen peroxide could
form, which enhances the photocatalytic activity. That was observed in
this case as well, as formic acid improved the photocatalytic activity, for
both samples. Since in our case FA enhanced the decomposition of MO
we used methanol. Scavenging the hydroxyl radicals and superoxide
anion radicals in the case of P25 led to a ~38% and ~27% drop on the
photocatalytic activity. P25 presented a photocatalytic mechanism
mainly based on hydroxyl and superoxide radicals, which is already
known. The hole scavenger had no effect on the P25 performance, so this
type of degradation was less prominent. On the other hand, sample TBU
F.. 150 revealed that, in each case the photocatalytic activity was
inhibited, including the case when methanol was used, showing a 38%
decrease in conversion. The performance of TBU F.. 150 was less
affected by isopropanol and methanol; however p-benzoquinone
inhibited the photocatalytic activity by ~66%. Therefore, it was clear,
that TBU F.. 150 relies on all three type of degradation routes but mostly
on the one based on superoxide anions. Interestingly, the two types of
titania revealed that their degradation mechanism could be quite
different, although both samples were anatase and rutile mixtures.

3.4. Analysis of TiO structure with infrared spectroscopy

IR spectroscopy was applied to ascertain the presence of organic

contaminants on the surface of TiO; crystals. Fig. 14 presents the active
TBU and inactive TTIP (prepared by the same procedure as TBU sam-
ples) samples’ IR spectra to assess, the presence of organic deposits
compared to TBU C. 150 sample, where just a small amount of CTAB
was used. TiO, characteristic absorption bonds v(Ti-O, Ti-O-Ti) are
located in the 800-400 cm™! region. In the range of 1670-1740 cm ™,
two signals corresponding to the carbonyl bands C=0 were identified.
One at 1720 cm~ ' which was assigned to the asymmetric v,s (COO)
stretching vibrations, while the second one at 1682 cm™! was related to
stretching vibrations of ¥(C—=0) [45]. Considering the band at 1720
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Fig. 14. Comparison of the active and inactive anatase samples’ FT-IR spectra.
Organic contamination differences were detected in the TBU and TTIP F and
I samples.
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cm ! together with the bands localized at 1398 cm ! bending 5(0-H),
1244 cm™! 8(C-0), and stretching v(O-H) vibrations at 3147 cm_l,
confirmed the presence of carboxylic groups on the surface of TiO,
nanoparticles. These organic residuals can be eliminated by calcination
at a higher temperature than 200 °C [46].

The broad absorption band between 3250 and 3600 cm ' was
attributed to the stretching vibration of OH groups belonging to organic
compounds and water, while the band at 1628 cm™! corresponded to
O-H bending modes of surface-bound water molecules. According to
Vasconcelos et al. the signal at 1071 cm™! can be attributed for
v(Ti-O-C) bridging vibrations of isopropoxy groups, which they
observed at 1080 cm™!, which can be formed in the presence of
carboxylate ligands [47]. The previously mentioned vibrations were
detectable, only when TTIP was used as a precursor in the presence of
EG. Organic acids are likely to form under the presented crystallization
conditions (water/EG mixture, in the presence of air at 150 °C). For EG
the major thermal oxidation products could be: oxalic, glycolic and
formic acids. In the hierarchical crystals, these acids could be anchored
on the surface of the oxide layer [48,49]. Interestingly, in TTIP C.. 150
beside the vibrations at 1628 cm ™' and 3407 cm ™! [37], no evidence
was found concerning surface contamination by organics. In TTIP F and I
samples, the previously mentioned O-H band at 1628 cm™! was also
present as a shoulder to the signal provided by the stretching carbonyl
bands around 1690-1740 cm ™! [50]. In this range, in both samples, TTIP
Fec 150 and TTIP I.. 150, were identified the above mentioned two bands
are broader and more intense than in TBU samples.

In Fig. 14 it is clearly visible, that EG plays an important role in the
formation of TiO; crystals from TTIP, because at 1071 cm ™! u(Ti-0-C)
[47] and the characteristic vibrations for carboxylic acid were detected
[45]. Interestingly, these species were found dominantly when TTIP was
used in the crystallization. When EG (F and I samples) was applied
during the synthesis, the mentioned species were located most probably
captioning the newly formed TiO2 crystal germs which could be the
reason for the formation of smaller particle size values and the organic
contamination, which was irremovable by simple washing. The presence
of EG in the solvothermal synthesis process induces significant changes
in the crystal structure during the crystallization (crystal phase
composition, mean crystallite size and morphology) but yielded
remnant carbon species, which may inherently inhibit the catalytic
performance. Therefore, the presence of the organic residues could be
one of the main reasons causing the TTIP samples inactivity.

Since the TTIP F.. 150 and TTIP I.. 150 samples were the most
contaminated we checked their activity after a calcination procedure.
The heat treatment was under air flow in a tube furnace at 400 °C for 3 h.
After the heat treatment the crystal phase composition did not change.
Before the calcination these samples had shown only adsorption during
the photocatalytic assessment, after the heat treatment TTIP F. reached
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a 68% and TTIP I, 150 36% conversion (Figure S5) in the same pho-
tocatalytic experimental conditions. None of the samples reached higher
activity than TBU F. 150.

3.5. XPS core level analysis

Figs. 15 and 16 show TBU F. 150, TBU I 150 (photoactive samples)
and TTIP F.. 150, TTIP I.. 150 (photoinactive samples) microstructures’
Ti 2p and O 1s core-level spectra. Each of the samples were dominated
by Ti** species at (~458.80 eV Ti*" 2p; » and ~464.20 eV Ti** 2p3 9,
while the presence of Ti>" was also detected at (~457,05 eV Ti>* 2p; /5
and ~462.94 eV Ti>* 2ps/9) [37,511. The ratio between Ti*' and Ti®*
species differs among the samples. TBU F. 150 had the highest Ti®*
content (13.77%) while the other samples showed lower values: 4.53% -
TBU I 150, 2.32% - TTIP F.. 150 and 1.96% - TTIP I.. 150.

The O 1s spectra of the samples are presented in Figs. 15 and 16,
where lattice oxygen peak can be found near to the value ~529.6 eV.
The asymmetry of the O 1s spectrum towards the higher binding en-
ergies may result from the bulk oxide. The high energy tail located above
(+1.6 eV-2.4 eV) the lattice oxygen, was attributed to the presence of
subsurface low-coordinated ions (O7) or to surface anchored hydroxyl
groups (531.4 eV) [52,53]. The lattice oxygen high energy tail can be
deconvoluted in three peaks, where the peaks at 531.4 eV and 532.2 eV
could be the sign of weakly adsorbed carbonate species or other carbon
entities as well (C - O, C = O and acidic -COOH functional groups) [54].
However, the carbon contamination was seen also in the IR spectra of
the samples (Fig. 14). The last peak at 533.2 eV is usually attributed to
adsorbed water molecules on the oxide surface.

The two TBU samples’ O 1s spectra were asymmetrical and extended
beyond the usual O 1s spectra region of the oxides, while the TTIP
samples’ O 1s spectra were asymmetrical just towards higher binding
energies. In both TBU samples, at ~528.2 eV, a so-called “pre-edge”
peak was detected, which is more intense in TBU F, 150 than in TBU I,
150. This signal can appear as a consequence of the presence of OH™ or
water molecules within the compound, also structural effects may cause
such a signal [55-57]. The structural defects or local crystal lattice de-
formations could be a good reason for the occurrence of 528.2 eV peak
because the Ti*' presence was simultaneous with the pre-edge peak
[58]. In sample TBU F.. 150 the clearly distinguishable, 528.2 eV O
pre-edge peak amount was ~4.50%, in TBU I.. 150 was ~1.0% and in
the two other TTIP samples, it was absent.

It should be noted that the TTIP samples’ surface were found less
contaminated than TBU samples, which was concluded from the ratio of
the above-mentioned two peaks (531.4 eV and 532.2 eV) [54], while the
IR results evidenced that the TTIP samples were more contaminated
than TBU samples. This scientific contradiction was not yet investigated,
although it could be considered that TBU samples were contaminated

Fig. 15. Photoactive TBU samples (TBU F.. 150 and TBU I 150) Ti 2p and O 1s XPS deconvoluted spectra, presenting the Ti®>* peak and the O pre-edge peak at

528.2 eV.
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only on the surface while TTIP samples also in the bulk. However, the
previous hypothesis needs further investigation. In the chosen TTIP
samples the ratio between the same two peaks was (F¢. 150 - 3.81 and in
Iec - 3.88), while in TBU samples (F¢. - 1.34 and in I.. - 2.20). This
suggests the TBU samples are more likely contaminated on the surface,
so the high carbon contamination in TBU samples on the surface could
be the reason for the high adsorption affinity of SA [59].

Comparing the photocatalytic experiments’ results, the TBU samples
presented the highest conversion rate in the decomposition of MO and
SA. Besides the crystal phase the crystal defects, the presence of Ti®*
centers in high concentration can significantly enhance photocatalytic
processes. These centers can react with dissolved Oy forming reactive
radicals which are essential in the degradation of organic contaminants
[60].

4. Conclusion

Hierarchical TiO, structures can be prepared by using the hydro-
thermal method. Independently from the precursor, the TiO, growth
was affected prominently by EG and the applied temperature: prevented
the formation of brookite phase and promoted smaller particle size. The
latter samples were exposed more likely to contaminations, particularly
in F and I samples when EG was used. Therefore, the oxides prepared at
150 °C presented higher band gap and photocatalytic conversion rate of
MO. Due to lack of Ti®" centers and the O pre-edge peak, TTIP anatase
samples proved to be inactive that confirms photodegradation of MO
and SA demands clean surface and the presence of crystal defects in
TiOs.

These results demonstrate that even a subtle change in the prepa-
ration phase could lead to divergent results in the semiconductors’
structure, affecting drastically its applicability. Among the catalysts
enhanced performance was observed by the presence of Ti>* species and
the rutile content beside the anatase. However, should be considered
that carbon contamination causes inhibition for pure anatase samples.
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