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Abstract

The photocatalytic activity of TiO2 photocatalysts depends mainly on its crystal phase composition, primary particle size and specific surface
area. Shape manipulation is an interesting way to increase the photocatalytic efficiency. The shape-tuning can be carried out at different levels,
both at single crystal and polycrystalline agglomeration levels. The aim of our present study was to compare the structural and photocatalytic
performances of two type/level of crystal organization of TiO2, namely single crystal shaping vs. polycrystalline/shape tailored agglomeration.
The morphological analysis was achieved by XRD, SEM, TEM, Raman spectroscopy, DRS. The photocatalytic performance of the materials was
evaluated by the degradation of a model pollutant (phenol). It was found, that both shape manipulating approaches bear the necessary potential
which can be exploited in future development of efficient photocatalysts’ synthesis procedures.
& 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Nowadays several papers are focused on heterogeneous photo-
catalysis due to the increase of environmental problems, including
water and air pollution. It is known that the photoactivated
semiconductor oxides are able to decompose various kinds of
organic pollutants from water (dyes, phenol and phenolic com-
pounds) and also from air (e.g. VOCs) which are toxic and non-
biodegradable under normal conditions [1–3].

One of the widely studied, promising semiconductor photo-
catalyst is titanium-dioxide (TiO2) [4]. The reasons why this
material is so popular are: the biological and chemical inertness,
10.1016/j.ceramint.2015.10.095
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cost effectiveness and long-term stability against photo- and
chemical corrosion, and its high quantum yield. Additionally,
there are many other possible applications of the nano-sized
TiO2 such as dye-sensitized solar cells (DSSC), chemical sensors
[5,6] and photocatalytic H2 production [7,8]. Furthermore, high
number of studies revealed that a large spectrum of harmful
organic contaminants can be degraded by TiO2 nanoparticles [9–
13]. The photocatalytic performance depends on many structural/
morphological and optical parameters of the chosen semicon-
ductor, shape, size, crystallinity, the crystal structure (crystal
phases) and the reactive crystal facets. In the case of titania three
crystal phases are well-known: rutile, anatase and brookite [14].
Anatase usually possess higher photocatalytic activity than other
crystal phases thanks to its better charge (e-/hþ pairs) separation
efficiency and higher electron mobility [15,16]. The photocata-
lytic performance can be influenced by modifying other para-
meters, such as crystallite size, surface area, etc. Furthermore, the
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2Please note that the formation mechanism of the obtained nanomaterials it
is not discussed, as the main subject is on the photocatalytic activity of these
materials in the frame of the polycrystallinity (crystal geometries formed by
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tuning of the structural properties of TiO2 can be easily carried
out applying simple crystallization methods, such as the calcina-
tion [17,18].

Unfortunately the bare TiO2 has lower activity under visible
light, thus it is necessary to include them in composite
materials with other semiconductors or/and doping with metals
[19]. Useful semiconductor oxides for this purpose can be
SnO2, SiO2, WO3 [20], etc. Another possible solution is the
deposition of noble metal nanoparticles (Au, Pt, etc.) on the
titania surface [21].

Recently researchers combined TiO2 with different type of
carbons and nanocarbons to increase the lifetime of the charge
carriers: activated carbon, carbon nanotubes (CNTs) and
graphene [22–24]. Carbon–TiO2 composites are so-called
“rising star”-type of materials applied successfully in the
degradation of various pollutants [25], while some of them
were proven to be also biocompatible [26].

As it is known, the photocatalytic efficiency in the case of
TiO2 is influenced by the particle size, crystal phase, the main
reactive crystal facets and the partner materials' nature in the
case of composite materials (noble metals, semiconductors or
carbon materials) [27–30]. The (001) crystal facets have higher
photocatalytic activity (oxidative power) compared to the
(100) or (101) crystallographic surfaces, especially at nan-
ometer scale [31–34]. The (001) planes can be grown in the
presence of F�, which are very efficient species in the shape
tailoring of TiO2 nanoparticles [35–37]. There are some papers
regarding the improvement of rutile’s photocatalytic activity
by the formation of (111) facet dominated pyramid-shaped
nanoparticles [38]. “Shape-reforming” is indeed a powerful
tool for the increase of the photocatalytic efficiency as shown
above. However, shape manipulation can be executed at
different levels. The “classical way” is the morphology control
at crystallite level (single crystals), while a more difficult
challenging modality of shape tuning is the hierarchical shape
build-up.

One good example is the TiO2 hierarchical nanorod-spheres
which were found to be quite efficient in photocatalytic
applications, due to their enhanced light absorption capability,
enlarged specific surface area and enhanced charge transfer
rate of photogenerated electrons [39]. These TiO2 crystals can
be built also in nano- and micro particle size range possessing
two morphology types at two levels: three dimensional (3D)
TiO2 nanostructures made up of one dimensional (1D) TiO2

nanorods. The shape-controlled synthesis of the above men-
tioned materials were carried out applying several synthesis
routes, such as: hydrothermal crystallization [40–43], anodic
oxidation [44,45] and template assisted synthesis [46–48].

As it was presented above, two morphology control
strategies can be found in the literature: one of them focuses
on the individual shape-tailoring of single crystals, while the
other one is centered on the importance of the agglomeration
of the single crystals in secondary geometries. Consequently, it
would be crucial to see the influence of the different shape
tailoring approaches (hierarchical vs. single crystal) on the
photocatalytic activity of TiO2, while keeping in focus the
different structural peculiarities of the specific titania
morphology.

2. Experimental section2

2.1. Materials

Titanium tetrachloride (TiCl4; 99.9%, Aldrich); sodium dodecyl
sulfate (SDS, CH3(CH2)11OSO3 99%Aldrich), thiourea (H2NCSNH2;
98%, Aldrich), HCl 37% (Sigma-Aldrich, Germany), HF 40%
(Sigma-Aldrich, Germany), 2-propanol (anhydrous, 99.5%; Sigma-
Aldrich, Germany), 69% (Reanal NORMAPUR), Ti(OBu)4 97%
(Aldrich, USA), commercially available TiO2 powder (Aeroxide P25,
Evonik Industries) and phenol (ReAnal NORMAPUR) were used as
received.

2.2. Hydrothermal synthesis of the egg-shaped TiO2

SDS (5.3 g) was dissolved in distilled water and mixed with 7 g
of thiourea. After complete solubilization, the titanium precursor
(TiCl4) was added drop-wise to this aqueous solution under
vigorous stirring. During the addition of the precursor caution
should be taken on the quick release of HCl as TiCl4 it is extremely
sensitive to moisture. This mixture was stirred at 50 1C for 1 h to
yield a transparent solution. Into the previous mixture 1 mL of HCl
(37%) was added three times in the last 15 minutes (1 mL of HCl/
5 min). The final molar ratios applied during the synthesis were:
TiCl4: SDS: thiourea: HCl: H2O¼1:2:10:11:300. The solution was
immediately transferred into a sealed, Teflon-coated autoclave and
was further heated to 180 1C for 36 h. The obtained white
precipitate was washed several times with distilled water until no
H2S was noticed and the organic impurities were completely
removed. After this, the product was dried in an oven at 80 1C for
24 h, under air flow. The titania nanocrystallites were calcined at
four different temperatures (500, 650, 800 and 1000 1C), at a
heating rate of 4 °C min�1 for 3 h in a muffle furnace. These
samples were coded as follows: ME-X – micro-eggs-X (the value
of the calcination temperature).

2.3. Hydrothermal synthesis of the single crystal anatase TiO2

In a typical synthesis of the TiO2 microcrystals: 8 mL tetrabutil
titanante Ti(OBu)4 was added into 104 mL, HCl solution (5 mol
L�1), under magnetic stirring for 30 min at room temperature.
After that 2.475 mL HF (47%) was added to the mixture.
Following a 5 min long vigorous stirring, the resulting solution
was transferred into a Teflon-lined stainless steel autoclave.
Additionally 40 mL of HCl (5 mol L�1) was also added to the
autoclave. The device was maintained at 180 1C for 1, 5, and 24 h.
Afterwards, the autoclave was cooled down using a continuous
water jet for 30 min. The product was washed several times with
2:1 (v/v) mixture of 2-propanol and distilled water. This
crystallization/agglomeration) vs. single crystals (with exposed facets).
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Fig. 1. XRD patterns of the ME sample series.
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purification step was repeated until the pH of the supernatant was
above 6. Finally, the samples were dried at 80 1C for 24 h in air.
The obtained powders were calcined at 400 1C for 2 h. These
samples were coded as follows: MP-X – micro-plates-X (the
duration of the hydrothermal treatment)). Sample MP-1H is not
discussed in-detail in Section 3 as the yield of the synthesis
procedure is very low and the obtained material contains a
significant amount of amorphous material (based on preliminary
Raman spectroscopy investigations).

2.4. Methods and instrumentation

Crystalline phases were determined by X-ray diffractometry
(XRD, Shimadzu 6000) using Cu-Kα radiation (λ¼1.5406 Å)
equipped with a graphite monochromator. The crystallites
average size was calculated using the Scherrer equation [49].

JASCO-V650 spectrophotometer with an integration sphere
(ILV-724) was used for measuring the DRS spectra of the
samples (250–800 nm). To obtain the band-gap energy the
reflectance data were converted to F(R) values according to
the Kubelka–Munk theory. The band gap was obtained from
the plot of [F(R) E]1/2 versus energy of the exciting light (E).
The possible electron transitions' wavelengths were evaluated
by plotting the dR dλ�1 vs. λ, where R is the reflectance and λ
is the wavelength [50].

The FT-Raman spectra were recorded by using a Bruker
Equinox 55 spectrometer with an integrated FRA 106 Raman
module using an Nd-YAG laser (1064 nm). Raman spectra
were recorded with a spectral resolution of 1 cm�1.

The microstructure of the samples was analyzed by the field-
emission scanning electron microscopy (SEM), FEI Quanta 3D
FEG operating at 20 kV. Samples for SEM were attached to a
carbon adhesive pad which was fixed to an aluminum stub.
Also the samples were examined by transmission electron
microscopy (TEM). The TEM micrographs were recorded on a
Philips CM 10 instrument operating at 100 kV using coated
copper grids. These studies were performed to characterize the
particle and size distribution and also to observe the morphol-
ogy of the particles.

2.4.1. Photocatalytic runs
The reaction conditions for the photocatalytic efficiency

experiments were chosen based on our earlier experiences
[50]. A photoreactor system with 3� 60 W low pressure
fluorescent lamps (λmaxE365 nm) were used to measure the
photocatalytic activities. The irradiation distance was 15 cm,
while the irradiation time in the case of MEs was 2 h,
respectively 3 h for the MPs (due to the low degradation
efficiencies). The photocatalyst suspension containing phenol
(C0, phenol¼0.5 mM; CTiO2 ¼1.0 g/L; Vsuspension 50 mL) was
continuously purged by air in order to maintain the dissolved
oxygen concentration during the experiment. The concentra-
tion decrease of the chosen organic substrate was followed
using an Agilent 1100 series HPLC system (instrumental
details can be found consulting reference [23,50]). Based on
the initial phenol concentration and the HPLC chromatograms
the final phenol concentration and the degradation rates were
determined [23]. The surface normalized phenol removal
intensities were evaluated using Eq. (1), where C0 is the initial
concentration of phenol, while Ct is the concentration at a
given time of phenol and S is the specific surface area:

CS
mM degraded phenol

m2

� �
¼ C0�Ct

S
ð1Þ

The surface normalized reaction rate was evaluated by
fitting an empirical function to the f(t)¼CS data series points.
3. Results and discussions

3.1. Structure and morphology of egg-shaped TiO2

Fig. 1 shows the X-ray diffraction (XRD) patterns of the as-
synthesized and calcined titania nanoparticles, prepared from TiCl4.
The hydrothermally crystallized ME sample series contained only
the anatase crystal phase which was evidenced from the identified
diffraction peaks (JCPDS card no. 00-075-1537). As mentioned in
the experimental section, the samples were calcined at different
temperatures (500, 650, 800 and 1000 1C) to achieve higher
crystallinity grade which can result in higher photocatalytic activity
[51]. The characteristic anatase peaks became sharper as higher
calcination temperatures were applied, indicating an increase in the
crystallites' size. Interestingly, the anatase phase remained stable up
to 800 1C, none of these samples showing specific diffraction
peaks of rutile (JCPDS card no. 00-075-1748). However, a
complete rutilization occurred at 1000 1C (sample ME-1000).
Similar high anatase stability were already observed by other
research groups [52,53]. The crystallite size values of the hydro-
thermal synthesized and the calcined titania nanoparticles were
calculated by employing Debye-Scherrer equation. The initial and
the calcined photocatalysts (500, 650, 800 1C) consisted from 15
(ME) up to 21 nm (ME-800) nanocrystals (Table 1). Increasing the
calcination temperature indicates a gradual growth of the crystallite,
until the anatase rutile transformation occurs. Based just on the
XRD patterns no clear signs have been detected which indicated
that these nanocrystals are shape tailored or they are part of a



Table 1
Structural and photocatalytic data of the investigated samples.

Sample Crystal
phase

Band-
gap (Eg)
(eV)

Particle size
#(nm)
*(μm)

Surface area
(m2 g�1)

Initial degradation rate of
phenol (r0)
(mM min�1) . 10�3

Surface normalized degradation
intensity of phenol (rSNI)
(mM m�2 min�1) . 10�4

Degradation
yield (%)

ME Anatase 3.12 15.4 91.51 3.31 0.18 39.4
ME-500 Anatase 3.16 17.1 82.94 1.18 0.25 46.0
ME-650 Anatase 3.20 16.8 84.43 3.24 0.28 48.8
ME-800 Anatase 3.24 20.7 68.52 3.72 0.37 61.2
ME-1000 Rutile 3.00 �2* 0.22 Inactive – –

MP-5H Anatase 3.15 �1-2* 0.57 0.33 5.81 11.3
MP-5H C Anatase 2.74 �1-2* 0.52 0.47 9.27 13.6
MP-24H Anatase 2.83 �1-2* 0.49 0.15 6.16 12.9
MP-24H C Anatase 3.09 �1-2* 0.45 0.59 13.66 19.4
P25 ** 3.10 40 49.1 6.71 0.41 70.2

*For the size and shape factor distribution please consult Fig. 4.
**89 wt% anatase and 11 wt% rutile.

Fig. 2. SEM micrographs of the hydrothermally obtained and calcined ME (yellow) and MP (green) photocatalyst series (the flame arrow indicates the calcination
procedure, which in the case of MP was 400, while for ME in this particular case 1000 1C). (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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Fig. 3. TEM micrographs of the ME (yellow) and MP (green) sample series.
(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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secondary geometry. To enlighten this aspect electron microscopy
images were evaluated.

Typical SEM/TEM images of the ME series are shown in Figs.
2a, b and 3, pointing out the formation of “egg-like” microstruc-
tures. The egg shape's occurrence was high (76%), although some
randomly agglomerated crystals were also found. They exhibit a
relatively high monodispersity: an average width (D) of 2.2 μm
(713%) and a length (L) 3.3 (715%) μm. The ratio of L and D
varied somewhat within 1 and 2. No clear correlations were
observed between the calcination temperature and the L/D value.
The distribution of the L/D value within a single sample is
presented in Fig. 4, showing the dominance of the ratio interval
1.33–1.83. In the presented TEM/SEM micrographs can be also
observed that the egg shaped microcrystals were “built” from
polyhedral nanocrystals, which were directly evidenced by XRD.
At the applied calcination temperatures 500, 650, 800 1C,

the “egg” geometry was successfully maintained, while the
nanometric crystallites showed a slight increase in crystal size
(confirmed also by the XRD). At 1000 1C calcination tem-
perature, the rutilization finally occurs, as shown in Fig. 1,
while at this temperature, the sintering of the individual
crystallites (those which were agglomerated in egg-shapes)
was inevitable, resulting randomly shaped d43 μm micro-
crystals (Fig. 2c). It should be mentioned here that the rutile
crystals' size cannot be determined with XRD due to the
inapplicability of the Scherrer equation at high crystallite size
ranges (above 100 nm).

3.2. Structure and morphology of the single crystal anatase
TiO2

In the present case, the calculation of the particle size using
the Scherrer equation is also pointless, because all samples'
crystal size was greater-than 100 nm, which falls out from the
interpretation interval of the Scherrer equation. Therefore, only
the crystal phase identification was possible. In all the cases
only the presence of TiO2 anatase crystal phase was detected
(Fig. 5), while no peaks of any impurities or other titania
crystal phases were noticed.
The first aspect investigated was the influence of the

hydrothermal treatment time. In the case of shorter hydro-
thermal treatment (1 h, sample MP-1 H) the nanoplates have
rounded-off corners, meaning that only the {001} crystal-
lographic plane family has clearly formed. It means that the
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crystallization process is not yet completed. The sample itself
was monodisperse meaning that the shape and size (E1 μm)
of all of the microparticles were in the same range. When the
hydrothermal treatment time reached 5 h, the boundaries
between the crystallographic planes appeared. Meanwhile,
the shape and size of the particles still remained in the same
interval. If the hydrothermal treatment time is longer than 24 h,
the sample will be characterized by a high degree of
polydispersity, while the shape of the crystals do not change.
Furthermore, no significant changes were observed in the
morphology and structure of the calcined MP series samples.
Hence only the ones heat treated at 400 1C will be studied in
the following chapters.
100 200 300 400 500 600 700 800
0.00

0.01
512394

Wavenumber (cm-1)

Fig. 6. Raman spectra of the MP series.
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Fig. 7. First derivative DRS spectra of the ME and MP photocatalysts.
3.3. Raman spectroscopy

As a clear increase in the particle size was only observable
trough the SEM micrographs, it was important to get direct
evidences related to the crystallinity degree of the MP samples.
Furthermore, in the case of hydrothermal crystallization procedures
the possibility of some amorphous titania cannot be excluded,
emphasizing the importance of this investigation. This issue was
vital, because sample MP-1H and sample MP‐1H‐C was kept in
the autoclave only for 1 h at the desired temperature (180 1C). Fig.
6 reveals the presence of the characteristic bands characteristic for
TiO2 anatase located at 144, 394, 512 and 635 cm�1, respectively
[54,55]. Taking into consideration that titania has a high Raman
cross-section and the signal is visibly risen in intensity as the
crystallinity degree of TiO2 structure increases, one can infer that
the extremely low intensity recorded in the case of MP-1H and
MP‐1H‐C, in comparison with the other photocatalysts from this
series, shows the existence of a relatively significant amount of
amorphous material. This excludes them to be further tested for
photocatalytic applications. Additionally, it should be noted here,
that the ME sample series does not contain amorphous titania (that
is why no separate section was dedicated to this issue).
3.4. Optical properties of the ME and MP sample series

Before the evaluation of the photocatalytic activities it is crucial
to analyze the optical properties of these materials. If there are no
significant differences in their optical peculiarities, then the
comparison proposed in Section 3.3 is valid. The most appropriate
methodology for this is the first derivative DRS spectrum of the
individual materials [56] .The DRS spectra measured in reflectance
presents the well-known adsorption edge from which the band-gap
of the nanomaterials can be determined. The first derivative
spectrum is even more sensitive, as any changes in the curvature
in the spectrum can be visualized as individual peaks and can be
associated with the possible electron-transition bands [54].
In the case of MP (Fig. 7) a single peak can be observed at

372 nm, which corresponds to the electron transition band of
anatase [20,42]. This was the case of ME series also (although
a slight transition of the band was noticed to 376 nm, which is
insignificant in our case). As it was shown in the previous
sections ME-1000 contains only rutile. This fact is also
reflected in Fig. 7. For informative purposes P25 was also
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illustrated, which shows one peak at 376 nm (anatase) and one
peak for rutile at 400 nm (rutile).

As there are no significant differences in the optical
properties (band-gap values/ possible electron-transition bands)
of the two type of titanias, the obtained photocatalytic
performances can be interpreted more clearly.

3.5. Photocatalytic activity

The ME and MP series' photocatalytic activity was inves-
tigated for phenol degradation under UV irradiation consider-
ing multiple facts and parameters. Two approaches are
considered in catalytic/photocatalytic processes: the classical
one, using weight normalized kinetic parameters (e.g. reaction
rates), or surface normalized kinetic approaches (e.g. surface
normalized reaction rates). Both have advantages and dis-
advantages. For the industry, the weight normalized parameter
is more convenient, because the pricing unit of a catalyst
usually is defined weight dependent. Although, catalytically,
the surface normalized degradation is more important, because
in each case the catalytic processes are surface quality/size
dependent phenomena. Accordingly, the phenol degradation
rates were normalized on the surface and surface efficiency
degradation curves were also plotted.

3.5.1. Activity of the micro-egg-shaped TiO2 anatase
The TiO2 microeggs' photocatalytic activity was investi-

gated for phenol degradation, under UV light irradiation using
Aeroxide P25 (Evonik Industries) TiO2 as the reference
photocatalyst (Figs. 8a and 9a, b). With the increase of the
calcination temperature a photocatalytic activity enhancement
was observed, as it was shown in Table 1. The phenol
degradation yield in the case of ME series was 39.4% (sample
ME), up to 61.2% (sample ME-800). The ME-1000 sample
was inactive due to the large particle size and the complete
absence of the anatase phase.

In terms of initial degradation rate, P25 achieved 6.71 � 10�3

mM min�1 whilst the best performing ME sample's (ME-800)
activity reached only 3.72 � 10�3 mM min�1. Although the
differences between the two degradation rates are significant,
the efficiency of the sample ME-800 and P25 were comparable
(in degradation yield terms).

Subsequently, the surface normalized degradation intensity of
phenol was determined using the procedure described at the end of
Section 2.4.1, and a reversed order of activity was established
within the ME series. The surface normalized degradation rates
were remarkably low, varying between 0.18 � 10�4 (sample ME)
and 0.37 � 10�4 mMm�2 min�1. These were much smaller
values than the one calculated for P25: 1.42 � 10�4 mMm�2

min�1. To clarify the reason behind of this phenomenon the
photocatalytic activity of the single crystal/plate-shaped anatase
nanocrystals' activity should be evaluated.

3.5.2. Activity of the single crystal TiO2 anatase – Figs. 8 b
and 9a, b

As already discussed in the appropriate sections, the main
method in the increase of the crystallinity grade was the
increase of the hydrothermal treatment time and a supplemen-
tary calcination at 400 1C. It was observed that with the
hydrothermal treatment time increase, and after the calcination,
all samples' activity was significantly enhanced (from 5.81 to
9.65 mM min�1 m�2 and from 6.16 to 13.66 mM min�1

m�2). Furthermore, each these normalized values were super-
ior compared to P25.
It should be noted that MP photocatalysts surface area values are

very small, thus after the surface normalization, the photocatalytic
activities were much higher (13.66 � 10�4 mMmin�1 m�2) than
the one shown by P25 (0.41 � 10�4 mMmin�1 m�2).

3.5.3. Shape-tailored agglomerated polycrystalline samples
vs. single crystals – activity evaluation approaches
As it was detailed in the previous two sections, the activity

of the photocatalysts can be examined taking in count two
approaches. The first one considers that the efficiency of the
photocatalyst is shown by the effective amount of pollutant
degraded by a specific amount (weight) of photocatalyst. The
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second approach points out that the photocatalytic processes'
phenomenology is strongly related to the quality and size of
the available surface. For the latter one, there are also
interesting examples in the literature [57].
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Fig. 9. (a) The comparison of the different degradation yields. (b) Normalized
photocatalytic efficiencies of the studied sample series.

Table 2
Short time (10 ns) degradation data of the obtained titanias.

Sample Crystal
phase

Ndeg.phen. � 106 (no. of
phenol molecules)

Ndeg.phen.surf � 10-9 (n0. of
phenol molecules μm�2)

ME Anatase 8.24 4.5
ME-500 Anatase 9.62 5.8
ME-650 Anatase 10.20 6.1
ME-800 Anatase 12.80 9.3
ME-1000 Rutile – –

MP-5H Anatase 1.58 207.0
MP-5H C Anatase 1.90 273.0
MP-24H Anatase 1.80 275.0
MP-24H C Anatase 2.70 451.00
P25 ** 14.70 15.0
To examine more closely this phenomenon a “limitative
approach” was considered. The lowest possible time quantum
which can be considered is the lifetime of the charge carriers,
which is around 10 ns [58] in anatase crystals (the authors
emphasize the fact that a longer time interval can be also
considered/deliberate for the calculation, although the results are
more representative at the proposed time-scale). For the detailed
calculation please consult Supplementary data.
The number of degraded phenol molecules (Ndeg. phen.) was

established applying the following equation (Vsusp – the
volume of the applied suspension – 50 mL, Cdeg. phen. – the
degraded phenol in terms of concentration units in mol L�1,
trec.¼10�8 s – the recombination time of the charge carriers,
NA – the Avogadro number, texp – the duration of the
photocatalytic experiments in seconds) (Eq. (2)):

Ndeg:phen: ¼
V susp � Cdeg:phen: � trec � NA

1000 � texp
ð2Þ

The trends shown by the number of the degraded phenol
molecules (Table 2) shows the same activity trend, as in the case
of unnormalized activities: the most active photocatalyst was the
Aeroxide P25, followed by the ME series (ME-800) and finally
by the MP series. If the number of the degraded phenol molecules
is estimated relatively to the surface area (Ndeg. phen.surf), the trend
changes. The new activity order resemble with the one estab-
lished by the normalized concentration values.
In order to evaluate the individual efficacy of a single

microparticles, the surface area (geometrical surface area – very
important aspect of which importance will be revealed later on) of
the average microcrystallites’ was evaluated. An average particle
(it should be emphasized here again that between the samples
MP-5H, MP-5H C, MP-24 and MP-24H C was no significant
difference in the particle size) of the MP series possessed SGEO-
MP¼7.2 μm2, while in the case of ME (there were no significant
differences also between the ME series members' microparticles
size – the only difference was in the crystal size of the polycrystal-
line particles which formed the eggs) series this value was SGEO-
ME¼8.9 μm2. Hence, the theoretical number of degraded phenol
molecules can be estimated (Ndeg. phen. geo.), which was performed
by a specific number of particles (108 microparticles):

Ndeg:phen:geo ¼ 108 � SGEO � Ndeg:phen:surf: ð3Þ
Surface area
(m2 g�1)

SGEO

(μm2)
Ndeg.phen.geo (no. of phenol molecules
degraded on 108 microcrystals)

91.51 8.9 4.0
82.94 5.2
84.43 5.4
68.52 8.3
0.22 – –

0.57 7.2 184.5
0.52 243.4
0.49 245.0
0.45 401.2
49.10 – –



Fig. 10. Activation mechanism, and charge transfer possibilities, within the ME sample series.
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The above listed equation contains: Ndeg. phen.surf. – the
number of degraded phenol molecules in a 10 ns interval
normalized to the surface, SGEO – the geometrical surface of a
single microcrystal (in μm2). The resulted number is a
theoretical one which considers the fact that only the geome-
trical surface is accessible for the light and for the pollutants.

The obtained values showed that the single crystal anatase
(MP series) should be more active compared to P25 and ME
series. However, the readers are reminded, that geometrical
area was used for this estimation, which is directly accessible
by the light and the reaction medium (water). This means that
there are further “areas” of ME sample which should be active.
This supposes two possible reaction pathways (the authors do
not want to “vote” for a specific scenario as no current data is
available to prove the validity of “a” and “b”):

a. The surface area of the bulk polycrystalline particles are
also used – reinforces, that photocatalytic reaction are also
occurring at the surface of the inner particles in the eggs of
the ME series.

b. The charge carriers are extremely well separated, by the
inter-particle contacts and the geometrical surface shows
an enhanced activity. More precisely the crystals at the
surface of the egg shape are activated, while the bulk
crystals act as charge carrier separators (Fig. 10).

Also it should be considered that scenario “a” and “b” can be
balanced and concomitantly possible.

The results (Table 2) indicate also further shocking information.
As can be seen in each case, during 10 ns, applying 108

microcrystals, only max. 401 phenol molecules can be degraded,
which is extremely low (within 10 ns), emphasizing that photo-
catalysis has a lot of work in the near future to improve these
numbers.
4. Conclusions

As several synthesis strategies are currently available in the
literature regarding the shape-tailored titanias, including different
organization levels for shape tailoring (hierarchical build-up vs.
single crystal shape tuning) higher activities are desired. In the
present work it was shown that both strategies are feasible paths to
obtain high activity photocatalysts. Each of the approaches
presented a specific advantage, such as efficient crystal planes
(single, exposed faceted anatase crystals) or efficient charge
separation/inner particle activation (polycrystalline particle coupling
within the hierarchical organization). However, it was pointed out
that in each case the potential of the photocatalysts are not
exploited (it can be said that the current level is the minimum)
at all and further hard work is needed.
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