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The polycrystalline solids TiO,~Fe,0;, with iron contents in the range 0-10 at.%, prepared by copre-
cipitation and by impregnation, and treated in air at temperatures in the range 500-1000°C, have been
studied by X-ray, ESR, and Mdssbauer methods. The TiO;, in the samples treated at 800 and 1000°C
always forms the rutile phase and the Fe* has a rather low solubility in it (~0.1 at.%). The Fe3* in
excess forms the antiferromagnetic pseudobrookite phase (Fe,TiOs). The samples treated at 500 and
650°C show a dependence on the preparation method. Those prepared by coprecipitation give at 500°C
the pure anatase phase in which the Fe’* has a higher solubility (=1%); those prepared by impregna-
tion give the anatase phase accompanied by a variable amount of rutile. The treatment at 650°C
provokes the partial transformation of anatase to rutile and the complete development of the Fe,TiOs
phase. The relevance of these results to the photocatalytic properties shown by these solids for the

photoreduction of dinitrogen to ammonia is discussed.

1. Introduction

Polycrystalline systems based on tita-
nium oxide and transition metal oxides are
of interest for the investigation of relevant
aspects of solid-state chemistry and hetero-
geneous catalysis. In our laboratory atten-
tion has been focused on the TiO,-Fe,0;
system as photocatalysts for the photore-
duction of dinitrogen to ammonia in the
presence of water vapor (/-5).

The study of this reaction has the same
bearing as the water photosplitting which is
currently studied in much detail by various
methods and considered as the most prom-
ising candidate for photochemical solar en-
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ergy conversion and storage (6-7). The
choice of iron-ion-based materials is also of
interest in the light of recent studies on the
water photosplitting carried out in a pho-
toelectrochemical device using illuminated
p- and n-photoelectrodes made by Mg- and
Si-doped iron oxides (8). In this study it has
been demonstrated the feasibility of the wa-
ter photosplitting reaction without any ex-
ternal bias.

Our photocatalytic study was carried out
on powdered samples prepared by impreg-
nation and by coprecipitation and fired at
temperatures between 500 and 1000°C and
with an iron content in the range 0-10 at.%.

Any attempt to interpret the photocata-
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lytic results (or any other surface process)
requires, as a starting point, a detailed
knowledge of the structural features of the
system. Among these, the most important
are the phase composition and perfection,
the solubility, location, and dispersion of
the Fe3* ions in the different phases.

In the literature these data are rather in-
complete (9, 10). The present work de-
scribes the structural characterization of
the catalysts by X-ray diffraction, electron
spin resonance (ESR), and Mossbauer
spectroscopy, and the effect of the struc-
ture on the photocatalytic properties.

2. Experimental

2.1. Materials

The catalysts were prepared by two dif-
ferent methods: impregnation and copre-
cipitation,

In the first method TiO, was obtained by
precipitation with ammonia solution from a
15 wt% solution of TiCl; (R.P. Carlo Erba).
The precipitate was carefully washed with
distilled water to remove Ci~ ions and dried
at 120°C. A solution of Fe(NOs); of known
concentration was added to the precipitate,
and the resulting paste was first dried at
120°C and then heated in air for 24 hr at 500,
650, 800, or 1000°C. The iron contents, as
atomic percentage, were 0.05,0.2,0.5, 1, 2,
5, and 10.

The second series of specimens was pre-
pared by coprecipitating iron and titanium
hydroxides from the solution of TiCl; (15%)
containing the desired amount of Fe** ions.
The precipitates were washed with water,
dried, and fired as above.

Iron-containing samples are indicated as
TF, the numbers after the letters give the
nominal total iron content expressed as
atomic percentage and the firing tempera-
ture, respectively. Thus TF 0.2, 500 refers
to a sample containing 0.2 at.% iron, fired
at 500°C.
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2.2. Characterization Methods.

X-Ray powder diffraction patterns were
obtained at room temperature on a Philips
diffractometer using Ni-filtered CuKa radi-
ation.

ESR spectra were recorded at X band on
a Varian E-9 spectrometer at various tem-
peratures. The absolute number of spins
was determined on some samples from
electronically integrated spectra using the
Varian ‘‘strong pitch’’ as standard (3 x 10
spins cm™1).

Mossbauer spectra were recorded at
room temperature (RT) and liquid-nitrogen
temperature (77 K). Measurements were
performed in the constant acceleration
mode with a ¥Co/Rh source held at room
temperature. MGssbauer parameters were
obtained from computer fittings with
Lorentzian absorption lines and least-
squares optimization. The two lines of each
double were constrained to have the same
linewidth and intensity. The isomer shift
(IS) values are always given with reference
to the center of the a-Fe spectrum, which
has also been used for velocity calibration.

Surface areas were determined by N, ad-
sorption at 77 K on several samples, using
the dynamic BET method.

3. Results and Discussion

3.1. X-Ray Analysis

The phases identified by X-ray analysis
on the various samples are anatase, rutile,
Fe,TiOs (pseudobrookite), and «-Fe,0;.
The catalysts are listed in Tables I and II,
where the phases present, as detected by
X-ray analysis, and some surface area val-
ues are reported. The thermal treatment at
500°C of samples prepared by coprecipita-
tion yields powders which consist practi-
cally of pure anatase (Table II), whereas for
the samples prepared by impregnation both
anatase and rutile are generally present (Ta-
ble I). The crystal size of these phases are
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TABLE I

TF SAMPLES PREPARED BY IMPREGNATION: PHASES
PRESENT® AND SOME SURFACE AREAS®

Sample Firing temperature (°C)
500 650 800 1000
. A++++ A+t A+
TiO,
R+ R+++ R++++ R+++++
TF 0.05 At+++  At+++ A+
R+ R++ R++++ R+++++
TF 0.2 A++++ A+++ A(traces)
R+ R++ R++++ R+++++
TF 0.5 A++ A+++ Altraces)
R+++ R++ R++++ R+++++
Surface area 49 30 11 1
TF 1 At++++ At+++ R++++ R+++++
R+ R+++ P(traces) P+
Surface area 47 25 8 0.8
TF 2 A++++  A+++ R++++ R+++++
R+ R++ P+ P+
P,F(traces)
Surface area 55 27
TF 5 A+ A+ R+++++ R+++++
R++++ R++++ P+ P+
P+, F+
Surface area 32 21 6 0.4
TF 10 R+++++
P++

¢ A, anatase; R, rutile; P, pseudobrookite (Fe;TiOs); F, a-Fe;0s.
b Surface area: m2g~!.

very small as inferred from the broad peaks
in the diffractograms.

An increase in the firing temperature fa-
vors the anatase-to-rutile transition, to-
gether with the reaction of iron and tita-
nium oxides, and the growth of individual
crystals. The diffractograms of the powders
fired at 1000°C are characterized by the
strong and sharp diffraction peaks of rutile,
together with the much smaller but equally
sharp peaks of Fe,TiOs when this phase is
present in detectable amounts.

A quantitative determination of the
phases based on peak heights or peak areas
has not been attempted, because of the de-
pendence of these features of the diffracto-
grams on the thermal history of each sam-
ples. Only a rough estimate of the relative
abundance of the crystalline phases is
therefore reported in Tables I and I, where
five crosses (++ + ++) are given either for
the predominant constituent or for the
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unique one present in the sample, and one
cross (+) indicates a constituent present in
small percentages. Crosses from two to
four in number indicate intermediate per-
centage ranges. The term ‘‘traces’’ is used
for phases whose peaks are barely detect-
able.

3.2. ESR Spectra

3.2.1. Assignment of the spectra. Three
different signals due to Fe** ions in differ-
ent sites were detected and assigned. These
signals are called spectra 1, 1I, and 111, re-
spectively.

Spectrum 1, always present in the sam-
ples fired at 800 and 1000°C, is rather com-
plex (Fig. 1a) being composed of six main
lines at g, = 8.20, g, = 5.67, g5 =3.37, g4 =
2.61, gs = 1.52, and g¢ = 1.15. For powders
fired at 500 and 650°C this spectrum is ei-
ther absent or rather weak (see below). This
spectrum has been previously reported (9,
11) and analyzed (11) with the spin Hamil-
tonian parameters obtained from the single-
crystal study of Fe3* in rutile (12).

The shape of spectrum I does not change
with recording temperature. Its intensity
follows the Curie law (I - T = const.) quite

TABLE II

TF SAMPLES PREPARED BY COPRECIPITATION:
PHASES® PRESENT AND SOME SURFACE AREAS?

Sample Firing temperature (°C)
500 650 800 1000
TF 0.5 A++++  A++++  R++++ R+++++
R+

Surface area 54 30 4 0.2

TF2 A++++  A++++  Ri++++  Rtt+++
R(traces) R+ P+ P+

TF § A+++ A++ R++++ R+++++
R(traces) R++ P+ P+

Surface area 49 15 1 0.2
A+++ R++++ R4++++ R+++++

TF 10 R(traces) P+ P+ P+

F(traces) F(traces) F(traces)

a A, anatase; R, rutile; P, pseudobrookite (Fe,TiOs); F, a-Fe;03.
 Surface area: m2g~!.
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F1G. 1. ESR spectra at X band of TF samples: (a) TF
0.2, 1000°C recorded at RT; (b) TF 2, 1000°C at RT; (c)
same as (b) recorded at 77 K; (d) TF 0.5, 500°C (copre-
cipitated) at RT; (e) same as (d) recorded at 77 K.

well, indicating that it is originated by iso-
lated ions.

According to previous assignments,
spectrum 1 is therefore attributed to “‘iso-
lated’’ Fe3* ions in the rutile phase.

Owing to their sharpness, the lines at g,
and g, can be conveniently used for relative
intensity measurements.

In the samples fired at the lowest temper-
atures (500 and 650°C), besides the possible
presence of weak lines of spectrum I, a dif-
ferent spectrum is generally present (spec-
trum II). It consists of an intense line at g =
2.0 having an asymmetric shape and a
width of about 150 G. This line is flanked on
both sides by weak shoulders (Figs. 1d and
e).

Another group of lines, also belonging to
the spectrum II, and having a relative inten-
sity of =0.04 with respect to the main line,
is present in the half-field region, i.e., at g
= 4.0,

The shape of spectrum II changes some-
what with the recording temperature, but
its integrated intensity follows the Curie
law quite well, which is a good indication
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that the spectrum II is also due to ‘“‘iso-
lated’’ ions.

We assign the spectrum II to “isolated”
Fe3* ions in the anatase phase for the fol-
lowing reasons. The fine terms (D and E) of
Fe?* in anatase, measured on a single crys-
tal (13, 14), are very different from those of
Fe*t in rutile (D = 0.0309 cm~!, E = 0 at
300°K for Fe3* in anatase, and D = 0.6788
cm~Y; E = 0.0737 cm~! for Fe3* in rutile).

From these values a strong line at g =
2.0, due to the } <> —4 transition is expected
at X band for Fe** in anatase. The other
allowed transitions, spread over a much
larger field interval, give considerably
weaker signals at their extreme values. The
width of the line at g = 2.0 is estimated to
be (50/9) (D*/gBHo) = 189 G, in satisfactory
agreement with the experimental value.

Finally, the dependence of the lineshape
of spectrum II on the recording tempera-
ture is due to the unusually large variation
of the D term with temperature, as found in
the single crystal study (/4).

The ESR spectra of the more concen-
trated samples ([Fe3*] = 0.5), when re-
corded at room or higher temperatures,
show, besides the spectrum I or spectrum
I, a very large and symmetrical line (AHp,
= 1500 G at RT) centered at g = 2.05 (spec-
trum III) (Fig. 1b). Its linewidth changes
with recording temperature and the spec-
trum at 77 K broadens beyond the detection
limit (Fig. 1c). In contrast to the other spec-
tra, spectrum III does not follow the Curie
law, as shown in Fig. 2, where the product
I - T (integrated intensity X temperature) is
reported as a function of the recording tem-
perature.

This behavior is typical of a paramag-
netic species iii a concentrated system with
antiferromagnetic interactions.

The comparison with X-ray data indi-
cates the presence of spectrum III only in
samples which contain Fe,TiOs. We there-
fore assign the spectrum III to Fe3* ions in
the Fe,TiOs phase.



186

D O
QL o~ 0
Py 7
T 7
~ /
o]
- /
/
/
/
- /O
/
/
//
=—0 oy 0——-D o
U
9
/
/
[ A I ! L i
0 100 200 300 400 500 600
7K

Fi1G. 2. Dependence of I - T (arbitrary units) on the
recording temperature for spectrum I ((J) (line g,) and
for spectrum III (integrated spectrum) (O). Sample TF
2, 1000°C.

3.2.2. Factors affecting the intensity of
the ESR spectra. The occurrence and the
intensity of the spectra described in the pre-
vious section depend on several factors:
iron content, firing temperature, and prepa-
ration method.

The samples fired at high temperatures
show a better reproducibility and therefore
they will be considered first:

(i) Samples fired at 800 and 1000°C. The
samples fired at these temperatures show
only spectrum I, and spectrum III (for
[Fe¥*] = 0.5).

The intensity of spectrum I for samples
fired at 800 and 1000°C increase with iron
content up to a limiting value, as shown in
Fig. 3. The trend of the curve of Fig. 3 indi-
cates that in the more concentrated samples
only a fraction of the total iron contributes
to the spectrum I.

From the integrated spectra a value of
~0.1 at.% (with a possible error of a factor
of 2) has been estimated as the maximum
concentration of Fe3* in the rutile phase,
i.e., a concentration much smaller than the
nominal one for the more concentrated
samples.
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F1G. 3. Intensity (arbitrary units) of spectrum I (line
g:) for the TF samples treated at 1000°C versus the
total iron content. [Fe3*] = Fe3* atoms/100 Ti atoms.

Conversely, the intensity of spectrum III
increases linearly with the iron content, and
is practically independent of firing tempera-
ture (Fig. 4). Although no reliable evalua-
tion of the number of spins can be obtained
from the integrated spectra, because of the
very broad linewidth and the deviation
from the Curie law of spectrum III, the
straight line of Fig. 4 passing across the ori-
gin, indicates that in the more concentrated
samples a large fraction of the iron present
contributes to the spectrum I1I.
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F1G. 4. Intensity (arbitrary units) of spectrum III
(integrated spectra) versus the total iron content for
TF samples treated at (O) 1000°C; (O) 800°C; (A)
650°C (coprecipitated).
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F1G. 5. Intensity (arbitrary units) of spectrum II (in-
tegrated spectra) versus the total iron content for co-
precipitated samples treated at (O) 500°C; (O0) 650°C.

The ESR spectra therefore confirm the
X-ray findings about the presence of the
phase Fe,TiOs on the more concentrated
samples, and allow the solubility of Fe?* in
the rutile phase to be measured.

(ii) Samples fired at 500 and 650°C. As
stated above, the occurrence and intensity
of the various spectra depend on both firing
temperature and preparation method. For a
given iron content, the samples prepared by
coprecipitation and fired at 500°C, show the
most intense spectrum II without the pres-
ence of spectrum I.

In the more concentrated samples (TF 5
and TF 10), spectrum III is also present as a
weak and very broad line (AH,,, = 2.000 G).
Its intensity is about 0.2-0.4 that of the cor-
responding sample fired at higher tempera-
tures. The dependence of the intensity of
spectrum II on iron content for these sam-
ples is reported in Fig. 5. The trend is simi-
lar to that of Fig. 3, but in this case the
maximum value is reached at a much higher
iron content and the integrated intensity is
about 10 times higher than that of spectrum
1. This result indicates that the solubility
limit of Fe?* in the anatase phase is sub-
stantially higher (~1 at.%) than in the rutile
phase (~0.1 at.%).

Firing this samples at 650°C drastically
reduces the intensity of spectrum II (Fig.
5), and provokes the appearance of a weak
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spectrum I, and, in the concentrated sam-
ples, a marked increase of the intensity of
spectrum III.

The samples prepared by impregnation
and fired at 500 and 600°C show, in general,
both spectra I and II. The intensity of spec-
trum I is weak and shows a poor correlation
with the iron content.

The intensity of the spectrum II follows a
trend similar to that of the coprecipitated
samples, but a larger variability is ob-
served.

3.3. Méssbauer Spectra

Mossbauer spectroscopy of *’'Fe offers a
convenient means for the phase composi-
tion analysis of TF catalysts with nominal
iron content =2 at.%. The evolution during
thermal activation can be followed through
the variation of the Mdssbauer parameters
calculated from the experimental spectra.

As seen from Fig. 6, the spectra are al-
ways represented at 77 K by a quadrupole-

Relative transmission

Velocity (mm s-1)

F1G. 6. Mossbauer spectra of TF samples at 80 K:
(a) TF 5, 1000°C; (b) TF 10, 500°C; (c) TF 10, -500°C
alternative fitting. All samples from the coprecipitated
series.
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TABLE III

MOsSBAUER PARAMETERS AT 80 K oF TF
CATALYSTS (mm sec~1)4

Coprecipitated samples IS? Qs r X2
TF 2, 500 0.46(2) 0.93(2) 0.75(2) 1.04
TF 2, 1000 0.48(1) 0.78(1) 0.51(1) 1.13
TF 5, 500 0.46(1) 0.87(1) 0.63(1) 1.32
TF 5, 650 0.50(1) 0.76(1) 0.59(1) 1.12
TF 5, 800 0.50(1) 0.74(1) 0.48(1) 1.16
TF 5, 1000 0.48(1) 0.72(1) 0.46(1) 1.1
TF 10, 500 0.46(1) 0.91(1) 0.64(1) 1.80
TF 10, 650 0.48(1) 0.72(1) 0.50(1) 1.93
TF 10, 800 0.48(1) 0.73(1) 0.50(1) 1.00
TF 10, 1000 0.51(1) 0.73(1) 0.49(1) 1.05
TF 5, 500¢ 0.44(2) 1.15(2) 0.58(2)} 0.87
0.48(1) 0.64(1) 0.48(1) '
TF 10, 500¢ 0.44(2) 1.24(2) 0.56(1)} 1.04
0.48(1) 0.70(1) 0.45(1) :
Ilmpregnated samples
TF §, 500 0.42(2) 0.83(2) 0.75(2) 0.92
TF 5, 1000 0.44(1) 0.72(1) 0.58(D) 1.25
Fe,TiOs 0.45(1) 0.73(1) 0.54(1)

2 Mean standard deviations are given in parenthesis.
¢ Relative to a-Fe.
¢ Alternative fitting with two doublets.

split resonance. From the data reported in
Table III the observed resonance pattern is
attributed to the presence of Fe,TiOs
(pseudobrookite) in all the samples with the
exception of those fired at 500°C, which
show a definitely higher value of quadru-
pole splitting (QS) (~0.9 mm sec! for co-
precipitated TF) and broader absorption
lines (see Fig. 6¢). This result may be inter-
preted assuming that significant distortions
are found in the pseudobrookite structure
for relatively low firing temperatures,
where crystallization and sintering of the
particles is still incomplete. Another expla-
nation is that at such temperatures a second
Fe3*-containing phase is still present,
which is transformed into Fe,TiOs with
higher temperature treatment. In fact, a sig-
nificant improvement in the goodness-of-fit
parameter x2 was obtained in the case of TF
10,500°C by an alternative fitting including
two doublets (Fig. 6¢). This second fitting
accounts for a doublet with the parameters
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of Fe,;TiOs and another one with about the
same IS and a much larger QS (1.24 mm
sec™!), indicating the presence of a different
ferric compound with relative intensity of
about 47%.

Only on the basis of the Mossbauer data,
the attribution of the latter component is
not straightforward.

Superparamagnetic hematite particles
should be excluded considering their QS
value which is nearly 0.8 mm sec™! (15).

However, as discussed in the previous
section, the solubility of Fe3* in anatase has
been estimated by ESR to be about 1% (or
possibly higher), i.e., an order of magnitude
higher than in rutile phase and at a value
which permits its detection by Méssbauer
spectroscopy.

We therefore assign the component with
QS = 1.24 mm sec! to the Fe* ions in
solid soluticn in the anatase phase.

It is worth noting to observe that the
component with QS = 0.53, which is the
value reported in the literature for Fe** in
rutile (/6), has never been detected in our
samples indicating that the Fe3* concentra-
tion in the rutile phase remains always un-
der the detection limit.

4. Conclusions

4.1. Main Structural Features of the TF
System

After the analysis of the results of the
variocus techniques used in the present in-
vestigation it is useful to compare them and
give a synopsis of the main conclusions
which can be drawn on the TF system.

(i) The features of the samples fired at 800
and 1000°C are largely independent on the
preparation method. The TiO, always
forms the rutile phase, and the Fe** has a
rather low solubility in it (~0.1 at.%). The
Fe3* in excess forms the pseudobrookite
(Fe;TiOs) phase, which is antiferromag-
netic.
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The solubility value of Fe3* in rutile is in
good agreement with that (0.19 at.%) found
by Johnson et al. {17) on a rutile single
crystal doped with FeCl; at 800°C in an at-
mosphere of HO and O,. As these authors
pointed out, the Fe3* ions enter in solid so-
Iution as substitutional ions together with
H* ions, which diffuse easily in the rutile
structure (18). When H,0 is completely re-
moved from the atmosphere the solubility
of Fe’* strongly decreases (/7). The H*
ions, associated with nearby O?~ ions, are
normally located far from the Fe’* ions,
whereas a few of them are near Fe3* ions,
which therefore give a different ESR spec-
trum, as revealed by a single-crystal study
(19).

(ii) The samples fired at 500 and 650°C
show a dependence on the preparation
method.

Those prepared by coprecipitation show
the most reproducible and uniform behav-
ior. After firing at 500°C the pure anatase
phase is formed. In this phase Fe’* has a
much higher solubility (=1%) than in rutile.
In the more concentrated samples (TF §
and TF 10) the Fe,TiOs phase is also de-
tected, but it is less abundant and more de-
fective than in the samples fired at higher
temperatures.

In the samples prepared by impregna-
tion, and fired at 500°C, the anatase phase is
accompanied by variable amounts of the
rutile phase.

The firing at 650°C provokes partial
transformation of anatase to rutile at a level
depending on the iron content (Fig. 5) and
the development of the Fe,TiOs and o-
Fe,0; phases.

The surface area decreases steadily with
increasing temperature.

4.2. Comment on the Photocatalytic
Behavior in Relation to the Structural
Properties

The essential results of the photocata-
lytic study are reported in detail elsewhere
(I/-5). Briefly, though:
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—Only specimens containing Fe** in an
appropriate amount, 0.5-1.0 at.%, are ac-
tive, the ammonia production being 50-100
pg/hr for 1 g of catalyst. Among these cata-
lysts, those prepared by coprecipitation are
the most active.

—The specimens in which the phase
Fe,TiOs is detectable by X-ray, are com-
pletely inactive.

—Pure TiO, (anatase and rutile) and pure
Fe,TiO;s are also inactive.

—Ammonia was not produced in the ab-
sence of water, light, or the catalyst.

Some aspects of the photocatalytic data
may be rationalized looking at the struc-
tural features of the Fe,0;-TiO, system.
Essentially the catalyst phase composition
affects the photocatalytic behavior; more
precisely the ferric ions in solid solution in
the TiQ; lattice seem to be responsible for
the origin of the photoactivity. Indeed pure
oxides, TiO, and Fe,TiOs, and the catalysts
containing ferric ions in the Fe,TiOs phase
are almost completely inactive.

This special role of Fe** can be under-
stood considering the main steps of a pho-
tocatalytic reaction: (a) photogeneration of
hole and electron pairs which must be
trapped to avoid recombination; (b) reduc-
tion and oxidation reactions by the sepa-
rated electrons and holes with suitable
adsorbed species; (c) evolution of inter-
mediates, desorption of products and re-
construction of the surface.

While the discussion of the reaction mecha-
nism can be found elsewhere (I, 2), we sug-
gest that the ferric ions mainly influence
steps (a) and (b). Reflectance spectra (5)
show that the ferric ions dispersed in the
TiO; lattice (solid solution) little affect the
radiation absorption properties of the TiO,.
This finding implies that the photogenera-
tion of hole and electron pairs from TiO; is
not (or only very marginally) affected by
the presence of Fe’* ions. Therefore, un-
doped TiO; being inactive, the ferric ions
exhibit their role acting as electron traps,
thus enhancing the charge separation. This
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same role has been involved in a recent
electrochemical investigation (20).

In addition to this we have also suggested
that ferric ions play a role in the charge-
transfer mechanism via a cooperative effect
with the Ti**/Ti** couple, according to the
mechanism

Ti** + Fe** — Ti** + Fe?*

Fe2+ _h; Fe2+.*
Fe?** + Ox —» Fe’* + R

» hv .
T3* + Ox - Ti** + R

where Ox and R are oxidized and reduced
adsorbed species, respectively.

In conclusion the paper reports a rather
detailed characterization of the Fe/Ti ox-
ides system which represents an example of
a photocatalytic system interesting for its
potential for the photochemical conversion
of solar energy.

The correlations among structural results
and photocatalytic features must be consid-
ered qualitative and further studies are
needed for elucidating other aspects.
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