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Abstract

TiO, based nanocomposites (NCs) were synthesized using the co-precipitation/hydrolysis (CPH)
method. The composition of the first set (TZF) and the second set (TY) of NCs were: TiO,.[ZnFe,04]«
(with x = 0.1 to 0.5), and TiO,.[Y,Oz], (with x = 0.1 to 0.5), respectively. NCs with average crystallite
size of 29 nm were produced whit co-doped Zn**/Fe** ions into TiO,. This size was 17 nm when Y** ions
were doped. Characterization of all samples were done by scanning electron microscopy (SEM),
transmission electron microscopy (TEM), x-ray diffraction (XRD) and particle size analyzer. Visible
light photocatalytic degradation of the dye Congo red (CR) was investigated in the presence of each of
the samples. In comparison with pure TiO,, enhanced photocatalytic activity was recorded with NCs.
The NCs with x = 0.2 and x = 0.1 of TY and TZF sets, respectively, showed maximum photocatalysis
both in terms of the apparent rate constant, as well as the percent degradation observed after 180
minutes. It was noted that enhanced photodegradation is directly related to the reduced particle size of
the composites which implies that, photosensitization is the dominant process. The better photocatalytic
activity observed with TY in comparison to with TZF NCs was attributed to the effective suppression of
the e/h* recombination because of the trapping of photo-generated electron by the Y** ions.
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1. INRODUCTION

Environmental pollution is a cost that
every nation has to pay for industrial
development. All industries, regardless to
their size and scale of production, cause
polluting the environment. For obvious
reasons, air and water are the two natural
resources that more polluted by industries.
For example, textile and chemical
industries are one of the most important
producers of wastewater that containing
several hazardous pollutants, such as
organic  dyes, phenols, poly-chloro-
biphenyls (PCB’s), and many other
contaminates. One possible approach for
the treatment of wastewater is the
photocatalytic oxidative degradation of the
pollutants, which is currently being studied
by a number of groups around the globe.

The titanium oxide (TiO,) with wide band
gap (Eg = 3.2 eV) is a semiconductor
material that has ability to degrade a wide
variety of organic pollutants and also its
photocatalytic properties were widely
investigated. Even in the pure and
commercially available form, TiO, shows
considerable photocatalytic activity and
further enhancement of its efficiency is
possible by appropriate structural and
compositional modifications. However, it
is crucial to understand the processes
involved in and also the factors influencing
the  TiO, mediated photocatalytic
oxidation. According to the literature, the
two generally accepted mechanisms [1, 2]
are as follows:
(i) Photo-excitation: Irradiation with
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wavelengths can excite electrons from the
valence band (VB) to the conduction band
(CB) of TiO,, leaving behind the holes.
Both these excited electrons and the holes
can react with oxygen, water and
hydroxide ions to form highly active
oxygen species. These active species can
react with the pollutants leading to their
degradation. In this mechanism, the band-
gap (Ey) of the semiconductor plays a
major role.

(if) Photosensitization: Pollutants (e.g.,
dyes) can get adsorbed to the TiO;
particles and start absorbing visible
radiations.  Thus, they can  get
photochemically excited to transfer an
electron to the TiO,. Such a transfer can
result into the formation of a superoxide
anion radical from reduction of the
molecular oxygen. At the same time, a
cation radical can be produced from the
pollutant, which may lead to the
degradation of other pollutant molecules.
This mechanism depends on the size (or,
the effective surface area) of the TiO,
particles.

The 3.2 eV band-gap of pure TiO;
corresponds to a band-edge (or, cut-off
wavelength, Acutorf) OF about 390 nm, which
falls inside the UV-region of the spectrum.
So, the wavelengths larger than this value
are not used in the excitation of VB
electrons, and consequently visible light
photocatalysis by photo-excitation is not
possible. But, the pure material can be
modified by some suitable methods such as
doping to change band-gap structure for
supporting visible light photocatalysis. In
this direction, several authors have
reported doping of TiO, with narrow band
semiconductors, such as, CdS [3], CdSe
[4], F6203 [5], FeS, [6], RuS, [7], ZnFe>,0y
[8, 9], Zn & S [10] etc. Furthermore, the
specific surface area of TiO, can be
increased by employing an appropriate
method of synthesis, which can produce
particles with reduced size in order to
facilitate additional photosensitization.
Studies along this line, e.g., with the nano-
structures of pure TiO; [1, 11-14, 15], as

well as with nano-materials based on TiO;
[9, 16, 17, 18], are also well documented.
Beside these, a third important factor,
namely, the recombination of photo-
generated electrons with the holes (e /h*
recombination), also  hampers  the
photocatalytic activity of the material
significantly, and therefore, needs to be
taken into account. Many research groups,
have suggested various methods to control
or minimize the effects of recombination.
For example, doping of some transition
metal ions (e.g., Fe**, Cu**, Mn*, etc.) can
enhance the photocatalytic activity, either
by trapping photo-generated electrons in
TiO, [19], or due to the formation of
reactive complexes [20, 21].

Thus, as mentioned above, there are at
least three important factors that
significantly affect photocatalytic
efficiency of TiO,. Interestingly, they are
interconnected with each other, especially
when the particle size is reduced. For
example, the smaller particle size may
improve the photocatalytic activity of
photocatalysts but may also reduce one or
both other requirements. This is because of
quantum size effect [22] that makes band-
gap wider than bulk for very small
particles (size < 10nm). As a result, the
Acutof Could actually decrease, instead of
increasing towards the visible regions.
Similarly, the e/h” recombination could
also become significantly high at smaller
dimensions [10] because of the smaller
‘free-path’ available, and that could result
in further reduction of the photocatalytic
activity. Therefore in order to achieve
optimum efficiency, one needs to strike a
balance Dbetween these three decisive
factors.

Recently, we have reported that
modification of band-gap may be
considered as the least important factor
among the three, in some TiO; based NCs
[23]. We have argued that in
TiO,.[ZnFe,04]x NCs, the band-gap
modification may not be contributing
much to the observed improvement of
photocatalytic activity as reported by some

316 Narayan and Alemu



authors [8]. Rather, it could be apparently
because the presence of metal ions (Zn**
and Fe**) significantly inhibits the e /h*
recombination. Thus, we have concluded
that even if the band-gap is not narrowed
by doping, the visible light photocatalysis
can still progress through
photosensitization, and can still be
improved by reducing the particle size (or
effectively, by increasing the specific
surface area).

With the above mentioned background,
we revisit some of our already reported
results, combine them with some
unpublished ones, and present a
comparative analysis of the observations.
Primarily with respect to the role of two
factors, i.e., particle size and e /h”
recombination, in the improvement of
photocatalytic activity of TiO,, we present
the results obtained with TiO,.[Y,O3]x (or,
TY) NCs mediated photocatalytic
degradation of the dye Congo red (CR) as
against that obtained with TiO,.[ZnFe;04]«
(or, TZF) NCs.

It is noteworthy to mention here that
Y,03; (or, Y* ions) was deliberately
chosen as the dopant in our investigations,
because of its band-gap of about 4.5 eV
(Acutort = 275 nm) [24], which is wider than
that of pure TiO,. In the composites thus
synthesized, the possibility of visible light
photocatalysis by photo-excitation can be
thoroughly ruled out since they are not
expected to absorb in the visible regions of
the spectrum. Consequently, the effects of
photosensitization can be investigated
exclusively. Additionally, Y** ions doping
is also expected to enhance photocatalytic
activity by suppressing the undesired e/h*
recombination as the rare earth ions, such
as Ce*" and Eu®*, are known for efficiently
trapping the electrons [25-27]. However,
as evident from the inadequate published
work available, this area of research,
especially the studies related to the
photocatalytic properties of Y** ions doped
TiO, is still very much open, possibly with
a lot of promising results.

2. EXPERIMENTAL
2.1. Materials Synthesis

The method of co-precipitation/
hydrolysis (CPH) can be employed to
synthesize doped TiO, NCs [8, 23, 28].
Usually the starting material is nitrate of
the corresponding dopant because of its
high solubility. Detailed methods for the
preparation of rare-earth ions doped TiO,
NCs have been reported by us elsewhere
[28-30].

Chemicals used for the synthesis of TZF
series of NCs (x = 0.1, 0.2, 0.3, 0.4 and
0.5) were Fe(NO3)3-9H,0 and
Zn(NO3),-4H,0 (from HOLPRO
ANALYTICS, SA), n-propanol (BDH),
iso-propanol (UNILAB, SA), tetrabutyl-
orthotitanate (Fluka), and nitric acid (ACE,
SA). For the TY series of NCs (x = 0.1,
0.2, 0.3, 0.4 and 0.5) Y(NO3)3.6H,0 (from
Riedel-de Haén) was used as the starting
nitrate. To precipitate the nitrate precursor,
the pH of the solution was raised to 6.5 by
slowly adding a 3.5 M NH4OH solution
using isopropyl alcohol as the solvent.
Approximately 10 g of distilled and
deionized water was then added drop wise
to the solution and was stirred for 45
minutes. A solution of tetrabutyl-
orthotitanate [Ti(OBu),] and isopropyl
alcohol was prepared in a ratio of 1:2 by
weight and added drop wise to the co-
precipitated Y,03 solution for controlled
hydrolysis with H,O: Ti(OBu), in the ratio
of 25:1. The final solution was kept stirred
at 65 °C for 90 minutes, filtered, and then
dried at 100 and 220 °C, respectively. The
prepared TY nanoparticles were then
calcined in a flowing air atmosphere at 500
°C for three hours. Following the same
steps and starting with their respective
nitrates [29, 30], other rare-earth ions (Yb,
Gd, Er, Nd, etc.) doped NCs can also be
prepared. The Congo red dye used in the
photocatalytic  degradation experiments
was obtained from Aldrich Chemical Co.

2.2 Measurements
All the samples were characterized by
Transmission electron microscopy (TEM),
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scanning electron microscopy (SEM),
particle-size analysis and powder x-ray
diffraction (XRD). The TEM was carried
out on a Philips CM200 TEM instrument
(FEI Co.) and SEM, on a Jeol JSM5600
machine. Powder x-ray diffraction (XRD)
was done on a Shimadzu D6000
diffractometer (Shimadzu, Japan) using
Cu-K, radiation (1 = 1.5406 A). The
particle size distribution of the composites
was measured as water suspension using a
Microtrac/Nanotrac TM150 particle size
analyzer, which employs optical light
scattering measurements.

The visible-light photoactivity was
carried out in an inexpensive, locally
fabricated  photoreactor  [23]. An
experimental solution (850 ml) containing
25 mg of Congo red per liter of water, a
stirring bar, and 275 mg of photocatalyst
sample was placed in the photoreactor. The
fluorescent lamp was turned on and the

solution was stirred throughout the
duration of the experiment. At
predetermined times, 1.5 ml of the solution
was removed and centrifuged. The clear
solution was taken and its absorbance was
measured at 498 nm using a UV-Vis
Shimadzu model 1201 spectrophotometer.
The absorbance of the Congo red solutions
in the presence of photocatalyst sample
without light, and, with light but in the
absence of the sample were also measured
to see the dependence of degradation of the
dye in the presence of catalyst and light
alone, respectively. The photocatalytic
properties of the NCs were thus measured
for the decomposition of Congo red under
visible light irradiation.

3. RESULT AND DISCUSSION
3.1 Estimation of Particle Size

Both the TEM and SEM pictures
(depicted in Fig. 1) clearly show that
largergrains of the NCs are agglomeration

Figure 1. Transmission electron microscopy pictures of (a) TiO,.[ZnFe;04]01 and (b)
TiO2.[Y203]01 NC samples, and scanning electron microscopy pictures of (c)
TiO,.[ZnFe;04)01and (d) TiO,.[Y203]01 NC samples.
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Figure 2. Distribution of particle size for all the NC samples of (a) TiO,.[Y20s]x, and

(b) TiO,. [ZnFe204]X

of smaller particles. These pictures also
give a rough estimate of the grain size of
the composites around 70 nm. A more
precise measurement of the grain size was
carried out using the particle size analyzer.
Figure 2 shows the distribution of number
of particles with size. The average particle
size of the TY composites was almost
uniform for all the samples around 74 nm.
In the NC samples of the TZF set, an
almost uniform range of particle size was
determined averaging at about 72 nm. The
average size of the NCs for both TY and
TZF sets was thus comparable to that size
estimated from the SEM pictures. The
average grain size of the commercial rutile
and anatase TiO, was also estimated and
found to be about 4.03 and 2.44 pm,
respectively. The grain size for all the
samples measured on the size-analyzer is
summarized in Table 1.

Figure 3 shows the XRD results for the
TY and TZF sets of NCs with x = 0.1 and x
= 0.2 compositions. The spectra for
crystalline TiO, (both anatase and rutile
phases), and Y,03 are also shown in order
to facilitate proper identification of the
peaks. The obvious and sharp peaks
indicate the crystalline nature of the
samples and hence facilitate the
identification of various phases of

precursor powders in the composites.
Thus, with the increasing value of x in
these samples, a gradually decreasing
amount of TiO, is revealed by the
decreasing height of the 26 = 25.7° (101)
anatase peak. Other anatase peaks,
although most of them highly broadened,
and/or merged with the peaks of other
phases also point towards the presence of
this phase in all the NCs. On the other
hand, the gradual increase of Y,03; with x
in the samples is indicated by the
increasing heights of the 26 = 29.22° (222),
33.8° (400), 48.6° (440) and 57.7° (622)
peaks of the oxide. In the TZF composites
with the increasing value of x, a similar
decrease of rutile phase is revealed by the
decreasing heights of the characteristic
peaks. Moreover, with increasing X, the
increasing ratios of ZnO and Fe,O3 are
indicated by the gradually increasing
heights of the corresponding peaks at 26 =
31.8° (100), and 34.5° (002) peaks of ZnO,
and 33.6° (104) peak of Fe;0s.

In the XRD data for both TY and TZF
sets of NCs, an obvious broadening of the
prominent peaks indicates directly to the
reduced size of the particles. This is also
confirmed from the results of crystallite
size calculated from XRD data, as
discussed in the next paragraph.
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Nonappearance of any new peak in the
plots for the NCs shows that no new phase
was formed during the process of
synthesis. Further, the absence of any
meaningful shift in the peak positions with
respect to those corresponding to the
starting materials reveals that the dopant
ions have not replaced or substituted the
ions in host TiO, lattice, and therefore the
host lattice structure has not changed due
to doping.

From the broadening of the observed
peaks, the mean crystallite (defined as the
smallest regions of the sample that diffract
the incident x-rays coherently) size z of the
samples were estimated using the Debye-
Scherrer formula [16, 11, 31]. The FWHM
of the Gaussian best-fit to the prominent
peaks in the XRD data was used as the
broadening parameter. It was found that z
for the as received rutile and anatase TiO,
was 52 and 57 nm, respectively. For the
TY composites, the average crystallite size
was determined to be 17 nm for all NC
samples. On the other hand, average
crystallite size was estimated to be around
29 nm for the TZF NC samples [see Table
1]. To avoid confusion, it is noteworthy to
mention here that because of the difference

of probes used in the measurements, the
‘crystallite-> and ‘particle-’ size have
different meanings. In the particle size
analyzer, optical light scattered from the
small grains, suspended in solution, is used
in the determination of particle (or, grain)
size. This is the size visible under the
microscopes, e.g. SEM, that use reflection
of the probes to construct the image.
However, since the x-rays can penetrate
through the surface of the particles, what is
measured through XRD is actually the size
of the small domains (the so called
‘crystallites’) within the grains that diffract
the x-rays coherently [32]. TEM images
shown in Fig. 1 also indicate that the
crystallites (smaller particles) of roughly
20 nm size agglomerate into bigger grains.
In a powdered sample, one particle can
obviously have several crystallites within
itself. A comparison of the crystallite size
(determined by XRD) and the particle size
(measured by particle size analyzer), in the
three-dimensional geometry, seems to
reveal that about 80  crystallites
agglomerate to make one particle of the
TY NCs, whereas only about 15 combine
together to make a TZF NC particle.
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Figure 3. X-ray diffraction data shown for x = 0.1 and x = 0.2 compositions of the
NCs, along with the peak positions corresponding to pure TiO, (A: Anatase and R:

Rutile phases) and Y,03 powders.
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3.2 Photocatalytic Activity

The photocatalytic activity of both TY
and TZF sets of composites under the
visible light (1 > 420 nm) was examined
for the degradation of the dye Congo red
(CR). Figure 5 shows the degradation in
terms of the relative concentration of CR
as a function of time for the composites
with better photocatalytic properties along
with that for the commercial TiO,. No
obvious degradation of CR was observed
with the composites in the absence of
irradiation, as well as under irradiation but
without any photocatalyst.

For all the three types of photo-catalytic
materials, namely the TY and TZF sets and
the commercial TiO, the rate of
degradation of CR was found to be of first
order. The apparent rate constant (Kops) for
the degradation process was estimated
from a least-square regression of In(C/C,)
Vs time.

All the TY NC samples showed
substantial degradation of CR. After 180
minutes, the x = 0.1, 0.2, 0.3 and 0.4
samples degraded 91%, 95%, 92% and
86% of CR, respectively. In terms of the
apparent rate constant however, the fastest

initial degradation was observed for the
TY NCs with x = 0.1 with a value of Kgps =
2.74 x 10% min®, which was only
marginally higher than that for x = 0.2
composition with keps = 2.62 x 107 min™.
At these rates, both these TY NCs
degraded the CR to half of its initial
concentration in less than 30 minutes. On
the other hand, the TZF NCs showed less
photocatalytic activity as compared to the
TY NCs. The best performance, both in
terms of the rate, as well as the percent
degradation after 180 minutes, was
observed for the x = 0.1 composition of
TZF NCs. For this sample, the rate Kqps =
1.60 x 102 min™* was estimated with about
90% of CR degradation after 180 minutes.
The x = 0.2 composition of this set also
showed considerable photocatalytic
activity, degrading 86% of CR in 180
minutes, and with the rate kqps = 1.57 x 107
min!, which was slightly better than about
85% degradation observed  with
commercial pure anatase TiO,. The TZF
NCs took a little more than 30 minutes to
degrade the CR to half of its initial
concentration.

All other samples of TY and TZF sets
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Figure 4. Photocatalytic degradation of Congo red dye in the presence of various

nano-composites.
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performed worse than the commercial
TiO,, and therefore, not discussed here in
detail. The best photocatalytic activity is
shown by the compositions with x < 0.2
points towards the possible existence of an
optimum dopant concentration around x =
0.2 for the best performing photocatalyst.
Beyond this optimum concentration, the
photocatalytic activity decreases, probably
due to the effective reduction of relative
concentration of active part in the
composite, i.e., of the host TiO, itself.
More work about a better understanding of
this optimum doping is in progress.

Some interesting conclusions may be
drawn from these results of photocatalytic
degradation of CR. First, the role of band
gap modification in the photocatalytic
degradation, at least in the present
example, is apparently negligible. This
conclusion is based on the fact that only in
the TZF set, the band-gap was favorably
modified. For example, in comparison to
the 390 nm limit (Acutorr) fOr pure TiO,, the
useful part of the spectrum was extended
up to Acuort = 420 nm and 445 nm (more
towards the visible region) respectively for
X = 0.1 and 0.2 molar concentration of
ZnFe,O, doping [8]. However, this
modification has apparently no significant
effect on the observed photocatalytic
activity of the materials, because beyond x
= 0.2, it was found to decrease rapidly,
although with more doping the value of
Acutof Was expected to increase further into
the visible regions of the spectrum.

Secondly, the crystallite-size z clearly
plays a very important role in the
photocatalysis. Nano-sized samples of both
TY (average grain-size b = 74 nm,
crystallite-size z = 17 nm) and TZF (b =72
nm, z = 29 nm) sets have shown better
degradation than the pure TiO,. Therefore,
photosensitization seems to be the process
that is primarily responsible for the visible
light photocatalytic degradation of CR in
the presence of TiO, based materials.
Smaller particle size is directly related to
larger specific surface area available to the
dye molecules to get adsorbed on the
catalyst particles. After getting adsorbed
on the surface, the dye molecules start
absorbing the visible light (wavelengths <
500 nm for CR) and get photochemically
excited, which eventually leads to their
degradation.

The third key implication emerges as a
consequence of following considerations:
The highest photocatalytic activity in the
degradation of CR has been observed with
the TZF NCs with molar concentration x =
0.1 of ZnFe,04 (notably, x = 0.2 of this set
also showed significant photodegradation)
and beyond this, it decreased. This shows
that ZnFe,O, as a material plays only a
little role in the improvement of
photocatalytic properties of the
composites, possibly because of its short
photoactive lifetime [8]. Therefore in this
set, the observed better degradation of CR
can be attributed mainly to the smaller
particle size. However, in the TY set all the

Table 1. Summary of results.

Crystallite Particle

Kobs Degradation in

Sample X' Size(n)  size(b)  (x102minY) 180 minutes Comments
Anatase TiO, 57 nm 2.44 um 1.07 85% As received
Rutile TiO, 52 nm 4.03 pm 1.07 80%
0.1 16 nm 74 nm 2.74 91%
. 0.2 19 nm 75 nm 2.62 95%
TiO[Y20:ke g3 15mm 75 nm 171 92% Svthesized b
04  16nm 73 nm 152 86% COYSre;ngaﬂo%’/
0.1 29 nm 71 nm 1.60 90% hydrolysis
Tou[znFe,0q, 02 29nm 75 nm 157 86%
2lENT€0k 53 30nm 77 nm 0.75 73%
04  29nm 72 nm 0.11 35%

The crystallite size z was measured from XRD data, and the particle size b was measured from particle
size analyzer.
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NCs showed significant photocatalytic
activity (more than 90% degradation of CR
after 180 minutes for molar concentration x
< 0.3), with the highest degradation
recorded with x = 0.2 sample. As
mentioned earlier, the band gap
modification cannot be held responsible
for the improved visible light induced
photocatalytic activity of this set. The wide
band-gap of about 4.5 eV (Acutors = 275 NM)
[24] of pure Y03 corresponds to the
requirement of UV (UV-C range or 280 —
100 nm) irradiation to initiate
photocatalysis [33], and therefore it is
practically inactive under the present
experimental conditions with visible light.
In other words, Y,03 is not directly
involved in the visible light photocatalytic
degradation of CR. Therefore, it follows
that the smaller particle size is the factor
primarily responsible for the better
photocatalytic activity of TY NCs.
However, a more careful analysis in terms
of the average particle sizes of the best
performing NCs from both sets seems to
suggest that there could be another factor
that is positively influencing the visible
light photocatalysis with the TY samples.
The TZF composite (x = 0.1) with 71 nm
size showed 90% (with the rate kqps = 1.60
x 102 min™), whereas TY composite (x =
0.2) with marginally bigger size of 75 nm
produced 95% (kops = 2.62 x 107 min™)
degradation after 180 minutes. It should
have been an opposite trend, both in terms
of percent degradation and the apparent
rate constant, if particle size was the sole
reason for better performance of the TY
NCs. Therefore, besides the smaller
particle size, the enhanced photocatalytic
activity of TY NCs under visible light may
be attributed to some other factors also.
One such possible factor may be the
suppressed e /h* recombination in the
presence of Y** ions, since the rare earth
ions can efficiently trap the photogenerated
electrons. These observations were later
supported by some of our investigations
with rare-earth ions (such as, Er’* and
Nd**) doped TiO, NCs that produced close

to 100% degradation of Congo red at a
very fast rate under similar experimental
conditions [32].

Finally, in support of the apparent role of
Y* ions in the inhibition of e7/h*
recombination, it is noteworthy to mention
that for higher molar concentration of the
dopants (x > 0.2), the decrease in
photocatalytic activity of both sets of the
samples does not seem to be directly
associated with the anatase to rutile
conversion as claimed by some authors [8].
Liu et al [34] have suggested that
coexistence of anatase and rutile has higher
efficiency for the degradation of
Rhodamine B than that with the anatase
phase alone. Therefore, if the presence of
both phases of TiO, has any effect on the
photocatalytic ~ activity, expectedly it
should be positive. We believe that the
higher dopant concentration (X > 0.2)
effectively reduces the active part of the
catalyst leading to decreased photocatalytic
activity. This observation is adequately
supported by the XRD results, which also
shows no such conversion from anatase to
rutile taking place at higher dopant
concentration.

3. CONCLUSION

The photocatalytic properties of TiO; can
be significantly improved by suitable
doping and by employing a method of
synthesis that produces particles with
reduced size. We have reported in this
paper about the photocatalytic degradation
of Congo red using TiO, doped with Y**
ions (TY set), in comparison with that
doped with Zn?*/Fe** ions (TZF set).
In both the TY and TZF sets, NCs with
molar doping x = 0.1 and 0.2 showed much
enhanced photocatalytic degradation, but
overall, the Y*" ions doping resulted in
superior photocatalysts. This observation
directly proved the importance of smaller
particle size for better photocatalytic
properties. Further, the analysis of results
pointed to the existence of an optimum
doping concentration around molar doping
x = 0.2. Above this, the doping seems to
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worsen the photocatalytic activity instead
of enhancing. A more careful analysis of
the results indicated that in the TY
nanocomposites, the doping of Y* ions
supports the process of photocatalytic
degradation, apparently by inhibiting the
undesired e /h* recombination.
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