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Abstract 

An exhaustive review on the photochemical properties of iron-doped TiO2 semiconductors is presented. Photocatalylic reactions (reductions 
and oxidations) using Fe-containing TiO2 on different organic and inorganic subslrates are re.ported. Different aspects relating to structural, 
surface and photophysical properties of these photocatalysts are extensively discussed. The origin of the photoactivity of this kind of mixed 
oxides is considered with regards to previously proposed physical and chemical processes and on the role of the iron content. 
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1. Introduction 

TiO2 is the most widespreadly used photocatalyst, due to 
its optical and electronic properties, low cost, chemical sta- 
bility and non-toxicity. However, the search for new materials 
in heterogeneous photocatalysis has been a matter of interest 
in the last years because of the large technological implica- 
tions of the processes involved. Doping titanio, with metal 
transition ions was envisaged as a good tool to improve pho- 
tocatalytic properties, principally because an enhancement of 
the response to the visible region was expected. Some brief 
mentions to this subject have appeared in the literature [ ! -  
4], but there does not exist a complete and exhaustive revi- 
sion. Therefore, it seems relevant to describe and update the 
work performed so far in this field. 

In particular, iron(lll)-doped TiO2 has been the topic of 
many investigations including preparation, characterization, 
spectroscopic features, dynamics of charge transfer, trapping 
and recombination, and photocatalytic behavior. Although 
we will mention other metals for the sake of comparison, our 
review will be focused essentially on iron-doped TiO2. 

2. Photocatalytic reactions 

2. i. Photoreduction of dinitrogen to ammonia 

A great deal of work was put into the possibility of replac- 
ing the Haber process (which uses drastic temperature and 

* Corresponding author. 

1010.6030/96/515.00 © 1996 Elsevier Science S.A. All fights reserved 
Pll S ! 010-6030( 96 ) 04343-2 

pressure conditions) for the more economical and milder 
photocatalytic reduction of nitrogen to ammonia, based on 
the use of irradiated semiconductor (SC) powders. The val- 
ues of the conduction band of anatase and rutile [5] are 
thermodynamically able to reduce N2 to NH3. However, TiO2 
was found inactive for this reaction due to kinetic reasons, 
and iron-doped titania was visualized as a potentially useful 
material. The reaction: 

I i  i l  

N2(g) + 3H20(I) ~ 2NH~(g) + 1.502(g) ( ! ) 
SC 

has been extensively reviewed [6--9]. We will comment 
briefly on this topic, it being significantly important in fields 
such as agriculture and industry. However, it is worthwhile 
to mention that a great controversy on the feasibility of the 
photoeatalytic nitrogen reduction is today in the literature 
19--14]. 

The first report was that of Schrauzer and Guth [ 15 ] who 
tested various wet iron-free and iron-doped TiO2 powders 
prepared by impregnation and fired at ! 000 *C. They found 
that iron ions improved ca. four times the activity for N2 
photoreduction (UV irradiation) m gas-solid regime; the 
maximum activity corresponded to the 0.2 wt.% iron sample. 
Ammonia was produced here from N2 and H20 together with 
traces of hydrazine. The more active samples produced about 
6/xmol NH3 and less than 0.5 ~mol N2H2 in 3 h. Comparing 
samples doped with different transition metal ions (Co, Me, 
Ni), the better activity was found for iron. The enhancement 
of the activity in doped samples was attributed to the iron- 
induced transformation of anatase to rutile that, according to 
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the authors, was more active. However, Radford and Francis 
[ 16] observed that undoped samples were inactive and that 
metallic iron-doped Tie2 in the anatase form (prepared by 
metal vapor synthesis) showed much more activity than rutile 
samples. In Schrauzer and Guth's work, the activity of pure 
TiO2 was probably due to iron contained as an impurity [7]. 
Later, Schrauzer et al. [ 17 ] reported the reduction of nitrogen 
to ammonia using desert sands composed of Tie2 and a low 
amount of iron. 

The catalytic nature of this process was questioned by Van 
Damme and Hall [ 18] and by Formenti and Teichner [19] 
on the basis that the reaction was actually the photoassisted 
stoichiometric decomposition of the hydroxylated Tie2 sur- 
face. In addition, factors such as the decline of the reaction 
after a few hours, the low turn-over number and the end~r- 
gonicity of the involved reaction were also criticized. 

Further work was reported in a series of articles [ 8,20-28 ] 
which made successive advances on the subject. Samples of 
iron-doped titania (0.05+o I 0 at.% ) prepared by impregnation 
or coprecipitation and fired at various temperatures were 
tested for nitrogen (water-saturated) reduction under near- 
UV irradiation. Fixed and fluidized bed laboratory reactors 
at gas-solid regimes in continuous flow were used. The prep- 
aration and characterization of these samples were described 
in most of these papers and especially in references [29-30] 
(see below). The main results can be summarized as follows. 

(a) The ammonia production from photoactive samples 
was about 3-6 ~mol h + t g-  t. The yields increased with the 
temperature in the reactor. 

(b) Specimens were divided in two types depending on 
the iron content. Those with Ioadings of up to i at.%, forming 
solid solutions, were active irrespective of the TiO~ phase 
(anatas¢ or futile). The other specimens (Fe > I at,%), hav- 
ing excess of iron in islands of Fc,O+~, Fe:TiOs or both, were 
less active, Also, samples fired at high temperature showed a 
very low activity. 

(c) Samples with a very low iron content were only 
slightly active, The best yield was found between 0.2-1.0 
at,% iron content; from these, 0,5 at.% Fe samples prepared 
by coprecipitation were the most efficient of all the firing 
temperatures, When iron exceeded 2 at.%, a net de-'.rease in 
activity was observed. Coprecipitated specimens were gen- 
erally more active than samples prepared by impregnation. 
The difference in activity was more remarkable among sam- 
ples fired at low temperature (500 °C), 

(d) Pure'rio., (anatase or rutile), Fe~.O~ and FezTiO~ were 
practically inactive. 

(e) No deactivation of the catalysts was found up to 5-7 
h of the reaction, At longer times, declining in the activity 
was observed, but it could be restored by heating the catalyst 
in air at 550 eC, 

(f) Supporting the catalyst over 'pAI203 afforded higher 
yields of ammonia (ca, 10 times), depending on the doped 
titania/'pAi203 ratio. 

(g) Comparison of Fe(IIl)-doped with Cr(III)-doped 
samples showed that the last specimens were less photoactive, 
Cr203 being completely inactive. 

A recent article [ 31 ] describes the photocatalytic (near- 
UV light) reduction of N2 in aqueous suspensions over (Fe, 
Ru or Os)/Tie2 catalysts prepared by deposition of metals 
from their salts over prereduced Tie2. The results were essen- 
tially the same as those of references [ 20-28]. 

Coprecipitated hydrous oxides of Fe(III) and Ti(IV) in 
water suspension were reported to be able to photocatalyze 
dinitrogen reduction using visible irradiation [ 32 ]. The activ- 
ity of the complex catalyst was higher than that of pure 
hydrous ferric oxide (prepared similarly), which also cata- 
lyzed the reaction. 

The feasibility for the photocatalytic reduction of N2 on 
Fe-doped titania was strongly criticized by Edwards et al. 
[ 9, I O, 13, ! 4 ] mainly by its ineffectiveness (micromolar yield 
or lower in most of the cases). They affirm that no unequiv- 
ocal reports of artificial photocatalytic synthesis of ammonia 
from nitrogen and water on heterogeneous catalysts can be 
found in the literature [9]. In their own experiments, the 
authors did not detect evidences for reductive fixation of N2 
after several attempts using different samples of TiO~, Fe/ 
TiO~, Fe.,O3, NiO, AI.,O3 and SiO2. In addition, they observed 
NH.~ oxidation under UV irradiation over Fe/TiO2 under 02, 
N2, Ar or H,. Bourgeois et al. [ 33 ] also reported a failure of 
impregnated samples of Fe-doped titania to photoreduce N2. 

Nevertheless, the criticism was rejected by Augugliaro and 
Soria[ I I ] and by Palmisano et al. [ 121 by the following 
reasons: (a) the photoreduction experiments of Edwards et 
al. were carried out with non-characterized samples on whose 
photocatalytic activity the authors doubt; (b) most of the 
experiments were conducted in aqueous suspensions where 
N., photoreduction was not generally observed; (c) unde- 
tected contamination could it, validate the findings; (d) reac- 
tion conditions such as mass of catalyst, irradiation time, 
irradiated surface area or temperature inside the reactor were 
not accurately described; (e) NH3 photo-oxidation could 
have been favored by the shorter-UV light used in these 
experiments. The discrepancies keep on being found in the 
present, and it would be advisable to pursue new research in 
this field in very controlled and precise conditions. 

The mechanistic aspects about N2 photofixation have been 
considered in some of the above cited articles [6.7.18. 
20,27,31,33 ] but there are some doubts concerning the actual 
steps of the reactions. In this sense. Bickley and Navfo 
[34,35] have developed some ideas about the natural pho- 
tofixation of N2 in terrestrial atmospheres, considering that 
hydrogen evolution from water vapor over hydroxylated 
reduced Tie2 under UV radiation is completely suppressed 
in the presence of oxygen. The photofixation of N2 could 
occur through two alternative steps: (i) via a reductive step 
to form ammonia which is subsequently photooxidized to 
N O t -  species (NO2-, NO3- ) by either oxygen or photo- 
generated hydrogen peroxide or (ii) by an oxidative step to 
form N O t -  and its subsequent photoreduction to NH3 by 
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hydrogen photogenerated radicals. As Fe/TiO2 oxides can 
be compared with reduced TiO-, due to the electron accepting 
nature of iron, similar processes can be tentatively proposed 
for N2 photofixation on these doped oxides. 

2.2. Other photocatalytic reactions 

2.2. i. Splitting of water or hydrogen production 
Closely related to N2 photoreduction is the splitting of 

water, whose feasibility was largely sought by many groups 
in the 1980s and constituted an important goal to improve the 
research and technology in semiconductor photocatalysis. As 
in the case of N2, bare TiO2 was found inactive unless plati- 
nized and coated with NaOH, or doped with RuO~ 16]. 

In their study, Schrauzer and Guth [ 151 observed that, in 
the absence of N2, water could be photosplitted with higher 
yields on Fe/Ti doped oxides than on pure titania (we have 
already mentioned the possibility of iron impurifying the 
samples). 

h,. I 
H~O(I) ~ H.,(g) + O2(g) (2) 

" S C  " 

The efficiency was however lower than in photoelectro- 
chemical devices (about ! /~mol h-~). In the presence of 
nitrogen, hydrogen was not detected but oxygen was likewise 
produced. Acetylene inhibited H2 production, indicating that 
the reduction of water had taken place, the tbrmed hydrogen 
reducing acetylene to methane, ethane, ethylene and C3 
hydrocarbons. 

Photoevolution (at 366 nm) of H2 in low amounts (4-5 
/zmol h - ~g- i ) from a water-containing EDTA solution on 
Fe/TiO2 (anatase) catalysts prepared by impregnation was 
achieved under Ar [ 36]. Samples with a low Fe content were 
more active than the more loaded ones. 

The photoreduction of nitrate and nitrite under argon over 
Fe-doped TiO2 was essayed [37]; N2 was produced from 
nitrite, but no reduction of nitrate was observed. 

2.2.2. Oxidations 
In the same Ref. [ 37 ], the photo-oxidation of nitrogen and 

photo.decomposition of ammonia under argon or oxygen 
over Fe-doped titania pretreated with hydrogen peroxide was 
attempted, yielding in all cases a mixture of nitrate and nitrite. 
This reinforces the proposed pathways for nitrogen photofix- 
ation mentioned in Section 2. I. 

The photo-oxidation (near-UV light) of neat toluene under 
02 [ 38 ] was achieved using 0.5 and 5 wt,% iron-doped TiO2 
prepared by impregnation. Benzaldehyde, benzyl alcohol and 
benzoic acid as the main products and traces of 2-, 3-, and 4- 
cresols were detected in all experiments. Pure TiO2 (calcined 
previously 24 h at 500 °C) was more active than iron-doped 
TiO2 in concentrated suspensions of catalysts (2.5 g dm - 3); 
at a less concentration (1.25 g dm-3), the 0.5 wt.% iron 
sample was more active, especially for benzaldehyde for- 
mation. The 5 wt.% iron sample, in which the pseudobrookite 
phase was present, was less photoactive. 

Phenol and 4-nitrophenol oxidations in water suspensions 
were also investigated [8,25,28,39]. Pure TiO2 specimens in 
the anatase form were photoactive in all experimental con- 
ditions, in contrast to N2 photoreduction. The activity of rutile 
specimens for this type of photoreactions depended on the 
preparation technique or the experimental conditions. Calci- 
nation at high temperature, for example, caused dehydroxy- 
lation of samples and a subsequent lowering of the activity 
[40,41 ]. Pure Fe203 and Fe2TiO5 were found inactive for 
these reactions. All Fe-doped samples displayed similar or 
lower activity than TiO2 (anatase), and a net decrease in 
activity occurred in the more loaded samples. 

The photocatalytic oxidation of nitrite to nitrate [42] was 
carried out over Fe-doped titania samples (0.2-10 wt.% iron 
content), the 0.5 wt.% sample showing the maximum activ- 
ity. Above this concentration, the presence of iron was det- 
rimental. Pure Degussa P-25 TiO2 (calcined at 500 °C, 
similarly to the doped samples) showed higher initial rates 
than the doped oxides, whereas the opposite occurred at 
longer irradiation times. 

The photocatalytic activity of iron-doped titania for deg- 
radation of oligocarboxylic acids was recently reported by us 
[43]. 0.5 and 5 wt.% Fe samples prepared by impregnation 
of TiO2 (Degussa P-25) with Fe (NO3) 3 were found as effec- 
tive as the precursor for oxalic acid and EDTA degradation 
under short-UV light (254 nm). In contrast, doped samples 
were less efficient than TiO2 for malonic acid oxidation. 
Under near-UV light, the doped catalysts were less active 
than P-25 for degradation of the three substrates. Samples 
prepared by impregnation with iron(lll)-acetylacetonate 
were tested for oxalic acid and EDTA degradation and com- 
pared with those prepared by impregnatio~ with iron nitrate 
[44]. No difference in the photoactivity (and always lower 
than pure Degussa P-25) was found for both types of speci- 
mens, although the former presented iron more homogene- 
ously distributed into the TiO2 matrix (see Section 3). 
Activity increased slightly up to 2 wt.% iron content and then 
decreased. In coatrast to bare TiO2, some photodegradation 
of oxalic acid under visible light could be observed, especially 
with the 5 wt.% iron sample. 

2.2.3. Q.sized particles 
Ultrasmall (Q-sized) semiconductor particles ( 1-10 nm) 

possess substantially different photophysics than large pow- 
der particles, and show outstanding photocatalytic behavior 
due to the increased bandgap, which sets the positions of the 
conduction and the valence band to more negative and more 
positive values, respectively. For this reason, a special men- 
tion to this type of samples will be made. 

Bahnemann et al. [45-47] found that Fe-doped TiO2 col- 
loids (5 nm diameter, 0,1-50 at,% iron content) showed 
higher yields for dichloroacetic acid photodegradation (near~ 
UV light) than pure Q-sized TiO2 prepared analogously. The 
maximum quantum yield was reported for the 2.5 at,% Feo 
TiO2 sample. The 50 at,% iron sample exhibited, in addition, 
some photoactivity under visible light irradiation (436 nm), 
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Choi et al. [48-491 showed that doping TiO2 (Q-sized 
particles, 2-4 nm) with Fe 3+ (and other transition metal 
ions) at O. 1--0.5 at.% significantly increased the photoactivity 
for CCI4 reduction and CHCI3 oxidation. Iron proved to be 
the best dopant compared with Me 5 +, Ru 3 +, Os 3 +, Re 5 +, 
V 4+ and Rh 3+, and the maximum activity (15-fold higher 
than that of Tie2) for chloroform degradation at 320 nm was 
found for the 0.5 at.% sample. 

Photoactivity for oxalic acid oxidation [50] under near- 
UV light using colloidal ( 13 nm) particles of 10 wt.% iron 
doped Tie,, was found similar to that using equally prepared 
naked TiO2, but lower than that shown by Degussa P-25. 
Some activity with the doped sample was observed under 
visible irradiation (400-650 nm). 

3, Structural, surface and photophysical properties of 
iron.doped titania semiconductors 

A detailed knowledge of the structural features and pho- 
tophysical properties of the materials is essential to under- 
stand their photochemical behavior. The preparation 
procedure, in its minimal details, seems to be very important 
in determining the properties of each ~ample. As many of the 
results reveal, photoactivity is extremely dependent on the 
~.ype of sample. For example, in Rot'. [49], a reduced activity 
for chloroform degradation was found when, after the prep- 
aration, Q-sized iron-doped titania particles were submitted 
to thermal treating (100-400 °C) and agglomeration took 
place. In another case, higher quantum efficiencies for photo- 
oxidation of 4,chlorophenol were found when using trans- 
parent colloid particles of vanadium-doped Ti02 in 
comparison with the undoped catalyst. However, when the 
catalysts were slurry suspensions whose only difference in 
the preparation was in the final drying stage (freeze-drying 
instead of rotary evaporation), the photoactivity was lower 
than that of the precursor [ 49,5 ! ], 

The phase composition and perfection, solubility, location 
and dispersion of iron in the different phases greatly vary in 
the specimens, depending on the steps of the preparation 
technique, Factors such as optical transitiops, morphology, 
surface area, presence of defects, etc,, largely affect the 
behavior of the sample~ as photocatalysts, However, no direct 
correlation between photophysics and photoectivity could be 
8e~rally found. As a conclusion, a reinforced emphasis must 
be given in the future to explain how the different variables 
re, ally affect the samples and to establish the preparation 
method that can improve the useful properties of these prom- 
ising catalysts, 

The method (v, 8, impregnation, coprecipitation ), amount 
of ~kled dopant and thermal treatment of the sample after the 
processing affect the morphology of samples, TiOa particles 
can be simply substitutionally doped by iron, can be mixtures 
wi~ iron oxides, or coexisting mixed oxides such as pseu- 
~ k i t e  can be present, In fact, as the Fe 3 + radius is similar 
to that of Ti * + [52], the substitution of iron in the matrix is 

an easy process. Several structural studies on the iron(Ill)- 
Tie2 system [ 53-55 ] have revealed that Fe 3 + enters the Tie2 
lattice substitutionally, being easier in futile due to the open 
channels present in this structure. 

Different methods of doping Tie2 were reported in an early 
article, together with the effect on the properties of the prod- 
ucts [56]. In most of the cases reviewed here, samples for 
photocatalytic purposes were prepared by impregnation of 
commercial or laboratory prepraed titania with a Fe(III) solu- 
tion of known concentration, or by coprecipitation from TiCI3 
or TiCI4 and Fe(III) salts. At the end, samples were fired at 
different temperatures (from 500-1000 °(2) [29,57]. In 
Table 1, properties of some of the samples prepared by these 
methods are reported, taken from Refs. [ 7,8,29,57 ]. Samples 
were thoroughly characterized by different techniques such 
as X-ray diffractometry, BET surface area, SEM, TEM, XPS, 
thermogravimetric analysis and magnetic susceptibility 
measurements, EPR, IR, MOssbauer, diffuse reflectance and 
absorption spectroscopies; several articles report the results 
[29,58-61]. Depending on the firing temperature and the 
amount of iron incorporated, the following conclusions can 
be extracted: 

(a) As mentioned in Section 2. I, two types of specimens 
are formed. During the calcination, the preadsorbea precursor 
(iron nitrate, for example) is decomposed, and the iron ini- 
tially present at the surface diffuses into the bulk producing 
a solid solution. Specimens containing up to I at.% Fe are 
substitutional solid solutions in which Fe 3 + is dispersed in 
the lattice of Tie2, Specimens with higher iron contents 
accommodate any excess of iron as minute particles or small 
aggregates of iron oxides (hematite) and/or mixed oxides 
(Fe,~TiOs) at the surface of the solid solution particles. Of 
course, some intermediate states could be present, depending 
on the transformation of anatase to rutile and on the solubility 
limit of iron in both phases. 

(b) Samples with low iron content (0,5-1 at.%), fired at 
low temperature (500-550 °C) consisted essentially of ana- 
tase, as SEM results showed. However, IR and EPR results 
suggested evidence of futile phases even in coprecipitated 
samples containing 0.5 at.% Fe, which cannot be detected by 
SEM [8,27]. More loaded samples or specimens fired at 
higher temperature presented more rutile, because iron and 
temperature catalyze the anatase-to-ruti!e transformation 
[ 62,63 ]. However, the incorporation of iron did not catalyze 
this transformation at low temperatures (at least up to 550 
°(2) [ 39]. Actually, the ease of phase transformation depends 
on the nature of the T i e  2 precursor. The phase transformation 
is catalyzed by transition ions only when they are effectively 
dissolved inside the support phase [64]. 

(c) Enrichment of the surfaces by Fe species commences 
at temperatures as low as 500 °(2, not detectable by X-ray 
diffraction but evidenced by DRS and XPS studif;s [59] and 
by IR spectroscopy [60] (segregation of iron oxide at 500 
°C at contents higher than ! at.% can be seen from vibrational 
bands at 450-460 cm- i ascribed to a-Fe2Os). At iron con- 
centrations higher than 1 at.%, the formation of hematite 
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Table 1 
Properties of Fe-doped titania samples prepared by impregnation (IM) m 
coprecipitation (CP) (taken from Refs. 17,8,29 and 57l 

Sample Fe content Firing Phases = Surface 
(at.%) temperature area 

(°C) (m: g-  ') 

TiO2 b 0 - A, R 44 
CP 0.2 500 A 44 

CP 0.5 500 A, R (traces) 27 
CP 0.5 650 R, A ! 7 
CP 0.5 800 R 2 
CP 0.5 1000 R --- I 

CP 1.0 500 A, R (traces) 57 
CP 1.0 650 R, A 14 
CP 1.0 800 R 2 
CP ! .0 1000 R ~ I 

CP 2.0 500 A. R {traces) 24 
CP 2.0 650 R, A 12 
CP 2.0 800 R, PB ( traces ) 3 
CP 2,0 1000 R, PB (traces) ~ I 

CP 5.0 500 A, R 34 
CP 5,0 650 R, A { traces } 9 
CP 5.0 800 R, PB 3 
CP 5.0 1000 R, PB --" I 

CP 10.0 500 A, R (traces), 54 
H (traces) 

CP I 0.0 650 R, PB, H (traces) ! ! 
CP I 0.0 800 R, PB, H (traces) 3 
CP 10.0 1000 R, PB, H (traces) --- 1 

IM 0.5 500 A, R 30 
IM 0.5 650 R, A 17 
IM 0 5 800 R, A (traces) 8 
IM 0.5 1000 R < 1 

IM 1.0 500 A, R 30 
IM !.0 650 R, A I I 
IM 1.0 800 R, PB (traces) 2 
IM 1.0 1000 R < I 

IM 2.0 500 A, R (traces) 33 
IM 2.0 650 R, A, PB (traces), 8 

H (traces) 
IM 2.0 800 R, PB < I 
IM 2.0 1000 R, PB < ! 

IM 5.0 500 A, R 30 
IM 5.0 650 R, A (traces) 9 
IM 5.0 800 R, PB < ! 
IM 5.0 1000 R, PB < ! 

IM 10.0 1000 R, PB < I 

' in decreasing order of abundance. 
b Degussa P-25; A = anatase; R ,= rutile; H = hematite; PB = pseadobrookite. 

phases could be observed, as the solubility of iron in rutile is 
lower than in anatase. Results of ESR, which detects only a 
fraction of Fe 3 + in solid solution, indicated first a solubility 
lower than 0.5% [ 29], but recent results by magnetic suscep- 
tibility measurements [ 57,58,65 ] established a higher incor- 
poration (>  1.2 at.%). Pseudobrookite was only observed 
when firing at high temperatures (800-1000 °C), because 
there is little tendency for bulk reactions between Fe203 and 
TiO2 at 500 or 550 °C [58]. 

(d) Samples fired at 500-650 ~C showed a dependence on 
the preparation method. Those prepared by coprecipitation 
and fired at the lowest temperature showed a simple and 
uniform behavior, consisting mainly on anatase. Impregnated 
samples were less reproducible: they were mixtures of anatase 
and rutile, varying from sample to sample. In samples fired 
at the highest temperatures~ irrespective of the preparation 
method, TiO2 was always in the rutile phase [29]. 

(e) The surface area ef the specimens decreased together 
with an increasing firing temperature; on the contrary, the 
iron content, although causing variations, did not noticeably 
influence the surface area [30,39,63 ]. The nature of the pre- 
cursor is also important for the surface area. Samples prepared 
by impregnation of P-25 with iron acetylacctonate showed 
specific surface areas higher than those prepared from iron 
nitrate and similar to tile precursor [44 ]. 

(f) SEM and EDX measurements, confirmed by other 
complementary techniques such as DRS and TPD indicated 
a very large distribution of shapes and dimensions of the 
particles, together with different distributions of iron in the 
particles. This depended on the preparation method: copre- 
cipitated samples showed a homogeneous distribution of iron 
within the particles, whereas, impregnated samples, due to 
the impert'ect diffusion of iron to the bulk of the TiO2 grains, 
presented a very inhomogeneous distribution of the dopant 
between particles and even within one particle. A concentra- 
tion gradient was also found, evidencing some enrichment in 
iron on the external surface [57,59,60]. 

(g) IR spectra of samples fired at the highest temperatures 
showed dehydroxylation of TiO2 [8,27]. FTIR monitoring 
of basic and acid adsorbants in impregnated iron-doped sam- 
ples fired at 550 °C indicated surface acid-base properties 
similar to a likewise prepared precursor. This suggests that 
the presence of Fe 3 + does not sensibly change the content 
and nature of surface-OH groups [39]. In contrast, iron- 
doped titania samples prepared from Degussa P-25 presented 
a less amount of acid and basic hydroxyl sites than the un- 
doped substrate [ 43,66 ]. 

(h) The impregnation method seems to be not properly 
suitable for a good dispersion of iron. To improve the uni- 
formity in the samples, some modifications were essayed. 
According to Rives ctal. [67], the use of a ferrous salt as 
Fe(NH4) 2(SO4)2.6H20 to impregnate anatase yields more 
uniform samples. Changing the firing temperature from 500 
to 550 °C also induced a more facile diffusion of iron in the 
lattice of anatase preventing, in addition, the anatase-to-mtile 
transformation [39]. In this case, X-ray diffractometry 
showed Fe203 peaks but no futile in samples with more than 
3 at.% iron content. By using Fe(llI) acetylacetonate 144] 
strong evidences of a more homogeneous distribution of iron 
were observed. 

(i) Coprecipitation from different precursors have been 
performed, leading to the improvement in the properties of 
the samples. Sol-gel techniques using Ti ( IV)-isobutylate or 
n-butylate and Fe(llI).acetylacetonate as precursors and 
ulteriously calcined at 500 °C for 6 h yielded ironMoped 
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titania samples containing essentially the anatase structure 
[ 68-69]. X-ray patterns showed that the increase of Fe load- 
ing did not change the phase composition until ca. 6% Fe 
content, where the rutile phase appeared with the complete 
disappearance of the anatase phase. Amorphous and multi- 
phasic products could be observed from EXAFS spectra only 
in the high-loaded samples. Recent unpublished results from 
Navfo et ai. [70] in samples prepared from TiCI4 and 
Fe(acac)3 by sol-gel techniques showed that even at Fe con- 
tents higher than 5%, anatase was the only detected phase. 

The absorption and diffuse reflectance spectra of doped 
particles or single crystals showed an enhancement of the 
intrinsic absorption edge of Tie: from 380 nm to higher 
wavelengths, the onset of the absorption shifting to the red 
with the iron content. The absorbance in the range 4 ~ 5 0  
nm was higher than that of Tie: [ 24,30,43,44,59,71-73 ]. In 
most of the samples with high iron contents, a broad band 
centered at 500 nm could be seen. Impregnated samples pre- 
pared from iron nitrate showed spectra ofill crystallized struc- 
tures, indicating a large dispersion and disorder of Fe 3 ' 
species in the lattice and surface [30,43,44,59]. In heavily 
doped samples, the presence of other iron phases (Fe:O~, 
Fe:TiOs) was suggested from the spectra, especially in the 
UV range [ 43,44 !. The higher absorbances of these samples 
were attributed to the accumulation of iron-rich layers at the 
surfaces as indicated by SEM (see f above) [ 59 ]. All samples 
fired at 1000 °C showed similar spectra, irrespective of the 
iron content, suggesting that the surface layer of the particles 
had a quite different composition (pseudobrookite). Samples 
prepared by impregnation with Fe(lll)-acetylacetonate 
yielded more structured spectra, indicating a more homoge- 
neous distribution of iron [44]. In Fig. I are depicted the 
spectra of these samples from Re['. [ 44 ], The assignment of 
bands will be reported in the next section, In the recently 
prepared samples by Nav[o ctal. by a sol-gel technique [ 701, 
hams in the visible range were less pronounced, indicating 
the absence of accumulated surface iron-rich layers, as con- 
firmed by XPS results, 

Abs,orbaace ~a,u,} 

O@ 

0~ 

0,a 

O 

h~m@h~Q 

S% F¢ 

, [,,~ 

$% g~ . . . . . .  i ............................ 

W a v e l e a g t h  t a m  

Fq~. I. DRS spectra of ironqioped filania prepared by impregnation of TiO, 
(Deg, ussa P-25) and iron ( lll)-acetylacetonate (adapted from Ref. [441 ). 

As it is known, in Q-sized particles, the bandgap is shifted 
to the blue compared with larger particles (369 nm vs. 388 
nm in pure anatase), The spectroscopic features of doped 
particles, however, correlate to those of larger-sized samples: 
the bandgap is shifted to longer wavelengths and an absorp- 
tion band centered at ca. 470 nm appears in samples with 
high iron content [45,49,50,74 ]. 

4. Origin of the photoactivity 

4. !. Low-loaded sanqdes 

According to the results, it is clear that the iron content is 
an essential variable to define the activity of the samples. 
Mono- or multiphasic samples behave in different ways. We 
will first address the samples with a low iron content where 
only one phase is present. 

The nature of the photocatalytic reaction is also important 
to evaluate the factors that affect photoactivity. Reductive 
processes such as nitrogen reduction or water photosplitting 
are thermodynamically possible with pure Tie2 [5], but are 
restricted by kinetic constraints They are, however, attaina- 
ble with Fe-doped specimens. On the contrary, in oxidative 
processes, which do take place with bare Tie,, Fe-doped 
catalysts do not enhance the reactivity or are detrimental. 

It has been proposed that doping TiO~ with lower valence 
cations results in decreased rates of water cleavage because 
of the shift of the flat-band to a more anodic position and the 
enhancement of the depletion layer thickness [ 75 ]. On the 
contrary, it was affirmed [ 6,25,391 that the augmented activ- 
ities found in some reactions with Fe-doped titania are due 
to the higher diffusion length of the minority carriers in com- 
parison with pure Tie: (2 ,am vs. I ,am) [76[. Conversely, 
and as Ibund [ 25 ], doping with Cr(lll) resulted in decreased 
reactivity, attributed to a lower diffusion length (0.2 ,am). 
However, this explanation is not suitable for very small par- 
ticles whose dimension is much smaller than the diffusion 
length or where a depletion layer does not exist. 

Dopants introduce energy levels into the bandgap, which 
are responsible for the red shift of the intrinsic absorption 
edge of TiO~ and of the enhancement of visible light absorp- 
tion, as mentioned in the previous section. The red shift of 
the absorption edge in Fe (!II)-doped titania, observed in very 
early articles [ 71,72 ], has been attributed to the excitation of 
3d-Fe ~+ electrons to the Tie2 conduction band (charge- 
transfer transition) [ 71,74,77 ]. The broad band that appears 
at ca. 470 nm in increasingly concentrated samples can be 
ascribed to the d-d transition 2T2g --, 2A..g, 2Tig or to charge- 
transfer transitions between dopant ions via the conduction 
band (Fe 3 + + Fe .~ + ~ Fe 4 + + Fe z + ). The increased absorp- 
tion in the visible can be due also to transitions implicating 
surface states or native defects in the lattice [44,49,50,77]. 
However, there is no direct correlation between the light 
absorptien ability and the photocatalytic rate. Factors related 
to the electronic structure seem to be more important, asso- 
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c;ated to  the fact that dopant ions influence charge separation, 
charge-carrier recombination and interracial charge-transfer 
rates, acting as mediators and affecting the quantum efficien- 
cies. In fact, no visible light sensitized photoconductivity in 
I0 wt.% iron-doped TiO2 could be observed, in spite of the 
high absorbance of the samples in this region. The lack of 
photoeonductivity was ascribed to a high recombination rate 
of generated electron-hole pairs [ 501. 

Under irradiation, electrons-hole pairs are produced in the 
conduction and valence bands of TiO,.., and successive events 
take place. 

Charge-pair generation 

TiO,.. + h v ~ e,:l,- + h,,h + (3) 

Charge trapping 

Ti 4 + + e~h ++ ~ Ti s + (4) 

> OH + + h,,b' " - ~  Ti 4 + + > O1+!" (5) 

Recombination 

e~t, = + h,,b + "----" TiO, (6) 

Ti3++ >OH'---~-  Ti 4+ + > O H -  (7) 

Interface electron transfer 

ech- (Ti s ~ ) + Ox ~ Ox-  (8) 

h,,h + ( > OH') + Red - - ~  Red + (9) 

where Ox is an electron acceptor (oxidant) and Red is an 
electron donor (reductant). 

Mizushima et al., through either semi-empirical calcula- 
tions from optical absorption data or photoeurrent measure- 
ments [77,781 proposed the energy levels of transition metal 
ions in futile (Fig. 2). These levels have been recently con- 

C o n d u c t i o n  b a n d  ~ Cr~ ' /Cr  a' 

T i ~ ' f r i  +' ~ V , ' / V  2' 

_ .  Fe.~./Fe ' '  

++. V I ' / V  1' o= M n ~ ' / M n  ~' 

Mn+' /Mnl  , '  

I I .uJ ' /Ru  ~' 

Ru+ ' /Ru  ~' 

_ V + ' N  *' 

_ C r + ' / C r  ~" 

Fe+ ' /Fe  ~' 
i . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

V a l e n c e  b a n d  

Fig. 2. Energy level diagram of transition metal ions in futile. 

firmed by an embedded-cluster discrete variational method 
of calculation, although with differences in some cases, par- 
ticularly in Fe 3+ [79]. Depending on the doping metal ion, 
electron or hole trapping may take place. Irradiation of iron- 
doped samples can lead to the following additional steps. 

Charge-pair generation 

Fe 3+ + h u  - - -*  Fe 4+ +e~h- 

Fe 3+ + h v - - ~ .  Fe 2+ +h,,h + 

Charge trapping 

Fe 3 + + e -  - - ;  Fe 2 + 

Fe 3 + + I1 + ~ Fe 4 + 

Charge release and migration 

Fe 20 + Ti 4 +0 w ~  Fe.~, + Ti 3 

Fe 4 * + > O H  .... m r  Fe 30+OH" 

Recombination 

Fe 2 + + h + ' - ~  Fe 3 + 

Fe 2 + + OH" ~ Fe 3 + + OH - 

Fe 4 + + e - - -  ; Fe 3+ 

Fe  4 + + Ti 3 + __~ Fe 3 + + Ti 4 + 

lnterfacial charge transfer 

e - (Fe 2 + ) + Ox ~. Ox-  

h + (Fe 4 + ) + Red -----* Red + 

(10) 

(11) 

(12) 

(13) 

(14) 

(15) 

(16) 

(17) 

(18) 

(19) 

(20) 

(21) 

All processes leading to products must be effective for 
photocatalysis; consequently, charge trapping reactions 
(Eqs. (4),  (5), (12), (13)) must be fast in relation with 
recombination reactions (Eqs. (6),  (7), (16) - (19) )  to 
enhance charge separation. 

In the case of iron-doped titania, as the Fe + +/Fe 3 + level 
in futile is proposed to lie within the bandgap [77] and the 
Fe 3 +/Fe 2+ level is very close to the conduction band (see 
Fig. 2), both electron (Eq. (12) ) or hole trapping (Eq. (13) ) 
can occur at Fe(l l l)  centers. Some authors conclude from 
EPR or spectroscopic evidences after steady-state or flash 
photolysis irradiation, that bulk Fe(l lI)  ions are better elec- 
tron traps than Ti(IV) ions [ 26,27,29,45 I. However, EPR 
and absorption spectroscopic evidences of Fe(IV) formation 
in Fe-doped titania have been obtained [71,72,80]. In this 
way, iron centers act as shallow traps for valence band holes 
randomly trapped in Fe(IV) sites at 0.12 eV over the TiO: 
valence band, whereas electrons are trapped at Ti (IV) surface 
sites (Eq. (4))  (see Fig. 7 in Ref. [74] ). As tunnelling 
between trapped charge carriers makes a significant contri+ 
bution to recombination, the rate constant for this process 
decreases with the distance separating the electron-hole pair 
[74]. In addition, the recombination rate increases with the 
dopant concentration because the distance between trapping 
sites in a particle decreases with the number of dopants. On 
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the contrary, if the iron content is very low, there are fewer 
trapping sites available, thus reducing the activity [49]. 

In anatase, irrespective of which process takes place, elec- 
tron or hole trapping can reduce the rate of recombination 
increasing their lifetimes [ 74,81 ]. Inhibition of electron-hole 
recombination was indeed found in substitutionally doped 
colloidal semiconductor crystallites. The mean lifetime of a 
single electron-hole pair in 120-A-sized Tie,  colloidal par- 
ticles i n c u s  from 30 ns [82] to minutes or hours in 0.5 
at.% Fe-doped titania [49,74]. Navfo et al. [ 83] demon- 
strated that reduction of MV: + to MV + (monitored by laser 
flash photolysis) was more efficient in the case of iron-doped 
(low loading) samples than in Tie:. This substantiates a 
lower recombination rate in doped samples in comparison 
with TiO:. Recent studies on time-resolved microwave con- 
ductivity [81] also corroborate the inhibition of carrier 
recombination within Feodoped samples and support the 
hypothesis that holes are trapped at Fe(IV) sites. In conclu- 
sion, the inactivity of the undoped TiO2 samples in reduction 
reactions is due mainly to the high recombination rate of the 
electron-hole pairs, validated by time-resolved experiments. 

However, in Cr( ltl)-doped titania samples, electron trap- 
ping is not possible, as the Cr "~ +/Cr: + level lies within the 
conduction band (see Fig. 2). As a consequence, the immo. 
bilized hole quickly recombines with a mobile electron, 
accounting for the low reactivity of these doped samples 
[251. 

Detrapping and/or transfer of trapped charges to the inter- 
face to initiate the photoreactions must also be efficient proc- 
esses. In Fe(Ill).doped samples, electrons are either directly 
trapped at Ti (IV) surface sites ( Bq. (~)) or in deeper Fe(11I) 
sites (Eq. (12)); in this case, the trapped ¢lec~on can be 
easily transferred from Fe: * to a neighboring surface T P '  
because of the proximity of the energy levels [49] (see Fig. 
2). 

Nevertheless, charge~transfer reactions (Eqs. (8), (9), 
(20), (21) ) are slow processes (up to ! s); results on time- 
resolved microwave conductivity [81l indicate that the 
trapped hole in the Fe(IV) site is transferred to an adsorbed 
substrate in a submilisecond reaction while the interface elec- 
tron transfer occurs on the ms scale. In Q-sized particles, due 
to the lack of band bending, both electrons and holes are 
readily available at the interface (or very close to it), where 
the electron transfer occurs, with a consequent high photo- 
reactivity. Correlated quantum yields for oxidation and 
reduction reactions have been found in these systems [49]. 
It is nec~sary to recall, however, that the preparation pro.. 
~ u r e  of samples, as stated in the previous section, can 
induce the formation of defect sites acting as recombination 
centers, or can give different surface morphologies (such as 
hydroxyl density), which can modify the interfacial electron- 
t r m ~  rates 181 ]. 

All the above energetic considerations are not valid in 
larger particles; dopants are here isolated far from the surface, 
with a much lower chance of transferring trapped charge 
carriers. The above mentioned correlation for oxidation and 

reduction reactions is thus not expected. It has been said [ 25 ] 
that in photoreduction processes in gas-solid regimes, the 
addition of dopants sets a permanent space charge region 
whose electric force improves the efficiency of the electron- 
hole separation and the charge-transfer processes. There 
exists an optimal value of the number of dopants for which 
the space charge region can be established, and of the thick- 
ness of the space charge layer in relation to the penetration 
depth of the light into the solid, for which all the photons 
absorbed generate electron-hole pairs efficiently separated. 
This explains the changes in activities with different iron 
contents [ 25]. Also, as a result of particle agglomeration, 
dopants are more likely to serve as recombination centers 
than as trap sites for eventual charge transfer at the interface. 

Other factors, such as water or nitrogen adsorption, which 
might be important, do not influence very much reactivity. 
Rives et al. [67] demonstrated that combinations of Tie2 
and Fe:O~ have surfaces rich in Ti until 80 wt.% F0203. 
Consequently, the adsorption of nitrogen and water on these 
samples is not essentially different from sample to sample. 
No substantial differences have been found in samples with 
different anatase and futile content, although nitrogen is more 
easily adsorbed on the former [8]. In conclusion, low yields 
generally found in photoreduction of nitrogen to ammonia 
are mainly due to the high activation energy of the reaction, 
the low nitrogen adsorption (higher in anatase than in rutile) 
and to ammonia photodecomposition to N.,. 

For oxidation reactions in large particles, generally per- 
formed in liquid-solid systems, a different explanation was 
proposed 18,25,28l. In these systems, the energy of the 
valence band is sufficient to oxidize phenol and most of the 
organic suhstrates; the contact between Tie2 and the electro- 
lyte sets a Schottky barrier at the interface, and the electric 
field in the depletion layer is sufficient to hasten the electron- 
hole separation. Here, oxygen molecules behave as traps for 
electrons, favoring the charge separation and enhancing the 
lifetimes of holes. Thus, differently to Na photoreduction, 
phenol and other substrates can be easily oxidized on pure 
Tie2, the process u~ot being kinetically hampered. The pres- 
ence of iron induces a displacement of the Fermi level but 
does not affect the effectiveness of the electron-hole pair 
separation in comparison with pure anatase. On the contrary, 
the presence of dopants in a liquid-solid regime can alter the 
morphology of the surface of the precursor, changing the 
number of active sites, the type of surface groups and the 
acid-base properties; surface recombination can be enhanced 
by these factors, affecting negatively photoreactivity. Also, 
phases with more futile can be less active due to the dehy- 
d~oxylation caused by the transformation from anatase or by 
thermal treating. Dehydroxylation affects photo-oxidations 
because it reduces hole trapping by surface hydroxyls (Eqs. 
(5) and (15)), enhancing recombination and oxygen or 
organic species adsorption [41,84 ]. A decrease in the specific 
surface area is also found in samples prepared by coprecipi- 
tation or impregnation and submitted to thermal treatment; 
this factor can also affect the photoactivity. 
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4.2. Heavily loaded samples 

Concentrated samples are a totally different case because 
phases other than Tie2 are present in the specimens. Hematite 
and pseudobrookite are easily detected in samples with more 
than 2 at.% iron (see Section 3) and photoactivity is seriously 
reduced, as it was observed in all the reactions considered in 
Section 2. As mentioned, Navfo et al. [ 83 ] observed a higher 
electron injection to MV 2 + in 0.5 wt.% Fe-doped titania than 
in pure Tie2, but the reverse occurred in 5 wt.% Fe samples, 
in which the pseudobrookite phase was present. 

Fe203 and Fe2TiOs have energy bandgaps lower than Tie2 
(2.2 eV [85] ~nd 2.18 eV [86] compared with 3.2 eV for 
anatase [5] ). 12ydrogen or nitrogen photoreductions are not 
possible on these semiconductors due Lo the positive flat- 
band potential position. Photo-oxidations are also limited, 
depending on the redox potential of the substrates. In hema- 
tite, it was proposed that holes are created in a deep Fe(IV) 
uap of low oxidizing power and direct oxidation by valence 
band holes or hydroxyl radicals production is less hvored 
with respect to Tie2. Also, oxygen reductiol~ (which is nec* 
essary to prevent oxide photocorrosion, see below) is less 
thermodynamically possible. In addition, reduced mobility 
of charge carriers, short hole-diffusion length (20-40 A) and 
a fast recombination rate are responsible for the small effi- 
ciency of hematite in photocatalytic processes [43,87-91 ]. 
For pseudobrookite, a similar behavior is expected. The fact 
that the impregnated specimens are less active than the copre- 
cipitated ones must be due to the enrichment of iron on the 
surfaces that provokes the appearance of small amounts of 
these iron oxide phases. The formation of heterojunctions or 
coupled semiconductors has been suggested in mixed oxides 
[ 32,43,44 59,92 ]. In the case of multiphasic samples of Tie2, 
a-Fe,O3 and Fe2TiO.s, electrons and holes can be derived to 
the iron or mixed oxide phase, setting the energy levels of 
the conduction or valence band to inadequate values for 
charge transfer to adsorbed substrates and promoting elec- 
tron.hole recombination (Fig. 3). 

Fig. 3. Qualitative diagram of coupled semiconductors for Tie2 and a-Fe20:~ 
or Fe,TiOs. 

4.3. Photoectivity originated in surface complexes or in 
homogeneous photolysis 

Surface complexes formed between strong (highly 
adsorbed) reductant ligands and surface active centers may 
lead to an enhancement of the overall rates through: 

>TilV(Fem) -L+h~,  ~ >Tim(Fe ") +Lo,, (22) 

The formation of surface complexes was proposed in pho.. 
tochemical reactions [43-45,88-91,93-97 ]. These surface 
complexes may exhibit charge-transfer absorption bands at 
energies in the UV and visible ranges similar to those of the 
corresponding homogeneous complexes, and analogous pho- 
tolytic behavior, leading to charge-transfer reactions. Also, if 
Fe 3 +' is put in solution as the result of photocorrosion (see 
next section), homogeneous photolysis through LMCT reac- 
tion can take place. These processes (th+" second one being 
probably more efficient) were proposed to explain the small 
but detectable degradation of oxalic acid under visible irra- 
diation over Fe-doped titania catalysts [44]. Although iron 
as a dopant enhances the absorption in the visible with respect 
to Tie2, the low photoconductivity observed at those wave- 
lengths [ 50] precludes photochemical reactions in this range, 
due to an enhanced recombination of the photogenerated 
pairs. Thus, photocatalytic processes under visible irradiation 
seem to be possible only when visible-absorbing homoge- 
neous or surface complexes between the substrate and the 
oxide can be formed. Oxalic acid can be photodegraded 
because Fe(III)-oxalate complexes still absorb at wave- 
lengths in the visible (until 470 nm) [43,44]. Sclafani et ai. 
[8] also emphasize the importance of photoFenton-type 
processes due to Fe 3 + in solution. 

5. Photocorrosion of iron-doped catalysts 

Some iron dissolution was observed to take place in Fe- 
doped materials, deriving from an electron attack to Fe(IIl) 
centers [43-45 ]: 

c ~ + > Fem - - ~  > Fe II ~ Fe~i~s (23) [o: 
> Fellf 

The mechanism of photocorrosion is similar to that pro- 
posed for photodissolution of iron oxides [ 88-90,93-97 ]. In 
the presence of oxygen, reoxidation of > Fe 2 + occurs at a 
high rate before detaching from the surface. For this reason, 
the photocorrosion of iron-doped titania in photocatalytic 
reactions under oxygen is generally low (less than 15%). 
However, photodissolution of the sample is undesirable 
because it can cause in0.ctivation of the catalyst by enhancing 
its particle size, reducing the surface area or decreasing the 
amount of active hydroxyl groups, The more loaded samples 
seem to be more sg,+~le, probably because of the presence of 
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hematite or pseudobrookite, which are probably less easily 
photocorroded [ 43,44 ]. 

tina) for an interchange grant. M.I.L. is a member from 
CONICET. 

6. Conclusions References 

In our opinion, a great effort has been put in the search of 
new materials to replace TiO2 by doping with iron and other 
transition metal ions. In spite of the lack of photoactivity 
under visible irradiation (which was expected due to the 
absorption of samples in this range), these mat.erials present 
good and, in some cases, better photocatalytic activity in 
relation with the precursor. A big controversy exists nowa- 
days about the potentiality of iron.doped titania for the pho- 
toreduction of nitrogen to ammonia, which is denied by some 
groups and asserted by others. 

According to the experimental evidences reported in this 
review, it is possible to say that iron.doped TiO2 photocata- 
lysts could be more efficient than TiO2 mainly if the following 
considerations can be accomplished. 

(a) The recombination rate is decreased by the presence 
of ions acting as electron or hole traps. To achieve a decrease 
on the recombination process, the preparation method should 
be carefully chosen to prevent the creation of recombination 
centers such as defects or multiphases in which the mobility 
of charge carriers can be reduced. 

(b) For the sake of compar!son, iron-doped samples 
should be prepared analogously to the precursor to yield 
specimens of similar properties: specific surface area, ana- 
tase-to-rutile ratio, particle size, amount of surface hydroxyl 
groups, no defects or sites '~cting as recombination centers, 
etc. 

(c) No separated phases of iron oxide or mixed oxides 
such as hemalite or pseudobrookite, less active than TiO.,, 
should be formed. In this sense, the iron content plays an 
essential role and should be less than 2 at.%, Also, a homo- 
8oneous distribution of iron on the surface and into the TiO: 
particle should be warranted. 

(d) The photocormsion of samples should be hindered by 
competition with oxygen. 

In spite of the controversial results in the photocatalytic 
efficiency of iron.doped titania, the goals of research in this 
field are still interesting and it seems valuable to persevere in 
the exploration of new methods of preparation and in the 
study of the remarkable photophysical and photochemical 
behavior of these materials. 
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