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a b s t r a c t

Series of nanosized anion-containing TiO2-base materials with anatase-type structure were synthesized
from N, Cl-containing precursors using two preparation methods, calcination and hydrotreatment. Sam-
ples were conditioned by a final calcination step in order to get free of surface anion impurities and their
structural properties characterized by a combined X-ray diffraction (XRD), scanning (SEM) and transmis-
sion (TEM) microscopy, X-ray energy dispersive (XEDS), X-ray photoelectron (XPS), and diffuse reflectance
infrared Fourier transform (DRIFTS) study. The structural characterization was used to interpret the UV–vis
spectra. The resulting joint information allowed the rationalization of the photocatalytic activity observed
alcination
ydrothermal
iO2

natase
-doping and impurity
isible light
unlight

for the visible-light-assisted liquid-phase degradation of phenol. We founded that maximization of pho-
toactivity is not related with the net absorption power of our systems in the visible range but mostly
driven by a combination of two characteristics; the adequate morphological properties and the presence
of negatively charged N-containing species.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Photocatalytic destruction of organic pollutants in the presence
f TiO2 appears as a viable decontamination process of widespread
pplication, no matter the state (gas or liquid) or chemical nature
f the process target [1,2]. TiO2-anatase is a n-type semiconductor
aving a wide bandgap (3.0–3.4 eV depending on primary parti-
le size and other properties) which necessitates UV light to create
nergy-rich electron–hole pairs upon absorption. All TiO2-based
echnological applications aiming to use solar light as the energy
ource are thus limited and typically would need to optimize the
andling of visible-light photons by the catalytic solid. This appears
f prime importance and, furthermore, corresponds to an appeal-
ng challenge for the future generation of photocatalytic materials
3–6].
The pioneering work of Asahi et al. [7] highlighted the possibility
f doping the TiO2-anatase structure with anions to yield new, high-
erformance visible-light driven photocatalysts. After this report
he use of N3−, C4−, S4− or halides (F−, Cl−, Br−, I−), as doping agents

∗ Corresponding author.
∗∗ Corresponding author. Tel.: +34 91 585 4939; fax: +34 91 585 4760.
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as been subjected to intense research and summarized in several
eview articles [3,5,8,9]. Recently, several ways have been explored
n order to improve and maximize the photo-activity of anion-
oped titania systems and, among them, a fruitful one departs from
he combination of nitrogen and halides. Reports concerning the
se of N/F [10,11] and N/I [12] showed notable improvements over
-alone TiO2-doped materials. Although essentially an open ques-

ion, the improvement may come from the correct combination of
he well-known N-impurity electronic levels located near the con-
uction band [13,14], either with the halide-modified conduction
and [12] or with new color (F/F+) centers [11]. In both cases, the
isible-light absorption power is neatly enhanced. Additionally, in
ertain N-containing systems, the presence of a substantial amount
f defects associated with the titania anion sublattice but with
o direct correlation with the N-impurities creates empty elec-
ronic levels at about 2.0–2.5 eV from the upper part of the valence
and [15,16], which may be strongly influenced by the presence of
olor centers detected in halide-containing materials. Apart from
lectronic matters, another point of importance in fluoride-doped
ystems concerns the surface acidity generated by the presence of

urface anions [11].

In this work, we try to explore a novel N/Cl combination and
evelop a preparation process based on the precipitation of ammo-
ium Ti-oxychlorides as initial solid precursors. This would allow
o have a large doping N concentration in the precursor as well

http://www.sciencedirect.com/science/journal/10106030
mailto:gcolon@icmse.csic.es
mailto:mfg@icp.csic.es
dx.doi.org/10.1016/j.jphotochem.2008.05.008
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Table 1
Main synthesis details and physico-chemical characteristics of samples

Sample SBET (m2 g−1) Particle size (nm)

B 107.4 10.4
B-HT3 117.9 10.7
B-2HT3 101.2 13.1
B-HT6 143.1 11.7
B-HT24 120.1 12.3

TC1 104.9 11.9
TC1-HT3 123.9 11.8
TC1-2HT3 135.3 11.5
TC1-HT6 94.2 14.7
TC1-HT24 78.6 16.0

TC6 110.0 12.0
TC6-HT3 153.3 10.7
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s a variable Ti:Cl atomic ratio and to study the influence of these
wo parameters in the final structural and morphological features
f the TiO2 phase after calcination/hydrotreatment. Our main aim
s to analyze the nature and amount of the impurity species and
o correlate these with the photo-activity of the titania solids in
he liquid-phase elimination of phenol. Materials are subjected to
alcinations and/or hydrotreatment but a final, fixed calcination
tep was always applied in order to ensure the surface chemical
niformity of the samples. This is important as some doping sur-

ace species as chloride may change acid/base properties of the
olid, may be leached from the surface during reaction (introduc-
ng uncertainties), and may drive to a lack of long-term stability. As
etailed below, our systems will be essentially free of N, Cl surface
dsorbed species which may be interfering in the interpretation
f the results. The task to identify N, Cl-containing species is not
asy as, for example, N–Ti–O, Ti–N–O (oxynitride), NO+, N−, N3−,
H−, or NHx have been detected in the case of nitrogen-doped sam-
les [3,5,7,8,13–15]. To this end, in this report we will describe the
reparation and characterization of titania solids using a combi-
ation of XPS, Infrared (DRIFTS), SEM, TEM and XEDS. The joint
nalysis of the structural characterization and the electronic impli-
ations derived by UV–vis spectroscopy would be used to interpret
hoto-activity, highlighting key properties responsible for the
nhancement of titania photo-activity in anion-doped TiO2-based
hotocatalysts.

. Experimental

In order to vary the Ti:Cl ratio of our precursor solids
ithin the 1:1 to 1:6 ratio, we prepared the corresponding Ti-

sopropoxide:HCl mixtures in isopropanol. The so-formed Ti:Cl
omplexes were stirred in a water/isopropanol (1:10) mixture
or 4 h and subsequently precipitated with an ammonia solution
orresponding to a NH3:Ti ratio of 3. Solids were filtered and
ashed with distilled water, dried at 383 K and finally subjected

o hydro- and/or calcinations treatments. Calcined samples were
ubjected to a heating ramp of 2 K/min up to 723 K in a (20%)
2/N2 atmosphere. The hydrotreated set of samples were obtained
y placing the solid precursor together with 1 M NH3 solution
30 ml/g of precursor) in a Teflon-lined reactor at 120 ◦C for a period
etween 3 and 24 h. These materials were subsequently filtered
nd dried at 383 K and calcined at 723 K following the above-
entioned recipe. A blank is obtained using a similar procedure

ut without HCl and ammonia in the preparation and precipi-
ation steps of the precursor solid. Samples are described by an
nitial set of letters (B blank; TC1 and TC6 for samples prepared

ith Ti:Cl ratios of, respectively, 1:1 and 1:6) followed by another
et describing the treatment (no letter for calcinations; HT for
ydrotreatment). Table 1 summarizes the sample labels and corre-
ponding treatment details, and gives their main physico-chemical
haracteristics.

X-ray diffraction (XRD) patterns were obtained using a Siemens
-501 diffractometer with Ni filter and graphite monochromator.
he X-ray source was Cu K� radiation. From the line broadening
f corresponding X-ray diffraction peaks, according to the Scherrer
quation (peaks were fitted by using a Voigt function).

= �180
� cos �L

here L is the line width at medium height, � the wavelength of

he X-ray radiation 0.15406 nm and � is the diffracting angle.

XPS data were recorded on 4 mm × 4 mm pellets, 0.5-mm thick,
repared by gently pressing the powdered materials which were
utgassed in the prechamber of the instrument at 150 ◦C up
o a pressure below 2 × 10−8 Torr to remove chemisorbed water

3

d
c

C6-2HT3 141.4 10.8
C6-HT6 93.2 14.9
C6-HT24 90.0 15.3

rom their surfaces. The Leibold-Heraeus LHS10 spectrometer main
hamber, working at a pressure < 2 × 10−9 Torr, was equipped with
n EA-200 MCD hemispherical electron analyzer with a dual X-ray
ource working with Al K� (h� = 1486.6 eV) at 120 W, 30 mA. C 1s
as used as energy reference (284.6 eV).

Diffuse reflectance infrared spectra (DRIFTS) were taken in
ruker Equinox 55 FTIR spectrometer fitted with an MCT detec-
or. The spectra consisted of 400 accumulations with a total of
min acquisition time, using a 4-cm−1 resolution. UV–vis diffuse

eflectance spectroscopy experiments were performed with a Shi-
adzu UV2100 apparatus with a nominal resolution of ca. 5 nm

sing BaSO4 as reference.
Scanning electron microscopy (SEM) pictures were taken on a

EOL JSM-5400 scanning electron microscope equipped with an
nergy dispersive X-rays analysis (XEDS) Link system for qualita-
ive chemical analysis. Fractured samples were deposited on copper
upports and covered by a thin film of gold.

Selected samples were also studied by transmission electron
icroscopy (TEM) using a Philips CM200 instrument. The micro-

cope was equipped with a top-entry holder and ion pumping
ystem, operating at an accelerating voltage of 200 kV and giving a
ominal structural resolution of 0.21 nm. Samples were prepared
y dipping a 3-mm holey carbon grid into ultrasonic dispersion of
he oxide powder in ethanol

Photocatalytic runs (2 h) of phenol oxidation over the different
atalysts (1 g/l) were performed in a Pyrex immersion well reac-
or (450 ml) using a metal halide 250 W lamp (Sylvania, metalarc
IS; exhibiting spectral lines above 390 nm, with main emission
etween 450–550 nm). In the oxidation tests, an oxygen flow was
sed to produce a homogenous suspension of the catalyst in the
olution. Before each photo-experiment, the catalysts were settled
n suspension with the reagent mixture for 15 min in the dark. The
volution of the initial phenol concentration (ca. 50 ppm in water)
as followed by UV–vis spectrometry through the evolution of

ts characteristic 270 nm band, using a filtered aliquot ca. 2 ml of
he suspension (Millipore Millex25 0.45-�m membrane filter). The
egradation rates were calculated from the slopes of the conver-
ion plots at the first 15 min of reaction, and assuming linear time
ependence. The regression coefficients for such fittings are in all
ases higher than 0.998.
. Results and discussion

Under the experimental conditions of the study, the photodegra-
ation of phenol displays a linear time dependence, with rate
onstants presented in Fig. 1. A linear time dependence is char-
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Fig. 1. Phenol photo-degradation reaction rate.

cteristic of phenol degradation at low concentrations [17–19].
egarding to non-hydrotreated samples, comparison with the
lank reference (series B) shows that anion doping on the solids
TC1 and TC6) may have a general positive, though moderate
mpact on photo-activity. This positive effect due to the pres-
nce of Cl/N seems to be higher as the Ti:Cl ratio increases. With
espect to hydrotreated series, it can be observed that, in gen-
ral, long treatment periods tend to diminish the photocatalytic
ctivity. The maximum reaction rates are obtained for the sam-
les hydrothermally pretreated for 3 h (Fig. 1), while larger periods
f pre-treatment time are always pernicious for the reaction rate.
articularly, TC1 series displays a discrete evolution with no clear
aximum value with (TC1) and HT3 (TC1-HT3) samples show-

ng very similar reaction rates. Thus, from these results it can
e assessed that the TC6-HT3 sample presents the best reaction
ate, although the improvement with respect to the correspond-
ng “only” calcined blank (B-HT3) reference sample is modest.
or the TC1 series only the calcined and the TC1-2HT3 samples
mprove the corresponding result of the B series sample. Taking
nto account the specific experimental conditions and extrapolat-
ng these to reported photoactivities for phenol degradation [20],
ur best results in visible conditions clearly overcomes the corre-
ponding value for commercial Degussa P25 (ca. 60% improvement)
nd appears similar to the UV highly photoactive TiO2 materials.

XRD patterns of the samples are displayed in Fig. 2. All sam-
les showing the characteristic pattern of anatase-TiO2 (JCPDS
4-1286) without detection of any other contribution. The primary
article size obtained using the Scherrer equation is presented in
able 1. This table also includes the BET surface area. The reference
“only” calcined; without hydrotreatment) samples for each series
B, TC1 and TC6) show relatively high BET values (105–110 m2/g)
hich appear independent of the Ti:Cl ratio used in their syn-

hesis. The initial, 3 h of hydrotreatment moderately increases
decreases) surface area (primary particle size). On the other hand,
arge hydrotreatment periods, either in a continuous way or as a
econd HT3 treatment, lead to a general increase of the primary par-
icle size and concomitant decrease of surface area. Such changes
re in agreement with previous reports concerning the effect of the
alcination/hydrotreatment steps on N-doped TiO2-based morpho-
ogical properties but here seem of modest magnitude [21,22]. We
ay mention here that only in the case of a 24-h hydrotreatment
e detected the formation of the anatase phase prior to calcina-

ion. Within these hydrotreated samples, for B series it is observed
relative increase of the surface area as treatment time increases.
C1 and TC6 series present a similar trend, which differs from that

o
(

F
o

ig. 2. XRD patterns of samples: (A) B; (B) TC1; and (C) TC6 series of samples.

f the B series and shows a maximum for the surface area after 3

TC1) or 2 × 3 (TC6) h of hydrothermal treatment.

The pore size distribution of selected samples is shown in Fig. 3.
or the reference (“only” calcined) samples, it is evident the effect
f HCl and ammonia in the preparation method. Thus, as the Ti:Cl
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produces certain aggregation of the particles (Fig. 5) being more
considerable for the B sample. As mentioned before, the long
hydrotreatment period induces a modulation in the pore structure.
From SEM images it can be notice that similar aggregated particles
ig. 3. Pore size distribution of the calcined (filled square), HT3 (half-filled square)
nd HT24 (crossed square) samples.

atio increases we observed a significant shift of the mean pore
ize from ca. 5 nm for blank sample B to ca. 20–30 nm showed by
he TC6 sample. The calcined B sample pore size distribution is
learly bimodal. It might be expected that the formation of a N,
l-containing precursor induces a drastic change in the pore sizes
see below). The hydrotreatment also produces important modi-
cations regarding the pore size distribution within the different
eries. Thus, for B series hydrotreatment produces the increase of
he pore size, though long period seems to affect in a deeper way.
n the contrary, for series TC1 and TC6 a short-time hydrotreat-
ent leads to a significant decrease in the mean pore size. In

hese two series, large hydrotreatment times seem to modulate the
ore size with respect to the corresponding B sample and then,
fter the overall 24 h of hydrotreatment, all (hydrotreated) TC6
amples exhibit moderate variations among them while the TC1
eries display an intermediate behavior between the other two (B,
C6) set of samples. Consequently, the starting precursor (either
n oxo-hydroxide for the B series or N, Cl-containing solids for TC1
nd TC6 series) notably condition the evolution of the pore situ-
tion for short hydrotreatments, while large treatments develop
loser pore structures, with a continuous change in going from
→ TC1 → TC6.

The morphological characteristic of samples after this

extended” hydrotreatment step are also included in Table 1
or completeness. From Table 1 we only detected minor differences
mong the B and TC1/TC6 series of samples, varying the morpho-
ogical properties of the samples in a similar way through all the
otobiology A: Chemistry 199 (2008) 136–143 139

eries. This indicates that morphological properties summarized
n Table 1 are mainly derived by the specific treatment to which
he sample is subjected. The precursor nature and characteristics
ould thus seem of relatively less importance to control the

itania polymorph and some (BET area, primary particle size)
orphological characteristics of the samples. Other morphological

roperties related to the secondary particle size and porosity
re however strongly dependent of the precursor nature. Fig. 4
rovides visual information concerning the morphological features
f B and TC6 selected samples. From these selected SEM images
f the reference samples a clear different morphology can be
nferred. Thus, B sample shows aggregates formed by small and
omogeneous rounded particles of about 2–5 �m. On the other
and, TC6 appears developing heterogeneous aggregates having
larger variety of sizes and shapes. Therefore, the preparation of

iO2 from an N, Cl-containing precursor clearly leads to a more het-
rogeneous morphology. This morphological difference could be
n agreement with or drive to the pore size distribution presented
n Fig. 2. Indeed, the existence of a wide pore size distribution and

ith a large fraction of pores having a high characteristic size is
vident in the TC1/TC6 calcined samples if compared with the B
aterial. The effect of hydrothermal treatment before calcination
Fig. 4. SEM images for calcined (a) B and (b) TC6 samples.



140 P. Sampedro et al. / Journal of Photochemistry and Ph

F
m

a
h
b
i

s
p
a
N
r
N
s
a
b
s
t
a
a
X
e
i
4
w
c
n
s
p
T
h
t
2
a
(
b
b
2
t
f
a
o
u
a
differently as a function of the treatment mentioned in Table 1.
ig. 5. SEM images for (a) B and (b) TC6 samples after 24 h of hydrothermal treat-
ent and further calcined.
re found for B and TC6 samples though TC6 still show more
eterogeneous shaped particles. This aggregation effect induced
y the hydrothermal treatment is noticed in the selected TEM
mages shown in Fig. 6.

A
T
s
I

Fig. 6. TEM images for TC6 samples: (a) calcined and (b) afte
otobiology A: Chemistry 199 (2008) 136–143

As well known, the photo-activity of anion-doped TiO2-anatase
amples under visible-light excitation is customarily related to
hysico-chemical phenomena associated with the presence of
nion-related defects [3,5,6,8,10,11,13–16]. In order to clarify the
- and Cl-containing species present in our samples we combine

esults from XEDS, XPS, and DRIFTS. XEDS was unable to detect
and, more importantly, Cl in any of the samples (result not

hown). Thus, according to chemical analyses, it might be eventu-
lly assumed a low loading of Cl species which was rather uniform,
eing in any case well below 0.4–0.3% for all samples. As halides
pecies can be typically at the surface [10,11], the final calcina-
ions step ensures the removal of mostly all surface species while
modest quantity seems to remain at the bulk in substitutional

nd/or interstitial positions. Fig. 7 shows a broad and featureless
PS peak at ca. 400 eV for all samples expect the blank, with a tail
xtending to lower binding energies which appear more markedly
n the samples of the TC1 series. The main contribution at ca.
00 eV is customarily assigned to N N, N C, and N O species,
hile the second (ca. 399 eV) is characteristic of neutral “NO” or N-

ontaining species located in substitutional positions of the anatase
etwork [23–25]. XPS also proves the absence of N3− species in
ubstitutional positions (binding energy ca. 396 eV) and the com-
lete lack of Cl-containing species at the surface of the materials.
he N-containing species nature will be further detailed with the
elp of IR. Fig. 8 displays the DRIFT spectra of the samples in
he 2300–1900 cm−1 region. Three different contributions at ca.
220–2210, 2150 and 2050 are clearly visible. Bands at ca. 2200
nd 2150 cm−1 can be ascribed to stretching vibration of isocyanate
CNO)n− (the upper band) or, more likely, to cyanide (CN)n− species,
oth bands differing in the ionic degree/charge of the C N bond
y effect of the neighboring ions [15,26]. The assignment of the
150 cm−1 is subjected to some doubts as may be also ascribed
o NO+ species [15,27], although the frequency is a little higher
or such species in a titania matrix. Presence of NO+ species is in
ny case confirmed by the 2050 cm−1 peak [15,27]. The presence
f these N-containing species has been also observed by others
sing IR in N-doped TiO2-based samples [15,28]. The three bands
re present in the B/TC1/TC6 series of samples but behaving very
s can be expected, sample B showed the less intense bands. The
C1 series displays mostly NO+ species with a significant inten-
ity for the “only” calcined sample followed by the TC1-2HT3 one.
n the case of the TC6 series of samples, we unequivocally detect

r 3 h of hydrothermal treatment and further calcined.
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and the N-content of the sample measured by XPS/DRIFTS seems
thus of general validity within our preparation procedure. In con-
trast, the analysis of the bandgap of the TiO2-anatase presented in
Table 2 indicates a constant value within experimental error (ca.
Fig. 7. N 1S XP spectra of selected samples.

he presence of both (CN)n− and NO+ species with a maximum
ntensity for the TC6-2HT3 sample. A tentative correlation between
he species observed with XPS and DRIFTS indicates that positively
harged NO+ species may be responsible for the 400 eV [23,24]. This
ype of species is, according to theoretical investigations, located in
nterstitial positions [14]. Negatively charged species, like (CN)n−

pecies, could be occupying substitutional positions and are likely
esponsible for the tail peak at lower binding energy [23,24]. The
resence of Ti–Cl bonds can be also analyzed with IR but, unfortu-
ately, the corresponding bands are below 900 cm−1 and shadowed
y the titania network contributions [29].

In spite of the somewhat limited chemical information obtained
or anion impurities, a direct and very useful relationship can be
stablished between the overall XPS/IR intensities of N-containing
pecies and the UV–vis characteristics in the visible region
400–450 nm) displayed in Fig. 8. The UV–vis diffuse reflectance
pectra show a localized band in such region for all samples
xpect the B reference, as previously observed by many others
3,5,10,11,15]. Obviously, the visible-light absorption power is a
arameter of relevance in this context. Concerning the B series of
amples, we see that the maximum visible-light absorption power
orresponds to the B-2HT3 and B-HT6 samples. The (“only” cal-
ined) TC1 sample is the one having higher visible-light absorption
ower (Fig. 9b) and IR intensity (Fig. 8b), followed by the TC1-HT6
nd TC1-2HT3 samples in the decreasing, parallel behavior of both

bservables. For the TC6 series of samples, the calcined sample
oes not have a high N-derived impurity level and, consequently,
high visible-light absorption power; in this series, both observ-

bles are maximized for samples TC6-2HT3 and TC6-HT24. The
otobiology A: Chemistry 199 (2008) 136–143 141

lose relationship of the UV–vis feature peaking at ca. 425–450 nm
Fig. 8. DRIFT spectra of (a) B, (b) TC1 and (c) TC6 series of samples.
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formance in the catalyst for a photocatalytic application. As a result
join, surface, pore distribution and structural contributions lead to
better photoactivity rates for phenol degradation by improving the
overall photocatalytic mechanism [20].

Table 2
TiO2-anatase bandgap energies

Sample Bandgap (eV)

Direct Indirect

B 3.37 3.11
B-HT3 3.36 3.09
B-2HT3 3.25 2.94
B-HT6 3.32 2.99
B-HT24 3.30 3.04

TC1 3.36 2.88
TC1-HT3 3.31 3.04
TC1-2H3 3.24 2.95
TC1-HT6 3.28 2.96
TC1-HT24 3.28 3.05
ig. 9. UV–vis spectra of samples: (a) B; (b) TC1; and (c) TC6 series of samples.

.2 eV), irrespective of considering the solid as an indirect (like
he microsized anatase) or direct (by an effect of the particle size)
emiconductor [30]. This is in agreement with previous literature
eports which showed the absence of major changes in the valence

nd conduction bands of the anatase material and the presence of
-derived localized states near the valence band top [3,5,6,8,13–15].
dditionally, no halide-derive band modification of the conduction

s visible [12], presumably by its low concentration.

T
T
T
T
T

otobiology A: Chemistry 199 (2008) 136–143

From the direct link between the N-content of the samples and
he visible-light absorption power we can extract two main con-
equences. First is the obvious point that such a UV–vis band is
ot associated with any specific N-containing species. In fact, pre-
ious theoretical studies were able to show that both species may
rive to the same light absorption feature (at least when the UV–vis
bsorption peak is as broad as can be seen in Fig. 5) irrespective of
he specific chemical nature of the species (see Refs. [13,14] and
eferences therein). The pale yellow color of the samples is there-
ore indicative of the N-content, being essentially insensitive to the
hemical nature of the N species in our case. The second conse-
uence concerns the photo-catalytic activity behavior. Comparison
ith Fig. 1 indicates that the visible-light absorption power or, alter-
atively, the N-content of the materials is not correlated with the
eaction rate. For each specific treatment, e.g. each column of Fig. 1,
he maximum rate is observed for the corresponding TC6 samples
n most of the cases. On the other hand, the reaction rates behaves
ery similarly in the three series of samples (including the B refer-
nce samples) with the treatment suffered by the solid precursor,
ndicating that morphological aspects are of importance in quali-
atively explaining photo-activity under visible-light excitation. On
he other hand, the primacy of the TC6 series may be likely derived
rom the presence of an specific negatively charged N-containing
pecies, possibly (CN)n−. We may speculate that the higher ini-
ial Cl concentration of the precursor may favor the presence of
his species. This hypothesis needs further investigation. Obviously,
he photochemical relevance of such (CN)n− species would not
e related to a different or characteristic visible-light absorption
ower but more likely to a certain influence in the recombination of
harge carriers. The modulation of the photo-activity through each
ample series (row in Fig. 1) seems however less important than
he increase of the reaction rate detected for the corresponding TC6
ample for each column of Fig. 1. This would suggest that, firstly the
resence of (CN)n− species (which could participate in the photo-
atalytic mechanism), and secondly and possibly less importantly,
he adequate surface and morphological features are key points to

aximize activity. In particular, the notable increment on surface
rea (Table 1) and the adequate pore size distribution (Fig. 2) appear
o play critical roles and are likely the morphological key proper-
ies. Therefore, we can conclude that the presence of N species and
ts related absorption band in the visible do not grant the finest per-
C6 3.33 3.01
C6-HT3 3.26 3.01
C6-2HT3 3.24 3.10
C6-HT6 3.26 3.06
C6-HT24 3.26 3.05
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It has been shown that the hydrotreatment is an optimum pro-
edure to control the surface and morphological aspects of the
tudied photocatalysts. Samples hydrotreated for 3 h present the
est photocatalytic performance. These activity maxima could be
elated with the maximization of the surface area as well as the
xistence of an adequate pore size distribution. In addition, the
resence of certain negatively charged nitrogenated species such
s (CN)n−, could also participate in a certain positive way, possibly
elated with the charge recombination step of the photocatalytic
echanism. It is also important to point out that the improve-
ent of the photocatalytic activity could not be directly associated

o the visible absorption power of anion-doped samples. On the
asis of these considerations, the best series correspond to TC6
amples, being the optimum value the sample hydrotreated for
h and further calcined. This sample would present a synergic

ituation in which surface, pore distribution and anion-doped-
elated structural aspects contribute positively to the reaction
ate.
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