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Abstract

In this report we investigate the structure–activity relationship in Ti–M (M = V, Mo, Nb, W) mixed-metal oxides with anatase structure
used for the photoelimination of toluene under sunlight-type excitation. These systems were prepared by a microemulsion method, and their
physicochemical properties were characterized by a multitechnique approach using X-ray diffraction–Rietveld, photoelectron spectroscopy, and
Raman and UV–visible spectroscopy. The preparation method allowed the incorporation of up to around 20 at% of Mo, Nb, and W, whereas a
significantly inferior solubility limit, below 5 at% was observed for V. The presence of nonpunctual defects, intimately related to the existence
of MOx clustering, produced electronic mid-gap states involved in charge recombination and appeared to be the most negative factor influencing
photoactivity. The maximization of photoactivity occurred for Ti–M samples with the highest doing level, together with a minimum structural
disturbance of the anatase-type structure. The physicochemical bases for the photoactivity behavior of the Ti–M samples as function of the M
content and, in particular, the presence of partial (for a specific Ti–M series) or global maxima are discussed.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Titanium dioxide (TiO2) is one of the most prominent oxide
materials in various industrial applications related to catalysis,
including the selective reduction of NOx in stationary sources
[1,2] and photocatalysis for pollutant elimination [3,4] and or-
ganic synthesis [5]. TiO2-anatase is by far the most widely
used photocatalysts due to its wide availability, modest cost,
and nontoxicity for humans [3,4]. TiO2-anatase is an n-type
semiconductor with a wide bandgap (3.0–3.4 eV depending on
primary particle size and other properties) [6], which requires
UV light to create energy-rich electron–hole pairs on absorp-
tion. In optical-related applications, including all those aiming
to use solar light as the energy source, it is desirable to exploit
lower energy photons, thus extending bandgap excitations into
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the visible regime. The introduction of doping cations into the
TiO2-anatase structure to lower the optical bandgap energy is
the most common method used to reach this goal [3,6]; how-
ever, it also seems a delicate matter, because, at the same time,
it would be necessary to avoid creation of unwanted charge re-
combination centers and/or localized electronic states, which
would prevent efficient charge separation of excited electron–
hole pairs. In addition, uncontrolled lowering of the conduction
band may place the band edge below the O2 affinity level,
jeopardizing the formation of oxygen radicals, which are key
intermediates in photocatalytic reactions [3,4].

Despite these potential problems, to date the most effective
way of approaching a continuous and systematic reduction of
the TiO2-anatase bandgap energy is bringing by doping cations
occupying substitutional positions in the network. Theoretical
analysis of the substitutional doping showed that the threshold
energy of radiation energy absorption decreased proportionally
with the number of doping atoms; in fact, for a random distrib-
ution of substitutional acceptors/donors of charge, a Gaussian-
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type density of states appeared at the upper/lower part of the va-
lence/conduction bands [7]. The corresponding density of states
is directly proportional to the number of doping ions, giving
thus a powerful tool for managing visible light (sunlight) ab-
sorption. The trade-off on visible light absorption between the
aforementioned potential negative effects derived from the pres-
ence of localized electronic states and/or other recombination
centers and the positive influence in the bandgap energy and
subsequent enhancement of the visible-light absorption power
is a matter of intense research and remains essentially an open
question. It can be stressed that such balance is characteristic
of sunlight active systems and has no physicochemical analogy
with the corresponding balance achieved between positive and
negative effects of cation doping on UV-light excitation.

In this paper, we explore the potential of group V/VI ele-
ments as visible light photocatalytic materials. Substitutional
TiO2-anatase-based mixed-metal oxides has been successfully
synthesized using Ca, Sr, and Ba [8], V [9–13], Fe [14,15],
Cr [10], Zr [16,17], Ta [13,18], Nb [13,18,19], Mo [20], W [21–
23], and Sn [24,25]. However, only in the cases of Nb, Mo,
and W did we expect to fulfill the two aforementioned primary
conditions; production of an anatase-type mixed-oxide struc-
ture with a high solubility limit (e.g., with a high concentration
of doping ions) and a red-shifted bandgap energy with respect
to the parent TiO2-anatase oxide [18–23]. For completeness,
we also studied other V/VI group elements, including V and
Cr, because these are frequently used as visible light-driven
photocatalysts [9–12], although they may not afford the two
aforementioned conditions. Nevertheless, in our case, we were
not able to obtain a dominant anatase-type structure using Cr as
a doping cation; all of the samples prepared exhibited signifi-
cant quantities of rutile. The remaining cations (Ca, Sr, Ba, Fe,
Zr, Ta, and Sn) gave bandgap energies that were blue-shifted
or without shifting with respect to the parent TiO2 oxide, and
thus are inadequate for our purposes. Therefore, we synthe-
size V-, Nb-, Mo-, and W-doped TiO2-anatase materials us-
ing a microemulsion method, which ensures careful control of
the morphological (e.g., primary and secondary particle size)
and structural (e.g., homogeneity) properties of the resulting
solids. Some of the series (i.e., V-, W-) were studied previously
[12,21], but here we report new experimental data using a mul-
titechnique approach intended to establish a link between the
short-range and long-range structural properties of the solids
and their electronic properties. This basic knowledge would al-
low (vide supra) rationalization of the photochemical activity
and behavior. We evaluated photocatalyst performance using
the gas-phase elimination of toluene, which is considered an
important constituent of anthropogenic emission in urban at-
mospheres. In addition, it is a very demanding reaction and thus
provides a tough test of the potential of the Ti–M (M = V, Nb,
Mo, W) systems in the context of photoelimination of organic
pollutants.

2. Experimental

Materials were prepared using a microemulsion preparation
method through the addition of titanium tetraisopropoxide to
Table 1
Main characteristics of the Ti–M materials

Sample M atomic
percentage (%)a

BET surface
area (m2 g−1)

Size
(nm)b

TiO2 – 106 13.3
Ti–V

V0.6 0.6 65 8.9
V1 1.2 66 8.1
V2.5 2.5 60 8.5
V5 4.9 60 14.0
V8 8.1 48 12.3
V18 18.2 33 13.2

Ti–Nb
Nb10 9.7 112 8.8
Nb20 20.2 125 10.8

Ti–Mo
Mo8 7.9 130 8.1
Mo12 12.3 144 6.6
Mo26 26.2 77 5.7

Ti–W
W2 1.8 116 11.6
W4 3.7 111 12.0
W11 10.9 106 9.4
W14 13.8 108 10.7
W19 19.1 122 7.9
W20 20.4 101 –c

W27 27.0 87 –c

a Cation basis (100 × W/(W+Ti)) by ICP-AAs.
b For anatase-type structure using XRD and the Willianson–Hall method.
c Not measured with confidence.

an inverse emulsion containing an aqueous solution (0.5 M)
of ammonium metavanadate (Aldrich) or molybdate (Aldrich),
hydrated niobium nitrate (Sigma), or ammonium tungsten oxide
(Aldrich) dispersed in n-heptane, using Triton X-100 (Aldrich)
as a surfactant and hexanol as a cosurfactant. Water/titanium
and water/surfactant molar ratios were 18 and 110, respec-
tively, for all samples. The resulting mixture was stirred for
24 h, centrifuged, decanted, rinsed with methanol, and dried
at 298 K for 12 h. Following the microemulsion preparation
method, the amorphous Ti–M (M = V, Nb, Mo, W) mate-
rial was calcined under air for 2 h at 723 K. Samples are
named Mn, n being the metal atomic content. Reference TiO2,
V2O5, Nb2O5, MoO3, and WO3 oxides also were synthe-
sized using the same procedure. Table 1 shows the main char-
acterization results for the synthesized materials. Ti:M com-
position was analyzed by using inductively coupled plasma
and atomic absorption (ICP-AAS), whereas BET surface ar-
eas were measured by nitrogen physisorption (Micromeritics
ASAP 2010).

Rietveld analysis was carried out using the General Structure
Analysis Software package (GSAS). X-ray diffraction (XRD)
patterns were recorded in the range 10◦ < 2θ < 120◦ at steps of
0.02◦ steps, using a Siemens D-501 diffractometer with Ni filter
and graphite monochromator with a CuKα X-ray source. Peak
shapes were quantified by a pseudo-Voigt function. Background
intensities were described by a cosine Fourier series with 10
coefficients. Each structural model was refined to convergence,
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with the best result selected on the basis of agreement factors
and stability of the refinement. In the last cycle of the refine-
ments, all parameters were varied, including scale factor, zero
shift, peak shape parameter, half-width, and lattice parameters.
The particle sizes, reported in Table 1, were calculated from
XRD patterns using the Willianson–Hall method, which takes
into account the contributions of strain and particle size to XRD
peak broadening [26].

UV–visible transmission experiments were performed with
a UV–Vis Varian 2300 apparatus. Band gap analysis for an
indirect/direct semiconductor was done following standard pro-
cedures, for example, plotting (hva)n (n = 1

2 or 2 for indirect
or direct semiconductor; hv = excitation energy, a = absorp-
tion coefficient) versus energy and obtaining the correspond-
ing tangent value for null absorption [6]. Raman data were
acquired using a Renishaw dispersive system 1000 equipped
with a single monochromator, a holographic Notch filter, and
a cooled thermal conductivity detector. Samples were ex-
cited using the 514-nm Ar line. XPS data were recorded
on 4 × 4 mm2 pellets, 0.5 mm thick, prepared by gently
pressing the powdered materials that were outgassed in the
prechamber of the instrument at 150 ◦C up to a pressure below
2 × 10−8 Torr to remove chemisorbed water from their sur-
faces. The Leibold–Heraeus LHS10 spectrometer main cham-
ber, working at a pressure below 2 × 10−9 Torr, was equipped
with an EA-200 MCD hemispherical electron analyzer with
a dual X-ray source working with AlKα (hν = 1486.6 eV)
at 120 W and 30 mA. C1s was used as the energy refer-
ence (284.6 eV).

Activity and selectivity for the gas-phase photooxidation of
toluene were tested in a continuous-flow annular photoreactor
(described elsewhere [27]) containing ca. 30 mg of photocata-
lyst as a thin layer coating on a Pyrex tube. The corresponding
amount of catalyst was suspended in 1 mL of water, painted
on a Pyrex tube (cutoff, ca. 290 nm), and dried at room tem-
perature. The reacting mixture (100 mL/min) was prepared
by injecting toluene (Panreac, spectroscopic grade) into a wet
(ca. 75% relative humidity) 20 vol% O2/N2 flow before enter-
ing the photoreactor at room temperature, yielding an organic
inlet concentration of ca. 800 ppmv. Under such conditions, the
reaction rate is zero order with respect to the total flow and hy-
drocarbon/oxygen concentrations. After the mixture was flowed
for 1 h (control test) in the dark, the catalyst was irradiated
by four fluorescent daylight lamps (6W, Sylvania F6W/D) with
a radiation spectrum simulating sunlight (UV content of 3%),
positioned symmetrically outside the photoreactor. Reference
experiments with UV lamps (Sylvania F6WBLT-65; 6W, max-
imum at ca. 350 nm) were run using the same reaction setup
and procedure. Reaction rates were evaluated (vide supra) un-
der steady-state conditions, typically achieved after 3–4 h from
the start of irradiation. No change in activity was detected for all
samples within the subsequent 6 h. The concentration of reac-
tants and products was analyzed using an online gas chromato-
graph (HP G1800C) equipped with an HP5 capillary column
(0.25 mm i.d. × 30 m) and a flame ionization detector using a
SIM mode.
3. Results

Representative examples of the Ti–M XRD patterns are
presented in Fig. 1S of the Supporting information. The plot
gives evidence that all samples contained titania, mainly in the
anatase-type structure (JPCDS 84-1286) with a crystallinity be-
having very differently for the four Ti–M (M = V, Nb, Mo,
W) series of samples. As summarized in Table 1, the surface
area of the materials was >50 m2 g−1 in most of the samples.
As a general trend, crystallite size decreased concomitantly to
a surface area (mild) increase as the M content of the Ti–M
materials increased for Mo and W up to certain upper limit
(ca. 20 at%), was roughly constant (smooth increasing) for Nb,
and displayed well-differentiated behaviors above and below
5 at% for V. However, some samples (e.g., W11) did not follow
this general trend. The presence of the M heteroatom affected
the morphological properties, affording constant, increasing, or
decreasing behaviors of the primary particle size and surface
area as a function of the nature of the M atom.

For M loadings <20 at%, XRD patterns also showed the
presence of a brookite phase (JPCDS 2-514), and for Ti–V
samples with a V content >5 at%, of vanadates (see Support-
ing information, Fig. 1S). The V-only detected XRD peaks
can be ascribed to V4O9-type (JCPDS 27-1065) or (V5O14)3−-
type, rossite-like (JCPDS 36-442) structures [12]. The solubil-
ity limits for the remaining heteroatom cations are, as expected
[18–23], significantly superior and can be roughly estimated
from our data to be in the three cases around 20 at%. After
this limit, MoOx (distorted structures related to JCDS 05-0508)
and WO3 (JPCDS 05-0364 and 85-2459) oxides also were de-
tected. These are the MOx (M = Mo, W) polymorphs obtained
during synthesis of the single oxides, indicating the prevalence
of the preparation method when driving to these phases. Ri-
etveld analysis of the XRD patterns provided evidence of the
more or less constant brookite-to-anatase ratio (10 ± 5%) of all
Ti–M materials and gave the cell parameters for the dominant
TiO2-anatase phase (Fig. 1).

Fig. 2 shows the Raman spectra for the Ti–Nb and Ti–Mo se-
ries; Fig. 2S in Supporting information gives the corresponding
spectra for the Ti–V and Ti–W series. The presence of both mi-
nor brookite (weak peaks or shoulders at ca. 245, 320, 365, and
450 cm−1 [28]) and dominant anatase (ca. 144, 195, 399, 517,
and 639 cm−1 [29]) polymorphs in all Ti–M samples was again
confirmed using Raman spectroscopy. In good agreement with
the XRD study, Raman detected the presence of an additional
M–O phase only at a M content <20 at% in the Ti–V series. In
the latter case (Fig. 2S), bands at ca. 280, 850–862, 905–910,
935, and ca. 970 (shoulder) cm−1 allow definitive ascription to
a surface vanadate species with metarossite-type structure [30].
In addition, the absence of Raman frequencies attributable to
the presence of M in titania interstitial positions [31] provides
further evidence of the formation of Ti–M substitutional mixed-
metal oxides. In contrast, the spectra reported in Figs. 2 and 2S
enable the analysis and estimation of M atoms at the material
surface through detection of M=O and M–O–M related modes
[6,32]. A detailed plot of the M-containing active Raman bands
is provided in Fig. 3. As is well known, this allows analysis
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Fig. 1. Anatase cell parameters from XRD–Rietveld analysis. Dashed lines are only a guide for the aids.
of the aggregation state of the M atom at surface (and in cer-
tain cases subsurface) layers, differentiating between isolated
and oligomeric species, and estimation of their relative abun-
dance [31,32] In brief, the band at ca. 960–975 cm−1 (Fig. 3)
indicates the presence of isolated surface W species, whereas
the presence of small surface aggregates of Mo is demonstrated
by the Mo=O (ca. 965 cm−1) and Mo–O–Mo (broad contri-
bution ca. 700–940 cm−1) bands for samples with a content
>8 at%. The case of V has been addressed previously, demon-
strating the presence of well-developed surface vanadate struc-
tures (858, 907, and 936 cm−1 in Fig. 3) for an atomic content
>ca. 5% [12]. Interestingly, the absence of Nb surface species
was noted on Raman (Fig. 3). This will be further analyzed us-
ing XPS.

A final point regarding XRD and Raman data concerns
the stability of the Ti–M materials under reaction conditions.
Postreaction specimens show apparent differences only with
respect to the fresh, calcined samples in Raman spectroscopy,
giving less-intense peaks (Figs. 2 and 2S). Based on the XRD
intensity/width and Raman width invariance, the effect in the
intensity of the Raman peaks is likely related to carbonaceous
residues accumulated on the surface during reaction.

An XPS study of the samples was devoted to analyzing the
chemical state of the cations and surface properties and char-
acteristics. Table 2 summarizes the binding energies of Ti, M,
and O ions in selected Ti–M systems. Concerning the oxida-
tion state of the cations [33], the study indicates the exclusive
presence of Ti(IV) at 458.5 ± 0.5 eV. The Ti–V series showed,
as expected from the XRD/Raman study, the presence of two
oxidation states, V(IV) and V(V), with the latter predominant
at the surface. The Nb species displayed a 207.0 ± 0.1 eV
binding energy, somewhat inferior to the characteristic Nb(V)
species in the Nb2O5 oxide matrix but well above Nb(IV).
This is likely an effect of the coordination change, which may
be inferred from the presence of a heteroatom with a larger
ionic radius (Nb, 0.64 nm; Ti, 0.605 nm for 6-fold coordina-
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(A)

(B)

Fig. 2. Raman spectra of Ti–M materials: (A) Ti–Nb, and (B) Ti–Mo series of
samples. Full line: calcined samples; dotted line: post-reaction samples. Circles
and starts highlight, respectively, brookite and MOx associated bands.

Table 2
Surface M loading and binding energies extracted from XPS data in Ti–M ma-
terials

Sample Surface M
loading

Binding energy (eV)

Ti O V Nb Mo W
(2p3/2) (1s) (2p3/2) (3d5/2) (3d5/2) (4d5/2)

V1.2 – 458.2 529.4 517.2 – – –
V5 ∼7 458.1 529.5 517.0 – – –
V8 ∼9.9 457.8 529.2 516.5 – – –
Nb10 11.1 458.8 530.1 – 207.0 – –
Nb20 21.9 458.6 530.1 – 206.9 – –
Mo8 11.6 458.7 530.1 – – 232.5 –
Mo12 15.4 458.8 530.2 – – 232.7 –
Mo26 24.5 458.9 530.3 – – 232.7 –
W2 2.7 458.3 529.7 – – – 247.2
W11 13.5 458.7 530.1 – – – 247.3
W14 14.1 459.0 530.6 – – – 247.5
W19 20.3 459.2 530.5 – – – 247.7
W27 25.7 459.1 530.6 – – – 247.8

Fig. 3. Detail of Ti–M sample Raman spectra showing bands associated to
M-containing species.

tion [34]) at TiO2-anatase substitutional positions suffering a
modest lowering of symmetry and/or local disordering to ac-
commodate a larger cation. Finally, Mo and W binding ener-
gies of 232.6 ± 0.1 and 247.5 ± 0.3 eV, respectively, can be
ascribed to Mo(VI) and W(VI) oxidation states, although cer-
tain Mo(V) fractions could be detected in the Mo system, in
all cases <5%. In these cases, there was a practical match of
ionic radius between Ti and the heteroatom in the +6 chem-
ical state (Mo, 0.59 nm; W, 0.60 nm [34]). The surface M/Ti
ratios obtained from the XPS data for the calcined specimens
are reported in Table 2. The data provide evidence of a rather
limited surface segregation for the Ti–M samples below the
corresponding anatase solubility limits. This holds for both the
calcined and postreaction (result not shown) samples.

A further point of interest evolving from the XPS study
is unveiled by a detailed analysis of the O1s peaks. Fig. 4
displays representative O1s XPS data, and Table 3 summa-
rizes the peak fitting analysis. Essentially, three different con-
tributions were observed in these samples: the first associated
with oxygen lattice ions of the anatase network (ca. 530.0–
530.5 eV), the second with surface hydroxyls at titania surfaces
(ca. 530.9–531.5 eV [35]), and the third with the Ti–Nb se-
ries at ca. 533.0 eV. This contribution can be associated with
the presence of Nb-rich zones within the TiO2-anatase struc-
ture, because it approached the characteristic binding energy of
the single oxide at surface positions [36] and appeared in sam-
ples in which absence of Nb-only phases was demonstrated us-
ing XRD–Rietveld and the most sensitive Raman spectroscopy
(which, under appropriate conditions, may detect 0.1 wt% of
a surface V-, Nb-, Mo-, or W-containing phase) [32]. Such a
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Fig. 4. XPS spectra corresponding to the O1s level for Nb10 and Mo12 samples. Dots: experimental points; full lines; fitting data.
Table 3
XPS data corresponding to the O1s level for Ti–M materials

Sample O1s binding energy (eV) Ti–OH (%) M–OH (%)

Ti–O Ti–OH M–OH

V1.2 529.4 531.0 – 9.5 –
V5 529.5 530.9 – 11.9 –
V8 529.2 530.7 – 16.4 –
Mo8 530.1 531.3 532.7 9.0 2.9
Mo12 530.2 531.2 532.7 11.4 3.0
Mo26 530.3 531.3 532.2 5.6 3.7
Nb10 530.2 531.6 533.0 8.2 5.1
Nb20 530.1 531.7 533.2 9.7 6.0
W2 529.7 530.7 – 29.8 –
W11 530.1 532.1 – 5.8 –
W14 530.6 531.8 – 12.6 –
W26 530.6 531.6 – 13.9 –

third, weak contribution also was observed in Ti–Mo (Fig. 4)
but it certainly was of much less importance than in the Ti–Nb
case and possibly associated with Mo-rich zones of rather lim-
ited size [37,38] previously detected by Raman at the surface
of the material. The relative intensities of the different oxygen
species estimated using XPS are reported in Table 3.

UV–visible spectra of the Ti–Nb and Ti–Mo series are shown
in Fig. 5, whereas those of the Ti–V and Ti–W series are pre-
sented in Fig. 3S in the Supplementary information. These plots
enabled investigation of two main physicochemical features.
First, unoccupied localized electronic states giving electronic
transitions in the spectra were evident in the Ti–V case and,
less significantly, in the Ti–Mo series and the Nb20 sample. Ti–
V localized states have been previously analyzed with the help
of UV–vis spectroscopy; Fig. 3S provides evidence of V(IV)
d–d transitions around 550 nm and of V(V; vanadate) exci-
tations around 450 nm [12]. Ti–Mo samples also displayed a
broad band centered at ca. 550 nm containing contributions as-
cribable to Mo(V)–Mo(VI) intervalence charge transfer as well
as Mo(V) d–d transition [39]. This band seemed to change its
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(A)

(B)

Fig. 5. UV–vis spectra of Ti–M samples and reference systems: (A) Ti–Nb, (B) Ti–Mo series of samples.
center with increasing Mo content, but this effect was of only
moderate magnitude, in agreement with XPS results indicat-
ing a residual Mo(V) fraction. In the case of the Ti–Nb series,
only the highest-loading sample displays an Urbach-type tail
after the characteristic charge transfer band, which might be at-
tributed to the presence of Nb-rich zones as discussed earlier.
We analyze this further in the next section.

The second main feature extracted from the UV–visible
study concerns the bandgap behavior as a function of the M het-
eroatom nature and concentration (Fig. 6). Whereas bulk TiO2

is an indirect semiconductor, nanostructured materials can be
direct semiconductors [40,41]. Bandgap values were estimated
from the absorbance spectra using both types of analysis (i.e.,
for direct and indirect transitions); the trends observed were the
same in both cases. Thus, Fig. 6 displays the calculated indirect
bandgap energy. The value of ca. 3.1 eV obtained for nanostruc-
tured anatase-TiO2 agrees well with previously reported data
[6,40]. Trends depicted in this figure showed decreasing behav-
iors for all Ti–M systems. However, this decrease was somehow
moderate (0.2 eV) for Ti–V, in accordance of the moderate
concentration of V present into the TiO2-anatase structure and
reached a constant value after the solubility limit. It should be
mentioned that the error in the bandgap estimation of Ti–V sam-
ples is large due to the presence of bands associated to localized
states at ca. 450 nm, close to the bandgap [12]. Surprisingly,
a small bandgap decrease was observed in the case of Ti–Nb,
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Fig. 6. Bandgap energy of the anatase phase of Ti–M materials as a function of
the M atomic percentage. Dotted lines are only a guide for the aids.

whereas more significant changes are detected for the Ti–Mo
and Ti–W series.

Fig. 7 plots the activity of Ti–M samples in the photoelimi-
nation of toluene under sunlight (Fig. 7A) and UV (Fig. 7B) ex-
citations. Fig. 4S in Supplementary information shows the time
evolution of the reaction rate of the W19 photocatalyst through-
out the experiment as a representative example of the behavior
displayed by our samples. Only CO2 (the major product re-
sponsible for ca. 75–95% of the selectivity) and benzaldehyde
were detected as gas-phase products during reaction. Fig. 7 also
includes data concerning the microemulsion-prepared TiO2 ref-
erence and the (anatase + rutile) P25 (Degussa) material. Visual
inspection of this figure gives evidence that the reaction rate dis-
plays three well-differentiated behaviors as a function of the M
content of the Ti–M material. The V, Mo, Nb, and W single ox-
ides displayed very low activity and thus are not included in
this figure. For Ti–V, the figure shows a maximum located be-
tween 2.5 and 5 at% and practically null activity afterward. The
Ti–Mo and Ti–W series display a two-linear behavior with a
fist region, characteristic of low loading, with a different slope
(Ti–W � Ti–Mo). As can be seen in Fig. 7 and as has been re-
ported elsewhere, Ti–W samples with a W content above the
solubility limit showed a decrease in the reaction rate with re-
spect to the W19 sample [21]. The third behavior takes into
account the Ti–Nb system, which consistently demonstrated
lower activity than the two single-oxide TiO2/P25 reference
systems. The overall maximum of photoactivity was obtained
with the W19 sample, with an enhancement factor of 3.3/4.1
times with respect to the TiO2/P25 references. Local maxima
of the Ti–V and Ti–Mo series corresponded to the V2.5 and
Mo26 samples, respectively, displaying enhancement factors of
2.3/2.7 and 1.8/2.2. The samples demonstrated stable reaction
rates for about 10 h, but prolonged reaction tests are needed to
study the long-term stability of these systems. The selectivity
for toluene total oxidation (e.g., CO2 product) was approxi-
mately constant in the Ti–Nb (ca. 75–80%), Ti–Mo (ca. 95%),
and Ti–W (ca. 85%) cases and for Ti–V materials with a V con-
tent below or equal to 2.5 at% (ca. 95%), decreasing for samples
(A)

(B)

Fig. 7. Toluene photoelimination reaction rate displayed by Ti–M materials un-
der: (A) sunlight, and (B) UV light excitations. Dotted lines are only a guide
for the aids.

with higher loadings (ca. 80%). Fig. 7B includes data obtained
using UV light as excitation source. Experiments with selected
samples showed that only for Ti–W was a slightly enhanced
reaction ratio obtained, well below that obtained using sunlight
excitation. Nonnegative (with respect to the TiO2 reference) and
essentially constant values were found for Ti–V, with negative
(Ti–Mo) and rather negative (Ti–Nb) results observed in the re-
maining cases.

4. Discussion

Table 1 reports the main characteristics of the materials syn-
thesized. As mentioned earlier, presence of the M heteroatom
clearly affects morphological properties. The table demon-
strates two general situations, in parallel to the structural situa-
tion of the M cation. When M occupies mainly anatase network
positions (i.e., substitutional positions), in most cases an in-
creased surface area and a concomitant and moderate decreased
particle size with respect to the single TiO2 oxide prepared by
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Table 4
Main structural and electronic properties of the anatase-type phase of Ti–M materials

Doping
metal

Tetra/vol.a M local
neighbor atom

Surface segre-
gation (at%)b

Bulk/surface ox. state
and coordination

Bandgap/mid-
gap statesc

V −/− Ti – 4 + 2V(IV)/5V(V) r.s./(−)
Nb +/+ Nb, Ti 2.0 4 + 2 + 1Nb(VI)/– s.s./(+)
Mo +/− Ti, Mo 3.5 4 + 2Mo(VI)/6Mo(VI)d r.s./(+)
W −/− Ti 2.5 4 + 2W(VI)/5W(VI) r.s./(−)

a +, changes from TiO2; −, absence of changes.
b Maximum M surface segregation for Ti–M samples below the M solubility limit of the anatase-type structure.
c r.s. = red shifted bandgap with respect to that of TiO2 oxide; s.s. = small red shift.

For Ti–V and Ti–Mo see text for further explanations.
d Mo(V) species detected below 5%.
microemulsion can be seen. A special case is Ti–V, in which
low surface areas are observed. In this latter case, we can see
a clear difference in surface area and primary particle size be-
low/above 5 at%, indicating that the presence of surface V(V)
may drive morphological variations, even when V(IV) is the
dominant vanadium species of the Ti–V system. The presence
of M atoms at the surface is in fact the second general situ-
ation in which we observe a decreased surface area for V8,
V18, W20, W27, and Mo26. Thus, it may be suggested that
our microemulsion-prepared Ti–M materials have a general ten-
dency to display either an increasing surface area or decreasing
particle size in the presence of group V/VI M elements at substi-
tutional positions of the anatase structure, as well as a decrease
in surface area when the M cation is at the surface of the ma-
terial. It can be seen that minimal quantities of V(V) at the
surface [even when V(IV) is the dominant chemical state] seem
to produce the greatest effect on the morphological properties;
although this property has been consistently reported, its under-
lying mechanism remains unknown [10–13].

The oxidation state of the M cations is rather defined and
constant when in Ti–M mixed-metal oxide structures. The pres-
ence of V(IV) and Mo(VI) as the dominant (>95%) species
and Nb(V), W(VI), and Ti(IV) as exclusive species is evi-
dent from the XPS results (Table 3). EPR data (not shown)
and XPS allow us to dismiss the existence of Ti(III) species,
whereas the absence of Raman bands characteristic of inter-
stitial cations [31,32] and the XRD analysis demonstrate that
M cations are dominantly occupying substitutional positions of
the TiO2-anatase structure up to the corresponding solubility
limit. Considering this, the stoichiometry of the mixed oxide
would be Ti1−xMxO2+y but with an O/(Ti + M) clearly depen-
dent on the chemical nature of M. For V, this ratio is rather
close to 2, whereas deviations from this value would be ex-
pected in the other three Ti–M series. Such deviations lead to
the existence of defects related mainly to the M cation oxidation
state and ionic radius. Whereas in the Ti–W case the dominant
presence of cationic vacancies was demonstrated [22], more
complex defects are expected in the Ti–Mo and Ti–Nb cases.
In fact, the careful analysis of the Ti2p and O1s XPS peak,
as detailed in Tables 2 and 3, provides significant information
through the study of the M cation local order. Table 3 points out
the absence of homo-atom (M–O–M) bonds in the first cation
coordination shell of W in Ti–W, in agreement with the above-
mentioned previous results [22], a certain small contribution of
homo-atom bonds in Ti–Mo, and the increasing importance of
M–O–M bonds for Ti–Nb. Thus, the presence of Mo- and Nb-
rich zones within roughly homogeneous mixed oxides (Tables 2
and 3) is established.

The local environment around the M cation of the Ti–M
mixed-metal substitutional solid solutions with anatase struc-
ture is summarized in Table 4. We stress that this table takes into
account Ti–M samples below the corresponding solubility limit.
The table highlights the differences among M local environ-
ments at bulk and surface positions extracted from our multi-
technique XRD, Raman, and XPS approach. For bulk positions,
a certain decrease in the local symmetry of the anatase cation
positions is typically represented by a 4 + 2 coordination; this
is clearly the case for V and W [12,22,42]. Mo approaches this
situation somewhat when sited at anatase bulk positions, but
Nb has a dominant local symmetry resembling that of the pure
Nb2O5 oxide (4 + 2 + 1), although subjected to significant
distortion originating from the structural constraints imposed
by the anatase structure, as evidenced by the XPS binding en-
ergies reported in Tables 2 and 3. Concerning surfaces, Raman
spectroscopy indicated the presence of penta-coordinated V and
W species [with vanadium V(V) the dominant species at the
surface] and of hexa-coordinated species for the Mo cations de-
tected on the surface MoOx patches [32]. Thus, in the case of
Ti–V and Ti–Mo (>5 and 12 at%, respectively), we also de-
tected M-rich zones characteristic of surface layers. However,
Nb was depleted from the surface top layer (Fig. 3), although
certainly not from the near-surface layers (Table 2; Fig. 4).

The marked differences in the bulk and surface local struc-
tures of the M cations mirror long-range order variations de-
tected through Rietveld analysis of the anatase cell parameters
(Fig. 1). To allow simple visual inspection of the structural dis-
tortions, Fig. 8 displays the tetragonality (a/c ratio) and cell
volume for the Ti–M materials. Compared with the single TiO2

oxide reference, introduction of the M cation can be seen to
produce changes in cell parameters, which, however, lead to
very moderate changes in tetragonality and cell volume for the
Ti–V and Ti–W samples (with the exclusive presence of titania
structures, e.g., <5 and 20 at%, respectively). This obviously
reflects the presence of a well-defined local order around M and
punctual defects of the anatase structure, derived from the min-
imal structural disturbance originated by the similar Mn+ ionic
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(A)

(B)

Fig. 8. (A) Tetragonality, and (B) cell volume of the anatase structure of Ti–M materials. Dashed lines are only a guide for the aids.
radii [V(IV), 0.58 nm; W(VI), 0.60 nm; Ti(IV), 0.605 nm [34]],
and leading to minimum changes in tetragonality and cell vol-
ume (Table 4; Fig. 8). The reasonable ordering at long range
also is evidenced by analyzing the main Eg Raman peak at
ca. 144 cm−1 of the anatase-type structure on changing the M
loading (Fig. 9). Simultaneous variations in peak position and
width on oxide systems are related to several physicochemical
effects, among which phonon confinement, structural defects,
lattice contraction/expansion (position), and strain (width) are
very important. Phonon confinement is a key contribution in
nanostructured oxides [6]. The predicted effects of primary par-
ticle size (i.e., confinement effect) expected for a TiO2 nanosys-
tem are better visualized (due to resolution problems masking
frequency variations) in the width [6]; for the pure TiO2, these
are depicted as a continuous line in Fig. 9. Comparison with the
Ti–V and Ti–W samples highlights the fact that only W19 ex-
hibits a strong additional effect on the width as a consequence
of the presence of W.

In Ti–Mo, we detect a progressive departure from the anatase
characteristics as a function of the M loading, leading to larger
tetragonality values with respect to the parent TiO2 reference
oxide (Fig. 8) and greater expected width of the Raman Eg

mode, taking into account confinement effects on TiO2 (Fig. 9).
The first finding indicates that Mo structural effects are crystal-
lographically oriented and lead mainly to a shrinking of the d
spacing normal to the anatase (001) face (c parameter), sug-
gesting a strong interaction with this face. The higher surface
energy of (001) relative to (100) [43] indicates that interaction
with Mo is thermodynamically favored. A certain surface en-
richment on anatase has been claimed for Y doping on this basis
[44], in agreement with the presence of Mo as surface patches
in the Ti–Mo samples, at least with Mo content above Mo12
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Fig. 9. Fwhm of the Raman Eg anatase-type band as a function of the inverse primary particle size. Theoretical expectations from the confinement model are shown
as full lines. See text for further details.
(Figs. 2 and 3). However, this is a modest enrichment; overall,
XPS does not show a strong surface enrichment on these mate-
rials, although it is greatest below the M–TiO2 solubility limit
(Table 4). For bulk positions, the lower Mo impact is suggested
by the absence of differences in the cell volume (Fig. 8). The lo-
cal enrichment due to preferential formation of M–O–M bonds
progresses further when Nb is the heterocation. Both the XRD
(Fig. 8) and Raman (Fig. 9) analyses show that the Nb-rich lo-
cal ordering creates complex (e.g., extended) vacancy defects
derived from the presence of Nb-rich zones, altering the tetrag-
onality and cell volume of the anatase structure and yielding
very large Raman line widths. As mentioned earlier, Nb is not
in the surface top layer (Table 3) but seems to display a homo-
geneous radial profile (enrichment <2 at%), as deduced from
Table 2.

As mentioned earlier, a summary of the short-range and
long-range results obtained from the structural analysis of the
Ti–M mixed-metal substitutional oxides (e.g., below the corre-
sponding solubility limits) with anatase structure is presented
in Table 4. In brief, our multitechnique approach indicates that
the presence of V and W on such structures disturbs structural
characteristics/properties only minimally, whereas increasing
effects are seen for Mo and particularly for Nb. The four cations
seem to present homogeneous radial profiles through the whole
anatase nanoparticle with the exception of Ti–Mo samples, in
which a modest Mo surface enrichment can be deduced from
Table 2 before the neat detection of the Mo solubility limit at
the anatase structure. A somewhat similar phenomenon occurs
with V but can be detected only well above the solubility limit
[12]. Concerning thus Ti–M samples below the corresponding
M solubility limits, the appearance of local environments dis-
playing MOx local features is further reflected in the long-range
order of the Ti–Mo and Ti–Nb nanostructured solids, as de-
duced from the tetragonally and/or cell volume variations (from
the TiO2 anatase-reference structure) summarized in Table 4.
As discussed below, changes in the anatase cell parameters and
characteristics have a critical influence on the electronic prop-
erties of the solids and thus on the charge recombination on
light absorption, providing key information to explain the pho-
tochemical activity of the samples.

For our purposes, the electronic effects exerted by the pres-
ence of the M cations in substitutional positions of the TiO2-
anatase structure can be grouped mainly into two categories.
The first concerns the creation of localized states in the TiO2

gap, and the second implies variation of the bandgap energy
by changes in either the valence or conduction bands. For our
Ti–M samples, we found localized states in the case of V,
Mo, and high loadings of Nb. V displayed V(IV) d–d transi-
tions, whereas charge transfer levels of MoOx /NbOx entities
were detected in the corresponding UV–visible spectra. In Ti–V,
our results under UV light (Fig. 7B) as well as previous find-
ings [45] showed that the V(IV) d–d localized transitions do
not negatively affect charge recombination. In contrast, a clear
correspondence between the presence of the other type of lo-
calized states and charge recombination can be deduced from
results obtained under UV illumination (Fig. 7B). This figure
shows that the presence of Nb and Mo is always detrimental
for TiO2 activity; because surface (e.g., presence of Nb at the
surface) and significant confinement-size effects (Table 1) on
photoactivity are clearly out of Ti–Nb, this is a strong indica-
tion of a detrimental recombination effect, as was postulated
previously [19]. Thus, we can establish a direct link between
the presence of MOx entities (irrespective of the presence of
MoOx clusters at the surface or NbOx entities at the bulk) and
an adverse effect on photochemical activity under sunlight ex-
citation. Table 3 suggests a stronger effect in parallel to the
increasing number of MOx clustering entities present in M-rich
local zones. This also occurs in the Ti–V system in the presence
of VOx species (e.g., above the V solubility limit at the anatase
structure); as discussed earlier, the presence of V(V) is detri-
mental for photoactivity [12]. We can again establish that in-
terband charge transfer V(V)Ox-associated mid-gap states pro-
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gressively enhance charge recombination as the V content of
the material increases over the V anatase solubility limit. The
second electronic effect is derived from the bandgap red shift
promoted by the presence of the M cations on the anatase struc-
ture. This is illustrated in Fig. 6. We can see that a roughly linear
decrease occurred for the four cations in the range of substi-
tutional solid solution formation, as expected from theoretical
basis. However, we found an initial slope in the order Ti–Nb <

Ti–W < Ti–Mo < Ti–V.
These two main electronic effects—presence of localized

mid-gap states and variation of the bandgap energy—produced
on M doping of the anatase structure are summarized in Ta-
ble 4. The combination of the two main electronic effects allows
straightforward rationalization of the photochemical activity
displayed in Fig. 7A. Whereas enhancement of the visible light
absorption power would drive the activity in the order Ti–Nb <

Ti–W < Ti–Mo < Ti–V, Ti–Mo and particularly Ti–Nb series
have a strong drawback derived from the homocation-enriched
local order (around M cations), which generates “localized”
electronic states and enhances charge recombination. In con-
trast, the main drawback of Ti–V is derived from its relatively
low solubility limit, although the series displays the minimum
structural disturbance of the anatase structure through the ab-
sence of charge-neutrality-derived defects. This leaves the Ti–
W series as the one among our systems with the optimum po-
tential. In this case, we detected a positive influence of W under
both sunlight (Fig. 7A) and UV light (Fig. 7B), with the first
clearly superior, indicating the prevalence of the visible light
contribution under sunlight excitation. Note that other poten-
tial influences in photochemical activity coming from changes
in surface adsorption of the hydrocarbon and/or oxygen were
analyzed using infrared and EPR and were founded with no di-
rect relationship with chemical activity, as reported previously
in some of the series [21,22,46,47].

Thus, a structure–electronic connection can be established
based on the multitechnique study of the solids. It can be seen
that the presence of local ordering (MOx “single-oxide” clus-
tering) on Ti–M anatase-type substitutional mixed oxides, irre-
spective of its presence at surface or bulk positions, originates
localized (i.e., charge transfer type within MOx cluster enti-
ties) electronic states involved directly in charge recombination
and thus has a detrimental effect on photoactivity. Our find-
ings indicate that the production of Ti–M anatase-type mixed
oxides with minimal structural disturbance is a viable way to
obtain highly active visible light-driven photocatalysts. Toward
this end, we should point out that, based on the present results,
further enhancement of the photochemical activity in organic
pollutant elimination of Ti–M substitutional mixed oxides with
anatase structure can be envisaged. First, we may speculate
that careful control of the solution chemistry of aqueous mul-
tication Mo (and, less importantly, Nb) entities present in the
initial step of the microemulsion procedure may facilitate the
consecution of more homogeneous Ti–Mo samples and signifi-
cantly reduce or ultimately eliminate the adverse enhancement
of charge recombination originated from the presence of MoOx

entities. A second pathway involves the combination of V with
high-solubility doping cations like W and Mo. Both of these
pathways are currently under study.

5. Conclusion

The present work has explored the synthesis of Ti–M (M =
V, Nb, Mo, W) mixed-metal oxides with anatase-type structure.
Samples containing M cations up to ca. 2.5 (V) or 20 (Nb, Mo,
W) at% in substitutional positions of the anatase network were
obtained. The presence of V and W in such structures was found
to minimally disturb local/long-range structural characteristics
of the TiO2-anatase phase, with increasing effects detected for
Mo and particularly Nb. The appearance of MOx local envi-
ronments in the latter two cases (irrespective of their dominant
presence at bulk or surface positions) yielded “localized” elec-
tronic states that are believed to be directly implied in enhanc-
ing charge recombination with respect to the bare TiO2 single
oxide prepared in similar conditions.

The four M cations inserted in the TiO2-anatase structure
produce a red shift of the anatase bandgap, enhancing the vis-
ible light absorption power in the following order: Ti–Nb <

Ti–W < Ti–Mo < Ti–V. The trade-off between this positive
effect and those mentioned earlier involved in charge recombi-
nation indicates that a significant enhancement of photochem-
ical activity is possible only under our preparation conditions
for Ti–V and Ti–W. The activity data suggest that Ti–V is the
optimum choice (i.e., it displays higher activity for the same
M loading), but the activity enhancement is limited thermo-
dynamically by the low solubility limit of the heterocation on
the anatase structure. These results imply that maximization of
photoactivity was obtained within the Ti–W series.
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