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one-step liquid flame aerosol synthesis technique. The resulting materials were explored for the destruc-
tion of acetonitrile in gas phase under visible light irradiation at ambient conditions. Our H,-TPR studies
revealed the formation of Me—O—Ti bonds, which suggest the strong interaction of dopant metal-TiO,
in all the as-synthesized materials. The reduction peaks in Cr-doped TiO, shifted to much lower tem-

{-‘(l?r:ggﬁ:ay pyrolysis (FSP) peratures, due to the increase in the reduction potential of titania and chromium. The strong interaction
Titania (TiO,) (formation of Cr—O—Ti bonds) is the main reason that the Cr/TiO, is an active photocatalyst in visible
Visible-light-induced light. Our XPS studies suggest that the relative atomic percentage value of Ti**/Ti#* characterized by XPS
Gas phase was significantly high for our flame-made Cr/TiO, nanoparticles (Ti3*/Ti*" = 0.89, 32.9%), whereas, other
Photodegradation samples demonstrated poor atomic percentage value of Ti>*/Ti** (Ti*/Ti** =0.08-0.32). The existence of

Ti3* species with narrow band gap is highly beneficial for the promotion of visible light-induced pho-
tocatalytic activity. The position of the Cr 2p peaks shifted to lower binding energies in Cr-doped TiO,
nanoparticles. The electrons migrate from the TiO, nanoparticles to chromium species, which reveals
a strong interaction between Cr and TiO; nanostructure in the interface of flame-made nanoparticles.
Conversely, Mn3* species combined with TiO, because its surface metal dispersion was kept high after
TiO, loading. However, Mn3* incorporated catalyst was inactive because of the small energy driving force
for electrons to detrap from Mn2*. The UV-vis spectroscopy results of M’-doped TiO, (M’ =Fe, Cr, V, Co,
Ce, and Ni) materials showed augmentation of light absorption in the visible range. The Cr, V and Fe
(Ti:M’ atomic ratio=20:1) titania aerosol catalysts reduced the bandgap energy of TiO, to 2.9 eV under
visible light irradiation. Among all of the catalysts we tested, the transition metals (M’ =Cr, Fe, and V)
incorporated materials have shown an impressive catalytic performance in visible light. Among all the
catalyst tested, Cr-doped titania demonstrated a superior catalytic performance and the rate constant
is about 8-19 times higher than the rest of the metal doped catalysts. Their catalytic performances are
correlated with the UV-vis spectrum of each synthesized catalyst to reveal the specific role played by
each metal ion.

Published by Elsevier B.V.

1. Introduction because of the potential application in environmental treatment
and the synthesis of fine chemicals. It involves the utilization
Photocatalytic treatment of polluted waters and gaseous of ultraviolet or solar light by a semiconductor photocatalyst for
streams has received enormous attention during recent years, abatement conditions [1-4]. Among the available semiconductors,
the vast majority of current studies employed TiO, as the photo-
catalyst due to its stability and relatively low price along with its
unique properties, such as high refractive index, excellent opti-
o . cal transmittance in the visible and near-infrared regions, high
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* Corresponding author.

0926-3373/$ - see front matter. Published by Elsevier B.V.
http://dx.doi.org/10.1016/j.apcatb.2013.07.032


dx.doi.org/10.1016/j.apcatb.2013.07.032
http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcatb.2013.07.032&domain=pdf
mailto:makram.suidan@uc.edu
mailto:msuidan@aub.edu.lb
mailto:panagiotis.smirniotis@uc.edu
dx.doi.org/10.1016/j.apcatb.2013.07.032

334 S.N.R. Inturi et al. / Applied Catalysis B: Environmental 144 (2014) 333-342

energy efficiency of the photocatalytic process in solar light is
what has hindered its practical application. It has become indis-
pensable to bring the photocatalytic activity of TiO, into visible
spectrum and control the particle size of titania nanoparticles. Dur-
ing solar-light-induced photodegradation, the radiation from sun
has minimal conversion efficiency for excitation of valence bond
electrons. If at all excitation occurs, there is high electron-hole
recombination. In addition, these drastic disadvantages involved
with the conventional TiO, catalysts prevent these photo-catalytic
processes from being commercially applied. Both these concerns
could be addressed synthetically with appropriate design of an
anchoring functionality that could covalently bind the TiO, sur-
faces very efficiently [7-11]. The doping of metal/metal oxides has
enabled the formation of hybrid O 2p conduction band with lower
band gap energy, favoring absorption over the whole visible spec-
trum [12-16].

On the other hand, conventional synthesis procedures suffer
from the low yield in addition to the long processing time, espe-
cially for very fine and pristine nanoparticles. All these, necessitate
the needs for large tanks and high energy equipment which in
turn limits its flexibility in direct scaling-up. Additionally, they also
incur additional costs in terms of production time, high energy con-
sumption, floor space and waste disposal, which are subsequently
reflected in the price of the final products. An increasingly popular
alternative process is to synthesize fine nanoparticles in a single-
step and without further processing. Examples of such technique
include the flame aerosols [17,18], spray pyrolysis [17,19], furnace
and plasma processing [20], laser ablation [21] and chemical vapor
deposition [22]. In particular, the flame aerosol technique (FSP) is
an established and elegant synthesis technique capable of produc-
ing inexpensive nanoparticles at industrial scale. At present, large
scale production of simple nanoparticles is routinely achieved in a
single step technique using a compact flame reactor design for (in
descending order of production mass) carbon blacks, pigmentary
titania, zinc oxide, fumed silica and optical fibers with an estimated
annual production in the order of million metric tons [23]. An added
benefit of FSP technique is being able to utilize a broader spectrum
of liquid precursors so that even noble metal deposited TiO, can be
made in one step [17].

Acetonitrile is an extremely stable, volatile and toxic molecule
present in various civil and industrial wastewaters. Acetonitrile is
also detected as an in-door air component emitted by commer-
cial fibrous polymeric materials, resins and smoking tobacco [24].
Acetonitrile is an interesting model molecule for photo-oxidation
studies because it possesses an alkyl and a cyanide group that may
undergo different oxidation routes.

In the present work we report, the synthesis of different tran-
sition metal modified TiO, photocatalysts for the visible light
photodegradation of acetonitrile using a flame spray pyrolysis
(FSP) technique. All of the materials were characterized by vari-
ous physicochemical techniques. Photocatalytic activity of different
M'/[Ti aerosol nanoparticles is evaluated for the degradation of ace-
tonitrile in visible light. The doping of TiO, nanoparticles with
Cr, Fe and V exhibited better conversions in the visible region
whereas, the incorporation of the other transition metals (Mn,
Mo, Ce, Co, Cu, Ni, Y and Zr) showed an inhibition effect on
the photocatalytic activity. Among all the M’/TiO,, Cr modified
TiO, demonstrated a superior photocatalytic activity and the rate
constant is about 8-19 times higher than the rest of the metal
doped catalysts. Our XPS results suggested that the doping of
TiO, with chromium cations using flame spray pyrolysis tech-
nique leads to the production of Ti3* species. The energy level of
Ti3* lies between the valence band and the conduction band of
TiO,, which could effectively promote the electrons in the new
valence band (VB) to be excited to the conduction band of TiO,.
Therefore, the existence of Ti3* species on the surface that makes

TiO, excited under visible illumination. The chromium nanopar-
ticles could serve as trapping centers for electrons photo-induced
in the conduction band of TiO,, meanwhile leaving the holes in
the valence band of TiO,. These results imply that the migration of
charges is prompted on the interface of metal-doped TiO, flame-
made nanoparticles and the recombination of photo-induced e~ /h*
pairs is suppressed by the well-known Schottky barrier effect,
which will contribute to the enhancement of photocatalytic activity
in the visible region.

2. Experimental
2.1. Catalysts preparation

The synthesis procedure for the flame-made nanoparticles is
explained in detail in our previous studies [25-29]. Briefly, a
mixture of O-xylene (Sigma-Aldrich Reagent, 99%)/acetonitrile
(Sigma-Aldrich Reagent) in the volume ratio of 3/1 is used as
the solvent. For pure FSP made titanium-tetra-isopropoxide (TTIP,
Sigma-Aldrich, purity N 97%) was used as precursor and diluted
with the solvent to a 0.5M solution metal oxide nanoparti-
cles were synthesized by a one-step FSP synthesis technique.
Precursor solutions resulting in powders of transition metal incor-
porated TiO, were prepared by dissolving predetermined amounts
of TTIP and metal precursor (chromium(Ill) 2-ethylhexanoate
(Strem, 70% Cr in mineral spirits), vanadium(V) tri-i-propoxy oxide
(Strem, ~98% V), iron(Ill) naphthenate (Strem, 80% Fe in mineral
spirits), manganese(Ill) naphthenate (Strem, 56% Mn in mineral
spirits), nickel(Ill) naphthenate (Strem, 60% Ni in toluene), cop-
per(Il) 2-ethylhexanoate (Strem, 16-19% Cu solvent free), cobalt
2-ethylhexanoate (Strem, 65% Co in mineral spirits), molybde-
num 2-ethylhexanoate (Strem, 15% Mo), zirconyl 2-ethylhexanoate
(Strem, 6% Zr in mineral spirit) and yttrium(IIl) naphthenate (Strem,
60%Y in toluene) such that the atomic ratios of Ti/M’ is 20. The total
molar concentration of Ti + M (transition metal) in the liquid pre-
cursor was set at 0.5 M. During FSP, the liquid precursor was fed
through a spray nozzle at a flow rate of 3 mLmin~! using a syringe
pump (Cole Parmer, 74900 series), where it was dispersed by a sur-
rounding 5Lmin~! flow of O, (1.5 bar, Wright Brothers, 99.98%).
Combustion of the dispersed droplets was ignited by a surrounding
supporting flame (premixed 1.0 Lmin~! 0,/1.0 Lmin~! CHy). Addi-
tional 3Lmin~! sheath 0, (BOC Gases) was issued through the
outer most sintered metal ring. Fine aerosol nanoparticles leaving
the flame were collected on a flat glass fiber filter (Whatman GF/A,
150 mm in diameter) aided by a vacuum pump (Grainger Inc.). The
aerosol nanoparticles were scraped from the filter for direct use as
catalyst without any further treatment. The metal components of
the catalysts are denoted Ti/M.

2.2. BET surface area and pore volume measurements

The BET specific surface area of the as-prepared nanoparticles
was determined from nitrogen adsorption equilibrium isotherms
at liquid nitrogen temperature (77 K) using an automated gas
sorption system (Micromeretics ASAP 2010) operating in con-
tinuous mode. Prior to the analysis, 0.0504+0.005g of catalyst
were evacuated under helium atmosphere for 3h at 250°C in
the degassing port of the instrument. The adsorption isotherms
of nitrogen were collected at 77K using approximately six val-
ues or relative pressure ranging from 0.05 to 0.99 and by taking
0.162 nm? as the molecular area of the nitrogen molecule. The BET-
equivalent diameter was calculated as dggr =6/( o x SSA) where p is
the mass-weighted density of the powder ( panatase = 3.84 g/cm3 and
Prutile =4.26 g/cm?).
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2.3. X-ray diffraction

The powder X-ray diffraction (XRD) patterns were employed
for the identification of phases of the synthesized metal oxide
nanoparticles. The XRD patterns were recorded on a Phillips
Xpert diffractometer using nickel-filtered Cu Ko (wavelength
0.154056 nm) radiation source and a scintillation counter detector.
An aluminum holder was used to support the catalyst samples. The
intensity data were collected over a 26 range of 10-80° with a step
size 0f 0.025° and a step time 0f 0.50 s. Crystalline phases were iden-
tified by comparison with the reference data from International
Center for Diffraction Data (ICDD) files.

2.4. UV-vis spectra

The catalyst powders were characterized with a UV-vis spec-
trophotometer (Shimadzu 2501PC) with an ISR1200 integrating
sphere attachment for their diffuse reflectance with the wavelength
ranging from 200 to 900 nm. BaSO,4 was used as the standard for
these measurements.

2.5. Temperature programmed reduction (Hy-TPR)

H,-TPR of as-prepared aerosol nanoparticles was performed
using an automated catalyst characterization system (Micromer-
itics model AutoChem 2910). Prior to the analysis approximately
0.050 g of the catalysts were pre-treated at 200°C for 2 h in ultra
high pure helium (30 mLmin~!) stream. A mixture of isopropanol
and liquid nitrogen was used in the trapper to collect the formed
water during the TPR experiment. After preheating, samples were
tested by increasing the temperature from 50 to 700°C. The tem-
perature was then kept constant at 700°C until the signal of
hydrogen consumption returned to the initial values. The temper-
ature programmed reduction runs were carried out with a linear
heating rate (10°C/min) in a flow of 10% H, in argon with a flow
rate of 20mLmin~'. The hydrogen consumption was measured
quantitatively by a thermal conductivity detector.

2.6. X-ray photoelectron spectroscopy (XPS)

The X-ray photoelectron spectroscopy (XPS) experiments
were carried out on a Pyris-VG thermo scientific X-ray photo-
electron spectrometer system equipped with a monochromatic
AlK, (1486.7eV) as a radiation source at 300 W under UHV
(6.7 x 10-8 Pa). Sample charging during the measurement was
compensated by an electron flood gun. The electron takeoff angle
was 45° with respect to the sample surface. The spectra were
recorded in the fixed analyzer transmission mode with pass ener-
gies of 89.45 and 35.75 eV for recording survey and high resolution
spectra, respectively. The powdered catalysts were mounted onto
the sample holder and evacuated overnight at room temperature
at a pressure on the order of 10~7 Torr.

2.7. Photocatalysis

The photocatalytic reactor (Fig. 1) is made of quartz tube with
inner diameter of 6 mm and length of 1 ft. The cooling jacket around
the reactor effectively precluded IR part of the spectra from pen-
etrating into the reactor and helps in cooling the lamps along
with maintaining constant reactor temperature. Six 8 W fluores-
cent white light lamps (Wiko F8T5 W) were used as visible light
source. Along with wooden housing coated with aluminum foil for
better utilization of light due to reflection. Acryle OP2 sheets were
used to filter UV light. The catalyst was deposited onto the internal
surface of the reactor by using 5 wt% of catalyst slurry. This slurry
was made with distilled water after it was mechanically stirred

UV light filter

Coolingwater in

Lamps

I Quartzreactor

‘Woodenreactor case D
Covered with aluminum foil

d -
A
- “A.™> Cooling water out
4 s

Fig. 1. Schematic representation of the reactor set-up.

overnight followed by ultrasonication for 60 min for elimination
of any agglomerates present in the slurry. The reactor vessel was
repeatedly rinsed with the catalyst slurry with each rinse followed
by drying at 120°C for 2 h. The weighted catalyst was 0.06 g corre-
sponded to the catalyst loading of 5.8 mg TiO, per cm? of irradiated
reactor surface.

The probe chemical (acetonitrile) was mixed with water in 1:3
volume ratios. Appropriate flow of air was maintained through the
inlet of the reactor. The liquid reactant was fed through a spray
nozzle at a flow rate to maintain the concentration of the inlet
to the reactor as 500 ppm using a syringe pump (Cole Parmer,
74900 series). Small portion of the mixing section before inlet of the
reactor was kept at 150 °C to vaporize the liquid reactant. The tem-
perature in the reactor was determined by heat release of the lamps
and varied from 30°C at the reactor bottom to 33 °C at the reactor
top. The reactor effluent is directed into a gas-sampling valve of a
QP5050A GC-MS (Shimadzu) to analyze the products.

3. Results and discussion
3.1. X-ray diffraction

The powder X-ray diffraction patterns of various transition
metals modified titania are shown in Figs. 2 and 3. The diffrac-
togram patterns of pure TiO, (Degussa P25) are also presented for
comparison purpose. For FSP TiO, and P25 sample, the strong char-
acteristic peaks of titania (typically at d=3.54, 1.90, and 2.40A,
which correspond to anatase phase (JCPDS #71-1169) can be
observed. In order to compare the effects of metal-ion doping on the
anatase-rutile phase transformation, the fraction of rutile, Xg was
calculated from the respective peak intensities using the following
equation:

1

%« = (1~ s

) x 100 (1)
where I and I, are the X-ray intensities of the rutile (101) and
anatase (11 0) peaks, respectively. These relative rutile and anatase
fractions are listed in Table 2, the ionic radii of the dopants also
exhibited evidence of a rutile phase. The rutile fractions of P25 and
FSP TiO, were estimated from Eq. (1) to be 19% of the FSP TiO, and
transition metal-incorporated TiO, samples exhibited higher rutile
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Fig. 2. Powder X-ray diffraction patterns of P25, FSP TiO, and M'/TiO, (M’ =Ce, Co,
Cr, Cu and Fe) catalysts made by FSP; (A — anatase and R — rutile TiO5).

fractions when compared to the flame-made TiO, nanoparticles.
Interestingly, our XRD studies of M/TiO, (M =Cr, Fe, Co, Mn, Mo, Ni,
Cy,Y, Ce,and Zr) samples revealed that the promoter oxides do play
an important role in titania phase transformation. Only V/TiO, does
not undergo any phase transformation. However, the intensities of
the peaks of the M/TiO, were lower than those found for FSP TiO,
or P25. This can be attributed to the presence of foreign ions in the
catalyst [31]. No characteristic peak attributed to transition metal
oxides was found in the XRD patterns. These results suggest that
the doping levels we employed did not induce the formation of dis-
crete impurity phases and that the metal ion appears to have been
integrated into the basic structure of TiO,. However, it is conceiv-
able that metal impurities, which were formed during synthesis,
were nanoscopic or possibly dispersed on the surface. Thus, the
crystal structure of TiO, indicates a mixture of anatase and rutile
for all the as-synthesized metal-doped TiO, samples. Therefore, it is
interesting to note that the transition metal dopants promoted the
anatase to rutile phase transformation of TiO,. Some of the metal
ion dopants such as V, Cr, Fe, Co, Mn and Ni ions are most likely
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Fig. 3. Powder X-ray diffraction patterns of FSP TiO, and M'/TiO, (M’ =Mn, Mo, Ni,
V, Y and Zr) catalysts made by FSP; (A — anatase and R — rutile TiO;).

to be substituted at Ti%* sites within TiO, because ionic radii of
dopants are similar to that of Ti#* (0.745A), whereas some other
metal dopants such as Co, Cu, Mo, Y, Ce and Zr ions are possibly
located in interstitial positions of the lattice rather than directly
in Ti** sites because of the relatively large size difference between
dopants ions and Ti**. However, Y, Ce and Zr ions seem to be larger
than the pore diameter of the titania to be incorporated in TiO, lat-
tice and thus, they are more likely to be found as dispersed metal
oxides within the crystal matrix or they are dispersed on the surface
OfTiOZ.

The X-ray powder diffraction patterns are also used to deter-
mine the crystallite size of all the prepared samples. The crystallite
size T is determined from the broadening of the peaks by Scherrer’s
formula [30]:

___kn
" Brcosb

where K is the shape factor=0.9; B is the width of the peak at
half the maximum intensity (FWHM) after subtraction of instru-
mental noise and 20 is the diffraction angle. The estimation shows
that the mean crystal size of the anatase TiO, individual parti-
cles calculated from Eq. (2) was 22-50 nm. Ce, Y, Zr and Mo have
reduced the anatase crystal size from 28 nm where other metals
have increased the crystal size up to 50 nm. On the other hand, in the
case of rutile a significant increase in crystallite size was observed.
The mass weighted average particle diameter has showed that the
incorporation of other metal ions have increased the average par-
ticle size.

(2)

3.2. BET surface area and pore volume measurements

The major surface characterization results determined using
nitrogen adsorption and desorption isotherms of the materials are
summarized in Table 1. The BET surface area of the FSP synthe-
sized TiO,, was determined to be 101 m?/g. In comparison, the
surface area of the commercial product, Degussa P25 TiO», is listed
at 50m?/g and confirmed by our measurements. One can observe
that the presence of transition metal ions (such as Ce, Cr, Ni, Fe, Mn,
Ni, and Y) have slightly lowers the surface area (SA) of the resulting
catalyst (for example, SA: 101 m2/g for FSP TiO,, and SA: 98 m?/g
for Cr/TiO3). The SA of Zr and Mo incorporated TiO, have showed
slight improvement in their SA. The pore size also changes with the
introduction of the transition metal. The vanadia forms a shell like
structure onto a TiO, core rather than a solid solution of V atoms in
the TiO, matrix in a flame, thereby increasing the VOx surface pop-
ulation density with decreasing SA [32]. The size of the metal ions
for incorporation can also affect the pore formation during synthe-
sis and, in turn, influence the pore quality. The pore volume of TiO,
also decreases with the loading of transition metal as expected. This
is a logical conclusion of the loss of surface area caused by partial
blockage of the pores.

3.3. UV-vis spectra

To ascertain the capability of each particular transition metal
modified titania to photodegrade organic chemicals in the visi-
ble range of spectrum, one needs to analyze the UV-vis diffuse
reflectance spectra (Fig. 4). Degussa P25 TiO, is characterized by
sharp absorption edges at about 400 nm (Eg ~ 3.11eV). However,
the FSP TiO, has the absorption of about 403 nm (Eg ~3.08 eV)
this may be attributed to the reduction in the particle size. Most
of the M-TiO, (M =V, Cr, Fe, Co, Mn, Ni and Cu) samples show
extended absorption spectra into visible region in the range of
400-700 nm. Fig. 4 shows the TiO, samples doped with Zr, Mo,
Y, and Ce ions exhibited relatively small absorption only between
400 and 500 nm, while the Co, Fe, Cu, Mn, V, Ni, or Cr-doped TiO,
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Table 1

Characterization results for transition metal incorporated TiO, made by flame aerosol pyrolysis method.

Catalyst Surface area analysis X-ray diffraction analysis

Isotherm SSA (m?/g) dper ® (nm) Pore volume Pore diameter Xanatase © (%) da 9 (nm) dg ¢ (nm) dyrq © (M)

type* (cm?[g) (nm)
P25 v 51 30 0.18 30 80 30 158 56
FSP TiO, 1\ 101 15 0.29 15 81 28 125 47
Ce|TiO, 1\% 98 15 0.30 15 48 22 138 82
Co/TiO, v 83 17 0.22 17 16 35 85 77
Cr/TiO, 1\% 91 16 0.30 16 56 31 97 60
Cu/TiO, 1\% 60 24 0.15 24 29 42 122 99
Fe/TiO, v 94 16 0.27 16 35 26 74 57
Mn/TiO; v 89 16 0.26 16 25 27 90 75
Mo/TiO, 1\% 108 14 0.42 14 74 24 127 51
Ni/TiO, 1\% 90 16 0.26 16 12 50 74 71
V/TiO, v 74 21 0.20 21 80 35 138 55
Y/TiO, 1\ 91 16 0.24 16 64 26 130 63
Zr[TiO, v 100 15 0.29 15 71 24 118 55

2 Isotherm type is based on IUPAC nomenclature.

b dger is calculated based on mass weight average density of anatase and rutile phases

¢ Xanatase(%) =100 *Xrutile(%)v
d ds and dg are the crystallite sizes of anatase and rutile, respectively.
¢ dxgp is the mass weighted average particle diameter.

samples showed substantial and broader absorption shoulders up
to 700 nm.

The enhanced absorption observed for the M-TiO, samples
doped with Fe, Cr, V, Co, Ni, and Cu in visible region can be con-
sidered to involve the excitation of the 3d electrons of the dopant
ion to TiO, conduction band according to their respective energy
levels [33-35]. The metal-ion dopants used in this study have differ-
ent valence states than Ti** and, as a consequence, may induce the
generation of oxygen vacancies during synthesis. The generation
of new energy levels due to the injection of impurities within the
bandgap coupled with the generation of oxygen vacancies by metal
ion doping may contribute to the observed visible-light absorption
of the M-TiO, samples.

3.4. Temperature-programmed reduction (H>-TPR)

In the present study, the reducibility of flame-made metal
doped TiO, samples was investigated by the quantitative H,-TPR
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Fig. 4. UV-vis diffuse reflectance spectra of the transition metal modified TiO,.

determined by XRD.

(Fig. 5 and Table 2) to ensure the oxidation states of different metal
incorporated TiO, and relate these oxidation states with the pho-
tocatalytic activity studies of the catalysts. To maintain the crystal
structure of the catalyst no TPR run was extended above 700 °C. The
TPR profiles for all the transition metal incorporated TiO, materi-
als and their reduction profiles and total hydrogen consumption
are given in Fig. 5 and Table 2, respectively. The total hydrogen con-
sumption and reduction temperature for the catalyst are expressed
in Table 2. One can observe that the reduction behavior of each
transition metal incorporated TiO, was quite different from the
others. As shown in Fig. 5, the TPR profiles of most of the tran-
sition metal incorporated TiO, materials showed more than one
reduction transition peaks. These peaks are not clearly separated
because of differences caused by metal dispersion, particle size,
and the interaction between TiO, and the metal oxide species.

From the TPR peaks we can observe a broad shoulder peak in
the range 180-220°C which corresponds to the dehydroxylation
of the TiO, surface and also the partial reduction of titania from
Ti** to Ti3* [36]. The single peak for the Ce/TiO, is due to the oxy-
gen removed in roughly to one-electron transfer per CeO,. This
indicates that the reduction of Ce** to Ce3* occurs at 488 °C. For
low amounts of Ce loading the secondary peak corresponding to
high temperature is not observed [37]. For Co/TiO, sample, the peak
at 560°C can be assigned to the overlap of two-step reduction of
Co304 to CoO and then to Co® due to the reduction of metal oxides
on the support [38]. Under TPR conditions, the two reduction peaks
based on the two-step reduction may or may not be observed. The
presence of only one reduction peak during TPR for the sample indi-
cates that no residual cobalt remained on the samples under the
temperature conditions used during the preparation of catalysts.
Reduction of cobalt species (Co3* — Co%*) at temperatures higher
than 500 °C indicates the strong interaction of cobalt with the sur-
face. The strong interaction between Co metal and support depends
on the size of cobalt oxide species.

The reduction temperatures of Cr/TiO, are due to the strong
interaction between Cr and TiO, (Cr—O—Ti). The reduction pro-
files of bulk CrO3 comprise of the reduction peaks at 280, 462, and
585°C. These peaks can be ascribed to the stepwise reduction of
Crb* - Cr3*, Cr%* — Cr3* and Cr3* — either Cr2* or — the metallic
state, respectively [39]. The reduction profile peaks of our Cr/TiO,
catalyst appeared at 265, 441, and 538 °C. The first peak at 265°C is
due to the partial hydroxylation and reduction of TiO, along with
the reduction of Cr®* to Cr3*, while the later are for the reduc-
tion of Cr>* — Cr3* and Cr3* — either Cr2* or — Cr0. The reduction
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Fig. 5. H,-TPR patterns of M’/TiO, (M’ = Ce, Co, Cr, Cu, Fe, Mn, Mo, Ni, V and Zr); 20 =Ti/M’ atomic ratio (reduction temperature range 50-700°C).

transition at 265 °C attributed to Cr8* — Cr>* which is made possi-
ble by the interaction between Cr and TiO,. The strong interaction
(formation of (Cr—O—Ti) bonds) is the main reason that Cr/TiO; is
an active photocatalyst in visible light [12].

The reduction profile of Cu/TiO, is characterized by two reduc-
tion peaksat 177 and 212 °C[40]. In the present study, two different
peaks with very low intensity were observed in the TPR profile
of the Cu/TiO, catalyst at 152, and 196°C. The broad reduction
peak centered at 152 °C can be attributed to the reduction of CuO

Table 2

particles being in strong interaction with the titania support. The
peaks at 152 and 196 °C correspond to the reductions of Cu?* — Cu*
and Cu* — Cu?, respectively. The total hydrogen volume adsorbed
in Cu/TiO, is much less compared to other’s and may be due to a
lower amount of the Cu?* state available in the framework. This
phenomenon suggests that the surface copper species exist in the
metallic (Cu®) state in Cu/TiO, sample.

In the case of Fe[TiO,, the reduction proceeds in the range
220-450°C, and the reduction transition is recorded at 333°C;

H,Temperature programmed reduction and hydrogen consumption of transition metal modified TiO; catalyst with Ti:M’ atomic ratio of 20 obtained at different temperatures.

Catalyst? TPR reduction transitions® H; consumption
(pmol/g of catalyst)
Peak 1 (°C) Peak 2 (°C) Peak 3 (°C) Peak4 (°C)

FSP TiO, 511 (Ti* to Ti**) - - - 60.2

Ce[TiO, 426 (Ti** to Ti*) 488.2 (Ce** to Ce3*) - - 22.6

Co/TiO, 336 (Ti** to Ti*) 560 (Co** to Co?*) 560 (Co** to Co®) - 2307.6

Cr/TiO, 228 (Ti** to Ti**) 265.1 (Cr* to Cr**) 441.3 (Cr>* to Cr3*) 538.6 (Cr3* to Cr?*l0) 1215.3

Cu/TiO> - 151 (Cu?* to Cu*) 196.2 (Cu* to Cu®) 249.2 (Ti** to Ti**) 384

Fe/TiO, 265.1 (Ti** to Ti%*) 333.1 (Fe3* to Fe?*) <700 (Fe?* to Fe?) - 205.8

Mn/TiO, 225 (Ti** to Ti**) 293.8 (Mn** to Mn3*) 390 (Mn3* to Mn?66*) 570 (Mn266* to Mn?*) 793.5

Mo/TiO, 262 (Ti** to Ti**) 331 (Mo* to Mo**) - - 1961.3

Ni/TiO, 298 (Ti** to Ti3*) 373.7 (Ni%* to Ni*) 545.5 (Ni* to Ni°) - 672.8

V/TiO, 343.2 (Ti** to Ti**) 403.8 (V3* to V4*) - - 384

Zr|TiO, - - - - 0

2 Flame spray pyrolysis assisted catalysts.
b Measured from the H,-temperature programmed reduction.
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this phenomenon was mainly assigned to the fraction of readily
reducible (Fe3* — Fe2*) iron oxide particles. There is a peak
appearing at 700 °C which could be assigned to the complete reduc-
tion of Fe2* to metallic iron.

Three distinct reduction peaks are observed for the most active
Mn/TiO, sample. The low temperature reduction peak at 320°C is
due to the reduction of MnO, to Mn;03. This peak also contributes
to the reduction of Ti 4* to Ti 3*, because at low loadings manganese
enters into the titania lattice [12]. Additional peak at temperatures
515°C are due to the reduction of Mn,03 to MnO. The TPR results
revealed that the Mn/TiO, sample manganese oxide undergoes the
consecutive reduction of MnO; — Mn,03 — MnO [39,40]. The TPR
peak of Mo incorporated TiO, at 331°C can be considered as the
reductions of Mo®* — Mo>*.

Subsequently, the addition of NiO to the TiO, showed two dis-
tinct peaks at 373 and 547 °C. The hydrogen consumption peak at
373°C is attributed to the transition of Ni%* — Ni* [41-43]. High
temperature peak at 547 °C constitute the Ni* — Ni°. The Zr/TiO,
reduction profile shows no sharp peaks. Addition of zirconia does
not create any variation in the reduction pattern of TiO, cata-
lyst. There are only marginal changes in Tmax positions of Zirconia
species in Zr/TiO, catalyst for the studied temperature range. TPR
results of these transition metal doped TiO- catalysts show that the
interaction of titania with transition metal is different in each cata-
lyst. Moreover, the reduction transition also depends on the metal
dispersion, particle size, and the interaction between TiO, and the
transition metal incorporated in TiO5.

3.5. X-ray photoelectron spectroscopy (XPS)

In order to get insight into the oxidation state of titanium and
dopant-metal cations in the catalyst and to ensure the chemical
compositions of the surface layer, the XPS spectra of the as-
synthesized nanoparticles were recorded. For the identification of
the titanium oxide phases and the relative percentages of Ti**, Ti3*
species, the overlapped Ti 2p peaks were deconvoluted into a num-
ber of peaks by searching for the optimal combination of Gaussian
bands with the correlation coefficients (r2) above 0.99 (PeakFit,
Version 4.0.6, AISN Software Inc.). The deconvoluted peaks are
signed as specific Ti#*, Ti3* species in each spectrum (Figs. 6 and 7).
The relative atomic percentages of Ti3*/Ti#*, Ti3*/Ti"*, and Ti/M’
(M’ =dopant metal) species were calculated by the area ratio of
the corresponding characteristic peaks. The results are listed in
Tables 3 and 4, using the XPS Peak fitting program, the XPS peak for
Ti 2p of the metal-doped TiO, flame-made nanoparticles further
divided into two different peaks, one centered on 458.9+0.1¢eV,
attributed to Ti#* species, and the other centered on 458.1+0.1 eV,
ascribed to Ti3* species. The relative atomic percentage value of
Ti3*/Ti#* characterized by XPS was significantly high for our flame-
made Cr/TiO, nanoparticles (Ti3*/Ti** = 0.89, 32.9%), whereas, other
samples demonstrated poor atomic percentage value of Ti3*/Ti%*
(Ti3*/Ti** =0.08-0.32). The existence of Ti3* species with narrow
band gap is highly beneficial for the promotion of visible light-
induced photocatalytic activity [44,45].

However, the peak position for Ti 2p in the Cr/TiO, sample shifts
to higher binding energies than that of bare TiO, (Figs. 6 and 7). This
shift suggests that a lower electron density of the TiO, surface after
chromium nanoparticles interaction, this suggests a strong inter-
action between Cr species and flame-made TiO, nanoparticles in
Cr/TiO, FSP catalyst. In the literature the Cr 2p3p,, Cr 2pyj, peaks
appear at ~576.8 eV and ~586.5 eV, respectively [46-48]. As we can
see from Tables 3 and 4, the position of the Cr 2p peaks shifted to
lower binding energies. This occurrence indicates that the electrons
migrate from the TiO, nanoparticles to chromium species, which
reveals a strong interaction between Cr and TiO, nanostructure in
the interface of flame-made nanoparticles. This clearly indicates

Intensity (a.u.)

468 466 464 462 460 458 456 454
Binding Enenrgy (eV)

Fig. 6. Deconvoluted Ti 2p (XPS) spectra of (a) TiO;, (b) Ce-TiO,, (c) Co-TiO, (d)
Cr-TiO,, (e) Cu-TiOy, (f) Fe-TiO, as-prepared flame-made nanoparticles.

that the Cr/TiO, changes its structural behavior and also possible
migration of oxygen atoms is taking place with respect to differ-
ent structural modifications. The above analysis further verifies
that which was obtained from the Ti 2p XPS spectra as shown in
Figs. 6 and 7. These results are in very good agreement with our
H,-TPR results where the strong interaction of Cr and TiO, estab-
lished by the formation of low temperature peak (265° C) ascribed
to the Cr—O—Ti bonding.

The Cr/TiO, catalyst can absorb visible light intensely due to
the surface plasmon resonance (SPR) effect [49]. Consequently, the
surface electrons will be excited and electrons and holes will be sep-
arated in the Cr/TiO, system by visible light illumination, which will
contribute to the significant improvement in the photoactivity in
the visible light region. More significantly, the presence of Ti3* sites
with narrow band gap is also a significant factor on enhancing the
response of TiO,, to visible region. The role of Fe3* in TiO, /[Fe sample
depends on the iron loading. At lower loadings, Fe3* traps photo-
generated holes to form Fe** species. These Fe** cations react with
surface OH~ species to produce hydroxyl radicals resulting in the
promotion of photocatalytic activity [50]. However, our Fe-TiO,
catalyst (21% conversion at 100 mL min~! flow rate) demonstrated
lower activity than Cr-TiO, (70.1% conversion 100 mLmin~! flow
rate), and better activity than other dopants. The lower conversion
of Fe over Cr is due to the existence of high concentration of surface
Fe3* ions, which acts as recombination site resulting in the decrease
of activity [50].

Conversely, the doping of TiO, with chromium cations using
flame spray pyrolysis technique leads to the production of Ti3*
species. The energy level of Ti3* lies between the valence band
and the conduction band of TiO,, which could effectively pro-
mote the electrons in the new valence band (VB) to be excited
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Table 3

Binding energy, surface atomic ratio of Ti3*/Ti#*, Ti>*/Ti"*, Ti** /Ti"*, and Ti/M’ for M’/TiO, (M’ = Ce, Co, Cu, Cr, Fe, and Ni) as-prepared catalysts determined from deconvoluted

XPS spectra.

Catalyst? Binding energy (eV) Ti3* [Ti4* Ti3*Time Ti%* [Time Ti/M'
Ti2p M
O1s Ti 2p3)2 Ti 2p12

TiO, 4299 458.3 463.8 - - 0.18 0.09 0.53 -
Ce-TiO; 530.2 458.4 463.8 Ce 3ds); 854.1 Ce 3d3; 871.8 0.12 0.06 0.52 12.9
Co-TiO, 530.1 458.3 463.8 Co 2p3j; 780.52 Co 2pyj 796.32 0.11 0.07 0.58 4.04
Cu-TiO, 530.0 458.3 463.7 Cu 2p3p; 934.1 Cu2py; 941.8 0.18 0.09 0.53 244
Cr-TiO, 530.5 458.7 464.3 Cr 2p3p; 576.5 Cr 2pqp, 586.2 0.89 0.30 0.35 4.56
Fe-TiO; 530.1 458.3 463.9 Fe 2p3p; 711.8 Fe 2pq; 723.6 0.32 0.15 0.49 10.2
Ni-TiO, 530.3 458.4 463.8 Ni 2p3); 855.8 Ni 2py), 869.7 0.16 0.09 0.57 5.39

2 Flame spray pyrolysis assisted catalysts.
b Binding energy of various dopant metals (M') from the XPS studies.

¢ Relative amounts are according to the metal atomic percentages from the XPS analysis.

to the conduction band of TiO, [51]. Therefore, the existence of
Ti3* species on the surface that makes TiO, excited under visible
illumination. The chromium nanoparticles could serve as trapp-
ing centers for electrons photo-induced in the conduction band
of TiO,, meanwhile leaving the holes in the valence band of TiO,.
These results imply that the migration of charges is prompted on
the interface of metal-doped TiO, flame-made nanoparticles and
the recombination of photo-induced e~ /h* pairs is suppressed by
the well-known Schottky barrier effect, which will contribute to
the enhancement of photocatalytic activity. Napoli et al. [52] also
observed a reversible electron transfer between the dopant metal
and Ti3* centers forming the diamagnetic bulk species. The authors
[52] also claimed that the formation of diamagnetic bulk species is

Intensity (a.u.)
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Fig. 7. Deconvoluted Ti 2p (XPS) spectra of (g) TiO, (h) Mn-TiO3, (i) Mo-TiOg, (j) Ni-
TiOy, (k) V-TiO2, (1) Y-TiO,, and (m) Zr-TiO, as-prepared flame-made nanoparticles.

more favorable with an increase in Ti3* and that is the key for the
improvement in the visible light photocatalytic activity.

3.6. Photocatalytic performance of M/TiO, catalysts in visible
region

In the present work, we operated the reactor in plug flow condi-
tion where the reactant species are making single pass through the
reactor. Here, the independent variable is the molar flow rate and is
varied by holding the inlet concentration (Cag) constant and varying
the volumetric flow rate. The dependent variable is the fractional
conversion. Assuming that the photocatalytic oxidation of acetoni-
trile follows a power law model, the reactor design equation is (Eq.

€))
w B fA %

— = 3
FAO o —T1A ( )

where —r, is the rate of disappearance of acetonitrile, Wis the mass
of the catalyst, Faq is the molar flow rate of acetonitrile entering the
reactor and fag and fa are the fractional conversions of A. Where,
fao=0andfy=1—(Ca/Cao), Cao and Ca inlet and out concentrations
of the reactant. By taking first order photodegradation reaction and
integrating the above equation we get (Eq. (4)).

w
In(1—-f4) = *KACAO% (4)

By plotting the graph of In(1 — fa) vs W/Fao we have got the rate
constant K, (m3 g~1s~1). On the basis of the surface characteriza-
tion results described above, it is now instructive to compare the
photocatalytic activities of all as-prepared metal-doped TiO, mate-
rials. Fig. 7 shows the conversion of acetonitrile with respective
increasing flow rate values for photo degradation over transi-
tion metal incorporated TiO, under visible light. We have noticed
the photo degradation of P25 under visible light. This could be
attributed to the excitation of rutile (absorption threshold 414 nm).
It is worth understanding that despite inactivation of anatase
(absorption threshold 388 nm) under visible light, it does not rule
out the possibility of photo generated charge transfer between the
two crystallite phases, hence allowing for photocatalytic reaction
to take place on anatase surface [53].

We can observe that the Cr-incorporated catalyst is much more
active than the other transition metal incorporated catalysts. The
catalyst showed no deactivation as usually photooxidized acetoni-
trile, because the amount of active oxygen species for oxidation
was kept constant during photooxidation. The visible light provided
enough energy for the electrons to leap from the valence band to the
conduction band and Cr* acts as an intermediate level for electron
excitation under visible light. It is based on the sensitization of tita-
nia with a tetrahedrally coordinated transition metal oxide, which
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Table 4

Binding energy, surface atomic ratio of Ti*/Ti#*, Ti3*/Ti"*, Ti**/Ti"*, and Ti/M’ for M’/TiO, (M’ =V, Mn, Mo, Y, and Zr) as-prepared catalysts determined from deconvoluted

XPS spectra.

Catalyst? Binding energy (eV) Ti3* Ti+ Ti3*[Time Ti% [ Time Ti/M'€
Ti2p M
O1s Ti 2p3p, Ti 2p1)2

TiO, 429.9 458.3 463.8 - - 0.18 0.09 0.53 -
V-TiO; 530.0 458.3 463.7 V 2p3p; 516.9 V 2pi2 520.1 0.26 0.13 0.51 4.84
Mn-TiO, 530.1 458.8 464.2 Mn 2p3); 642.6 Mn 2p;j; 653.5 0.14 0.08 0.56 1.39
Mo-TiO, 530.1 458.5 464.0 Mo 3ds); 233.2 Mo 3ds); 236.5 0.12 0.07 0.57 7.30
Y-TiO, 530.2 458.6 464.1 Y 3dsj; 157.6 Y 3d3p; 159.5 0.08 0.05 0.61 36.7
Zr-TiOy 530.1 458.7 464.2 Zr 3dsp; 181.8 Zr 3d3); 184.1 0.17 0.09 0.56 204

2 Flame spray pyrolysis assisted catalysts.
b Binding energy of various dopant metals (M’) from the XPS studies.

¢ Relative amounts are according to the metal atomic percentages from the XPS analysis.

can scavenge electrons from the valence band and release elec-
trons to the conduction band upon the excitation by visible light,
thus bringing about charge separation. The charges can then react
with the adsorbed oxygen and surface hydroxyl groups, producing
reactive oxygen species. Although Fe, Mn, V, Co and Ni incorpo-
rated materials absorb visible light (Fig. 4), their photocatalytic
activity is very low under visible light (Fig. 8). The lower activity
of these catalysts when compared with Cr/TiO; can be explained
by their inability to act as energy level for electrons created in TiO,
to leap. Mn3* is combined effectively with TiO, because its surface
metal dispersion was kept high after TiO, loading. Mn3* incorpo-
rated catalyst was inactive because of the small energy driving force
for electrons to detrap from Mn2*. As mentioned above, the inter-
action of titania loaded and transition metal ions in our samples
creates a plurality of surface defects, which increases the prob-
ability of recombination of the light induced charges. Therefore,
the activity of M’-TiO, (M’ =Mn, Co, Cu, Ni, and Mo) is low. Pho-
tocatalytic degradation of the acetonitrile in the present work had
followed a pseudo first order kinetics. The rate constants of the
various metal-doped TiO, calculated by using Eq. (3) are given in
Table 3. As we can observe from the table, among all the M’/TiO5,
Cr modified TiO, demonstrated a superior photocatalytic activity
and the rate constant is about many folds higher than the rest of
the metal doped catalysts. Along with Cr, Fe and V doped TiO, also
showed a significant photocatalytic activity in visible light.

80
70'_ I 100 mL/min
60 4 [ 1200 mL/min
| 777] 300 mL/min
e 50- EEEH 500 mL/min
© -
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O 40 I
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Fig. 8. Photocatalytic conversion of M'/TiO, with the steady 500 ppm concentration
of acetonitrile with 50 mg of catalyst loading on to the reactor.

Table 5
Photocatalytic activity of the catalyst used in the present study.

Catalyst Absorption Band gap Ka(m3gls)
region (eV)
P25 uv 3.11 0.051
FSP TiO, uv 3.08 0.098
Ce|TiO, uv 3.13 0.014
Co/TiO, Visible 2.54 0.021
Cr/TiO, Visible 2.82 0.616
Cu/TiO, Visible 2.86 0.010
Fe/TiO, Visible 2.69 0.152
Mn/TiO; Visible 2.86 0.006
Mo/TiO, uv 3.19 0.004
Ni/TiO, Visible 2.37 0.019
V/TiO, Visible 2.63 0.165
Y/TiO, uv 3.20 0.004
Zr|TiO, uv 3.21 0.008

Taking FSP titania as the base in Fig. 9 we can observe that
the metals which have promoting effect on the photocatalytic
degradation of acetonitrile in visible region are Cr, Fe and V. The
incorporation of the other transition metals (Mn, Mo, Ce, Co, Cu,
Ni, Y and Zr) has inhibition effect on the photocatalytic activity of
the catalyst in visible region (Table 5). Even though some of these
metals have shown visible light absorption they fail to have cat-
alytic activity this may be caused by the metals covering the surface
of the titania particles. The photocatalytic activity of the catalyst
was observed in the following order Cr/TiO; > Fe/TiO, >V/TiO5,

Promoting Effect

Rate constant, K (m3g'1mol'1)

Inhibition Effect

P25Ti02Cr Fe CoCe Cu v Ni Mn Mo Zr Y
Pure/Metal-modified TiOy

Fig. 9. The promoter and inhibition effect of the pure/metal modified TiO,.
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other metals has shown very negligible photocatalytic activity in
gas phase visible light degradation of acetonitrile.

4. Conclusions

A number of transition metal (M’ =V, Cr, Fe, Co, Mn, Mo, Ni, Cu,
Y, Ce, and Zr) incorporated TiO, (Ti/M’ =20 atomic ratio) materials
were synthesized by flame aerosol pyrolysis method. The charac-
terization results showed enhancement of the absorption in visible
light by some composite materials (Cr, Fe, V, Cu, Mn, Co, and Ni). The
photocatalytic activity of the materials in visible light for the degra-
dation of gas phase acetonitrile was also tested. Only Cr doped TiO,
exhibited considerable activity in visible light. Other materials did
not show significant activity in visible light. The strong interaction
(formation of (Cr—O—Ti) bonds) is the main reason that Cr/TiO, is
an active photocatalyst in visible light. The enhancement of photo-
catalytic activities of the Cr-doped TiO, flame-made nanoparticles
is mainly attributed to the interaction between Ti and Cr species. In
particular, the surface plasmas on resonances of Cr nanoparticles
excited by visible light as well as the presence of dominant Ti3*
in Cr/TiO, also contribute to their higher photocatalytic proper-
ties. The photocatalytic activity of the catalyst was observed in the
following order Cr/TiO, > Fe/TiO, > V/TiO,, other metals has shown
very negligible photocatalytic activity in gas phase visible light
degradation of acetonitrile.
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