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TiO2–Al2O3 binary  oxide  surfaces  were  utilized  in order  to develop  an alternative  photocatalytic  NOx

abatement  approach,  where  TiO2 sites  were  used  for ambient  photocatalytic  oxidation  of  NO  with  O2 and
alumina  sites  were  exploited  for NOx storage.  Chemical,  crystallographic  and  electronic  structure  of  the
TiO2–Al2O3 binary  oxide  surfaces  were  characterized  (via  BET  surface  area  measurements,  XRD,  Raman
spectroscopy  and  DR-UV-Vis  Spectroscopy)  as  a function  of  the  TiO2 loading  in  the  mixture  as well  as the
calcination  temperature  used  in  the  synthesis  protocol.  0.5  Ti/Al-900  photocatalyst  showed  remarkable
photocatalytic  NOx oxidation  and storage  performance,  which  was  found  to be  much  superior  to  that  of
l2O3

hotocatalysis
Ox abatement
eNOx

a  Degussa  P25  industrial  benchmark  photocatalyst  (i.e.  160%  higher  NOx storage  and  55%  lower  NO2(g)
release  to the  atmosphere).  Our  results  indicate  that  the onset  of the  photocatalytic  NOx abatement  activ-
ity is  concomitant  to the  switch  between  amorphous  to a  crystalline  phase  with  an  electronic  band  gap
within  3.05–3.10  eV;  where  the most  active  photocatalyst  revealed  predominantly  rutile phase  together
and  anatase  as  the  minority  phase.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Indoor and outdoor air pollutants such as NOx, SOx, volatile
rganic compounds (VOCs) and particulate matter (PM) result
n significantly adverse effects on human health. Further nega-
ive implications of air pollution can also be observed on water
esources, agriculture and biological habitat [1–6]. Among these
irborne toxic species, particularly nitrogen oxides (NOx) present a
ajor challenge for air purification. NOx species (i.e. mostly NO(g),
O2(g) and N2O(g)) are generated during the fossil fuel combus-

ion processes via the homogenous reaction of nitrogen and oxygen
ases at high temperatures where the major contribution comes
rom NO(g). NOx abatement can be performed in a very efficient

anner using thermal catalytic technologies such as selective cat-
lytic reduction (SCR) [7–9] and NOx storage and reduction (NSR)

which is also called Lean NOx Traps, LNT) [10–12] at elevated
emperatures (i.e. T > 300 ◦C). In these thermally activated catalytic
eNOx technologies although SCR approach requires utilization

∗ Corresponding author. Tel.: +90 312 290 2121; fax: +90 312 266 4068.
E-mail address: ozensoy@fen.bilkent.edu.tr (E. Ozensoy).
URL: http://www.fen.bilkent.edu.tr/ ozensoy (E. Ozensoy).

ttp://dx.doi.org/10.1016/j.apsusc.2014.02.065
169-4332/© 2014 Elsevier B.V. All rights reserved.
of urea as an external reducing agent, NSR/LNT technology can
be used in the absence of an additional reducing agent. How-
ever, an important challenge in air purification is the abatement
of gaseous NOx species under ambient conditions (i.e. at room
temperature and under regular atmospheric conditions). Photocat-
alytic systems offer promising opportunities in order to tackle this
important environmental challenge, as these systems can be tail-
ored to efficiently clean/purify air under ambient conditions with
the help of ultraviolet (UV) and/or visible (VIS) light [13]. Among
these systems TiO2-based materials are the most effective photo-
catalysts for air/water purification applications [14,15]. However it
has been reported that complete photocatalytic reduction of toxic
NOx species into harmless N2 occurs only with a relatively limited
performance for these systems [13].

In the current work, rather than attempting to perform complete
photocatalytic reduction of NOx, an alternative NOx abatement
strategy has been demonstrated, which includes photocatalytic
oxidation of NOx on a TiO2/Al2O3 binary oxide photocatalyst sur-
face and its storage in the solid state in the form of nitrates and

nitrites. This alternative strategy was  inspired by our recent stud-
ies on NSR technology which is used for the thermal catalytic
after treatment of automotive NOx emissions [12,16–21]. In cou-
ple of these former studies, we  spectroscopically demonstrated

dx.doi.org/10.1016/j.apsusc.2014.02.065
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2014.02.065&domain=pdf
mailto:ozensoy@fen.bilkent.edu.tr
http://www.fen.bilkent.edu.tr/~ozensoy
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hat [12,16–21] on the TiO2/Al2O3 binary oxide surface, oxidized
Ox species such as NO2(g) can readily undergo a thermal dis-
roportionation reaction forming adsorbed nitrites and nitrates
llowing effective solid state NOx storage. However NO(g) has a
imited adsorption energy on many metal oxide surfaces compared
o that of NO2, hindering the storage of NO in the solid (adsorbed)
tate. Thus, for solid state NOx storage, NO should be first oxidized
o NO2 and then subsequently stored on the available adsorption
ites of the catalyst surface in the form of nitrites/nitrates. Although
his can be done readily at elevated temperatures using a plat-
num group metal (PGM) promoted metal oxide catalyst such as
t/Al2O3, it cannot be efficiently achieved under ambient condi-
ions (i.e. at room temperature) due to kinetic limitations. However
his limitation can be overcome by designing a catalytic system
ncluding a photocatalytic NO(g) oxidation component which is
oupled to a NOx storage component. Along these lines, in the
urrent work, we show that TiO2/Al2O3 binary oxide surfaces can
e exploited to perform photocatalytic NOx oxidation and storage,
here TiO2 surface domains provide NO oxidation capability under

mbient conditions, converting NO(g) + O2(g) into nitrites/nitrates
hile the high-surface area Al2O3 component enables both the dis-
ersion of the photocatalytic TiO2 domains as well as the creation
f additional storage sites for oxidized NOx. Once saturated with
Ox, such a photocatalytic NOx oxidation and storage catalyst can

eadily be regenerated by treatment with water, which can dissolve
he adsorbed nitrites/nitrates and restore the NOx adsorption sites
22].

In order to demonstrate this alternative strategy, in the
urrent study, a set of TiO2/Al2O3 binary oxide photocata-
ysts were synthesized and characterized. A sol–gel synthesis

ethod was used to co-precipitate titania with alumina. The
nfluences of the surface structure on the photocatalytic NO
xidation and storage was investigated by modifying the sur-
ace structure via calcination. Photocatalytic performances of
his new family of TiO2/Al2O3 binary oxide photocatalysts were
lso compared with a commercially available photocatalyst (i.e.
egussa P25) in order to determine the relative performance of

he TiO2/Al2O3 system against a widely used industrial bench-
ark.

. Experimental

.1. Sample preparation

Titanium (IV) isopropoxide (TIP, 97%, Sigma–Aldrich) and
luminum-tri-sec-butoxide (ASB, 97%, Sigma–Aldrich) were used
s the main ingredients in the preparation of the TiO2/Al2O3
inary oxides via sol–gel method [16,18]. Three series of sam-
les were prepared by varying the relative molar composition
f the TiO2 component in the TiO2/Al2O3 binary oxide. These
amples are labeled as “xTi/Al-y”, where x represents the TiO2
o Al2O3 mole ratio (i.e. 0.25, 0.5 and 1.0) and y represents
he calcination temperature (150–1000 ◦C) of the sample. In
he synthesis, depending on the corresponding TiO2–Al2O3mole
atio, an appropriate amount of ASB was mixed with propan-
-ol (99.5%, Sigma–Aldrich) and acetylacetone (99.3%, Fluka) for
0 min. Subsequently, TIP was added in a drop wise fashion
o the mixture over the course of another 30 min. All of the
ynthesis steps were carried out at room temperature under
igorous stirring. The co-precipitation of the obtained hydrox-
des was accomplished after the gradual addition of 0.5 M

NO3(aq) to the solution which led to the formation of a
el. The resulting yellow gel was aged under ambient condi-
ions for 2 days and the dried sample was ground to form a
ne powder. Next, synthesized TiO2/Al2O3 binary oxides were
cience 318 (2014) 142–149 143

calcined in air for 2 h at various temperatures ranging from 150
to 1000 ◦C.

2.2. Structural characterization measurements

Determination of the crystal structure of the synthesized mate-
rials were carried out with a Rigaku Miniflex X-ray diffractometer
(XRD) equipped with Cu K� radiation operated at 30 kV, 15 mA,
and 1.54 Å (wavelength of copper X-ray source). The XRD pat-
terns were recorded in the 2� range of 10–60◦ with a step width
of 0.02 s−1. Raman spectra of the samples were collected in the
range of 200–1500 cm−1 with a resolution of 4 cm−1 using a Horiba
Jobin Yvon LabRAM HR800 spectrometer equipped with a confocal
Raman BX41 microscope. The Raman spectrometer was equipped
with a Nd:YAG laser (� = 532.1 nm)  where the laser power was
20 mW.  The specific surface area (SSA) values of the TiO2 sam-
ples were determined by conventional Brunauer–Emmett–Teller
(BET) N2 adsorption method using a Micromeritics Tristar 3000
surface area and pore size analyzer. Prior to the BET measure-
ments, all of the samples were outgassed in vacuum for 2 h at
150 ◦C. Diffuse Reflectance UV–vis (DR-UV–vis) spectra were uti-
lized in order to obtain electronic band gap values. These spectra
were recorded with a Shimadzu UV-3600 UV-Vis-NIR spectropho-
tometer using the ISR-3100 integrating sphere attachment in the
specular reflection (8◦) mode. Barium sulfate (BaSO4) was  used as
the reference material in the DR-UV–vis measurements. Obtained
DR-UV–vis spectra were finally corrected using the Kubelka-Munk
transformation.

2.3. Photocatalytic activity measurements

The custom-designed photocatalytic flow reactor system
(Scheme 1) was used to measure the photocatalytic NOx oxida-
tion and storage performances of TiO2/Al2O3 binary oxides under
UVA excitation. The photocatalytic flow reactor system mainly
consisted of a gas manifold system, a sample compartment and
a chemiluminiscence NOx analyzer (Horiba APNA-370). The gas
manifold system was  connected to gas cylinders containing N2(g)
(99.998%, Linde GmbH), O2(g) (99.998%, Linde GmbH) and 100 ppm
NO diluted in N2 (Linde GmbH). Mass flow controllers (MFCs,
MKS 1479A) were used to control the volumetric flow rates of
gases and a capacitance pressure gauge (MKS Baratron) was used
to measure total pressure of the flowing gas which was  set to
1 atm. The following flow rates were used to prepare the gas
mixture, 0.750 SLM (standard liters per minute) for N2(g), 0.250
SLM for O2(g), and 0.010 SLM for NO(g) with a total gas flow
rate of 1.010 SLM. Prior to mixing, N2(g) and O2(g) were also
bubbled through a humidifier. The relative humidity of the total
gas mixture was 70% RH which was  measured with a Hanna
HI 9565 humidity analyzer at the sample position in the pho-
tocatalytic flow reactor. This gas mixture represents a synthetic
polluted air sample. Before the performance tests, synthesized
powder samples were placed on a 2 mm × 40 mm × 40 mm poly-
methyl methacrylate (PMMA) sample holder and subsequently
irradiated with UVA (350 nm)  light bulbs (F8W/T5/BL350, Syl-
vania/Germany) under ambient conditions for 18 h outside the
flow reactor in order to remove the surface contaminations
and to activate the photocatalysts. For each measurement, typ-
ically a 950 mg  activated photocatalyst sample was placed into
the flow reactor. The photocatalytic flow reactor was  illumi-
nated with 8W UVA lamps (F8W/T5/BL350, Sylvania/Germany)

whose emission wavelength was  350 nm.  Concentrations of NO(g),
NO2(g) and total NOx(g) species in the photocatalytic reactor were
quantitatively measured online with the chemiluminiscence NOx

analyzer.
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For the 1.0 Ti/Al sample, in addition to the �-Al2O3 phase, forma-
tion of anatase (JCPDS 21-1272) and rutile (JCPDS 04-0551) phases
of TiO2 also becomes visible. It is clear that with increasing TiO2 to
Al2O3 mole ratio in the photocatalyst composition, crystallinity of
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Scheme 1. Description of the custom-d

Gas phase photocatalytic activity measurements are reported in
erms of per cent photonic efficiencies (�%) as described in Eqs. (1)
nd (2).

% = nNOx

nphoton
× 100 (1)

here nNOx corresponds to either the decrease in the total num-
er of moles of all gaseous NOx species or the number of moles
f NO2(g) generated in a 60 min  (i.e. 3600 s) photocatalytic per-
ormance test. On the other hand, nphoton corresponds to the total
umber of incident UVA photons impinging on the catalyst surface

n 3600 s, which can be calculated through Eq. (2) as:

photon = I�St

Nhc
(2)

here I represents the photon power density of the UVA lamp,
xperimentally measured at the sample position in the photo-
atalytic reactor (typically, 7.5 W m−2), � is the representative
mission wavelength of the UVA lamp (i.e. 350 nm), S is the sur-
ace area of the photocatalyst sample holder in the reactor that is
xposed to the UVA irradiation (i.e. 40 mm × 40 mm = 1600 mm2);

 is the duration of the performance test (i.e. 3600 s), N is the Avo-
adro’s number, h is Planck’s constant and c is the speed of light.

. Results and discussion

.1. Specific surface area measurements

Thermal evolution and the structural variations of the
iO2/Al2O3 binary oxide samples with varying molar compositions
ere investigated after calcination steps at different temperatures

Fig. 1). Fig. 1 reveals that TiO2/Al2O3 samples possessed a rela-
ively high surface area after preparation and calcination at low
emperatures (e.g. ≥420 m2/g). These high SSA values were pre-
erved to a large extent up to 600 ◦C. This observation is in very good
ccordance with the current XRD and Raman results (Figs. 2 and 3)
uggesting a predominantly amorphous structure for all TiO2/Al2O3
inary oxide samples below 600 ◦C. At higher temperatures, a dras-
ic and a monotonic decrease in the SSA values were observed
n line with the enhanced crystallinity and structural ordering
f the samples at elevated temperatures which are also evident

n the current XRD and Raman measurements (Figs. 2 and 3).
t is worth mentioning that upon calcination at 900 ◦C, SSA val-
es for 0.25Ti/Al-900, 0.5Ti/Al-900, 1.0Ti/Al-900 samples decreased
o 108, 64 and 25 m2/g, respectively. These particular values are
ed photocatalytic flow reactor system.

rather close to the SSA of the commercial Degussa P25 catalyst (i.e.
55 m2/g) which is used as the benchmark photocatalyst in the cur-
rent study. At higher calcination temperatures such as 1000 ◦C, SSA
values for all of the TiO2/Al2O3 binary oxide samples drastically
decrease to c.a. 9–17 m2/g which is in perfect agreement with the
increased crystallinity and the formation of the low surface area
phases such as rutile and �-Al2O3 (corundum) observed in the XRD
and Raman experiments (Figs. 2 and 3).

3.2. XRD and Raman spectroscopy experiments

Fig. 2 presents XRD profiles obtained for the TiO2/Al2O3 samples
with different molar compositions that were calcined at various
temperatures within 150–1000 ◦C. It is apparent that for all sam-
ples, calcination at temperatures less than or equal to 600 ◦C yields
amorphous structures. Calcination at 800 ◦C results in the first
discernible indications of crystallinity, where �-Al2O3 (JCPDS 29-
0063) phase starts to be visible for 0.25 Ti/Al and 0.5Ti/Al samples.
Temperature ( C)

Fig. 1. Specific surface area values for the TiO2/Al2O3 binary oxide samples with
different molar compositions that were calcined at various temperatures within
150–1000 ◦C in air.
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ig. 2. XRD patterns for the TiO2/Al2O3 binary oxide samples with different molar c

he observed phases increases. This is in line with the fact that pure
bulk) TiO2 has much lower phase transition temperatures between

morphous, anatase and rutile phases than the TiO2 domains on
he TiO2/Al2O3 surface [16,18]. Thus at low TiO2 to Al2O3 mole
atios, there exists a strong interaction between the TiO2 minor-
ty domains and the Al2O3 majority domains, which is decreasing

ig. 3. Raman spectra for the TiO2/Al2O3 binary oxide samples with different molar comp
sitions that were calcined at various temperatures within 150–1000 ◦C in air.

the surface mobility of the TiO2 domains and hindering the nuclea-
tion and growth of anatase and rutile phases at low temperatures.

However at higher TiO2 to Al2O3 mole ratios, interaction between
the TiO2 and Al2O3 domains weakens to a certain extent as TiO2
converges to a more bulk-like configuration, pushing the phase
transition temperatures to lower (bulk-like) values.

ositions that were calcined at various temperatures within 150–1000 ◦C in air.
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Fig. 4. Concentration versus time plot for the photocatalytic performance test of the
0.5 Ti/Al-900 sample. Blue, black and red curves correspond to the concentrations of
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Upon calcination at 900 ◦C, although �-Al2O3 seems to be the
nly discernible crystalline phase on the 0.25 Ti/Al surface (where
iO2 is still in amorphous state), anatase and rutile phases become
learly visible on the 0.5 Ti/Al and 1.0 Ti/Al surfaces where the
rystallinity of the latter is significantly greater. This is in perfect
greement with the SSA values presented in Fig. 1, suggesting a
uch lower SSA for the 1.0 Ti/Al-900 sample compared to 0.25

i/Al-900 and 0.5 Ti/Al-900 samples. It is also worth mentioning
hat although �-Al2O3 (JCPDS 10-0173) phase is not significantly
isible at 900 ◦C for lower TiO2 to Al2O3 mole ratios; this phase is
oticeably discernible for the 1.0 Ti/Al-900 sample. Furthermore,
-Al2O3 (corundum) phase starts to appear during the anatase to

utile phase transition. As discussed in one of our former reports
16], this can be explained by the formation of a solid solution
etween anatase and alumina. In this solid solution, when the
natase phase is converted into rutile at elevated temperatures,

 phase segregation occurs which triggers a phase transition in the
lumina component from � to �-phase. Finally, after calcination at
000 ◦C, all samples seem to be highly ordered, where corundum
nd rutile are the only visible crystalline phases, in very good har-
ony with the drastic SSA decreases observed for these samples in

ig. 1.
Raman spectra of the synthesized TiO2/Al2O3 binary oxide

amples with different molar compositions that were calcined at
arious temperatures within 150–1000 ◦C are given in Fig. 3. These
aman spectral features can be readily explained in the light of the
RD results given in Fig. 2, as well as the former Raman spectro-
copic studies in the literature [16,18,23,24]. It is known that the
aman spectrum of anatase phase shows six Raman features (1A1g,
B1g, and 3Eg) at 144 (Eg), 197 (Eg), 399 (B1g), 516 (A1g + B1g), 639
Eg) and 796 cm−1 (Eg) [23]. On the other hand, the rutile phase
an be characterized by a Raman spectrum with four major Raman
ctive features (A1g + B1g + B2g + Eg) at 143 (B1g), 447 (Eg), 612 (A1g),
26 cm−1 (B2g) and also a two-phonon scattering band at 236 cm−1

24]. In very good agreement with the XRD results given in Fig. 2, up
o 600 ◦C, all samples reveal an amorphous structure with no sharp
aman features. It is worth mentioning that sample 1.0 Ti/Al-600
eveals very broad and convoluted Raman signals corresponding
o small and poorly crystalline anatase and rutile domains which
eem to be elusive to detect in XRD (Fig. 2c). At calcination temper-
tures higher than 600 ◦C, anatase phase appears as the dominant
hase together with a minor contribution from rutile. With increas-

ng temperature, anatase to rutile ratio in the samples decreases
here at 900 ◦C rutile becomes the predominant phase detected in

he Raman spectra. For the 0.5 Ti/Al-900 sample, anatase phase is
till visible in the Raman spectra (Fig. 3b), although rutile is defi-
itely the majority phase. In perfect harmony with the XRD results
Fig. 2), Raman spectra in Fig. 3 also suggest that increasing TiO2
o Al2O3 mole ratio enhances the crystallinity of the phases on the
iO2/Al2O3 binary oxide surfaces which is evident by the sharper
nd stronger Raman scattering features.

.3. Photocatalytic performance experiments

Fig. 4 shows a typical concentration versus time plot that is
btained during a photocatalytic performance test. In Fig. 4, the
otal NOx concentration (i.e. sum of the concentrations of all of the
Ox species existing in the reactor, i.e. blue curve) as well as sep-
rate NO(g) (black curve) and NO2(g) (red curve) concentrations
n the photocatalytic reactor measured by the chemiluminiscence
Ox analyzer are presented. During the initial c.a. 20 min  of the
nalysis, a synthetic polluted air gas mixture comprised of N2(g),

2(g), H2O(g) as well as 1 ppm NO(g) is fed to the photocata-

yst surface under dark conditions where the UVA lamp is off and
ny background exposure to sunlight is prevented. Under these
onditions (i.e. in the first 15 min), a minor transient fall in the
total NOx(g), NO(g) and NO2(g), respectively (see text for details). (For interpretation
of  the references to color in this figure legend, the reader is referred to the web
version of this article.)

total NOx(g) and NO(g) concentrations was  observed. This can be
attributed to the dilution of the gas in the reactor pipeline and the
thermal adsorption of NOx species on the gas lines, reactor walls as
well as adsorption on the photocatalyst surface. Since the reactor
is kept in complete darkness under these conditions, no photocat-
alytic activity is observed during this initial stage evident by the
presence of a minor amount of NO2(g) production due to thermal
catalytic disproportionation processes occurring on the catalyst
surface. Following this initial transient period, reactor walls and the
photocatalyst surface are saturated with NOx, after which NOx(g)
and NO(g) traces quickly return to the original inlet concentration
value of c.a. 1 ppm, signifying the end of thermal catalytic activity.

After this preliminary transient period, UVA excitation source
is turned on and the photocatalytic reaction is started. Upon UVA
illumination, a drastic and a permanent fall in the NO(g) and total
NOx(g) concentrations concomitant to a quick and significant jump
in the NO2(g) level, were observed. This behavior suggests the
conversion of NO(g) into NO2(g) via photocatalytic oxidation. Fur-
thermore, produced NO2(g) can adsorb on the photocatalyst surface
in the form of chemisorbed NO2, nitrites and nitrates [16,18] and
stored in the solid state, resulting in a further fall in the NO(g)
and total NOx signals. It is worth mentioning that, fall in the
NO(g) concentration might also have some contribution from the
direct photocatalytic decomposition and photo-reduction of NO(g)
forming N2(g) and/or N2O(g) [25]. However, since the direct photo-
catalytic reduction is known to be a relatively inefficient pathway,
this reaction channel may  be expected to be a minor photochem-
ical route. Consequently, the total NOx concentration (blue) curve
(which is mostly comprised of the sum of NO(g) and NO2(g) signals)
in Fig. 4 remains mostly below 1 ppm during the UVA-activated
regime, illustrating the continuous photocatalytic activity and NOx

storage in the solid state.
Photochemical NO oxidation and storage performance tests

were performed for all of the synthesized samples and the sum-
mary of these performance tests were presented in terms of percent
photonic efficiencies in Fig. 5, along with the corresponding data for
the Degussa P25 industrial benchmark. In the histogram given in
Fig. 5, blue and red bars represent the percent photonic efficien-

cies for total NOx(g) decrease and NO2(g) production, respectively.
These values were obtained by integrating the corresponding areas
under the concentration versus time curves for the data similar to
the ones given in Fig. 4.



rface S

u
s
s
t
t
i
N
N
c
m
b
d
t
c
t
p

f
i
a
b
o
m
i
p
p
b

c
a
t
p
t
f
n
p

s
t
i
0

F
w

A.M. Soylu et al. / Applied Su

It is worth mentioning that for an ideal catalyst with an
tmost photocatalytic DeNOx performance, blue bars (i.e. NOx(g)
torage/conversion) should be maximized; while red bars are
imultaneously minimized (i.e. minimum slip of toxic NO2(g) into
he atmosphere). When the behavior of the Degussa P25 indus-
rial benchmark photocatalyst given in Fig. 5 is investigated, it is
mmediately seen that this industrial photocatalyst has a very high
O(g) photo-oxidation capability generating a large quantity of
O2(g), while the same catalyst has a very limited NOx storage
apability (blue bar). Considering the fact that NO2(g) is a much
ore toxic pollutant than NO(g), although Degussa P25 industrial

enchmark system is very active in photo-oxidation, this material
oes not qualify to be a very efficient photocatalytic DeNOx sys-
em for NOx abatement. Another benchmark sample used in the
ontrol experiments was �-Al2O3. Fig. 5 unambiguously indicates
hat, �-Al2O3 has neither significant photocatalytic NOx storage nor
hotocatalytic NO2(g) production capabilities.

On the other hand, when the photocatalytic performance data
or the TiO2/Al2O3 binary oxide samples are examined, one can
mmediately note the remarkable improvement in the photocat-
lytic DeNOx performance compared to the Degussa P25 industrial
enchmark. In Fig. 5, performance results for the TiO2/Al2O3 binary
xide samples are assembled in three groups based on TiO2 to Al2O3
ole ratio (i.e. 0.25, 0.5 and 1.0) in the photocatalyst structure. It

s visible that for the 0.25 Ti/Al samples calcined at various tem-
eratures, catalysts calcined below 900 ◦C reveal very low DeNOx

erformance, where the performance reaches an optimum value
etween 900 and 950 ◦C and starts to fall at 1000 ◦C.

A similar performance trend is observed for 0.5 Ti/Al catalysts
alcined at various temperatures (Fig. 5). For this family of cat-
lysts, although no significant activity is observed at calcination
emperatures less than 900 ◦C, photocatalytic DeNOx performance
resents a very radical enhancement at 900 ◦C, revealing values
hat are much better than any of the photocatalysts in the 0.25 Ti/Al
amily. It is worth mentioning that a further increase in the calci-
ation temperature to 1000 ◦C results in the photocatalytic DeNOx

erformance of the 0.5 Ti/Al system.
Fig. 5 indicates that for the 1.0 Ti/Al photocatalyst family, no

ignificant photocatalytic activity is detected up to 800 ◦C, while at

his calcination temperature a remarkable increase in the activ-
ty is observed, though this catalyst is not as effective as the
5 Ti/Al-900 catalyst in total NOx abatement, due to the

ig. 5. Photocatalytic DeNOx performance results for the TiO2/Al2O3 binary oxide samp
ithin 150–1000 ◦C in air.
cience 318 (2014) 142–149 147

significant NO2(g) generation of the former. It can be seen in Fig. 5
that for calcination temperatures above 800 ◦C, NOx abatement
starts to fall, evident by the increased NO2(g) slip into the atmo-
sphere as well as decreasing NOx storage in the solid state. Thus,
a general analysis of the performance results presented in Fig. 5
reveals that, 0.5 Ti/Al-900 binary oxide catalyst shows the highest
NOx abatement performance among all of the analyzed photocata-
lysts, where it performs 160% higher NOx storage and 55% lower
NO2(g) release to the atmosphere compared to the Degussa P25
industrial benchmark.

Photocatalytic performance of the TiO2/Al2O3 binary oxide sam-
ples can be readily interpreted in the light of current structural
characterization experiments (Figs. 1–3) which reveal valuable
insight regarding the specific surface areas as well as the crystal-
lographic phases that are present on the Ti/Al samples. Firstly, it is
apparent in Fig. 5 that for the best performing photocatalyst family
(i.e. 0.5 Ti/Al), onset of activity is observed in a very drastic manner
as the calcination temperature is increased from 800 ◦C to 900 ◦C.
BET, XRD and Raman measurements given in Figs. 1–3 suggests
that this thermal window directly overlaps with the crystalliza-
tion of the amorphous TiO2 to form a mixture of anatase and rutile
phases where the latter is the dominant phase. In other words, it is
apparent that in order to achieve the best photocatalytic NOx abate-
ment performance, a unique crystallographic mixture of anatase
and rutile phases has to be obtained.

Secondly, Fig. 5 also suggests that for Ti/Al families with different
TiO2 loadings, ultimate performance is observed for the interme-
diate loading and the performance was  seen to decrease for very
low or very high TiO2 loadings. This can be explained by the fact
that at low TiO2 loadings, it is likely that TiO2 loading is not high
enough to be dispersed on all of the Al2O3 surface. Thus not all
of the NOx adsorption/storage (i.e. Al2O3) sites can be utilized due
to limited photo-oxidation capability of the inadequate number of
TiO2 oxidation sites on the surface. On the other hand, at very high
TiO2 loadings, TiO2 covers most of the Al2O3 surface and upon cal-
cination above 800 ◦C, SSA of the catalyst sample falls drastically
together with the formation of crystalline anatase and rutile mix-
ture; limiting the available number of NOx storage sites that are
available after photo-oxidation.
Thirdly, Fig. 5 indicates that onset of photocatalytic activity
is observed in a rather sharp manner at 950, 900 and 800 ◦C
for the 0.25Ti/Al, 0.5Ti/Al and 1.0Ti/Al samples, respectively. In

les with different molar compositions that were calcined at various temperatures
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ig. 6. Electronic band gap values derived from DR-UV–vis spectroscopic results
alcined at various temperatures within 150–1000 ◦C in air.

ther words, as the relative TiO2 loading in the TiO2/Al2O3 binary
xide samples increases, onset temperature for the photocatalytic
ctivity shifts to lower temperatures. This can also be explained
y the onset temperature for the crystallization of Ti/Al samples
and hence the formation of photo-active TiO2 sites) observed
n XRD and Raman measurements (Figs. 2 and 3) which suggest
hat increasing TiO2 loading increases the temperature required
o switch form an amorphous TiO2 structure to a crystalline
tructure.

.4. DR-UV–vis measurements and electronic band gap

In order to investigate the relationship between the electronic
tructure and the photocatalytic NOx abatement performance,
lectronic band gap values were calculated from the currently
erformed (not shown) DR-UV–vis spectroscopic measurements.
hese band gap values are presented in Fig. 6. In very good agree-
ent with the discussion given above, electronic band gap values

or the relatively inactive amorphous Ti/Al samples which are cal-
ined at lower temperatures, reveal a characteristically high value
ithin 3.4–3.6 eV. On the other hand, with the onset of the pho-

ocatalytic activity, a very sharp fall in the electronic band gap
alues were observed, where the band gap decreases to a typi-
al value of 3.05–3.10 eV, in line with the formation of ordered
natase and rutile phases. Typical band gap values for bulk anatase
nd rutile phases are c.a. 3.2 and 3.0 eV, respectively [26]. Thus, for
he active photocatalyst samples, the band gap value is in between
hat of anatase and rutile, being closer to the latter, in accordance
ith the fact that in the most active photocatalyst, rutile exists

s the predominant phase together with anatase as the minority
hase.

It is also worth noting that although onset of the photocatalytic
ctivity as a function of calcination temperature can be followed
ith the electronic band gap values, electronic band gap cannot

e used as a sole indicator for the estimation of the photocatalytic
ctivity trends. This is due to the fact that once the photocatalyt-

cally active structure is obtained leading to a drastic decrease in
he electronic band gap, band gap values cease to change at higher
alcination temperatures although photocatalytic activity starts to
ecline.
e TiO2/Al2O3 binary oxide samples with different molar compositions that were

4. Conclusions

TiO2–Al2O3 binary oxide surfaces were utilized in order to
develop an alternative photocatalytic NOx abatement approach,
where TiO2 sites were used for ambient photocatalytic oxida-
tion of NO with O2 and alumina sites were exploited for NOx

storage. Chemical, crystallographic and electronic structure of the
TiO2–Al2O3 binary oxide surfaces were characterized as a func-
tion of the TiO2 loading in the mixture as well as the calcination
temperature used in the synthesis protocol. 0.5 Ti/Al-900 photocat-
alyst showed remarkable photocatalytic NOx oxidation and storage
performance which was found to be much superior to that of a
Degussa P25 industrial benchmark photocatalyst (i.e. 160% higher
NOx storage and 55% lower NO2(g) release to the atmosphere).
Our results indicate that the onset of the photocatalytic for NOx

abatement activity is concomitant to the switch between amor-
phous to a crystalline phase with an electronic band gap within
3.05–3.10 eV where the most active photocatalyst revealed pre-
dominantly rutile phase together with anatase as the minority
phase.
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