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In the current work, TiO,/Al,03 binary oxide photocatalysts were synthesized via two different sol-gel
protocols (P1 and P2), where various TiO; to Al,03 mole ratios (0.5 and 1.0) and calcination temperatures
(150-1000°C) were utilized in the synthesis. Structural characterization of the synthesized binary oxide
photocatalysts was also performed via BET surface area analysis, X-ray diffraction (XRD) and Raman
spectroscopy. The photocatalytic NO(g) oxidation performances of these binary oxides were measured
under UVA irradiation in a comparative fashion to that of a Degussa P25 industrial benchmark. TiO, /Al; O3

IT(%WOMS: binary oxide photocatalysts demonstrate a novel approach which is essentially a fusion of NSR (NOy stor-
Al 83 age reduction) and PCO (photocatalytic oxidation) technologies. In this approach, rather than attempting

Air purification to perform complete NO, reduction, NO(g) is oxidized on a photocatalyst surface and stored in the solid
Photocatalysis state. Current results suggest that alumina domains can be utilized as active NOy capturing sites that
NO can significantly eliminate the release of toxic NO,(g) into the atmosphere. Using either (P1) or (P2)
NO; protocols, structurally different binary oxide systems can be synthesized enabling much superior photo-
catalytic total NO, removal (i.e. up to 176% higher) than Degussa P25. Furthermore, such binary oxides
can also simultaneously decrease the toxic NO,(g) emission to the atmosphere by 75% with respect to
that of Degussa P25. There is a complex interplay between calcination temperature, crystal structure,
composition and specific surface area, which dictate the ultimate photocatalytic activity in a coordina-
tive manner. Two structurally different photocatalysts prepared via different preparation protocols reveal
comparably high photocatalytic activities implying that the active sites responsible for the photocatalytic

NO(g) oxidation and storage have a non-trivial nature.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Air pollution in the urban settings leads to significantly detri-
mental implications on human health. Some of the main air borne
contaminants in the atmosphere are nitrogen oxides (NOy), sulfur
oxides (SOy), volatile organic compounds (VOCs) and particu-
late matter (PM) [1]. NOx-based contaminants are emitted to the
atmosphere through various anthropological, industrial or natu-
ral combustion processes [1-3]. Under atmospheric conditions,
NO(g) can be homogeneously oxidized to NO,(g) via thermal (non-
catalytic) chemical pathways. NO,(g) is considered to be even more
toxic than NO(g), as it can cause asthma and many other respira-
tory illnesses [4]. In the last few decades, various technologies have
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been developed in order to reduce airborne toxic NOy species which
include selective non-catalytic reduction (SNCR), selective catalytic
reduction (SCR), NOx Storage and Reduction (NSR) (also called
Lean NOy Traps, LNT) and Three Way Catalysis (TWC) technologies
[4-13]. However, almost without exception, these technologies are
effective only at elevated temperatures (i.e. T>250°C).

Heterogeneous photocatalytic oxidation (PCO) is an alternative
approach that can be utilized under ambient conditions (i.e. room
temperature and atmospheric pressures) for air and water purifi-
cation [14-18]. A large variety of photocatalytic materials that can
provide air purification under UV or visible light excitation have
beenreported intheliterature[15,19-28]. TiO,-based materials are
among the most effective photocatalysts operating under ambient
conditions for air purification applications [15,22,25,26,29]. How-
ever, TiO, is also known to have some drawbacks, such as poor
mechanical properties and low specific surface area (SSA), which
limit its catalytic performance [30-32].
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In a recent study, we have reported a TiO,/Al,03 binary
oxide system demonstrating a promising gas-phase photocatalytic
DeNOy performance, which was found to be superior to a com-
mercial TiO, (Degussa P25) benchmark photocatalyst [33,34]. This
material was designed to demonstrate a novel approach which is
essentially a fusion of NSR and PCO technologies. In this approach,
rather than attempting to perform complete NOy reduction, NOy
is oxidized on a photocatalyst surface and stored in the solid state
in the form of nitrates and nitrites on a storage component. Unlike
the photocatalytic metal-oxide surface, which is not water-soluble,
stored nitrates and nitrites (or their protonated surface derivatives)
can be readily washed off the photocatalyst surface (e.g. via rain or
wet scrubbing), restoring the photocatalytic activity of the surface
and regenerating the photocatalyst.

Chemical and structural properties of the binary oxide systems
strongly influence the NOy oxidation and storage capacity [16,18].
Along these lines, in the current work, we focus on TiO,/Al;03
binary oxide photocatalysts which are synthesized using two differ-
ent sol-gel routes (i.e. P1 and P2) and thermally treated at various
temperatures. The first family of TiO,/Al,03 binary oxide materi-
als prepared via P1 manifests itself as inhomogeneously dispersed
TiO, crystallites deposited on alumina, while the second one pre-
pared via P2 is a mostly amorphous sponge-like AlyTiyO, mixed
oxide with a more homogenous morphology [35]. Thus, in the cur-
rent contribution, the influence of the photocatalyst binary oxide
structure on the photocatalytic performance and NOy storage capa-
bility are investigated. Photocatalytic performances of these two
different families of TiO,/Al, O3 binary oxides are also compared to
a commercial benchmark photocatalyst (i.e. Degussa P25) in order
to show that photocatalytic NOx(g) abatement can be significantly
improved by utilizing TiO,/Al, 03 binary oxide systems.

2. Experimental

2.1. Preparation and structural characterization of TiO,/Al;03
binary oxides

TiO,/Al,03 binary oxide materials were prepared by two dif-
ferent sol-gel synthesis protocols denoted as P1 and P2 which
were described in detail in our earlier reports [11,12,33,35]. Briefly,
in the first synthetic protocol (P1), y-Al;03 (PURALOXS Ba200,
200 m2/g, SASOL GmbH, Germany) and TiCl (Fluka, titanium (IV)
chloride solution) were used as starting materials. In order to form
a gel, 25vol% NH3; was added to the aqueous y-Al,03 and TiCly
mixture under constant stirring. In the second protocol (P2), tita-
nium (IV) isopropoxide (TIP, 97%, Sigma-Aldrich) and aluminum
tri-sec-butoxide (ASB, 97%, Sigma-Aldrich) were used as precur-
sors. Synthesized P1 and P2 materials were subsequently calcined
in air for 2 h at temperatures ranging between 150 and 1000°C. In
the synthesized materials, TiO, to Al,03 mole ratios were adjusted
to be either 0.5 or 1.0. These ratios were chosen based on our pre-
vious studies, which indicated that for (P2) Ti/Al materials, TiO; to
Al;03 mole ratios of 0.5 and 1.0 yielded some of the best perform-
ing photocatalysts [33]. Currently synthesized samples are labeled
as “(P#) n Ti/Al-T”, where P# denotes the utilized synthesis proto-
col (i.e. P1 or P2), n stands for the TiO, to Al,03 mole ratio (i.e. 0.5
or 1.0) and T corresponds to the calcination temperature in Celsius
scale. A commercially obtained TiO, photocatalyst (Degussa P25,
99.5%, Sigma-Aldrich) comprised of approximately 80-85% anatase
and 15-20% rutile by mass; was also used as a benchmark sample
in order to compare photocatalytic activities of different samples
under identical photocatalytic conditions [36].

BET specific surface area measurements were performed using
a Micromeritics Tristar 3000 surface area and pore size ana-
lyzer via low-temperature isothermal adsorption-desorption of

N,. Before the surface area measurements, materials were out-
gassed in vacuum at 350°C for 4 h. The powder X-ray diffraction
(XRD) patterns were recorded using a Rigaku powder diffractome-
ter, equipped with a Miniflex goniometer and an X-ray source
with CuK, radiation, A =1.5418 A, 30kV, and 15 mA. The XRD pat-
terns were recorded in the 26 range of 10-60° with a scan rate
of 0.02°s~1. Diffraction patterns were assigned using Joint Com-
mittee on Powder Diffraction Standards (JCPDS) cards supplied by
the International Centre for Diffraction Database (ICDD). Raman
spectra were recorded using a HORIBA Jobin Yvon LabRam HR 800
spectrometer, equipped with a confocal Raman BX41 microscope
and a CCD detector. The Raman spectrometer was also equipped
with a Nd:YAG laser (A =532.1 nm); the laser power was adjusted
to 20 mW for data acquisition.

2.2. Gas phase photocatalytic activity measurements

A custom-design photocatalytic flow reactor system was used in
the photocatalytic activity measurements [33,37]. The flow reactor
system consisted of a gas manifold system, mass flow controllers
(MKS 1479A), a capacitance pressure gauge (MKS Baratron 622B),
a custom-made photocatalytic reactor and a chemiluminescence
NOy analyzer (Horiba APNA 370). The gas manifold system was con-
nected to gas cylinders containing N»(g) (99.998%, Linde GmbH),
0,(g) (99.998%, Linde GmbH), and 100 ppm NO diluted in N3(g)
(Linde GmbH). Mass flow controllers (MFC) calibrated for N, and O,
gases were used to control the volumetric flow rates of the gases.
Flow rate of the gases were adjusted to 0.750 standard liters per
minute (SLM) for N,(g), 0.250 SLM for O,(g) and 0.010 SLM for
the mixture of 100 ppm NO(g) diluted in N(g). The mixed gases
were bubbled through a thermostatic humidifier filled with deion-
ized water which was kept at 25°C. The relative humidity of the
total gas mixture was 70% which was measured at the sample posi-
tion in the flow reactor with a Hanna HI 9565 humidity analyzer.
For a typical photocatalytic performance measurement, 950 mg of
a powder sample was placed on a 2 mm x 40 mm x 40 mm poly-
methyl methacrylate (PMMA) planar sample holder and the gas
mixture was allowed to sweep over the photocatalyst powder
which was packed into the sample holder. Before the photo-
catalytic performance measurements, the embedded TiO,/Al,03
samples were irradiated with UVA light (FSW/T5/BL368, Sylvania
or FBW/T5/BL350, Sylvania) under atmospheric conditions for 18 h
in order to remove the surface contaminations and to activate the
photocatalysts. After this initial ex situ pretreatment step, activated
photocatalyst powders were placed in the flow reactor which was
equipped with an 8 W UVA lamp. During the performance analy-
sis experiments, (P1) Ti/Al samples were irradiated with a 368 nm
wavelength light source (FSW/T5/BL368, Sylvania, Germany) and
(P2) Ti/Al samples were irradiated with a 350 nm wavelength light
source (FSW/T5/BL350, Sylvania, Germany). For both cases, photo-
catalytic performances of the Ti/Al photocatalysts were normalized
using the photocatalytic performance values of the Degussa P25
benchmark samples, which were measured under the identical
photocatalytic conditions using the corresponding UVA light source
utilized in the Ti/Al sample measurements.

For the determination of the relative photocatalytic perform-
ances, per cent photonic efficiencies ({%) were utilized which are
described in Egs. (1) and (2).

% = <”N0> « 100 )

NMphoton

where, nno, represents either the decrease in the total number of
moles of all gaseous NOy species or the number of moles of NO,(g)
generated in a 60 min photocatalytic activity test. Furthermore,
Nphoton COTTESpPONds to the total number of moles of incident UVA
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photons impinging on the photocatalyst surface in 60 min, which
is calculated via Eq. (2) as:

IASt
NMphoton = W (2)

where I stands for the power density of the UVA lamp experimen-
tally measured at the sample position in the photocatalytic reactor
(typically, 7.5 W m~2), A is the representative emission wavelength
of the UVA lamp (i.e. 350 nm or 368 nm), S is the surface area of the
planar PMMA sample holder in the reactor that is exposed to the
UVA irradiation (i.e. 40 mm x 40 mm = 1600 mm?); t is the duration
of the performance test (i.e. 36005s), N is the Avogadro’s number, h
is Planck’s constant and c is the speed of light.

In the current work, experimentally measured per cent photonic
efficiencies of (P1) Ti/Al samples were normalized by using the per
cent photonic efficiency values of the Degussa P25 benchmark pho-
tocatalyst (Supporting Information Fig. S1) whose photocatalytic
performance was measured under identical flow and illumination
conditions with the (P1) Ti/Al samples. Thus, normalized photo-
catalytic performances of the (P1) Ti/Al samples were reported by
dividing the per cent photonic efficiency of the (P1) Ti/Al sample to
the per cent photonic efficiency of Degussa P25 benchmark photo-
catalyst and by multiplying this ratio by 100, as shown in Eq. (3):

% relative photonic efficiency of (P1) Ti/Al with respect to P25

EHp1yti/al
- <§/P25 « 100 3)

The same approach was also followed for the (P2) Ti/Al fam-
ily, where the normalized photocatalytic activity values of the
(P2) Ti/Al samples were reported using the per cent photonic effi-
ciency values of the Degussa P25 benchmark sample (Supporting
Information Fig. S1) which was analyzed under identical flow and
illumination conditions with the (P2) Ti/Al family.

Note that all of the reported photocatalytic performance mea-
surements in this work correspond to 950 mg of photocatalyst.
In other words, these values are intentionally neither normalized
using the photocatalyst specific surface area nor using the pho-
tocatalyst mass. Drawbacks associated with the normalization of
the photocatalytic reaction rates using photocatalyst mass was dis-
cussed recently in detail by Wachs et al. [38]. We believe that
normalization of the photocatalytic activity values in the current
study via SSA could also be quite misleading; as the overall SSA
of the currently employed complex mixed oxide heterogeneous
catalysts may not be simply related to the specific surface areas
of the active phase(s). Furthermore, to the best of our knowledge,
the exact chemical/electronic/morphological nature of the active
site(s) responsible for the photocatalytic NOy oxidation and storage
on TiO,/Al; 03 binary oxides are also not clear [39-46]. This compli-
cation also prevents an unambiguous experimental determination
of the surface coverage of the active sites, precluding the unequiv-
ocal calculation of a turn over frequency (TOF) value. Furthermore,
another additional complication regarding the comparison of abso-
lute photocatalytic activities of different powder photocatalysts in
a gas/solid photochemical reaction is associated with the macro-
scopic packing of the micron/millimeter-sized grains that are
forming the powder samples. Due to the macroscopic grain size and
grain density distribution differences, light penetration/scattering
toward the grains which are physically located farther from the
PMMA sample holder surface level varies in a complex manner.
This suggests that macroscopic grain size and grain packing den-
sity of different photocatalyst powders are important parameters
that play an active role in the magnitude of the absolute pho-
tonic efficiency values. Considering all of these complications, we
believe that reporting photocatalytic activity values as described in

1.0
0.8+
g Light-off
8 NO
= 0.6 Light-on
o Adsorption
*@ ]
© 0.4-
o
c
o
(&)
0.24
-__/'L_///i’\'oz (® \
0.0+
T T T T T T T
0 20 40 60 80

Time(min)

Fig. 1. Concentration versus time plot for a representative photocatalytic perfor-
mance test. Blue, black and red curves correspond to the concentrations of total
NOy(g), NO(g) and NO,(g), respectively (see text for details). (For interpretation of
the references to color in figure legend, the reader is referred to the web version of
the article.)

Egs. (1)-(3) provides a relatively unambiguous comparison of the
(P1) Ti/Al, (P2) Ti/Al and Degussa P25 samples. In the light of this
approach, by considering the relative performance of Ti/Al samples
with respect to P25; one can also readily compare Ti/Al binary oxide
samples with many other existing photocatalytic systems reported
in the literature.

In the photocatalytic performance analysis tests, concentrations
versus time plots acquired by the chemiluminescence NOy analyzer
were exploited. Fig. 1 illustrates a typical concentration versus time
plot recorded during a photocatalytic performance test. In this plot,
(blue-colored) total NOy concentration (i.e. sum of the concentra-
tions of all of the NOy species existing in the reactor) as well as
NO(g) (black curve) and NO,(g) (red curve) concentrations in the
photocatalytic reactor are presented as a function of time. In the
first ~20 min of the analysis, a gas mixture containing N5(g), O(g),
H,0(g) and 1 ppm NO(g) is supplied to the photocatalyst surface
under dark conditions, where the UVA lamp is off and any back-
ground light exposure of the photocatalyst surface is prevented. In
this period (i.e. at t ~ 7 min), gas feed is switched from the by-pass
line to the reactor which is accompanied by a transient decrease in
the total NOx(g) and NO(g) concentrations. This can be attributed
to the dilution of the gas in the reactor and the adsorption of NOx
species on the gas lines, reactor walls as well as adsorption on the
photocatalyst surface. Since under these conditions no UV or VIS
radiation is allowed to impinge on the photocatalyst surface, no
photocatalytic activity is observed during this initial stage, evident
by the presence of a minor amount of NO,(g) production which is
mostly due to thermal catalytic oxidation processes occurring on
the catalyst surface. After this initial dark period, reactor walls and
the photocatalyst surface are saturated with NOy, which is appar-
ent by the return of the NOx(g) and NO(g) traces to the original inlet
concentration value of c.a. 1 ppm, signifying the end of the thermal
catalytic activity.

After this initial transient period that is at t ~ 25 min, UVA irra-
diation is turned on and the photocatalytic reaction is started. Due
to the UVA illumination, a significant and a permanent decrease in
the NO(g) and total NOx(g) concentrations concomitant to a visible
permanent rise in the NO,(g) level are observed. This indicates the
conversion of NO(g) into NO,(g) via PCO process. Furthermore, pro-
duced NO,(g) can adsorb on the photocatalyst surface in the form
of chemisorbed NO,, nitrites and nitrates [11,12,35] and stored in
the solid state, resulting in a further fall in the NO(g) and total NOx
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Fig. 2. Specific surface area values for the synthesized (a) (P1) Ti/Al and (b) (P2) Ti/Al binary oxide samples after calcination at various temperatures.

signals. It should be noted that, decrease in the NO(g) concentration
might also have some contribution from the direct photocatalytic
decomposition and photo-reduction of NO(g) forming N,(g) and/or
N,0O(g) [47]. However, since the direct photocatalytic reduction
is a relatively inefficient pathway, this reaction channel may be
expected to be a minor photochemical route. Consequently, the
total NOy concentration (blue) curve (which is mostly comprised
of the sum of NO(g) and NO,(g) signals) in Fig. 1 remains mostly
below 1 ppm during the UVA-activated regime, illustrating the con-
tinuous photocatalytic activity and photochemical NOy storage in
the solid state.

3. Results and discussion

Thermal evolution and the structural changes of the (P1) Ti/Al
and (P2) Ti/Al samples were studied as a function of the calcination
temperatures. The specific surface areas (SSA) of the synthesized
Ti/Al binary oxides calcined at different temperatures are presented
in Fig. 2. Before calcination (P2) Ti/Al samples have significantly
(almost two times) higher SSA values than the corresponding (P1)
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O «AlLO; Anatase  Rutile
(P1) 0.5 Ti/Al
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Ti/Al samples. This difference can be associated with dissimilar
morphologies of P1 and P2 samples. TEM-EDX analysis of Ti/Al
samples synthesized via P1 and P2 suggests that (P1) Ti/Al mate-
rial consists of TiO, crystallites dispersed rather inhomogeneously
on y-Al;03, while (P2) Ti/Al material presents a more homoge-
nous and an amorphous AlTi, O, mixed oxide system with a higher
porosity [35]. The SSA values of both (P1) and (P2) Ti/Al binary
oxides drastically decrease in a monotonic fashion with increas-
ing calcination temperature. As will be shown below via XRD data
(Fig. 3), this monotonic decrease in SSA values is associated with
the ordering and crystallization of the mixed oxide system and for-
mation of new phases. Another important behavior observed in
Fig. 2 is that for lower calcination temperatures the Ti/Al mixed
oxides prepared via P2 reveal much higher SSA values compared
to that of P1; for higher calcination temperatures this trend is
reversed and P2 samples continue to lose SSA in a radical man-
ner while SSA loss for P1 samples remain at a moderate level. This
is due to the fact that in the P1 materials, titania is dispersed onto
the y-Al, O3 support material where alumina and titania domains
exist as separate phases. In this system, y-Al,03 serves as a strong
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Fig. 3. XRD patterns corresponding to the (a) (P1) 0.5 Ti/Al and (b) (P2) 0.5 Ti/Al binary oxide samples after calcination at various temperatures.
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backbone enabling a relatively high intrinsic sintering resistance,
where v-Al;03 — a-Al;03 (corundum) and TiO; (anatase) — TiO;
(rutile) phase transitions are hindered (Fig. 3). In contrast, P2 sys-
tem is comprised of a AlxTiyO, mixed oxide which can readily form
low-surface area phases such as corundum and rutile at elevated
temperatures (Fig. 3).

Structural alterations of the (P1) and (P2) Ti/Al photocatalysts
were also investigated as a function calcination temperature via
XRD method (Fig. 3). Fig. 3 shows the representative XRD patterns
of these binary oxide samples with a titania to alumina mole ratio
of 0.5. It can be seen in Fig. 3a that the (P1) 0.5 Ti/Al-700 sam-
ple yields broad diffraction peaks corresponding to anatase phase
(JCPDS 21-1272) and even broader diffraction signals associated
with y-Al,03 (JCPDS 29-0063) indicating small crystallite sizes.
Further calcination at 800 °C, does not result in a significant change
in the XRD pattern of the (P1) Ti/Al system. However, calcination
at 900 °C leads to the sharpening of the anatase diffraction signals
suggesting crystallographic ordering of this particular phase. Fur-
thermore, at this calcination temperature, sharp and intense rutile
diffraction signals (JCPDS 04-0551) also become apparent; clearly
demonstrating the beginning of an anatase — rutile phase trans-
formation. Calcination of the (P1) 0.5 Ti/Al sample at 1000 °C leads
to significant suppression of anatase diffraction signals, along with
the formation of weak but discernible a-Al,03 (corundum) phase
(JCPDS 10-0173). It is worth mentioning that the corresponding
XRD patterns of the (P1) 1.0 Ti/Al sample reveal identical crystal-
lographic trends to that of the (P1) 0.5 Ti/Al sample and hence are
not be shown here (Supporting Information Fig. S2).

Fig. 3b shows XRD patterns of the (P2) 0.5 Ti/Al photocata-
lysts calcined at various temperatures. It is apparent in Fig. 3b
that upon calcination at temperatures below 900°C, (P2) 0.5 Ti/Al
system reveals a mostly amorphous structure and relatively dis-
ordered phases with small particle sizes. Calcination of the (P2)
0.5 Ti/Al sample at 900°C leads to the formation of the rutile
phase. It should be noted that in the (P2) 0.5 Ti/Al system, amor-
phous Al;Ti, O, mixed oxide transforms readily into the rutile phase
without revealing a substantial amount of anatase. Increasing the

calcination temperature to 1000 °C, results in the sharpening and
strengthening of the rutile signals and formation of intense a-Al, O3
signals. XRD patterns of the (P2) 1.0 Ti/Al sample (data not shown)
reveal analogous trends to the ones given in Fig. 3b where the only
noticeable difference is the shift in the onset of the crystalliza-
tion/ordering temperature to 800°C; as a result of the increasing
titania loading in the binary oxide mixture.

Comparison of the thermally induced structural changes of (P1)
Ti/Al and (P2) Ti/Al samples reveals that for the (P1) Ti/Al sam-
ple, anatase phase exists in a larger thermal window in contrast to
the (P2) Ti/Al system. In addition, although corundum formation is
observed in a rather limited fashion on the (P1) Ti/Al system within
the investigated thermal window, presence of corundum is much
more significant for the (P2) Ti/Al system. Furthermore, XRD data
given in Fig. 3 are in very good agreement with the BET results pre-
sented in Fig. 2. It is apparent that the drastic fall in the SSA values
of the (P2) Ti/Al system at elevated calcination temperatures can
be linked to the formation of highly crystalline and low-surface
area phases such as rutile and corundum, while such phases are
not expressed in a strong fashion for the (P1) Ti/Al system.

Fig. 4 presents Raman spectra of the synthesized (P1) and (P2)
0.5 Ti/Al samples after calcination at various temperatures. Raman
spectrum of the (P1) 0.5 Ti/Al sample calcined at 700°C given in
Fig. 4a shows weak Raman features at 144, 400, 519 and 639 cm™!
which can be readily assigned to the anatase phase [11]. Increasing
the calcination temperature to 800°C leads to sharper and more
intense anatase Raman signals suggesting ordering and further
crystallization of this particular phase. Calcination of the (P1) 0.5
Ti/Al sample at 900 °C results in a decrease in the relative intensi-
ties of anatase signals while new Raman features associated with
rutile phase start to appear at 236, 447 and 612cm~! [11]. Fur-
ther calcination at 1000 °C leads to almost complete suppression
of the anatase features while rutile signals significantly intensify
(Fig. 4a) in very good agreement with the corresponding XRD data
presented in Fig. 3a.

For the (P2) 0.5 Ti/Al samples, no Raman bands were detected
for calcination temperatures less than or equal to 600 °C (Fig. 4b).
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Fig. 4. Raman spectra corresponding to the (a) (P1) 0.5 Ti/Al and (b) (P2) 0.5 Ti/Al binary oxide samples after calcination at various temperatures.
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Fig. 5. Relative photocatalytic performances of the synthesized Ti/Al binary oxide samples normalized with respect to the photocatalytic activity of Degussa P25 industrial
benchmark (see text for details).

Degussa P25 industrial benchmark photocatalyst without a signif-

On the other hand, calcination at 800 °C yields a complicated and
icant NOy storage capability renders this material a non-ideal NOy

convoluted set of Raman bands which contain both anatase and

rutile features. It should be noted that such features are elusive removal photocatalyst.

to detect in the corresponding XRD data presented in Fig. 3b sug- Analysis of the performance results presented in Fig. 5 reveals

gesting the presence of relatively small and disordered anatase interesting observations. For all of the synthesized Ti/Al binary

and rutile crystallites at this temperature. At higher calcination oxide systems, NO,(g) slip to the atmosphere (i.e. red bars in Fig. 5)

temperatures such as 900°C and 1000 °C, (P2) 0.5 Ti/Al sample is is always less than that of the Degussa P25 benchmark photo-

dominated by the rutile phase along with the gradual disappear- catalyst. This observation may have two different origins. Firstly,

ance of the anatase phase; in accordance with the corresponding for a large number of the analyzed Ti/Al samples, overall pho-
tocatalytic NO oxidation and further NO, storage in the form of

nitrates/nitrites are greater than that of P25 (this is evident by the

XRD data presented in Fig. 3b.
Photocatalytic NO oxidation and storage performances of all
of the synthesized binary oxide samples as well as the Degussa blue bars above 100% mark, concomitant to the red bars below
P25 benchmark photocatalyst were also measured in the custom- the 100% mark). For these systems, although a large amount of
NO,, is generated via photocatalytic NO oxidation, these oxidized

design photocatalytic flow reactor. Per cent photonic efficiencies
for “Photocatalytic total NOx(g) decrease” and “Photocatalytic species cannot find the opportunity to slip into the atmosphere due
NO,(g) generation” were calculated by integrating the time versus to the high NO, storage capacity of the binary oxide system pro-
concentration plots similar to the one given in Fig. 1 and using Eqs. vided by the alumina domains which are able to rapidly capture
(1) and (2). Next, per cent photonic efficiency values of the Ti/Al the oxidized NOy species in the solid state. This is also consistent
samples were normalized using the corresponding values of the P25 with the fact that NOy adsorption energy on alumina is typically
Degussa benchmark catalyst as described in Eq. (3). These values higher than that of titania [12]. The second origin of the relatively
are denoted as “% Relative photonic efficiency with respect to P25”. low NO; slip of a small group of Ti/Al samples (such as (P2) 0.5
Fig. 5 presents these normalized per cent photonic efficiency values Ti/Al and (P2) 1.0 Ti/Al samples calcined at T<800°C) are asso-
for “Photocatalytic Total NOx Decrease” (blue bars) and for “Photo- ciated with the fact that these photocatalysts have an extremely
catalytic NO,(g) Generation” (red bars). In this normalized vertical poor photocatalytic NO oxidation capability. Since these photocata-
axis, 100% corresponds to a photocatalytic activity that is identical lysts cannot generate NO,(g) via photocatalytic oxidation (verified
to that of Degussa P25 benchmark photocatalyst (illustrated by the by small blue bars in Fig. 5), NO, slip is accordingly also very
horizontal flat line in the histogram). limited. Thus in general, performance data in Fig. 5 indicate that
Note that for an ultimate photocatalyst with a supreme DeNOx for highly active photocatalysts which can efficiently convert NO(g)
performance, blue bars should be maximized (to obtain maximum into NO,(g), alumina domains can be utilized as active NOy captur-
photocatalytic NOx(g) storage/conversion); while red bars should ing sites that can significantly eliminate the release of toxic NO,(g)
be simultaneously minimized (to release minimum amount of toxic into the atmosphere by adsorption and solid state storage. As will
NO,(g) into the atmosphere). Degussa P25 benchmark photocata- be discussed in more detail below, alumina addition also typically
lyst has a high photocatalytic NO(g) oxidation ability leading to the improves the SSA of the binary oxide systems (Fig. 2) and enables
generation of large quantities of unwanted NO,(g) along with a them to have generally higher SSA values than that of Degussa
very limited NOy storage capability (Supporting Information Fig. P25 (i.e. 55m?/g). On the other hand, it is also worth mention-
S1). Keeping in mind that NO,(g) is a much more toxic chemi- ing that in the absence of a photocatalytic oxidation component
such as TiO,, pure y-Al; 03 has an extremely limited photocatalytic

cal than NO(g), high photocatalytic NO oxidation activity of the
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NO(g) storage/adsorption and NO,(g) generation capability (data
not shown). This observation clearly demonstrates the need for the
co-existence of photocatalytic NO(g) — NO,(g) oxidation function-
alities together with NO,(g) adsorption/storage functionalities in
an ultimate photocatalyst.

In order to investigate the effect of calcination temperature on
the photocatalytic performance of the Ti/Al systems, one can focus
on the corresponding data for the (P2) 0.5 Ti/Al photocatalyst family
given in Fig. 5. Assessment of this set of data clearly reveals that for
calcination temperatures less than 900 °C, (P2) 0.5 Ti/Al samples
do not present any significant photocatalytic activity. However,
calcination at 900°C leads to a major boost in the photocatalytic
activity, while this increased activity falls drastically upon further
calcination at 1000°C. Structural characterization data given in
Figs. 2-4 indicate that for calcination temperatures below 900 °C,
(P2) 0.5 Ti/Al system is composed of a mostly amorphous AlTiy, O,
mixed oxide, which also contains poorly ordered and small anatase
and rutile crystallites (Figs. 3b and 4b) rendering a relatively high
SSA (i.e. =131 m?/g) (Fig. 2b). Upon calcination of the (P2) 0.5
Ti/Al photocatalyst at 900 °C, formation of an ordered rutile phase,
together with arelatively minor contribution from anatase particles
(Figs. 3b and 4b) are observed; concomitant to a drastic decrease
in SSA to 64 m?/g (Fig. 2b).

Note that analogous temperature-dependent performance
trends are also valid for the (P2) 1.0 Ti/Al family given in Fig. 5,
where the onset of the photocatalytic activities observed at a lower
temperature of 800 °C with increasing titania loading in the binary
oxide system. This minor temperature shift in the onset of pho-
tocatalytic activity for the higher titania loading is in line with
the shift in the anatase/rutile crystallization temperatures for the
(P2) 1.0 Ti/Al samples, discussed above. Furthermore, the decline
in the photocatalytic activity of the Ti/Al systems at T>900°C
can be explained with the almost complete loss of the anatase
phase (Figs. 3 and 4). It is known that the co-existence of both
anatase and rutile phases is critical for obtaining a high photocat-
alytic NO oxidation and storage activity [34,48,49]. Thus in overall,
these observations suggest that although Ti/Al systems calcined
at lower temperatures reveal relatively higher SSA, these poorly
ordered or amorphous systems do not possess the proper crys-
tallographic/electronic/morphological features required for the
generation of the photocatalytic active sites with sufficient qual-
ity/quantity.

Comparison of the photocatalytic performance results given
in Fig. 5 for the (P1) Ti/Al family with that of (P2) Ti/Al fam-
ily implies that there is a complex interplay between calcination
temperature, crystal structure, composition and SSA which dic-
tate the final photocatalytic activity in a coordinative manner. In
order to illustrate this point, one can compare the best perform-
ing photocatalyst in the P1 family (e.g. (P1) 0.5 Ti/Al-800) to that
of P2 (e.g. (P2) 0.5 Ti/Al-900). It can readily be seen that pho-
tocatalytic total NOy decrease (i.e. blue bars in Fig. 5) for these
samples are about 161-176% greater than that of Degussa P25
benchmark photocatalyst while their NO, slip to the atmosphere
(i.e. red bars in Fig. 5) are significantly lower than that of Degussa
P25 (i.e. 75% lower for (P1) 0.5 Ti/Al-800 and 55% lower for (P2)
0.5 Ti/Al-900). In other words, both of these photocatalysts can
simultaneously oxidize NO into NO, and capture oxidized NOy
species in the solid state in a much more efficient manner than
Degussa P25. However, comparison of the structural properties
of these two efficient photocatalysts presents stark dissimilari-
ties. Firstly, XRD (Fig. 3a) and Raman (Fig. 4a) data for the (P1)
0.5 Ti/Al-800 sample reveal that this material is predominantly
comprised of an anatase phase with a minor contribution from
rutile, while corresponding data for the (P2) 0.5 Ti/Al-900 sam-
ple (Figs. 3b and 4b) suggest a composition where rutile is the
dominant phase with anatase being the minority phase. These two

structurally different photocatalysts revealing comparably high
photocatalytic activities implies that the photocatalytically active
site(s) have a complex nature which may involve an amorphous
phase, a particular anatase (or rutile) adsorption site, a particu-
lar adsorption site on the anatase/rutile hetero-junction and/or a
particular —OH functionality on any of these domains etc. How-
ever, it is clear that ordinary XRD and Raman measurements do not
reveal unambiguous information regarding neither the nature nor
the quantity of such active sites.

It can also be emphasized that these two different but com-
parably active photocatalysts (i.e. (P1) 0.5 Ti/Al-800 and (P2) 0.5
Ti/Al-900) have quite dissimilar SSA values. While (P1) 0.5 Ti/Al-
800 sample have a SSA of 161 m2/g, (P2) 0.5 Ti/Al-900 sample has a
SSA of 64 m?/g. This observation demonstrates that using absolute
SSA values as the sole parameter for comparing the photocatalytic
activities of dissimilar materials can be misleading (Supporting
Information Fig. S3).

Consequently, results presented in the current work indi-
cate that Ti/Al binary oxide photocatalysts can be synthesized
using different synthetic protocols possessing quite different struc-
tural features detected in BET, Raman and XRD measurements
yet, revealing similar photocatalytic activities. Hence, neither the
nature, nor the quantity of the photocatalytic active sites can be
readily inferred directly from such conventional and long-range
characterization techniques which lack spatial/energetic resolution
in the nanometer scale that can locally probe the electronic and
structural properties of the particular active site(s).

4. Conclusions

In the current work, TiO,/Al,05 binary oxide photocatalysts
were synthesized via two different sol-gel protocols (P1 and
P2) where various TiO, to Al,O3 mole ratios (0.5 and 1.0) and
calcination temperatures (150-1000 °C) were utilized in the syn-
thesis procedures. Structural characterization of the synthesized
binary oxide photocatalysts was also performed via BET surface
area analysis, X-ray diffraction (XRD) and Raman spectroscopy;
and the photocatalytic NO(g) oxidation performances of these
binary oxides were measured under UVA irradiation in a com-
parative fashion to that of Degussa P25 industrial benchmark.
TiO,/Al; 03 binary oxide photocatalysts were designed to demon-
strate a novel approach which is essentially a fusion of NSR
(NOy Storage Reduction) and PCO (Photocatalytic Oxidation) tech-
nologies. In this approach, rather than attempting to perform
complete NOy reduction, NO(g) is oxidized on a photocatalyst sur-
face and stored in the solid state in the form of nitrates/nitrites
(or their protonated surface derivatives) on a storage component.
Current results suggest that alumina domains can be utilized as
active NOy capturing sites that can significantly eliminate the
release of toxic NO,(g) into the atmosphere by adsorption and
solid state storage. Using either P1 or P2 protocols, structurally
different Ti/Al binary oxide systems can be synthesized which
enable much superior photocatalytic total NOx removal (i.e. up
to 176% higher) than Degussa P25 industrial benchmark. Fur-
thermore, such Ti/Al binary oxides can also decrease the toxic
NO,(g) emission into the atmosphere (which is formed due to
the photocatalytic oxidation of NO(g)) by 75% with respect to
that of Degussa P25. It is apparent that there is a complex
interplay between the calcination temperature, crystal structure,
composition and SSA which dictate the ultimate photocatalytic
activity in a coordinative manner. It was observed that two struc-
turally different photocatalysts prepared via different preparation
protocols may reveal comparably high photocatalytic activities
implying that the photocatalytically active sites responsible for
the photocatalytic NO(g) oxidation and storage have a non-trivial
nature.
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