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tocatalytic NOx abatement
through the use of Fe2O3/TiO2 nanocomposites†

José Balbuena,a Giorgio Carraro,*b Manuel Cruz,a Alberto Gasparotto,b

Chiara Maccato,b Adrián Pastor,a Cinzia Sada,c Davide Barrecad and Luis Sánchez*a

Supported Fe2O3/TiO2 nanocomposites were prepared for the first time by a plasma-assisted route and

successfully tested in photocatalytic NOx abatement driven by solar illumination. In particular,

a sequential low-temperature (<100 �C) plasma enhanced-chemical vapor deposition (PE-CVD)/radio

frequency (RF) sputtering approach was used to fabricate Fe2O3/TiO2 nanocomposites with controlled

composition and morphology. The preparation process was accompanied by a thorough multi-

technique investigation carried out by complementary techniques, including X-ray photoelectron

spectroscopy (XPS), secondary ion mass spectrometry (SIMS), field emission-scanning electron

microscopy (FE-SEM), X-ray diffraction (XRD), and atomic force microscopy (AFM). The results evidenced

the formation of high purity nanocomposites, in which TiO2 content could be tailored by controlled

variations of the sole sputtering time, and characterized by an intimate Fe2O3/TiO2 contact, of key

importance to exploit the chemical and electronic coupling between the two oxides. The obtained

nanomaterials were tested in NO photo-oxidation activated by sunlight, showing a remarkable activity in

NOx (NO + NO2) removal and a high selectivity (>60%) in their conversion to nitrate species. Overall, the

present performances candidate the present photocatalysts as valuable materials for next-generation

technologies aimed at the abatement of harmful gaseous pollutants.
1 Introduction

In modern society, atmospheric pollution has been recognized
as one of the most severe threats for both the environment and
human health. Among the most important primary pollutants,
NOx (NO and NO2) trigger the production of tropospheric ozone
and acid rains, and, in addition, severely affect respiratory and
immune systems.1–4 As a consequence, the control of NOx

emissions has been largely regulated by environmental legis-
lation, which limits their allowed hourly concentration below
0.2 ppm.1,5 In spite of these requirements, the above value is still
oen exceeded especially in big cities,6,7 rendering the efficient
NOx removal (De-NOx) a main open challenge for environmental
remediation purposes.8–11

In this regard, photocatalysis has emerged as a viable
technology, as testied by the growing number of commercial
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products available on the market and the increasing scientic
interest on related processes.1,3,5 In fact, the possibility of
carrying out photocatalytic air remediation in the presence of
sunlight, atmospheric oxygen and water – abundant and
largely available natural resources – opens attractive perspec-
tives for the development of “green” daylight-driven
processes.1,5 This possibility has paved the way to the integra-
tion of depolluting materials in advanced building compo-
nents, ranging from photocatalytic pavements and mortars to
windows and paints, in an attempt to achieve an effective NOx

de-pollution in urban areas.12,13 In particular, TiO2-based
photocatalysts (PCs) have been widely exploited thanks to
titania favorable properties, including chemical inertness,
long-term stability and low cost.5,14–18 Nevertheless, the rela-
tively large band gap of TiO2 (EG z 3.2 eV) enables the har-
vesting of the sole UV light, accounting for only z5% of the
incoming solar energy.3,19 Therefore, the development of
alternative sunlight-activated photocatalysts with high effi-
ciency and stability is highly demanded. Among the various
strategies proposed to extend radiation absorption into the
visible (Vis) range, such as doping and dye photosensitiza-
tion,11,14,17,20 a procient way concerns the fabrication of
nanocomposite systems, such as Fe2O3/TiO2.21–24 Fe2O3, a non-
toxic and largely available semiconducting oxide (EG ¼ 2.2 eV),
can in fact enable to extent light absorption into the Vis range,
but is characterized by a fast electron–hole recombination,
This journal is © The Royal Society of Chemistry 2016
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resulting in poor photocatalytic performances.25–28 Attempts to
circumvent these problems have included the control of Fe2O3

nano-organization, as well as its chemical modication by
doping, surface passivation or functionalization with suitable
systems.19,23,28,29 In particular, the design of Fe2O3/TiO2 nano-
composites is expected to provide an improved efficiency in
solar-driven De-NOx processes, synergistically exploiting the
favorable properties of single-phase components and reducing,
at the same time, their disadvantages.21,28 Indeed, as also re-
ported for other composite systems, TiO2 coupling with other
materials can enhance visible light absorption, and results in
an effective separation of photogenerated electron–hole pairs
and fast interfacial charge transfer.30–32 Up to date, Fe2O3/TiO2

nanosystems in powdered form have been obtained by means
of various routes and used for many photo-assisted dye
degradation processes in the liquid phase,21,24,33–36 whereas only
a few TiO2-based composites (i.e. N–TiO2/Fe2O3

37 and N–TiO2/
ZrO2

38) were studied for gas phase De-NOx photocatalytic
processes. In addition, only a few reports have so far been
dedicated to Fe–Ti–O photocatalysts prepared as thin lms/
supported nanocomposites.39–42 Indeed, the latter are
a preferred choice for nal end-uses, since they present a lower
tendency to sintering/deactivation than powdered PCs and
enable to avoid ltration processes required for their
recovery.21,43 Nevertheless, to the best of our knowledge, no
reports on the use of supported Fe2O3/TiO2 composite mate-
rials for De-NOx processes are available in the literature.

Herein, we propose the preparation of supported Fe2O3/TiO2

composite materials by an original low-temperature plasma-
assisted strategy, based on the initial PE-CVD of Fe2O3 fol-
lowed by RF-sputtering of moderate TiO2 amounts. Under
controlled conditions, PE-CVD yields highly porous Fe2O3

systems with tailored nano-organization,25,44 whereas RF-
sputtering, thanks to its inltration power, enables an effi-
cient in-depth dispersion of Ti-based species into the Fe2O3

matrix,45,46 resulting in an intimate Fe2O3/TiO2 contact. As
already demonstrated, this approach is a highly versatile tool
for the fabrication of supported nanomaterials with tunable
structure and composition, thanks to the unique activation
mechanisms characterizing the adopted non-equilibrium
plasmas.45,46 The utility and exibility of the latter are indeed
due to their high chemical reactivity even in the absence of
external thermal supplies, enabling material processing at
temperatures lower than conventional vapor-phase routes.47 As
a consequence, PE-CVD processes can be considered more cost-
effective than the homologous thermal CVD ones, paving the
way to a possible industrial scale-up. Similar observations hold
even for RF-sputtering processes, used in the present work for
the Fe2O3 functionalization with TiO2.45

In this work, beyond the structural, compositional and
morphological characterization, the photocatalytic NOx abate-
ment performances of Fe2O3/TiO2 nanocomposites are pre-
sented, with particular attention to the release of toxic
intermediates into the outer atmosphere.48 Remarkably, the
obtained systems display a high NOx removal efficiency, supe-
rior to that evaluated for Degussa P25 and other modied TiO2-
based materials.1,3,49
This journal is © The Royal Society of Chemistry 2016
2 Experimental
2.1 Synthesis

Fe2O3 depositions were carried out by means of a two-electrode
custom-built PE-CVD apparatus (n ¼ 13.56 MHz).50 Depositions
were performed on p-type Si(100) substrates (MEMC®, Merano,
Italy, 30 mm � 30 mm � 1 mm), subjected to an established
cleaning procedure prior to each deposition.25 Electronic grade
argon and oxygen were used as plasma sources. The
iron precursor, Fe(dpm)3 (dpm ¼ 2,2,6,6-tetramethyl-3,5-
heptanedionate), synthesized as recently reported,44 was
placed in an external glass vaporizer heated at 130 �C with an oil
bath, and transported into the reaction chamber by an Ar ow
[rate ¼ 60 standard cubic centimeters per minute (sccm)]. Two
further auxiliary gas-lines were used to separately introduce Ar
and O2 (ow rates ¼ 15 and 20 sccm, respectively) directly into
the reaction chamber. To prevent detrimental condensation
phenomena, the delivery gas lines were maintained at 160 �C by
means of external heating tapes. Aer preliminary optimization
experiments aimed at ensuring the reproducibility of sample
characteristics, the growth parameters were set as follows: inter-
electrode distance ¼ 6 cm; deposition time ¼ 60 min; RF-power
¼ 20 W; substrate temperature ¼ 100 �C; total pressure ¼ 1.0
mbar. In the following, the bare iron oxide reference sample is
labeled as Fe2O3.

Subsequently, functionalization with TiO2 was performed by
RF-sputtering, using the above-described apparatus, and Ar as
plasma source. A Ti target (Alfa Aesar®; thickness ¼ 0.3 mm;
purity ¼ 99.95%) was xed on the RF-electrode. The TiO2

sputtering parameters were optimized basing on preliminary
deposition experiments aimed at avoiding a too thick TiO2

layer, that would have negatively affected the porosity of the
underlying Fe2O3 matrix. Sputtering processes were carried out
under the following conditions: substrate temperature ¼ 60 �C;
RF power ¼ 20 W; total pressure ¼ 0.3 mbar; Ar ow rate ¼ 10
sccm; duration ¼ 2 h (sample FeTi2) or 4 h (sample FeTi4). In
addition, to obtain a comparison for the nanocomposite func-
tional performances, pure TiO2 specimens were fabricated by
sputtering for 4 h on Si(100) (sample TiO2). Under the adopted
conditions, the thickness of the TiO2 deposit was estimated to
be lower than 5 nm.

For comparison purposes, commercially available TiO2 P25
was used as a reference photocatalyst (10 mg of powders in
a sample holder of 30 mm � 30 mm).
2.2 Characterization

The deposit mass was measured by using a Mettler Toledo
XS105DU Microbalance (average weight ¼ 0.55 � 0.05 mg).

XRD measurements were run at a xed incidence angle of
1.0� by means of a Bruker D8 Advance instrument equipped
with a Göbel mirror, using a CuKa X-ray source (l ¼ 1.54056 Å).

FE-SEM micrographs were collected by a Zeiss SUPRA 40VP
instrument, using primary beam acceleration voltages of 10 kV.

AFM analyses were carried out by using a Bruker Dimension
Icon AFM (Digital Instruments) operated in tapping mode and
in air. Images were recorded on different sample areas in order
RSC Adv., 2016, 6, 74878–74885 | 74879



RSC Advances Paper
to check surface homogeneity. Root-mean-square (RMS)
roughness values were calculated from the height prole of
2.0 � 2.0 mm2 micrographs.

XPS measurements were performed by using a Perkin-Elmer
F5600ci spectrometer with a non-monochromatized AlKa
source (hn ¼ 1486.6 eV). Charging effects were corrected by
assigning a binding energy (BE) of 284.8 eV to the adventitious C
1s signal. The estimated uncertainty on BE values was �0.2 eV.
Aer a Shirley-type background subtraction, raw spectra were
tted by adopting Gaussian–Lorentzian peak shapes.51 The
surface titaniummolar fraction was calculated basing on Ti and
Fe atomic percentages (at%), according to the following
relation:

XTi ¼ Ti at%/(Ti at% + Fe at%) � 100 (1)

In-depth SIMS analyses were carried out bymeans of a IMS 4f
mass spectrometer (Cameca) using a 14.5 keV Cs+ primary beam
(current ¼ 25 nA, stability ¼ 0.3%) and by negative secondary
ion detection, using an electron gun for charge compensation.
Beam blanking mode and high mass resolution conguration
were adopted. The target signals were recorded by rastering over
a 175 � 175 mm2 area and detecting secondary ions from a sub-
region of 7 � 7 mm2, in order to avoid the occurrence of crater
effects.

Infrared (IR) spectra were recorded by means of a Perkin
Elmer FTIR System Spectrum BX, operating in transmittance
mode at normal incidence.

2.3 Photocatalytic tests

Photocatalytic De-NOx experiments were performed at room
temperature using a protocol similar to the standardized one
developed for the characterization of air-purication perfor-
mances.52 In particular, taking into account the sample
geometric area (9.0 cm2) and the low average deposit mass (0.55
� 0.05 mg), a small-sized reactor (volume ¼ 50 cm3) and an NO
concentration of 100 ppb (obtained by mixing synthetic air and
pure NO) were deliberately chosen, in order to achieve an
optimal sensitivity. To this aim, it is worthwhile noticing that
a similar NO content, representative of NO concentrations
found during intense photochemical pollution events in urban
environments,53 was already successfully adopted not only in
our previous research works,29,54 but also in the studies carried
out by other investigators.16,55

In each experiment, the NO ow was passed over the sample,
placed inside the reaction chamber and irradiated from the top
through a quartz window. The reactor was placed inside a light
sealed irradiation box (Solarbox 3000e RH) equipped with a Xe
lamp and illuminated with articial sunlight. UV and Vis irra-
diance (25 and 580 W m�2, respectively) were adjusted by
a Delta Ohm HD 232.0 photo-radiometer provided with LP 471
UV (l ¼ 315–400 nm) and LP 471 RAD (l ¼ 400–1050 nm)
irradiance probes. Synthetic air (ow rate ¼ 0.30 L min�1) was
passed through a gas-washing bottle, lled with demineralized
water in order to maintain a constant relative humidity level
[(50� 5)%]. Prior to each test, the air/NOmixture was pre-uxed
over the sample in the dark for 10 min, in order to ensure
74880 | RSC Adv., 2016, 6, 74878–74885
a proper system stabilization. Under these conditions, no vari-
ation in the NO and NO2 concentration proles was observed,
enabling thus to discard any relevant NOx adsorption/
degradation phenomenon on the sample surface. Subse-
quently, irradiation for 60 min was performed. Nitrogen oxides
concentrations as a function of illumination time were
measured using a chemiluminescence analyzer (Environment
AC32M). The tests were repeated three times to obtain average
concentration values. The calculated standard deviation is �0.3
ppb for NO concentration, and �1.0 ppb for NO2 and NOx

concentration.
NO conversion, NO2 released and NOx conversion were

dened as follows:

NO conversion (%) ¼ {([NO]in � [NO]out)/[NO]in} � 100 (2)

NO2 released (%) ¼ ([NO2]out/[NO]in) � 100 (3)

NOx conversion (%) ¼ {([NOx]in � [NOx]out)/[NOx]in} � 100 (4)

where [NO]in, [NOx]in and [NO]out, [NO2]out, [NOx]out denote the
measured inlet and outlet concentrations, respectively, while
[NOx] ¼ [NO] + [NO2]. The used values were the average of the
measured one under steady state period (irradiation time: 40–70
min).

The system selectivity, S, is determined according to eqn
(5):56

Sð%Þ ¼
�½NOx�in � ½NOx�out

��½NOx�in�½NO�in � ½NO�out
��½NO�in

� 100 (5)
3 Results and discussion

The Fe2O3/TiO2 specimens synthesized in the present work were
fabricated using two different Ti sputtering times [2 h (FeTi2),
and 4 h (FeTi4)], in order to obtain two different loadings and
spatial distribution of TiO2 into the iron oxide matrix.

The system structure and phase composition were prelimi-
narily investigated by XRD analyses. XRD patterns of Fe2O3-
containing systems (ESI Fig. S1†) evidenced Bragg reections of
the rhombohedral hematite (a-Fe2O3) phase.57 In addition, the
higher intensity of the (110) signal with respect to the (104) one
may suggest a preferential alignment of the [110] axis perpen-
dicularly to the substrate (i.e., c-oriented growth).58 Irrespective
of the adopted sputtering time, no diffraction peaks corre-
sponding to TiO2 polymorphs or to ternary Fe–Ti–O phases were
detected, likely due to the low TiO2 amount.22,28,46,59

For the same reason, no appreciable titania reections could
be detected for the bare TiO2 specimen. The presence of TiO2

was however conrmed by compositional analyses (see below).
In order to investigate the surface and in-depth chemical

composition, XPS and SIMS analyses were performed,
focusing in particular on iron and titanium chemical states
and on their mutual distribution throughout the deposit
thickness. For all systems, the presence of Fe, Ti and O XPS
surface peaks was detected, along with a minor contribution
This journal is © The Royal Society of Chemistry 2016



Fig. 2 SIMS in-depth profiles for Fe2O3/TiO2 specimens.
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from adventitious carbon arising from atmospheric exposure
(ESI Fig. S2†). In line with XRD results, the spectral features of
the Fe 2p signal [BE (Fe 2p3/2) ¼ 711.2 eV, Fig. 1a] were similar
for all specimens and conrmed Fe2O3 presence.25,28,44–46,60 As
a matter of fact, surface iron signals could be detected even for
the higher titanium loadings (z11 at% aer 4 h of sputtering,
sample FeTi4).

Two different components contributed to the O 1s surface
signal (Fig. 1b). Beside a major band at 530.0 eV [(I), 67% of the
overall O content], related to M–O–M bonds (M ¼ Fe, Ti),
a second component (II) at higher BE (531.6 eV) was attributed
to hydroxyl/carbonate species arising from exposure to the outer
atmosphere.21,25,46 Irrespective of the sputtering time, Ti 2p3/2 BE
values (458.8 eV, Fig. 1c) were in line with TiO2 presence and
enabled to exclude the formation of Fe–Ti–O ternary pha-
ses.21,28,59,60 The surface titanium molar fraction (Fig. 1d) dis-
played a linear increase with sputtering time, indicating thus
the possibility of exerting a ne control over the system surface
properties by tuning the preparative conditions.

Since themutual distribution of Fe2O3 and TiO2 is a key issue
for an optimal nanocomposite engineering, a further insight
into the system composition was achieved by in-depth SIMS
analyses (Fig. 2). In both nanocomposites, Ti ionic yield
underwent a progressive decrease within the rst seconds of
erosion, and subsequently reached an almost constant value.
These phenomena, particularly evident for the specimen char-
acterized by the highest TiO2 loading (FeTi4), indicated a titania
accumulation in the near-surface system layers. Nevertheless,
the presence of Ti signal up to the interface with the Si substrate
suggested that TiO2 was present even in the inner hematite
regions. This nding, attributed to the synergistic coupling of
the Fe2O3 porosity (see below) and the sputtering inltration
power, resulted in an intimate TiO2/Fe2O3 coupling, a key issue
Fig. 1 Surface XPS photoelectron peaks for: (a) Fe 2p, (b) O 1s and (c)
Ti 2p. (d) Surface titanium molar fraction as a function of the used
sputtering time.

This journal is © The Royal Society of Chemistry 2016
to exploit their mutual interplay for the target functional
applications.

The system morphological organization was investigated by
FE-SEM analyses. As can be appreciated in ESI Fig. S3,† bare
iron oxide presented interconnected leaf-like nanostructures
(mean lateral size ¼ 20 nm; mean deposit thickness ¼ 150 nm),
characterized by a cross-section columnar habit. The arrange-
ment of such structures resulted in the obtainment of highly
porous systems, amenable candidates for solar-driven applica-
tions, as well as for the subsequent functionalization with
phases, like TiO2.21,45,46 In fact, the reduced lateral size of Fe2O3

nanostructures is a key tool to improve charge carrier transport
and light harvesting properties, since they have a long axis
enabling an efficient sunlight absorption and a short radial
distance for the diffusion of photogenerated carriers to the
material surface.46

Upon TiO2 introduction (Fig. 3), Fe2O3 morphology did not
undergo dramatic modications, thanks to the use of relatively
mild processing conditions.45,46 A detailed comparison of FE-
SEM micrographs in Fig. 3 and S3† revealed indeed that the
systems morphology become slightly more rounded upon TiO2

deposition. This effect directly depended on Ti sputtering time
(and loading), since it was more evident for the FeTi4 specimen.
In any case, the TiO2 overlayer thickness could not be clearly
measured. The present results, in line with those recently re-
ported for Fe2O3/Co3O4 composites fabricated by a similar
RSC Adv., 2016, 6, 74878–74885 | 74881



Fig. 3 Plane view (left) and cross sectional (right) FE-SEMmicrographs
for FeTi2 and FeTi4 samples.
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route,46 were further supported by AFM analyses, that did not
reveal appreciable differences between the bare Fe2O3 and FeTi4
sample with the highest Ti loading (compare ESI Fig. S4†).
Taking into account also the above discussed XRD and XPS
results, these ndings suggest either a high dispersion of Ti-
containing species, or the formation of a very thin/porous
titania overlayer.28 As already observed, the intimate contact
between the two oxides, that was achieved without any
Fig. 4 (a–c) Nitrogen oxides concentration profiles obtained during the p
TiO2 composite systems. The curves pertaining to bare TiO2 and bare Fe
released (%, red) and NOx conversion (%, green) for Fe2O3, FeTi2, FeTi4

74882 | RSC Adv., 2016, 6, 74878–74885
detrimental alteration of the pristine Fe2O3 porosity, is a key
feature to synergistically exploit Fe2O3/TiO2 heterojunction and
cooperative effects in photocatalytic applications. To this
regard, the present materials were tested in NOx photocatalytic
abatement. The complete oxidation of NO to nitrate or nitric
acid (NO3

�/HNO3) is a complex process, that involves several
intermediate species.48,61,62 Basically, the mechanism entails
several one-electron transfer steps, via nitrous acid (HNO2) and
nitrogen dioxide (NO2) as intermediate species. The in situ
generated reactive oxygen species (mainly hydroxyl radicals but
also superoxides; see also below and ESI Fig. S7†) assist as
strong oxidants the process, whose steps can be sketched as
follows:56,63,64

NO���!OHc
HNO2���!OHc

NO2���!OHc
HNO3 (6)

Fig. 4 displays the NO, NO2 and total nitrogen oxide (NOx)
concentration proles recorded for different specimens as
a function of irradiation time. It is worth recalling that photo-
catalytic experiments were carried out by owing 100 ppb of NO
into a ow-through reactor. As can be observed from Fig. 4a,
during the rst 10 min in the dark the concentration of NO
remained constant, highlighting the crucial role of sunlight
exposure to activate the process. Subsequently, under irradia-
tion from 10 to 70 min, a signicant NO signal decrease was
observed, evidencing the occurrence of a light-induced chem-
ical reaction on Fe2O3/TiO2 surfaces.3,16 The constant NO values
hoto-degradation of gaseous NO under sunlight irradiation on Fe2O3/

2O3 are also shown for comparison. (d) NO conversion (%, blue), NO2

and TiO2 samples.

This journal is © The Royal Society of Chemistry 2016



Fig. 5 NO abatement selectivity values for the target specimens
investigated in the present work.
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achieved aer 40 min indicated that a steady state condition of
maximum activity was reached. Finally, upon illumination
shutdown, the NO concentration returned almost to its initial
value.

The difference in values measured between dark and light
conditions is related to the amount of removed NO. As can be
observed from Fig. 4a, NO conversion values were higher than
15% for all samples, and reached a maximum value close to
25% for bare Fe2O3, corresponding to an almost doubled effi-
ciency if compared to that previously reported for powdered
hematite.54 However, an effective air quality improvement does
not rely on the sole NO removal, but also on suppression of
undesired intermediates (in particular NO2).56 Hence, the pho-
tocatalyst performances should be evaluated also in terms of
NO2 formation and total NOx removal. To this aim, Fig. 4b
evidences that non-negligible NO2 amounts are released during
the irradiation of bare Fe2O3 samples, suggesting that, in this
case, NO is mainly oxidized to NO2. As observed in Fig. 4c, the
NOx removal results very poor (3%) for bare Fe2O3. This
phenomenon was attributed to the inherent hematite draw-
backs, and, in particular, to its short excited-state lifetime,
which, in turn, promotes a fast recombination26 and prevent the
formation of OHc in sufficient amount to complete photo-
oxidation processes (6).54 In a different way, the use of
composite Fe2O3/TiO2 systems resulted in an appreciable
decrease of the released NO2 amount (Fig. 4b). Furthermore, as
displayed in Fig. 4c, the overall NOx removal increased, yielding
nearly twofold (FeTi2) and threefold (FeTi4) performances
compared to bare Fe2O3 (see also Fig. 4d). In addition, the De-
NOx action exhibited by composite samples was higher than
that tested for the bare TiO2 sample prepared for comparison
purposes (Fig. 4d). Another important benet of the Fe2O3/TiO2

interaction is evidenced by their PC activity under the sole Vis
light illumination. As can be noticed from Fig. S5 in the ESI,†
that compares the PC performances of representative samples
under Vis irradiation, the reactivity order was TiO2 � Fe2O3 <
FeTi4. In particular, the activity of bare TiO2 was almost negli-
gible, due to the large titania band-gap preventing visible light
absorption. In a different way, NO abatement was clearly
evident on bare Fe2O3, as a consequence of its lower band-gap.
Remarkably, upon going from bare Fe2O3 to FeTi4, a further
activity improvement was detected. This effect can not be due to
TiO2 light absorption properties but, rather, to the formation of
Fe2O3/TiO2 junctions, enhancing hole lifetime and promoting
charge carrier separation. Furthermore, thanks to titania
favourable properties, the latter effect can also boost the
formation of OHc species in sufficient amount to complete NO
photo-oxidation.

The possibility of photocatalyst reuse has been preliminarily
investigated for FeTi4, the most active specimen. The obtained
results (ESI Fig. S6†) displayed a modest activity loss (z14%) in
the rst few cycles of reutilization, and a subsequent activity
stabilization from the h cycle. In order to properly interpret
this result, it is worth noticing that the sample was rinsed with
water between consecutive cycles in order to eliminate nitrite/
nitrate species. Even though the identication of an appro-
priate cleaning procedure for the target specimens is not
This journal is © The Royal Society of Chemistry 2016
a straightforward task and will require additional efforts, the
data collected so far suggest that no signicant photocatalyst
degradation took place under the adopted experimental
conditions. Taken together, these results clearly highlight the
benecial synergy between Fe2O3 and TiO2, resulting in
improved photocatalytic performances. As reported also for
other composite systems, the main advantages of Fe2O3 and
TiO2 coupling can be traced back not only to the improved solar
light harvesting in the Vis range with respect to bare TiO2, but
also to the minimized electron–hole recombination and faster
photogenerated charge transfer at the Fe2O3/TiO2 interface (ESI
Fig. S7†).30,31,65–67 In this way, the holes accumulated in the
valence band assist the formation of OHc radicals that can
further contribute to the progressive NO oxidation (6), whereas
electron accumulated in the conduction band can favor the
generation of O2

� species, directly involved in the process (see
above).21

Fig. 5 shows a comparison of the photocatalytic NOx abate-
ment selectivity (S) for bare Fe2O3 and Fe2O3/TiO2 composites.
This parameter expresses the ratio of degraded NO that is ulti-
mately converted into harmless nitrate, rather than into toxic
nitrogen dioxide. As can be appreciated, the selectivity under-
went a remarkable enhancement upon increasing TiO2 loading
and, in particular, the sample with the highest TiO2 content
(FeTi4) displayed a value as high as 63%. Interestingly, this
value exceeded that reported for the standard TiO2 P25 (S ¼
25%), used as benchmark in similar processes, and of other
modied TiO2-based materials investigated in previous works
(45% < S < 53%),1,3,49 validating thus the signicance of the
present results in eventual practical applications. The highest S
RSC Adv., 2016, 6, 74878–74885 | 74883
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values obtained herein indicate the occurrence of good perfor-
mances for the NO / NO2 / NO3

� oxidation process (6).
In order to further support this conclusion, and validate the

selectivity values measured from the NOx concentration
proles, IR spectra of the most efficient photocatalyst (FeTi4)
and bare Fe2O3 (ESI Fig. S8†) were collected before and aer
irradiation, to investigate the presence of possible adsorbed
products.

Considering that during PC experiments only a few ppbs of
nitrite/nitrate species were formed, a detailed observation in the
IR region characteristic for nitrite/nitrate vibration modes
(1800–1200 cm�1) is requested to evidence their possible pres-
ence. In the case of bare Fe2O3 (ESI Fig. S8a†), a low intensity
band at 1640 cm�1 was observed, corresponding to the
absorption of water molecules from the reaction environment
onto the surface, whereas no N–O bands were detected. This
nding reveals that hematite capacity to remove NOx molecules
is negligible, in line with the above results. In a different way, it
is worth noting that for the FeTi4 specimen, the most per-
forming one (ESI Fig. S8b†), bands related to NO2

�/NO3
�

species could be observed in the spectra.

4 Conclusions

Supported Fe2O3 nanosystems have been functionalized with
tailored TiO2 amounts by means of a versatile, low temperature
plasma-assisted strategy. The adopted synthetic protocol,
adopted for the rst time in the present investigation, enabled
to prevent solid state reactions between Fe2O3 and TiO2 and to
fabricate pure and large-area nanocomposites. The target
systems were characterized by a tailored morphology and an
intimate Fe2O3/TiO2 contact, of strategic importance in view of
solar-driven NO oxidation. In particular, an improved De-NOx

efficiency with respect to bare Fe2O3 was obtained, highlighting
the occurrence of a photocatalytic synergy between the two
oxides. In fact, the efficient NO/NO2

�/NO3
� conversion could

be driven only by Fe2O3/TiO2 nanomaterials, but not by the
single components. In contrast to the negligible NOx amount
removed by Fe2O3 sample, a selectivity as high as 63% was
achieved by Fe2O3/TiO2 nanocomposites. Such values, among
the best ever reported in the literature for similar systems,
demonstrate the importance of nanocomposite morphological/
compositional control in the obtainment of advanced func-
tional performances.

On the basis of the above results, future perspectives for the
developments of the present research will concern the detailed
analysis of band gap values, VB and CB positions, as well as
a deeper understanding of the photocatalytic mechanism by
photoluminescence and photoelectrochemical measurements.
In addition, further efforts will be devoted to a careful modu-
lation of Fe2O3 morphology, to fabricate nanosystems endowed
with a higher active area, as well as to the investigation of higher
TiO2 loadings and of their effects on the ultimate functional
behavior. In this way, the high potential of the proposed
approach for De-NOx process triggered not only by solar light,
but even by the sole Vis illumination, will be fully exploited in
real-world end-uses for environmental remediation.
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1 J. Ângelo, L. Andrade and A. Mendes, Appl. Catal., A, 2014,
484, 17–25.

2 J. Colls, Air Pollution, Spon Press, London, New York, 2002.
3 J. Ma, H. Wu, Y. Liu and H. He, J. Phys. Chem. C, 2014, 118,
7434–7441.

4 H. A. Habib, R. Basner, R. Brandenburg, U. Armbruster and
A. Martin, ACS Catal., 2014, 4, 2479–2491.

5 A. Folli, S. B. Campbell, J. A. Anderson and D. E. Macphee, J.
Photochem. Photobiol., A, 2011, 220, 85–93.

6 M. W. Frampton and I. A. Greaves, Am. J. Respir. Crit. Care
Med., 2009, 179, 1077–1078.

7 M. L. Williams and D. C. Carslaw, Atmos. Environ., 2011, 45,
3911–3912.

8 M. C. Newman and W. H. Clement, Ecotoxicology: A
Comprehensive Treatment, CRC Press, Boca Raton, Florida,
2008.

9 B. Chen, C. Hong and H. Kan, Toxicol., 2004, 198, 291–300.
10 S. A. Cormier, S. Lomnicki, W. Backes and B. Dellinger,

Environ. Health Perspect., 2006, 114, 810–817.
11 A. Yamamoto, Y. Mizuno, K. Teramura, S. Hosokawa and

T. Tanaka, ACS Catal., 2015, 5, 2939–2943.
12 C. S. Poon and E. Cheung, Construct. Build. Mater., 2007, 21,

1746–1753.
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