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a  b  s  t  r  a  c  t

The  photon-assisted  adsorption  and  catalytic  decomposition  of  nitric  oxide  (NO)  over  undoped  and
Fe-doped  TiO2 nanoparticles  have  been  investigated  by in  situ  diffuse  reflectance  infrared  Fourier  trans-
formed (DRIFT)  spectroscopy,  in  situ  X-ray  photoelectron  spectroscopy  (XPS)  and  on-line  NOx analysis.
The DRIFT  spectra  and  on-line  NOx analysis  reveal  that  the  usual  photo-oxidation  of  NO  to  NO2 is  strongly
suppressed  by  the  Fe  dopant.  This  is  found  to  be caused  by the  photo-reduction  of  Fe3+ to  Fe2+,  which
is  an  effective  adsorption  site for nitric  oxide  species.  The  DRIFT  spectra  indeed  reveal  a new  band  at
1805  cm−1,  which  is  assigned  to the  N O  stretch  vibration  in  a  Fe2+(NO) complex.  Instead  of producing
eywords:
hotocatalysis
iO2

anoparticles
e-doping
itric oxide

R  spectroscopy

2

NO2,  photo-generated  hydroxyl  radicals  oxidize  the  Fe2+ back  to  Fe3+.  This  causes  the  NO  to desorb  again,
effectively  closing  an NO-mediated  recombination  loop.  These  results  support  the  recently  proposed
reaction  mechanisms  for the  photocatalytic  decomposition  of  NO  over  undoped  and  Fe-doped  TiO2,  and
provide  new  insights  for the  development  of  highly  selective  photocatalysts  based  on  doped  metal  oxides.

© 2013 Elsevier B.V. All rights reserved.
. Introduction

NOx is one of the most harmful environmental pollutants in air.
t causes damage to the lung tissue of human beings, and con-
ributes to the formation of acid rain and depletion of the ozone
ayer [1]. The emission of NOx, a mixture of NO and NO2 [2], is

ainly produced by the chemical reaction of N2 and O2 during the
igh-temperature combustion of fossil fuels in air [3,4]. Although
Ox emissions have slightly decreased since the late 1990s, con-
erns are that they will greatly increase again due to the growing
umber of automobiles in developing countries. Many technologies
ave been devoted to the removal of NOx, including NOx storage
nd reduction catalysis (NSR), selective catalytic reduction (SCR)
nd photocatalysis [5,2]. The photocatalysis route is arguably the
ost attractive one, since it can remove NOx in dilute form from air

t room temperature. TiO2, one of the most popular photocatalysts,

s particularly efficient at decomposing NOx [6].

The photocatalytic activity of TiO2 originates from the pres-
nce of photo-generated electrons (e−) in the conduction band

∗ Corresponding author. Present address: Helmholtz-Zentrum Berlin für Mate-
ialien und Energie Gmbh, Institute for Solar Fuels, Hahn-Meitner-Platz 1, 14109
erlin, Germany. Tel.: +49 30 806243035.

E-mail address: roel.vandekrol@helmholtz-berlin.de (R. van de Krol).

920-5861/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.cattod.2013.09.026
and holes (h+) in the valence band under irradiation with UV light
[7]. However, these excited electrons and holes are not stable and
can quickly recombine, releasing their energy in the form of heat
[8]. To ensure that a sufficiently large fraction of the carriers can
reach the surface before recombining, TiO2 is generally studied
in nanostructured form. Once the electrons and holes arrive at
the surface, they react with adsorbed oxygen to form superox-
ide anions and hydroxyl radicals, respectively [9,10]. These species
further react with adsorbed NOx to form surface nitrates [11,12].
These nitrates do not spontaneously desorb and thus de-activate
the catalyst until they are washed away by rain. To avoid this
de-activation, several efforts have been made to change the selec-
tivity of the photocatalytic reaction so that NOx is photo-reduced
to N2 and O2, both of which easily desorb from the surface. Anpo
et al. showed that highly dispersed tetrahedrally-coordinated ‘TiO2’
clusters in zeolites can indeed photo-reduce NOx into N2 and O2
[13]. The reaction mechanism, however, remains unclear [14]. More
recently, we  have reported an alternative, more economical NO
photoreduction catalyst in the form of nanostructured Fe-doped
TiO2 [15]. We  elucidated the adsorption of NO species at the
Fe/TiO2 surface [16], and proposed a mechanism that explains how

the photo-reduction of the Fe3+ dopant changes the selectivity of
the NO decomposition reaction [15]. In this paper, we will show
direct experimental evidence that further supports this reaction
mechanism.

dx.doi.org/10.1016/j.cattod.2013.09.026
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cattod.2013.09.026&domain=pdf
mailto:roel.vandekrol@helmholtz-berlin.de
dx.doi.org/10.1016/j.cattod.2013.09.026
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. Methods and materials

.1. Photocatalyst preparation

Undoped (pure) titanium dioxide (TiO2) and 1% Fe-doped TiO2
anoparticles were synthesized by a simple, template-free sol–gel
ethod [16]. For preparing 1% Fe/TiO2, 0.8311 g of Fe(NO3)3·9H2O

+99%, Acros) was fully dissolved in 375 ml  ultrapure water (Milli-Q,
8.2 M� cm)  and mixed with 2.6 ml  HNO3 (65% in H2O) resulting

n the formation of clear yellow solution. The TiO2 nanoparticles
ere formed by dropwise addition of 62.5 ml  of titanium tetra-

sopropoxide (TTIP, Acros, 98%) to this solution under vigorous
tirring. A part of colloidal solution was dried at 373 K to form

 powder, and further annealed at 773 K in air to improve the
rystallinity and to ensure that the Fe ions are incorporated as
ubstitutional dopants in the TiO2 lattice [16]. The remaining col-
oidal suspensions were tape-casted onto a blank glass substrate
Schott Borofloat 33) to form a thin mesoporous film. Undoped TiO2
anopowders were prepared in a similar manner by omitting the
e(NO3)3 precursor.

.2. Catalyst characterization

The crystal structures of the Fe-doped TiO2 nanoparticles were
etermined by X-ray diffraction (XRD, Bruker, D8 Advance) with
u-K� radiation. UV–vis spectra of the samples were recorded on a
erkin-Elmer Lambda 900 spectrometer with an integrating sphere
ssembly. A BaSO4 standard was used as a reference sample for
aseline correction. Particle morphologies were studied by high
esolution transmission electron microscopy (TEM) using a FEI TEC-
AI TF20 electron microscope equipped with a field emission gun

FEG) and an energy dispersive X-ray (EDX) system for elemental
nalysis. The sample powders for TEM-EDX measurements were
ispersed in an ethanol solution and a few drops of the suspension
ere placed onto a Quantifoil® carbon polymer-supported copper

rid, following by drying at ambient conditions.
The valence state of the Fe dopants was analyzed by X-ray

hotoelectron spectroscopy (XPS, Thermo Escalab 250) with a
onochromatic Al K� X-ray source. A quartz window on the UHV

hamber allowed UV irradiation of the sample surface during the
PS measurement (LC8 spot light source, Hamamatsu). The 1s peak
f adventitious carbon at 284.6 eV was used as an internal reference
or calibrating the XPS binding energy.

.3. DRIFTS experiments

In situ diffuse reflectance infrared Fourier transformed spec-
roscopy (DRIFT, Thermo Nicolet Nexus with a MCT/A detector) was
sed for monitoring the presence of adsorbed NO, N2O and NO2
pecies on the nanopowder surface. The temperature-controlled
hamber was equipped with two CaF2 windows for the IR measure-
ents, and a quartz window that allowed in situ excitation of the

ample. A 150 W Xe lamp with a 370 nm bandpass filter (Newport
ype 10BPF10-370) served as a UV excitation source. A continuous
ow of He (99.999%, O2 < 5 ppm) with relatively high concentra-
ions of either NO, NO2 or N2O (167 ppm, 30 ml/min) was  used to
nsure efficient adsorption of the target species. Prior to the experi-
ents, the system was checked for leaks with a He leak detector. All
RIFT spectra represent the average of 64 consecutive scans with

 resolution of 2 cm−1 at 303 K, and are referenced to the sample
ackground.
.4. Chemoluminescence experiments

The NOx present in the gas phase during the photocatalytic pro-
ess is directly detected by an on-line chemiluminescence-based
Fig. 1. UV–vis diffuse reflection spectra of pure TiO2 and 1% Fe/TiO2 nanoparticles.
F(R) is the Kubelka–Munk function, which is defined as F(R) = (1 − R)2/2R, with R
being the measured reflection (R = Rsample/Rstandard) [18].

NOx analyzer (Teledyne Instruments, Model: 200E) with a sensitiv-
ity range of 0–2 ppm. The analyzer measures the concentrations
of NO and NOx (=NO + NO2), and calculates the NO2 concentra-
tion from the difference between these values. A continuous flow
of NO/He gas (∼1 ppm, 1 l/min) was used as initial target pollut-
ant. The mesoporous thin film samples (10 cm × 5 cm)  were placed
into a rectangular PMMA  reactor (40 cm × 10 cm × 5 cm), in accor-
dance with NEN-ISO 22197-1:2007. A facial tanner (75 W,  Philips
HB172) was used as a UV light source, providing a UV intensity of
1.76 mW/cm2 at the sample surface. The intensity of UV light source
was  measured by a Lutron UVA light meter (model: UVA-365).

3. Results and discussion

UV–vis diffuse reflection spectra have been recorded to investi-
gate how the Fe dopant is incorporated into the samples. The results
are shown in Fig. 1. The steep increase of the absorption at ∼400 nm
is due to the indirect band gap of pure anatase TiO2 [19]. Com-
pared with pure TiO2, Fe-doped TiO2 shows a small red shift of the
absorption onset toward the visible region. This is attributed to the
charge-transfer transition between the d-electrons of Fe and the
conduction band of the TiO2 [20],  which indicates that Fe is present
as a substitutional dopant inside the TiO2 nanoparticles [17].

The particle morphologies and Fe distribution in the samples are
investigated by TEM and EDX measurements, respectively. The TEM
image in Fig. 2a reveals a particle size of ∼10 nm for 1% Fe-doped
TiO2. Close inspection of a higher resolution TEM image (Fig. 2b)
reveals fringes separated by 0.35 nm.  This indicates the presence
of the anatase form of TiO2 (d1 0 1 = 0.35 nm), which is further con-
firmed by the main anatase (1 0 1) peak in the XRD pattern (Fig. 2c).
Compared to pure TiO2, a small but significant peak shift of the
anatase (1 0 1) toward higher 2-theta angles is found for Fe-doped
TiO2, which indicates a small decrease in the (1 0 1) lattice spacing.
This is attributed to the formation of oxygen vacancies that charge-
compensate the Fe acceptor-type dopants [17]. In addition, a small
rutile peak is also found for both pure TiO2 and Fe-doped TiO2. The
anatase-to-rutile peak intensity ratio decreases with increasing Fe
concentration (Fig. 2c), which is in accordance with reports that
cation doping favors the anatase-to-rutile phase transformation
[21].

In order to determine the Fe distribution in the nanoparticles,
the EDX beam was  focused at the edge and at the center of a par-

ticle, indicated as regions 1 and 2 in Fig. 2b, respectively. The EDX
signals from these regions are shown in Fig. 2d. Two  obvious Ti
peaks (4.49 keV, 4.93 keV) and a small Fe peak at ∼6.37 keV are
present. Integration of the peak areas indicates nearly the same
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ig. 2. (a) TEM image of 1% Fe-doped TiO2; (b) high resolution TEM image of 1% 

seudo-Voigt function; (d) EDX spectra of 1% Fe-doped TiO2 focused on regions 1 a

e:Ti ratios for region 1 (0.9 ± 0.3%) and region 2 (1.2 ± 0.4%). This
uggests that no significant accumulation of Fe at the surface of the
article occurs.

To gain more insight into the photocatalytic reaction mech-
nism, DRIFT spectra of undoped TiO2 and Fe-doped TiO2 were
easured in the presence of NO to investigate the presence of

dsorbed intermediates. Before UV irradiation (in the dark), the
RIFT spectrum of undoped TiO2 in the presence of NO shows

 series of clear IR absorption bands (Fig. 3a). These bands are
ttributed to adsorbed H2O (1620 cm−1), monodentate nitrate

 NO3
−, 1520 cm−1), monodentate nitrito ( ONO−, 1470 cm−1),

itrite ( NO2
−, 1299 cm−1), and bidentate nitrate (1192 cm−1)

roups [4,22,23]. After turning on the UV light, the intensities at
520 cm−1 and 1470 cm−1, and to lesser extent those at 1299 cm−1

nd 1192 cm−1, show a modest increase. Since all samples were
alcined at 500 ◦C before performing the photocatalytic reactions,
t seems unlikely that the IR signals are due to unreacted nitrate
roups from the nitric acid or the iron nitrate precursor used dur-
ng synthesis. An IR spectrum of Fe-doped TiO2 in He, using KBr
s background, indeed did not reveal any nitrate signal. Moreover,
PS measurements on calcined Fe-doped TiO2 powder (not shown)
id not reveal a significant signal at the N-1s binding energy of
98 eV. Based on this, we  conclude that the nitric groups in the IR
pectra are formed by the photocatalytic oxidation of NO under UV
rradiation.

After illumination, the IR spectrum also shows a new small band
t 1360 cm−1, which is attributed to adsorbed NO2 on the anatase
urface [24]. This indicates the photocatalytic oxidation of NO to
O2 in the presence of surface-adsorbed O2 [25,26] and residual
2 gas in the He supply (up to 5 ppm). Note that the presence of

urface adsorbed O2 is evidenced by the IR band at 1550 cm−1 in

ig. 3b. Once formed, NO2 quickly desorbs from the TiO2 surface,
nd its short residence time explains the relatively small signal
f the 1360 cm−1 band. The increased intensities of the bands at
520 cm−1 (NO3

−) and 1360 cm−1 (NO2) upon illumination are
ped TiO2; (c) XRD patterns of undoped TiO2 and 1% Fe-doped TiO2, fitted with a
hown in b). The Cu peaks originate from the support grid.

consistent with the reaction mechanism that we recently proposed
[15]:

h�
TiO2−→e− + h+ (1)

Ti(O2)ads + e− k1−→Ti(O−
2 )ads (2)

Ti − OH− + h+ → Ti − OH• (3)

Ti(O2
−)ads + NO(g) → Ti(NO3

−)ads (4)

Ti − OH• + NO → Ti − H + NO2(g) (5)

Since NO3
− cannot spontaneously desorb, reactions (2) and (4)

will stop after the surface becomes saturated with NO3
−. However,

the band at 1360 cm−1 remains present, even after saturation, indi-
cating continued production of NO2 via reactions (3) and (5). This
means that there must be an alternative reaction pathway for the
photo-generated electrons. A likely pathway is the reduction of pro-
tonated Ti4+ sites, resulting in the formation of surface hydroxyls
via hydrogenperoxo species [15]:

Ti − H + O2(g) + e− k2−→Ti − OOH− (6)

Ti − OOH− + Ti − H → Ti − OH− + Ti − OH• (7)

Ti − OH• + e− → Ti − OH− (8)

After achieving steady state conditions, reactions (1), (3), (5) and
(6)–(8) all occur simultaneously and can be summed up to give:

TiO2
2NO(g) + O2(g) + 2h�−→2NO2(g) (9)

For Fe-doped TiO2 under UV irradiation, a small increase of the
IR intensities at 1520 cm−1, 1470 cm−1, 1299 cm−1, and a larger
increase at 1192 cm−1 are observed (Fig. 3b). The ratio at which
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Fig. 3. (a) DRIFT spectra of undoped TiO2 in the presence of 167 ppm NO in the dark
and  under UV irradiation; (b) similar spectra and blank test (UV light irradiation in
pure He) for 1% Fe-doped TiO2. The bands at 1352 cm−1, 1445 cm−1 and 1550 cm−1

in the absence of NO are assigned to adventitious hydrocarbon oxides, bidentate car-
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Fig. 4. In situ Fe-2p XPS spectra of 1% Fe-doped TiO2 in the dark and under UV
irradiation.

photo-oxidized to NO2 [15].
onate and adsorbed O2 [29–31], respectively. (For interpretation of the references
o  color in the text, the reader is referred to the web version of the article.)

hese bands increase suggests that the formation of bidentate
itrate groups (1192 cm−1) is preferred over that of monodentate
itric groups in Fe-doped TiO2. We  attribute this to the larger con-
entration of oxygen vacancies in the Fe-doped samples [17], which
eaves more room at adjacent Ti4+ ions for a bidentate coordination.
nother difference compared to the spectra for undoped TiO2 is the
bsence of the band at 1360 cm−1. This indicates that NO2 forma-
ion is suppressed by Fe doping. A more detailed explanation for
his will be given later (vide infra).

The most obvious spectral change for the Fe-doped TiO2 in
ig. 3b is the appearance of a pronounced band at 1805 cm−1 under
V illumination. This band is not present for undoped TiO2 under

he same experimental conditions, nor is it present for Fe/TiO2 in
he absence of NO (Fig. 3b, blue curve). This suggests it is due to a
hoto-converted NO species adsorbed at a Fe surface site. Although
O-related photocatalytic reaction products for various oxides con-

aining Fe2+ and Fe3+ ions have been extensively studied by IR
pectroscopy [28], the band at 1805 cm−1 has not yet been assigned
n the literature.

To further investigate the origin of the band at 1805 cm−1, we
rst clarify the valence state of the Fe ions at the surface of the
ample by comparing the XPS spectra in the dark and under UV
rradiation. As shown in Fig. 4, the dark spectrum of Fe-doped TiO2

how peaks at 711.2 eV and 724.6 eV, which correspond to the Fe
p3/2 and Fe 2p1/2 binding energies of Fe3+, respectively [32]. Under
V irradiation the peaks at 711.2 eV and 724.6 eV shift to 709.3 eV
Fig. 5. Photocatalytic degradation of NO over 1% Fe/TiO2 in pure He atmosphere.

and 723.2 eV, respectively, which indicates the presence of Fe2+

[33,34]. These results show that most – if not all – of the Fe3+ ions
are reduced to Fe2+ by the photo-generated electrons [35]:

Fe3+ + e− k3−→Fe2+ (10)

This reaction only starts after the surface is saturated with NO3
−

species. This is because the electrons first prefer to reduce O2, since
the O2/O2

− energy level is positioned slightly below the TiO2 con-
duction band minimum [36], while the Fe3+/Fe2+ energy level is
located slightly above it [37]. After saturation, reactions (2) and
(4) can no longer occur, and reduction of Fe3+ to Fe2+ can take
place instead. The consumption of the photo-generated electrons
by Fe3+ would also inhibit reaction (6) and suppress the formation
of NO2. This explains why  the band at 1360 cm−1 is not observed
for Fe-doped TiO2 in Fig. 3b.

Direct evidence that the presence of Fe indeed suppresses the
formation of NO2 is shown in Fig. 5. After turning on the UV light,
the NO concentration briefly decreases due to the formation of sur-
face nitrates. When the surface is saturated with NO3

−, the NO
concentration at the reactor outlet increases again. As discussed
in detail in our previous paper [15], the NO concentration does not
go back to its initial value, since ∼5% is continuously converted into
N2 and O2. More importantly, no NO2 formation occurs, whereas
similar experiments for undoped TiO2 show that 50% of the NO is
The Fe2+ that is formed is a well known and efficient adsorption
site for NO [38]. Therefore, the band at 1805 cm−1 in Fig. 3b may
be due to an NO reaction product coordinated to Fe2+. Possible NO
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Table 1
Observed N O stretching modes of NOx species coordinated to various Fe surface
sites.

Wavenumber (cm−1) Assignment Catalyst Reference

2250 Fe2+(N2O) Fe-ZSM-5 [41]
1824 Fe2+(NO) FeAl2O4 [42]
1845–53 Fe2+(NO) FeTiO3 [42]
1810 Fe2+(NO)2 Fe/SiO2 [37]
1805 Fe2+(NO)2 Fe-doped TiO2 This paper
1840  Fe3+(NO) Fe-doped TiO2 [16]
1625 Fe2+(NO2) Fe-ZSM-5 [43]
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Fig. 6. DRIFT spectra of 1% Fe-doped TiO2 in a 167 ppm NO/He atmosphere. The
band at 1805 cm−1 completely disappears within a few minutes after turning off the
UV  light.

Fig. 7. Suppression of NO2 formation at the surface of Fe-doped TiO2 nanoparticles.

NOx analyzer, as evidenced by the peak at t = 317 min. Integration
of this peak shows that the number of desorbed NO molecules cor-
responds to ∼2% of the total number of Fe sites at the surface.1
1575 Fe (NO3) Fe-ZSM-5 [43]
1914, 1900 Ti4+(NO)n TiO2 [44]
1798–1811 Fe2+(NO)2 Molecular species [45]

eaction products, other than the nitrate, nitrito and nitrite species
dentified above, are neutral nitrosyl (NO), NO2 and N2O species. To
nvestigate these possibilities, DRIFT spectra were recorded with
aseous NO2 and N2O as the target species, in the dark and under
V illumination. No peak at 1805 cm−1 was observed for any of

hese measurements, which shows that the IR band at 1805 cm−1

annot be attributed to adsorbed NO2 or N2O.
This leaves the possibility that the band at 1805 cm−1 is due

o a nitrosyl species. The vibrational frequency indeed falls within
he range of 1966–1710 cm−1 that is associated with various forms
f adsorbed NO [23]. For ternary Fe-containing oxides, Miyata et al.
eported Fe2+(NO) bands in the range of 1826–1853 cm−1 (Table 1).

 somewhat lower frequency of 1810 cm−1 was found for the
e2+(NO)2 di-nitrosyl species in Fe/SiO2 [39]. Comparable values of
798 and 1811 cm−1 were reported for molecular Fe(NO)2 species
ondensed in either argon or neon gases, respectively [45]. In the
olid state, the coordination of two nitrosyl species to a single Fe2+

on would require slightly more free space around this ion. In our
ase, this space can be provided by the presence of oxygen vacancies
hat charge-compensate the Fe dopant. Taking all these consider-
tions into account, we assign the band at 1805 cm−1 to a dinitrosyl
pecies coordinated to Fe2+ sites in Fe-doped TiO2. The formation
f this species can be described by reactions (1), (10) and (11):

e2+ + 2NO → Fe2+(NO)2,ads (11)

It should be noted that the frequency of the N O stretch vibra-
ion in Fe2+(NO)2 is significantly lower than that of gaseous NO
1876 cm−1) [40]. This is due to back-donation of the Fe2+ d-
lectrons to the �* antibonding orbitals of the NO molecules [13].
his back-donation weakens the N O bond, resulting in a lower
ibration frequency. Another consequence of back-donation is that
t stabilizes the interaction between Fe2+ and NO, which explains

hy dinitrosyls are commonly observed on transition metal ions
ich in d-electrons [46].

To better understand the nature of the adsorbed dinitrosyl
pecies, a series of DRIFT spectra are recorded immediately after
urning off the UV light. As shown in Fig. 6, the band at 1805 cm−1

apidly decreases within the first 5 min  and has completely dis-
ppeared after 40 min, while other nitric bands (e.g. 1520 cm−1,
470 cm−1, 1299 cm−1 and 1192 cm−1) remain the same. This
hows that the NO species adsorbed at the Fe2+ sites (Fe2+(NO)2,ads)
pontaneously desorb. This is attributed to the re-oxidation of Fe2+

o Fe3+ by an adjacent hydroxyl radical that was previously formed
hrough reaction (3) [15]:

e2+(NO)2 + Ti − OH• → Fe3+(NO)2,ads + Ti − OH− (12)

The re-oxidation of Fe2+ to Fe3+ reduces the amount of � back
onding [16]. This decreases the stability of Fe NO bond and

xplains why NO spontaneously desorbs after turning off the UV
ight:

e3+(NO)2,ads → Fe3+ + 2NO(g) (13)
Fig. 8. NO release for 1% Fe-doped TiO2 after the UV irradiation is turned off.

The sum of reactions (1), (3), and (10)–(13) represents an
Fe-mediated recombination mechanism for the photo-generated
electrons and holes, which explains why  so little NO2 is formed at
the surface of Fe-doped TiO2 nanoparticles. The difference between
the reaction mechanisms for undoped and Fe-doped TiO2 is illus-
trated in Fig. 7.

Direct evidence for NO desorption is provided by the on-line NOx

analysis (Fig. 5), at the point where the UV illumination is turned
off. An expanded view of this part is shown in Fig. 8. After turning
off the UV light, a small amount of released NO is detected by the
1 The total number of desorbed NO molecules was calculated by integrating NOx

curve (from t = 317.2 min. to t = 340.7 min.) in Fig. 8. The final concentration of
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e  tentatively attribute this rather small value to the presence
f trace amounts of water. We  previously showed that H2O binds
ore strongly to surface Fe species than NO, so it may block a large

art of the available Fe surface sites [16]. An alternative explanation
ight be that only a small fraction of the surface Fe sites is active,

or example those on a step site, where they would experience less
teric hindrance.

. Conclusions

In conclusion, the presence of an Fe dopant in TiO2 nanoparticles
rovides a recombination pathway for the photo-generated elec-
rons and holes that suppresses the formation of NO2 during the
hotocatalytic decomposition of nitric oxide. XPS evidence shows
hat Fe3+ is photo-reduced to Fe2+ under UV illumination. The for-

ation of Fe2+ is accompanied by a new IR band at 1805 cm−1,
hich is assigned to the N O stretch vibration in a Fe2+(NO)2 com-
lex. This Fe2+ is re-oxidized to Fe3+ by the photo-generated holes
ia an adjacent hydroxyl radical group (Ti OH•), which triggers the
elease of the NO species. This work demonstrates that dopants can
e used to suppress undesired reactions at metal oxide surfaces,
ffering a convenient and effective way to develop highly selective
hotocatalysts.
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