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Grafted iron(in) ions significantly enhance NO,
oxidation rate and selectivity of TiO, for
photocatalytic NO, abatementf
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Semiconductor photocatalysis could be an effective means to combat nitrogen oxides (NO,) based air
pollution through mineralisation of NO, to nitrate. However, most of the typically TiO,-based catalysts
employed show a much higher reactivity towards NO than NO,, leading to an accumulation of this
unwanted and toxic intermediate. By grafting the photocatalyst with small amounts (=0.1 at%) of isolated

Received 11th June 2018 iron(in) ions, the reactivity towards NO, is increased by the factor of 9, bringing it up to par with the NO-
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reactivity and alleviating the problem with intermediate accumulation. Consequently, the observed

DOI: 10.1035/c8ra05017a selectivity of the reaction is dramatically increased from less than 40% to more than 90%. The paper also
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1 Introduction

The air we breathe is one of our most precious resources.
However, it is contaminated with many different harmful
substances such as ozone, volatile organic compounds (VOCs)
and nitrogen oxides (NO,) which are endangering our health
and the ecological system. Nitrogen dioxide (NO,) in particular
has been the focus of new environmental legislations, like the
directive 2008/50/EC of the European Union, aimed at mini-
mizing its emissions. However, the imposed limits are
frequently exceeded in many European cities."”” Some sampling
stations even register concentrations as high as 80 pg m >, twice
the allowed value of 40 pg m—> NO,.* The chosen actions to
achieve the target values, namely low emission zones, forbidden
areas for heavy vehicles or more strict emission values for
vehicles have had only negligible effects on the concentration of
NO, in recent years."*

Even though the main parts of the emissions are generated
through high temperature processes of anthropogenic nature,
i.e. combustion engines, gas- or oil based heating systems and
industrial furnaces,’ the direct reduction at the emission source
appears more difficult than anticipated.® Semiconductor pho-
tocatalysis is a process with the potential of oxidizing NO, and
other air pollutants independently on their source.” In addition,
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discusses possible mechanisms for this very beneficial behavior.

it needs neither maintenance nor external reagents; it requires
only sunlight, water in the form of rain and molecular oxygen
which are already present in the outdoor environment. The
process is based on the generation of electron/hole pairs on the
semiconductor after absorption of photons with suitable
energy, i.e. at least equal to the semiconductor band gap, eqn
(1). In case of the commonly used TiO,, this requires UVA light,
but it has recently been proposed that visible light might also
induce the reaction through NO-TiO, surface complexes.?
Providing that electron/hole pairs do not recombine, they can
further react to form highly reactive oxygen species (ROS) such
as hydroperoxyl radicals (HO,-), eqn (2) and (3), and hydroxyl
radicals (-OH), eqn (4).°

TiO, — " TiO, (ecs™ /hvs") (1)
O, +tecg” — Oy (2)
0,-~ + H" — HO»- (3)

Hzo + hVB+ — -OH + H+ (4)

NO can be oxidized to NO, either in a two-step process via
nitrous acid (HONO) with hydroxyl radicals, eqn (5) and (6), or
with hydroperoxyl radicals via peroxynitrous acid (HOONO) and
subsequent decomposition, eqn (7) and (8), the latter being the
predominant one.' NO, can also be further oxidized with
a hydroxyl radical to form nitrate or nitric acid, eqn (9)."***

NO + -OH — HONO (5)
HONO + -OH — NO, + H,0 (6)
NO + HO,- — HOONO )

This journal is © The Royal Society of Chemistry 2018
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HOONO — NO, + -OH (8)
NO, + -OH — HONO, (9)

One of the main challenges for this technology remains the
poor selectivity of the reaction with respect to the desired
product, i.e. nitrate. As mentioned above, during the oxidation
of NO, nitrous acid (HONO) and nitrogen dioxide (NO,) are
formed as intermediates of the reaction, which may be des-
orbed and released in the process. As these are both more toxic
than NO, this needs to be avoided at all cost to guarantee an
improvement in the air quality."* While HONO was only detec-
ted in small amounts during photocatalytic oxidation of NO,
NO, is often observed to be a major product.'>**** The selectivity
towards the target product nitrate is often observed to be only as
low as about 30% in typical laboratory tests.” This is also
observed in some of the real-world testing sites, which report
a significant reduction in the NO level but almost no change in
the NO, levels."** While there were some recent reports on
progress in developing more selective photocatalysts for this
application, this challenge remains far from being solved.'>*"~**

Both the poor kinetics of NO, oxidation as well as the back-
reaction of already formed nitrate have been identified as cau-
ses for the low selectivity.”*** As has already been outlined in
one of our earlier publications,* the introduction of oxygen
reduction enhancing co-catalysts onto the surface of TiO,
should prevent re-reduction of already formed nitrate and
thereby increase the observed selectivity.*” This effect should be
especially significant at high nitrate coverages, i.e., after longer
times of operation. One method to achieve this is by grafting
small concentrations of metal ions such as Fe or Cu onto the
titanium dioxide.”**” Amongst other properties, these materials
were reported to exhibit strongly increased oxygen reduction
capabilities.”® However, the performance of these materials in
photocatalytic NO,-abatement was never reported.

Therefore, in order to validate our hypothesis, we synthe-
sized iron-grafted titanium dioxide materials and subjected
them to intensive testing in photocatalytic NO,-abatement.

2 Experimental
2.1 Synthesis of Fe-grafted TiO,

The photocatalyst powders of Aeroxide P25 (Evonik), iron(ur)
chloride hexahydrate (Alfa Aesar) and hydrochloric acid (Merck)
were used as received. Water used in the syntheses always refers
to deionized water (>10 mQ cm).

A method developed by Irie et al.** was adopted for the
preparation of the iron grafted materials. In a typical synthesis,
100 g L™ TiO, were suspended in an iron(m) chloride solution
acidified to a pH value of 2 by hydrochloric acid. The iron
concentration of the solution reflected the desired concentra-
tion on the photocatalyst. The suspension was stirred at 90 °C in
a sealed reactor for 1 h, filtered and washed with copious
amounts of water after cooling down to room temperature. The
resulting material was dried at 110 °C for 24 h and finally
ground in an agate mortar.
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An aliquot of the filtrate was analyzed by ICP-MS (Thermo
Fisher, iCAP Q) to calculate the concentration of grafted metal
of the catalysis surface. For this, the difference of the total
added and the not adsorbed and washed off amount was used.
The ‘washed’ samples were prepared analogously, just without
adding any iron salt. The specific surface area (BET) and pore
volume of the powder samples were measured on an Autosorb
iQ (Quantachrome).

2.2 NO oxidation

The NO abatement experiments were done in a setup according
to the ISO standard 22197-1.*° All tubing and connections were
made of polymers to avoid metal surfaces which could catalyti-
cally convert NO,. The nitrogen monoxide gas was supplied as
a concentrated mixture. The NO gas stream was diluted by a dry
and a wet synthetic air steam and made up to about 1 ppm NO, 3
L min~' flow rate and 50% relative humidity. This test gas
mixture was passed through the photocatalytic reactor made out
of PEEK which comprises a sample holder with the dimensions
of 5 x 10 cm’. In this holder approximately 2.8 g of the photo-
catalyst were uniformly dispersed and slightly pressed in with
a flat plunger to form a flat uniform surface. The sample is illu-
minated from above through a UVA transparent cover glass by
a UVA-LED-array (Omicron Laserage Laserprodukte GmbH, Ger-
many) which is calibrated to deliver 365 nm light with 10 W m ™2
intensity at the sample surface. The gas steam is passed above the
sample through a 5 mm high slit that is regularly reduced to
1 mm by turbulence barriers to improve mass transport (see Ifang
et al.** for details). The resulting gas steam was analyzed using an
environmental NO, and ozone analyzer (both Horiba, APNA-370
and APOA-370). It should be noted that the used analyzer does
not discriminate between HONO and NO, but measures both as
NO,. Consequently, all values reported herein for NO, are strictly
speaking NO, and the concentrations given for NO, may contain
an unknown quantity of HONO. However, it has been reported
previously that while present, the concentrations of HONO
during photocatalytic NO oxidation are relatively low.****

The changes in the concentrations of the pollutants were
used to calculate the conversions (X = 1 — ¢/c,) and the nitrate

X
selectivity (S = XNOX) . The results were further analyzed using
NO
Langmuir-Hinshelwood kinetics, eqn (10).>*
de  kKc (10)
dt  Ke+1

Integrating this rate law in plug-flow type reactors does not
yield an explicit expression for the conversion. While there
exists a linearized variant which enables determination of the
rate constants, this approach suffers from error inversion and
biased weighting problems which often lead to imprecise
parameters.** Therefore, the rate law was numerically integrated
over the reactor volume (Euler-Cauchy algorithm) and the
resulting conversions were fit (Levenberg-Marquardt algo-
rithm) to the measured data points in order to obtain the
respective kinetic constants. Based on these results, the first-
order rate constant can be calculated according to eqn (11).**

RSC Adv., 2018, 8, 27674-27685 | 27675
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k' = kK (11)

In case the conversion was observed to be constant with
varying inlet concentration, a more simple method was used. As
in this case, the reaction is purely first order in the concentra-
tion range of interest, the first-order rate constants (k') can
simply be obtained according to eqn (12).*

In(c/c
Kl = — ( / 0) (12)
T
Since the residence time (7) in the reactor is 0.5 s, the
formula can be rewritten as eqn (13).

K'=-2In(1-Xx)s" (13)

In order to make the data more comparable and setup-
independent, deposition velocities (vgyf) and reactive uptake
coefficients (y) have been calculated according to eqn (14) and
(15), with a surface-to-volume ratio (S/V) of 200 m " for the ISO
setup.®* Factors for converting rate constants into reactive
uptake coefficients for the given system are 4.397 x 10" s for
NO and 5.445 x 107> s for NO,, respectively.

kl

Vsurf — S/7V (14)
¥ = ;;;'V (15)

2.3 NO, oxidation

These experiments were conducted analogously to the ones with
NO by just changing the gas mixture to 1 ppm NO, in the
stream.

2.4 Long-term stability and recycling ability

The experiments were carried out after 20 h of NO, abatement
tests. The photocatalysts were collected from the sample holder
and stirred in 50 mL water for 2 h at RT, afterwards the material
was filtered and dried at 110 °C for 24 h. The process was
repeated after an additional 20 h of NO, oxidation. The filtrate
was analyzed for iron residues by ICP-MS and nitrate by IC
(Thermo Fisher iCAP Q and ICS 5000+).

2.5 EPR spectroscopy

Samples for Electron Paramagnetic Resonance (EPR) spectros-
copy were prepared by loading a 4 mm EPR cell with 0.0715 g
Fe-TiO, powder containing 0.07 at% of Fe. The samples were
degassed overnight on a Schlenk line under dynamic vacuum (5
x 1072 mbar) at 393 K.

X-band, continuous wave (CW) EPR analysis was performed
with a Bruker EMX spectrometer equipped with a ER4119HS
resonator operating at 120 K under a liquid nitrogen-cooled
nitrogen flow. Spectra were recorded using the following
instrumental conditions: 1 x 10 receiver gain; 100 kHz
magnetic field modulation frequency; 5.0 Gauss magnetic field
modulation amplitude and 20.2 kHz microwave power.

27676 | RSC Adv., 2018, 8, 27674-27685
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Irradiation was performed ex situ at 77 K in a Dewar filled
with liquid nitrogen, using a Labino Nova 365 nm (350 to
395 nm bandwidth) UV-A LED light source (213 mW typical
output).

Experimental spectra were simulated using the EasySpin
package®  operating within the Mathworks Matlab
environment.

3 Results

The photocatalyst P25 was grafted with iron ions in the
concentration range of 0.0001 to 0.77 at%. The actual amount of
grafted ions was determined indirectly by taking the difference
of added metal salt and subtracting the residue found in the
filtrate as analyzed by inductively coupled plasma mass spec-
trometry (ICP-MS). In most cases, it was found that the majority
(>80%) of metal salts were grafted onto the TiO, surface. In the
lowest concentrations studied, the amount of iron in the filtrate
was below the detection limit of the ICP-MS. Therefore, the
samples’ iron content was estimated as the total iron added in
these cases which should be taken as an upper limit of the
actual content in the samples. As reported previously,> no
evidence for a change in the crystal phase or particle size was
observed in X-ray diffraction (XRD) (not shown). The grafting
procedure itself leads to a noticeable increase in the pore
volume for P25 from 0.31 cm® g7" t0 0.49 cm® g~ " even without
adding any metal ions while the specific Brunauer-Emmett-
Teller (BET) surface area just slightly increases from 55 m”> g~
to 58 m” g~ *. No further significant change in either the surface
area of pore volume was observed upon grafting the materials
with iron ions (57 m* g™, 0.46 cm® g~ ).

A representative sample has been analyzed in detail using
transmission electron microscopy (TEM), ¢f. Fig. 1. The micro-
graphs show no evidence of any modification and are indis-
tinguishable from the pristine TiO,.

Yet, energy-dispersive X-ray spectroscopy (EDX) analysis of
the samples indicates the presence of iron in extremely low
amounts (0.3 £ 0.2 wt%), ¢f: Fig. 2. Since this is very near the
detection limit of the method, quantitative interpretation is
extremely challenging. Several scans of different positions on
the sample either show no or the same low amount of iron, the
low signal intensity implying the detection of only few iron
atoms. No preferential iron localization, neither on edges, bulk
nor on the different phases (anatase, rutile) could be detected
and no evidence for discrete FeO, particles could be found,
indicating that the iron is uniformly distributed and present
either as extremely small clusters or as individual ions.

Similarly, X-ray photoelectron spectroscopy (XPS) analysis
reveals qualitative indication for the presence of iron, but the
signals are too low and near the detection limit to clearly proof
the iron content or allow quantitative interpretation, ¢f. Fig. S6.7
The observed binding energies of 708.7 eV and 711.6 eV corre-
spond well to FeO (709.6 eV) and Fe,O3 (710.9 eV), respectively,
indicating mixed +II/+III valence of the iron ions.

In order to prove the presence of iron in the samples with
a more sensitive method, the materials were analysed using
electron paramagnetic resonance (EPR) spectroscopy. The X-

n
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5,00E6: 1

10 nm

Fig.1 Arepresentative ATEM micrograph of a P25 sample grafted with
0.007 at% iron. The displayed lattice spacing of 0.35 nm corresponds
to anatase TiO,. The indicated area A was subjected to EDX analysis, cf.
Fig. 2.

o Ti
150
Ti
100
c
Cu
50
Cr Fe
0 T T T T T T
1 2 3 4 5 6
keVv
Element line wt. % at.%
OK 3344+1.1 60.0+£2.1
TiK 66.3+0.8 39.8+0.5
Fe K 0.34+0.2 0.2+0.1
Total 100.0 100.0

Fig. 2 The EDX-analysis of the area marked with A in Fig. 1.

band, continuous wave (CW), EPR spectra of the Fe-TiO,
sample containing 0.07 at% of Fe, recorded at 120 K are shown
in Fig. 3. Evident in the low field region of the spectrum are
resonances at g = 9.678, 6 and a sharp (almost isotropic) reso-
nance at g = 4.286 with shoulders on both sides. In the free spin
region (i.e. around g. = 2.0023), a broad resonance at g = 2.05
and much narrower resonances at g = 2.003, 1.980 and 1.960 are
visible. In addition, the experimental spectrum is characterized
by a broad background signal starting at low field near g = 10
and gradually approaching zero at fields corresponding to 1 < g
< 1/2, ie. covering almost the entire magnetic field range

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Experimental (black) and simulated (red) X-band CW EPR
spectra of the Fe-TiO, sample containing 0.07 at% of Fe, recorded at
120 K, 1 x 10* receiver gain; 100 kHz modulation frequency; 5.0 Gauss
modulation amplitude and 20.2 mW microwave power, prior UV
irradiation. The region of the spectrum around free spin (ie. ge =
2.0023) is also shown enlarged.

scanned. This is evident by the fact that the baseline is not a flat
line with signal amplitude equal to zero.

The resonances at g = 9.678, 6, 4.286 and the broad back-
ground signal are indicative of high spin Fe(m), S5, ground
term (5 unpaired electrons).>*® A detailed analysis of these g-
values is provided in the ESI.f The almost isotropic resonance at
g =4.286 is often found in strong (D > hv) low symmetry (E/D =
1/3) crystal field.*>*® This indicates that the iron is most likely
present on the surface of the TiO, and in either very small
clusters or isolated ions, since a location inside the bulk of
a crystal lattice (of either TiO, or an iron oxide cluster) would be
high symmetry.

The EPR analysis here presented is inconclusive as for the
presence of Fe(n) already present in the sample. Low spin Fe()
has spin S = 0, hence diamagnetic, hence EPR silent. High spin
Fe(u) ion has an integral spin, S = 2. In ordinary paramagnetic
salts its resonance is not seen at 120 K, and sometimes not even
in the liquid helium region, given that either the crystalline
electric fields split the spin states by too large an amount to be
observed, or the spin-lattice relaxation is so short that the
resonance becomes so broad that is beyond detection.

Around the free spin region, the isotropic resonance at g =
2.003 corresponds to conduction band electrons. This signal is
very common in TiO, samples, given that TiO, is an n-type
semiconductor, hence electrons being the majority carriers.
The resonances at g = 1.980 and 1.960 are the perpendicular
and parallel components, respectively, of the EPR signal asso-
ciated with bulk or interstitial Ti(m) exhibiting axial
symmetry.*”** Once again, the presence of this species is
common in TiO, samples as the majority carriers, i.e. electrons,
can be ‘trapped’ in Ti(u) states, ie., effectively reducing Ti(wv)
(diamagnetic d° ion) to Ti(m) (paramagnetic d* ion with § = 1/2).

An unambiguous assignment to the broad resonance around
g = 2.05 is challenging. Part of this signal could still be due to

RSC Adv., 2018, 8, 27674-27685 | 27677
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high spin Fe(m) showing extra features at 2.05 < g < 2.02.** In
addition, the signal could also comprise a contribution from the
g, of a lattice O™ centre (i.e. trapped valence band hole) with
significant levels of cationic impurities, causing an increase in
the splitting of the 7 orbitals of the O™ radical, which increase
the g values compared to the cases of O™ radical in P25 (g, =
2.026) or O™ radical in rutile (multiple g, with the largest values
at g, = 2.043).** The g for a trapped hole is 2.002 and would
be covered by the isotropic signal of the conduction band
electrons.” Another possibility could be the presence of
a discrete amount of physisorbed oxygen on the surface of the
sample.

Upon UV light irradiation, an evident increase in the signals
of conduction band electrons and Ti(m) is observable, Fig. 4.
This is expected given electron transition to the TiO, conduc-
tion band and subsequent electron trapping as described above.
In addition, a 12% decrease in the Fe(m) double integrated
signal intensity was observed. Since no new iron associated
signals were detected this means that part of the Fe(ur) was
converted into an iron species that is either EPR silent or not
detectable under the employed conditions.

Fig. 5 shows exemplary runs of the ISO test 22197-1 for
determination of the NO,-oxidation performance. While the
decrease of NO concentration is quite substantial, the total
variation of NO, over pristine (i.e. unmodified and unwashed)
P25 is low with only about 10.1%, owing to the low nitrate
selectivity of 24.6% after 2 h of measurement. The performance
is immediately increased by just ‘washing’ the material without
adding any iron ions to 19.4% NO, oxidation and 34.1% selec-
tivity. This behavior is further dramatically improved by adding
iron ions in the range of 0.003 to 0.1 at% which turned out to be
the optimal range of iron loading (Fig. 6). Here, the initial
selectivity ranges from 91.0 to 95.0%, the 2 h selectivity from
76.6 to 80.0% and the NO, oxidation activity from 44.5 to 48.1%.
The improved selectivity and activity of the iron-modified
materials resulted in reduced formation of NO, in the same
period compared to the metal-free TiO, (Fig. 5). Similar exper-
iments have been conducted with copper- and manganese-

o

UV irradiation

T T T ]
100 200 300 400 500
Magnetic Field / mT

o -

Fig. 4 Experimental X-band CW EPR spectra of the Fe-TiO, sample
containing 0.07 at% of Fe, recorded at 120 K, 1 x 10 receiver gain; 100
kHz modulation frequency; 5.0 Gauss modulation amplitude and 20.2
mW microwave power, before (black) and after (violet) ex situ UV
irradiation at 77 K.
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Fig. 5 The relative changes in NO (black), NO; (red) and total NO,-
levels (blue) during a run of the ISO test 22197-1 with 1 ppm inlet
concentration of NO. Represented are runs for pristine P25 (solid
lines), washed P25 (slashed lines) and P25 grafted with 0.007 at% of Fe
(dotted lines).

grafted materials which showed no significantly improved
performance in NO, oxidation in comparison with the just
washed samples, cf. Fig S7.1

As pointed out by Mills and Elouali, at high nitrate loadings
TiO, becomes an effective NO to NO, converter with no net
nitrate formation.?® This seems to also be true for the iron-
grafted catalysts, which also show diminished selectivity with
increasing nitrate accumulation. However, much higher nitrate
loadings are required to achieve this effect with the iron-grafted
materials than for the pristine catalyst. This means that they are
more robust against nitrate poisoning and that complete inac-
tivation (no net nitrate formation, zero selectivity) happens only
after very long exposure times, provided it does not rain in the
meantime and the catalyst is regenerated. To quantify this
effect, a study of the observed selectivity for nitrate as a function
of the nitrate surface coverage is useful. This illustrates the
robustness of the catalyst towards increasing nitrate poisoning

I

Il initial selectivity
[ 2h selectivity
[ 2h NO -activity

P25 washed0.0004 0.003 0.007 0.02 0.05 0.07 0.1 03 077
Iron loading [at.%]

Fig.6 The DeNO,-performance of P25 samples grafted with different
amounts of iron. Displayed are the initial nitrate selectivity (black) as
well as the selectivity (red) and NO, removal rates (green) after 2 h on
stream.
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and is a measure for the long-term performance of the
materials.”

The nitrate surface coverage can be calculated according to
eqn (16) with the volume flux (V), pressure (p), Avogadro's
constant (N,), gas constant (R), absolute temperature (7), mass
of catalyst (m), its specific surface area (S,) and the maximum
nitrate surface coverage (0max = 2 N~ 2).224

0(1) (¢(NOL);, (1) = ¢(NO),, (1)) dt

VpNa J’ (16)

- RTmSAOmax Jo

As seen in Fig. 7, all of the materials exhibit a loss of selec-
tivity at increasing nitrate surface coverages, however, to varying
degrees. Pristine P25 starts out with a rather poor selectivity of
31% which drops very fast to 18% at a nitrate surface coverage
of 0.5%. The washed material without any added iron ions has
a selectivity of 44% at the beginning of the experiment and only
drops to 36% when a nitrate surface coverage of 0.5% is
reached. A further significant improvement is achieved by even
a very low iron loading of 0.0004 at%, which corresponds to
a statistical mean of only 1.6 ions per particle. In this case, the
initial selectivity increases to 73% and is relatively stable, only
dropping to 63% with the same amount of adsorbed nitrate
(0.5%). The performance of materials loaded with the optimum
of iron between 0.003 to 0.1 at% is difficult to distinguish, their
initial selectivity ranges between 89 to 92% and still 83 to 85% at
a nitrate coverage of 0.5%, relatively independent of the iron
concentration. In prolonged experiments, nitrate surface
coverages of up to 8% could be achieved with these materials,
which were still more selective under these conditions than the
pristine material at the beginning of the experiment.

Studies of different inlet concentrations revealed that the NO
oxidation proceeded according to first-order kinetics, showing
a linear dependence of the oxidation rate with increasing inlet
concentration, ¢f. Fig. S3 and S5.1 The only exception to this is

100

90 s — pristine
S washed
—— 0.0004%
——0.003%
——0.02%
——0.10%
—0.77%

80+

704

60 0.0004%

504

40—\
\ .

30+

washed e

Observed nitrate selectivity / %

104 pristine

0 T
0 i 2 3 4 5 6 7 8

Nitrate surface coverage / %

Fig. 7 The behavior of the observed nitrate selectivity with increasing
nitrate surface coverage for a selection of representative iron-grafted
samples. The numbers in the figure indicate the iron content of the
respective samples. Also displayed are the best fits to the previously
published model obtained using egn (24) and non-linear regression as
dotted lines.?
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the pristine P25 material which shows mixed first and zero
order kinetics at higher concentration, cf. Fig. S1.1 This case was
analyzed using Langmuir-Hinshelwood (L-H) kinetics and all
other materials were analyzed according to the simplified first-
order kinetics (which in the cases yields the same first-order rate
constants as when using L-H kinetics) to calculate the respec-
tive rate constants using eqn (13).*>*3> As summarized in
Table 1, the first-order rate constants for NO oxidation are
virtually unaffected by both the washing procedure and the iron
grafting and range from 1.6 to 1.8 s~'. Only at the highest
studied iron loadings of =0.1 at%, the rate constant notably
decreases. However, it should be mentioned that the maximum
NO oxidation rate is increased by the washing procedure,
apparent from the observed conversions.

Similarly, initial experiments suggested that NO, oxidation
also follows first-order kinetics in the concentration range
studied. The resulting first-order rate constants are 0.16 s~ and
0.30 s~ for the pristine and washed P25. This shows that NO,
oxidation is about an order of magnitude slower than NO
oxidation and also that the simple washing procedure already
doubles the activity. Even better results were obtained with the
iron modified samples which is already illustrated by their
higher NO, conversions. However, kinetic analysis of these
samples proved a bit more complicated.

It is worth mentioning that the NO, rate constants presented
here were attained with catalysts that have been on stream for
several hours. Preliminary testing with the pristine catalyst did
not show a significant deviation of the activity with increasing
nitrate surface coverage. However, further studies have also
revealed that while for pristine and washed P25, the NO,
oxidation follows first-order kinetics (¢f Fig. S2 and S41), this is
not always the case for the iron-grafted photocatalysts. As
shown in Fig. 8, the linear behavior of oxidation rate with
increasing inlet concentration is only achieved for a freshly
prepared (i.e. nitrate free) sample. Contrary to the observations
with the pristine catalyst, accumulation of nitrate during the

Table 1 NO conversion Xyoe ) in the ISO standard test 22197-1 in
1 ppm NO and NO; conversion Xyo,e n in 1 ppm NO; (both after 2 h)
and the corresponding first-order reaction rate constants k' of chosen
samples with different iron loadings

Iron loading/at% Xwo@ n/% kno/s™ " Xno,z n)/% kII\IOz /s ko /kll\loz

Pristine P25 33 1.74% 7 0.16 10.69
Washed (0) 55 1.68 14 0.30 5.03
0.0004 58 1.74 18 n.d. n.d.
0.003 57 1.70 17 n.d. n.d.
0.007 59 1.80 20 n.d. n.d.
0.02 57 1.69 21 n.d. n.d.
0.05 56 1.66 21 1.39° 1.18
0.07 54 1.57 21 n.d. n.d.
0.10 54 1.55 21 n.d. n.d.
0.30 50 1.40 22 n.d. n.d.
0.77 48 1.32 16 n.d. n.d.

“ Not strictly adhering to first order at higher concentrations, kinetic
constant  obtained using Langmuir-Hinshelwood  kinetics.
b Determined at low concentration (<200 ppb).
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Fig. 8 The oxidation of NO, over illuminated P25, grafted with 0.05
at% Fe, with varying inlet concentrations of NO,. Shown are a freshly
prepared sample (blue triangles) as well as ones which were already
subjected to short (red filled circles) and long DeNO, testing (black
squares) procedures. Conditions according to ISO 22197-1, except
inlet concentration.

testing did have a significant effect on the NO, oxidation rate.
The onset of this effect can even be seen for the freshly prepared
catalyst which accumulate traces of nitrate during the test,
which is already sufficient to slightly deviate from perfect linear
behavior (Fig. 8, blue triangles). Once the sample accumulates
even moderate amounts of nitrate, the maximum achievable
oxidation rate quickly levels off at a certain amount. This is even
more pronounced with higher nitrate loadings. However, even
at the highest measured nitrate surface coverage of about 8%,
the photocatalyst still shows linear behavior at low (<200 ppb)
concentrations. Since analysis of these results with L-H kinetics
did not yield acceptable fits, we simply calculated first-order
rate constants from the linear part at low concentrations. In
this concentration range, the first-order rate constant is 1.39
s~', which is 8.7 times the value of the pristine catalyst.

The measurements of NO, oxidation rates reveal that all of
the catalysts show higher activity towards NO than towards NO,,
for pristine P25 this ratio is 10.7. This is diminished to 5.0 for
the washed variant and further for the iron-grafted materials
which show ratios of about 1.2, mostly due to an increase in
activity towards NO,, since the reactivity towards NO is not
changed.

In order to determine the long-term stability of the materials,
they were subjected to repeated irradiation-washing cycles. Two
representative samples, one with a high iron loading of 0.77 at%
and one with the optimum at 0.05 at% were chosen. Deionized
water was used for the washing steps and it was subsequently
collected and analyzed for nitrate content as well as traces of
iron ions which might have leeched out of the powder. An
average loss of 0.25 umoli;on gcamysfl occurred during each
cycle which correlates to 0.26% of the initial concentration of
the 0.77 at% sample and 4.1% of the 0.05 at% material. The
nitrate detected in the rinsing water corresponds well (73% on
average) with the total nitrate formed during the preceding
experiments, calculated as the integral of removed NO, over the
whole time-frame, indicating that the majority of formed nitrate
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Fig. 9 Long-term stability and recycling tests of the modified pho-
tocatalysts. Shown is the DeNO,-performance in terms of initial nitrate
selectivity (grey) as well as the selectivity (red) and NO, removal rates
(blue) after 2 h on stream for a sample with 0.77 at% iron (left) and
a sample with 0.05 at% iron (right) in 3 repeated cycles with washing
steps in between.

is readily removed by a simple washing step. Subsequent NO,-
abatement tests have shown that the washed and thus regen-
erated samples perform virtually identical to the as-prepared
samples with no apparent deactivation for at least three
cycles, cf. Fig. 9. After every recycling step, the initial selectivity
increases while the 2 h value and the activity are unchanged.
This effect is more distinct at high iron concentrations.

4 Discussion

Iron-grafted titanium dioxide material with metal concentra-
tions of 0.0004 to 0.77 at% was successfully prepared by
a simple impregnation technique. Interestingly, even the
sample made by the same route but without adding any metal
ions in the process showed an improved NO, oxidation
behavior. This sample was virtually indistinguishable from the
commercial product in its physical properties, except that the
pore volume was increased about twofold. Yang et al.>* showed
that the amount of adsorbed water plays an important role for
the selectivity of titanium dioxide materials. Also the ability to
degrade ozone is increased by hydrated TiO, independent from
the commercial source or the crystal phase composition.**
Therefore, we assume the observed improved performance of
the washed samples is a result of an altered surface hydration
state. However, at this point, it is unclear whether this hydration
state and the associated positive effects on selectivity and
activity will persist in real world applications.

The grafted materials were indistinguishable from the just
washed material by TEM, BET and XRD analyses. No evidence
for an incorporation of the iron into the TiO, lattice or the
appearance of discrete iron oxide clusters could be detected.
The iron presence was confirmed by EDX, XPS and EPR
measurements, the latter showed that the iron is likely present
as Fe(m) in a low symmetry environment, i.e., likely not inside
the bulk of a crystal lattice. This all points towards the iron

This journal is © The Royal Society of Chemistry 2018
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being located on the surface of the TiO, as either isolated ions
or extremely small clusters of an iron oxide, as expected by the
procedure and also reported by others for similar materials.*
Signals that have been attributed for Fe(m)-based clusters at g =
20 were not detected in the samples, further underlining iso-
lated ions as the most likely situation.** Similar EPR-signals as
seen here have also been reported for isolated penta- or hex-
acoordinated high-spin Fe(m) ions in zeolites.*** This is further
substantiated by the results of the EPR as under illumination,
there appears to be a charge transfer from the TiO, to the iron
species, resulting in the disappearance of its EPR signal,
meaning it is converted into a non-detected iron species (both
Fe(u) and Fe(iv) would likely not be seen under the employed
conditions).

We therefore conclude that the iron is present as isolated
ions on the surface of the TiO, nanoparticles. Usually, these
types of grafted ions are present in positions which the host
crystal cations would occupy, either in surface cation vacancies
or in apparent extensions of the host lattice.**** They therefore
present a form of quasi-substitutional doping which are often
under-coordinated due to their location at the surface. Their
anchoring on the host lattice also creates a unique coordination
sphere which can be comparable to some molecular catalysts
and may induce similar reactivity.*®

The iron grafting procedure significantly increases the NO,
oxidation performance. Most notably, the performance towards
NO, was dramatically improved upon iron addition in
comparison to both, the pristine and washed photocatalyst.
While the improved oxygen reduction rates and better charge
separation properties of iron-grafted TiO, can account for some
of the observed activity gains, there is likely an additional
mechanism taking place. The reason for this is that the former
has been reported to lead to improved activities in the order of
two- to fourfold,*****° while herein, the activity towards NO, was
increased by the factor of 8.7. Also, an increased overall activity
should increase the reactivity towards both NO and NO,.
However, the reactivity towards the former was not significantly
altered.

As the reaction from nitrogen dioxide to nitrate requires an
oxidant, a strong oxidant is likely the central element in the
additional mechanism. Other authors have also observed that
Fe**-grafted TiO, (rutile) has enhanced oxidative pathways,
leading to increased production of hydroxyl radicals or other
highly oxidizing species.** We propose here that Fe(v) ions (also
called ferryl ions) are also a central element in the oxidation
mechanism. The formation of both Fe(wv) and Fe(v) in photo-
catalytic processes has recently been proposed.®

These ferryl ions (in the form of Fe**, FeO*" or FeOH*") could
be formed either by direct electron transfer to valence band
holes in the titanium dioxide host material, eqn (17) and (18), or
indirectly by hydroxyl radicals, eqn (19). Also, mechanistic
studies on the Fenton reaction suggest that ferryl ions are likely
produced by the reaction of Fe*" with hydrogen peroxide (eqn
(20)), both of which can readily be formed by the reductive
pathway, ie., by photo-generated conduction band elec-
trons.*>** These ions would only be sufficiently stable as isolated
immobile Fe ions such as the ones present here as in clusters of
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iron oxides, they could rapidly react with Fe(u) ions in the
vicinity.

Fe'" + h™ — Fe'** (17)
Fe'* + H,0 — FeO*" + 2H" (18)
Fe’* + -OH — FeO*" + H* (19)
Fe?* + H,0, — FeO*" + H,0 (20)
FeO* + H,0 — Fe’* + -OH + OH™ (21)
FeO?" + NO — Fe** + NO,~
2.4 x 10" mol L™! s7! (ref. 54) (22)
FeO* + NO, — Fe’" + NO;~
1.7 x 107 mol L™! s! (ref. 55) (23)

While being highly unstable in aqueous media owing to the
rapid hydrolysis reaction, eqn (21), the ferryl ion could be
relatively stable in the gas phase and act as a very powerful
oxidant. It has been shown that ferryl ion complexes react
extremely rapidly with both NO and NO,, eqn (22) and (23),
showing kinetic constants of 2.4 x 10’ and 1.7 x 10’mol L™*
s, respectively.>*** So while the intrinsic oxidation pathway of
illuminated TiO, shows much higher reaction rates towards NO
than NO,, this ferryl ion mediated pathway would not distin-
guish between the two and react indiscriminately with both,
basically at diffusion-limited rates. The result would be
a strongly suppressed accumulation of the intermediate species
NO, and therefore an increased observed selectivity towards
complete oxidation to nitrate. The proposed reaction mecha-
nism and pathways are summarized in Fig. 10.

In the proposed mechanism, the reactive Fe(wv) species can be
formed both through the oxidative pathway via valence band
holes or hydroxyl radicals and also through the reductive pathway
via Fe(u) and hydrogen peroxide. There are many reports that in
P25, the oxidation and reduction reactions are spatially separated
on the anatase and rutile particles.>**” Likewise, there are theo-
ries that even on single polymorphs oxidation and reduction
preferentially take place on different crystal faces.”®* This means
that a NO molecule that is oxidized to NO, at or near the
reductive sites via hydroperoxyl radicals, eqn (7) and (8), cannot
readily be further oxidized to nitrate but has to migrate to the
oxidative sites first. This might facilitate release of this interme-
diate species and lead to lower selectivity. On the contrary, the
proposed iron-mediated mechanism can theoretically take place

NO;

o, HO, H,0,  NO; NO,
3+
Py —Feo"
e H h*/H,0 or OH
TiO,

Fig. 10 The proposed reaction mechanisms with the different path-
ways involving the grafted iron species.
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on both sites and therefore prevent this from happening and also
make use of a higher fraction of the available surface area.

The EPR results show that the amount of Fe(m) is reduced
under illumination and we cannot exclude that oxidation to
Fe(wv) (likewise reduction to Fe(u)) might indeed take place.
However, this cannot explicitly prove formation of Fe(wv) as Fe(u)
would also be EPR-silent, so this neither validates nor invali-
dates the proposed theory. Unfortunately, other analytical tools
such as XPS are already challenged to detect the whole amount
of iron due to the extremely low concentrations so detecting
a highly reactive intermediate species is improbable. Measuring
at higher iron loadings, however, may alter the reaction mech-
anism, as already indicated by the fact that >0.1 at% iron
loadings perform worse than the lower concentrations. So, for
the time being, we are unable to offer direct experimental
evidence for the reaction mechanism proposed above.

The NO oxidation tests also show that the selectivity towards
nitrate is dramatically improved upon grafting iron ions onto
the TiO, surface. This is true both for the initial selectivity as
well as the long term selectivity, i.e., after a significant amount
of nitrate has already been deposited on the catalyst, cf. Fig. 6
and 7.

The improved initial selectivity is likely a result from the
materials’ improved reactivity towards NO,. While pristine P25
reacts more than 10 times faster with NO than with NO,, this
ratio is diminished to 1.2 for the iron-grafted materials. It was
found that for lower concentrations (<100 ppb) of NO,, the
activity of the iron-containing samples approaches the values
seen for NO. It is apparent that in the case of pristine P25, the
intermediate NO, will accumulate due to the poor kinetics of
the follow-up reaction. In contrast, the iron-grafted materials
have a much better capacity to immediately oxidize the formed
NO, before it is desorbed and detected in the gas phase, owing
to its higher reactivity towards it, especially at the locally low
concentrations expected to be present of the intermediate. It is
worth mentioning here that the highest NO, oxidation rates
observed here with a kinetic constant of 1.39 s, which corre-
spond to a deposition velocity of 0.70 ecm s~ and reactive
uptake coefficient of 7.57 x 107>, are not only dramatically
higher than for the pristine sample (by a factor of 9) but also
significantly higher than anything reported in the literature
under comparable conditions so far.*

However, even with the rate constants of NO and NO,
oxidation being almost the same, under the observed condi-
tions of about 50% conversion, NO, should still be present in
significant amounts as an intermediate. Since this is not the
case, at least in the first hours on stream, there might also be
another mechanism in place which suppresses NO, release. The
preferable oxidation reaction for NO is its reaction with hydro-
peroxyl radicals HO,-, which could theoretically directly yield
nitric acid/nitrate.’* However, the product of this reaction is
peroxynitrous acid (HOONO, eqn (7)) which rapidly homolyti-
cally decays to NO, and -OH (1.2 s, eqn (8)) which may
however immediately recombine to nitrate, eqn (9).°>** It has
recently been speculated that the surface pH of the catalyst
plays an important role in this reaction, as the deprotonated
form, peroxynitrite (OONO™) is much more stable so a higher

1
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pH might lead to less NO, release through this pathway.** In
summary, the reaction of NO with hydroperoxyl radicals HO,-
likely predominantly forms NO, with peroxynitrous acid as an
intermediate.

Interestingly, it has been reported that Fe(u)-containing
metallo-enzymes such as hemoglobin quantitatively isomerize
peroxynitrites to nitrates in an extremely rapid reaction without
releasing NO,.>>**** Therefore, an Fe(m)-mediated isomeriza-
tion reaction can be envisioned on the modified photocatalysts
which prevents the release of NO, from peroxynitrite/
peroxynitrous acid and effectively enables hydroperoxyl radi-
cals to directly oxidize NO to nitrate. Moreover, the iron ions can
also be reduced to Fe(u) by photo-generated conduction band
electrons (supported by EPR evidence). These species readily
react with molecular oxygen, forming a Fe(u)-O,/Fe(m)-O,-
adduct.” Reaction of this adduct with NO yields the peroxyni-
trite adduct mentioned before (Fe(u)-OONO) which then
isomerizes, generating nitrate.>® This proposed mechanism is
summarized in Fig. 11.

The mechanisms mentioned above can readily explain the
improved initial or intrinsic activity, but offer no explanation for
the slower deactivation during nitrate accumulation, i.e., the
improved tolerance towards nitrate poisoning. As we pointed
out in an earlier study, a purely passive blocking of surface sites
by accumulated nitrate should affect NO and NO, oxidation
rates by the same factor and therefore, the selectivity should not
be significantly altered in the process.”” Consequently, we
proposed an additional active role of the nitrate, which is that it
competes with molecular oxygen for reducing equivalents. As
the reduction of nitrate yields NO,, this results in an apparent
lowered selectivity.**?

To substantiate this theory and also to better differentiate
the high performing iron-loaded materials, the previously re-
ported model for the selectivity as a function of the nitrate
coverage was used to analyze the materials, eqn (24).*

(2+S0)(4 - 3(1 —e))
400+ ko(1— 6)) —36(1 — e?)

=So—0

S(6) (24)

HONO, / NO;
Fe(Ill) 2 NOg

Fe(lll)-ONO,
Fe(ll)
Fe(Il1)-OONO

‘ Pathway on ordinary TiO, |

Fe(ll1)-0,*

NO

Fig. 11 The proposed reaction mechanisms for peroxynitrite/perox-
ynitrous acid isomerization on the grafted Fe(n) that would prevent
NO, release through peroxynitrous acid decomposition.

n
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It is based on the theory mentioned above that molecular
oxygen and adsorbed nitrate compete for the photo-generated
conduction band electrons in TiO,, the latter forming NO, in
the process and thereby reducing the overall selectivity.”* Here,
S represents the observed nitrate selectivity, ¢ is the nitrate
surface coverage, S, represents the initial or intrinsic selectivity
of the material, when no nitrate is yet adsorbed on the surface,
k. is a dimensionless figure of the relative oxygen reduction rate
and the factor « is describing the rate of which the oxygen
reduction switches between the four-, two- and one-electron
reduction pathways.”” In all cases, the behavior of the
observed nitrate selectivity (Fig. 7) could be modeled very well
with the formula mentioned above (R* = 0.99) to extract the
respective intrinsic selectivity S, and oxygen reduction rates k,
(Fig. 12).

The intrinsic or initial selectivity starts out at 45% for the
washed sample and quickly rises to about 90% with very low
iron-loadings of 0.003 at%, which corresponds to only a statis-
tical mean of 10 ions per particle. Over a wide concentration
range of 0.003 to 0.1 at%, the initial selectivity stays constant
and then decreases again for higher iron loadings. This corre-
sponds very well to the relative reaction rates of the materials
towards NO and NO,, cf. Table 1, underlining their likely cause
for this behavior.

However, the relative oxygen reduction rate of the materials
shows a different behavior. Here, even the high-performing
samples can be further distinguished. Further optimizing the
catalysts with respect the oxygen reduction rate means that on
top of a very high initial selectivity, they also retain this high
value for a much longer time-frame, i.e. they get deactivated
much slower.

As illustrated in Fig. 12, the oxygen reduction shows
a volcano plot with a peak at 0.037 at% iron, where the relative
oxygen-to-nitrate reduction rate reaches 267%, 3.4 times the
value of the washed, ungrafted catalyst. The iron content of this
sample corresponds to a surface coverage of 0.058 ions per nm?>
and a statistical mean of 148 ions per particle.
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Fig. 12 The relative oxygen reduction rate (black circles, left axis) and
initial selectivity (blue filled circles, right axis) of the samples with
varying iron-grafting ratio. The data was extracted from the fits of eqn
(24) to the plots in Fig. 7. The horizontal lines represent the respective
values of the ungrafted, washed reference samples.
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At higher iron loadings, the probability of larger aggregates
or clusters rises. These may form discrete particles of iron
oxides which posses completely different catalytic properties
than isolated iron ions grafted onto the TiO, surface. The
optimum iron concentration corridor ranges from approxi-
mately 0.003 to 0.1 at%, which corresponds to a statistical mean
of 10 to 400 ions per particle (0.0039 to 0.148 ions per nm?). This
is in line with a previously published theory that surface grafted
photocatalysts should have enough metal ions to guarantee at
least one ion per particle (this requires a statistical mean of
about 5 ions per particle to guarantee =99% of the particles
have at least one).*” At the same time, critically high concen-
trations which would lead to cluster formation, recombination
centers and phase segregation should be avoided.* There is no
clear red line which can be defined when this happens, in this
case it appears to begin at approximately 0.1 at%.

The procedure has also been successfully adapted for other
TiO, powders, namely Cristal Global PC105 and Kronos K7050,
cf. Fig S8.7 The latter one had to be calcined prior to the grafting
procedure to remove residual water and sulfate from the
production process. Nonetheless, this implies that the proce-
dure is universally applicable to commercially available TiO,
materials to increase their activity and selectivity of photo-
catalysts for NO, abatement.

Long-term stability experiments with 0.05 at% and 0.77 at%
iron-loading have shown that a small amount of iron is lost with
every washing cycle, apparently invariant of the total iron
concentration. This is likely governed by the solubility of iron
ions in the washing medium and corresponded to a loss of
0.0019 at% per washing cycle. Obviously, this will affect the
lower concentrated samples significantly, while not having
a noticeable effect on the higher concentrations. For instance,
at this rate, it will presumably take 52 washing cycles to
completely remove the iron from a sample with 0.1 at% iron.
This means, that the made catalyst are very stable for a envi-
ronmental application taking into account that the used
desorption method possesses a high mechanical stress to the
material in contrast to rainfall in the prospective application. In
consequence, the real life performance should be much higher
and the photocatalyst are very active through a wide concen-
tration range until very low loadings of 0.003 at% iron. After
recycling, the photocatalysts are fully recovered in the NO,
oxidation experiments or even show a better performance in the
beginning of the experiments, respectively. Beside nitrate
formed by the photocatalytic oxidation, other residues such as
chloride resulting from the P25 production process may be
removed by recycling, which could explain this slightly
improved behavior upon recycling.

From the point of application it therefore makes sense to
start out with the highest possible concentration of iron which
is still within the optimal corridor, e.g., in the present case at 0.1
at%. This way, the material has sufficiently high reserves of iron
that leaching out will take very long before the materials fall out
of the optimal iron concentration regime on the lower end.

Some of the NO oxidation experiments were run for a suffi-
ciently long time to observe turnover numbers, i.e., number of
nitrate molecules formed in relation to iron ions present, of
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greater than 1, proving a catalytic mechanism with respect to
iron. For instance, in the case of the material with 0.003 at%
iron, a turnover number of 176 was observed. For higher iron
loadings, this was not repeated in all cases as the respective
experiments would take extremely long due to the low concen-
tration of NO, in the gas stream, but there was no evidence to
suggest a non-catalytic process in these cases.

It should also be mentioned that the same materials shown
herein have recently been reported to have significantly
improved activity for photocatalytic ozone depletion.** As due to
atmospheric chemistry, ozone leads to the formation of NO, via
reaction with NO, this property indirectly leads to an effective
additional reduction in the NO, levels.

5 Conclusions

By grafting commercially available titanium dioxide photo-
catalysts with small amounts of iron ions in a very simple
procedure, both, their NO, abatement activity and their selec-
tivity towards nitrate was significantly improved.

The improved intrinsic selectivity of the material is attrib-
uted to the vastly enhanced reactivity towards NO,, presumably
due to the generation of highly reactive iron(v) centers on the
surface of the photocatalyst. At expected concentrations in the
environment (<100 ppb), the best catalyst exhibited a deposition
velocity of 0.70 cm s~ and reactive uptake coefficient of 7.57 x
107> for NO,, which is 9 times the value of the unmodified
pristine catalyst. Also, an iron(m)-catalyzed peroxynitrite isom-
erization mechanism was proposed to contribute to the
enhanced selectivity.

At the same time, the long-term performance of the mate-
rials was also dramatically enhanced. This is likely a result of
the improved oxygen reduction rates caused by the grafted iron
species. Since oxygen competes with nitrate for photo-generated
electrons, this leads to a higher nitrate tolerance and therefore
a less pronounced decline in selectivity with higher nitrate
surface coverage.

As a results of these three effects, all originating from the
likely isolated single iron ions on the TiO, surface, combined
with the previously reported increased capacity to degrade
ozone, these materials are much better suited than pristine
titanium dioxide for photocatalytic environmental NO,, abate-
ment as they both show higher performance and emit less
unwanted by-products. It has also been shown that the proce-
dure works with many different photocatalysts so it is likely
universally applicable to TiO,-based materials.
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