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Influence of CeO2 modification on the properties
of Fe2O3–Ti0.5Sn0.5O2 catalyst for NO reduction
by CO†

Lihui Dong,ac Bing Zhang,a Changjin Tang,a Bin Li,c Liya Zhou,c Fuzhong Gong,c

Baozhen Sun,c Fei Gao,ab Lin Dong*ab and Yi Chena

Fe2O3–CeO2–Ti0.5Sn0.5O2 catalysts were prepared by a wet impregnation method and were characterized

using XRD, LRS, EPR, H2-TPR, in situ IR, as well as the activity test for the removal of NO by CO. The

results showed that the Fe2O3 and CeO2 are highly dispersed on the surface of Ti0.5Sn0.5O2 (the loading of

Fe2O3 and CeO2 are 1.2 mmol Fe per 100 m2 and 0.4 mmol Ce per 100 m2, respectively). When the iron

oxide loading is increased, the isolated Fe3+ ions change into the polymeric Fe3+ clusters and ceria

addition also further promotes the formation of polymeric Fe3+ clusters. Catalysts modified with ceria

display better performance in activity, and this would result from the formation of the more polymeric

Fe3+ clusters, which are more easily reduced to Fe2+ ions under CO atmosphere. In situ FT-IR results

indicated that the Fe2+ ions generated from the reduction of Fe3+ ions are primary active sites for NO + CO

reactions. A possible reaction mechanism is tentatively proposed. In the reaction atmosphere, NO adsorbed

on the surface of the catalysts forms several types of nitrite species. With the increase of temperature, bridg-

ing bidentate nitrate species transform into chelating nitro species, which react with CO gas to produce

CO2 + N2O. When temperature reaches beyond 200 °C, NO adsorbed on Fe2+ ions (reduction of Fe3+ ions)

reacts with carbonate species adsorbed on the surface of the catalysts, and produces CO2 + N2.
1. Introduction

The abatement of NOx from exhaust gases is of great impor-
tance for environmental protection.1–11 Nitric oxide reduction
by CO is one of the fundamental reactions in the removal of
NO from vehicles emission using precious metals such as Rh,
Pt, and Pd supported on convenient materials (TiO2, Al2O3,
ZrO2, and CeO2 etc.). Noble metals work very well with the high
catalytic activity on NO + CO reactions, but their application is
limited due to restricted availability and high cost. Moreover,
many efforts have been devoted to employing the potential sub-
stitute to replace the active component of noble metals. Iron
based catalyst has been found to be an excellent candidate for
NO + CO reactions. It has been reported that Fe2O3,

8,10 Fe
containing mixed oxides,2,8–13 Fe-exchanged materials,14–16 and
dispersed Fe based catalysts17,18 exhibit remarkable NO + CO
reaction activity. Earlier,7 the catalytic activity of a metal oxide
(10 wt%) supported on Al2O3 and ZrO2 for the NO + CO reac-
tions decreases in the order Fe2O3 > CuCr2O4 > Cu2O >

Cr2O3 > NiO > Co3O4 > MnO > V2O5. Nevertheless, how the
supports influenced the structure of iron oxide and the NO + CO
reactions activity is not very clear yet. Additionally, as Fe2O3

reveals high thermal stability,19,20 iron oxide has been used as
catalytic component in this study.

Meanwhile, the promotion of doped CeO2 in catalysis is
extensively studied for supported catalysts.1,3,5,21 CeO2 shows
an excellent effect on the activity of catalysts due to its out-
standing oxygen storage capacity (OSC), and its influence on
the dispersion and reduction/oxidation behavior of supported
catalysts. We have done a series of studies on CeO2 modified
CuO based catalysts,22–26 and the addition of CeO2 promotes
the activity of the catalysts towards to NO + CO reactions.

TiO2-anatase based catalysts have received extensive inter-
est from NO removal researches. Such catalysts have indicated
significant activities in some oxidation reactions. However,
the anatase support presents a poor thermal stability, which
will transform from anatase phase to rutile at high tempera-
tures.27,28 To avoid this disadvantage, it can usually be
achieved by changing its structure or introduction of other
oyal Society of Chemistry 2014

http://dx.doi.org/10.1039/C3CY00703K
http://pubs.rsc.org/en/journals/journal/CY
http://pubs.rsc.org/en/journals/journal/CY?issueid=CY004002


Catalysis Science & Technology Paper

Pu
bl

is
he

d 
on

 0
7 

N
ov

em
be

r 
20

13
. D

ow
nl

oa
de

d 
by

 N
A

N
JI

N
G

 U
N

IV
E

R
SI

T
Y

 o
n 

09
/0

2/
20

14
 0

6:
13

:4
4.

 
View Article Online
elements. Recently, TiO2–SnO2 mixed oxide has received
rapidly increasing attention as the catalyst support29–32 and
supported the CuO, V2O5, and WO3 etc. for different reactions.
However, few studies are performed using Fe2O3 as an active
component to investigate the structure of iron oxide on the
TiO2–SnO2 mixed oxide.

In this study, Fe2O3–CeO2–Ti0.5Sn0.5O2 catalysts were
prepared by the impregnating method using Fe(NO3)3 and
Ce(NO3)3 as precursors, and were tested on NO + CO reac-
tions. The purpose of this work is to investigate the disper-
sion state of iron oxide on Ti0.5Sn0.5O2, the structure of iron
oxide by modification of CeO2 and their influences on the
catalytic activity; how NO and CO molecules interact with the
Fe2O3–CeO2–Ti0.5Sn0.5O2 catalysts; and accordingly, explore
the reaction mechanisms preliminarily.

2. Experiments
2.1. Preparation of catalysts

Ti0.5Sn0.5O2 (rutile structure) mixed oxide (denoted TS hereafter)
was synthesized by a coprecipitation method. An aqueous
solution containing requisite amounts of TiCl4 and SnCl4
(molar ratio of Ti/Sn = 1 : 1) was precipitated by ammonium
hydroxide solution (25% ammonia) under vigorous stirring.
The resultant hydroxide precipitation was dried at 110 °C for
12 h and was then calcined at 550 °C for 4 h in flowing
air. The surface area of TS is 88 m2 g−1, which is determined
via nitrogen adsorption at 77 K with the Brunauer–Emmett–
Teller (BET) method using a Micromeritics ASAP-2020 adsorp-
tion apparatus.

CeO2–TS samples were prepared by wet impregnation of
TS support with an aqueous solution containing a requisite
amount of Ce(NO3)3. The samples were dried at 110 °C for
12 h and then calcined at 500 °C for 4 h in flowing air.
The resultant CeO2–TS samples were denoted as CeTS.

Fe2O3–TS samples were prepared by wet impregnation of
TS support with an aqueous solution containing a requisite
amount of Fe(NO3)3. The samples were dried at 110 °C for
12 h and then calcined at 450 °C for 4 h in flow air. The
resultant Fe2O3–TS samples were denoted as FeTS.

Catalysts with iron oxide supported on CeTS were pre-
pared by wet impregnating the CeTS supports with an aque-
ous solution containing a requisite amount of Fe(NO3)3. The
samples were dried at 110 °C for 12 h and then calcined at
450 °C for 4 h in flowing air. The loading amount of iron
oxide was calculated by referring to the original surface area
of TS in the CeTS samples. For simplicity, Fe2O3–Ce–TS sam-
ples were denoted as xFeyCeTS, e.g., 08Fe01CeTS corresponded
to a catalyst with the loading amounts of iron oxide and ceria
being 0.8 mmol Fe per 100 m2 TS and 0.1 mmol Ce per
100 m2 TS, respectively.
2.2. Characterization

X-Ray powder diffraction (XRD) patterns were collected on a
Philips X'pert Pro diffractometer using Ni-filtered Cu Kα
This journal is © The Royal Society of Chemistry 2014
radiation (λ = 0.15418 nm). The X-ray tube was operated at
40 kV and 40 mA.

Laser Raman spectra (LRS) were recorded by using
Renishaw InVia Raman spectrometer. Raman excitation at
514.5 nm was provided by Ar+ laser. Raman spectra were
obtained by co-adding 3 scans of 20 s at 4 cm−1 resolution
and 20 mW laser power under ambient conditions.

Electron paramagnetic resonance (EPR) spectra were
recorded on a Bruker EMX spectrometer using a 100 kHz
modulation and a 4-G standard modulation width. The spec-
tra have been recorded at room temperature.

H2-temperature programmed reduction (H2-TPR) measure-
ments were performed in a quartz U-type reactor connected
to a thermal conductivity detector (TCD) with Ar–H2 mixture
(7.0% of H2 by volume, 70 mL min−1) as a reductant. Prior
to the reduction, the sample (25 mg) was pretreated in a
highly purified N2 stream at 100 °C for 1 h and then cooled
to ambient temperature. After that, the TPR started from
100 °C to a target temperature at a rate of 10 °C min−1.
The overlapped peaks were deconvoluted fitting with
Gaussian–Lorentzian curves using the attached tool of origin
PFM (peak fitting module).

In situ infrared spectroscopy (IR) of CO and NO adsorp-
tion was collected on a Nicolet 5700 FT-IR spectrometer at
a 4 cm−1 resolution. Self-supporting wafers (≈10 mg) of the
samples were prepared and were mounted inside a purpose-
made airtight IR cell, which could be heated up to 350 °C.
Before each adsorption experiment, the sample was
pretreated in a flowing N2 stream (50 mL min−1) at 100 °C
for 1 h to remove impurities, and then cooled down to room
temperature in the N2 atmosphere. At room temperature,
the sample wafers were exposed to a stream of CO–Ar (10%
of CO by volume) or NO–Ar mixture (5% of NO by volume)
at a flow rate of 5 mL min−1 for 30 min. Then, the cell
was heated at a rate of 10 °C min−1, and IR spectroscopy
was recorded the sample at a desired temperature.

2.3. NO + CO reactions

The NO + CO reactions were carried out on a homemade
micro reactor. Before reaction, the samples were pretreated
in a N2 stream (50 mL min−1) at 100 °C for 1 h to remove the
impurities, and were then cooled down to room temperature
in a N2 atmosphere. The reaction gas is composed of 5% NO,
10% CO, and 85% He by volume. A 50 mg sample was used
for each test at gas space velocity of 24 000 mL g−1 h−1. The
reaction products were analyzed using thermal conductivity
detector. N2, NO, and CO were separated by a 13× molecular
sieve packed column, CO2 and N2O were separated by a
Porapak Q packed column.

3. Results and discussion
3.1. XRD results

Fig. 1 shows XRD patterns of pure Fe2O3, CeO2, and
xFeyCeTS samples. For xFeTS samples, as shown in Fig. 1a,
there are no other diffraction peaks except those for TS
Catal. Sci. Technol., 2014, 4, 482–493 | 483
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Fig. 1 XRD patterns of (a) xFeTS and Fe2O3; (b) yCeTS; (c) 08FeyCeTS
catalysts (x = 0, 04, 08, 12; y = 0, 01, 02, 04, 06).

Fig. 2 Raman spectra of (a) yCeTS; (b) 08FeyCeTS and Fe2O3 catalysts
(x = 0, 04, 08, 12; y = 0, 01, 02, 04, 06).
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support in all samples, indicating that the iron oxide is well
dispersed on TS with the loading ≤1.2 mmol Fe per 100 m2 TS.
For yCeTS samples, as shown in Fig. 1b, it should be noted
that two very weak characteristic peaks (2θ = 28.6° and 47.8°)
corresponding to crystalline CeO2 [PDF-ICDD (card no. 04-0593)]
are detected in the pattern of 06CeTS sample, which means
that some CeO2 aggregate to form crystal on this sample
surface. For xFeyCeTS samples, as shown in Fig. 1c, the
484 | Catal. Sci. Technol., 2014, 4, 482–493
characteristic peaks of TS support are all observed in these
patterns, and characteristic peaks of CeO2 only appear in the
pattern of 08Fe06CeTS sample. The above results indicate that
iron oxide species are highly dispersed on the surface of
yCeTS samples when iron oxide loading is ≤0.8 mmol Fe per
100 m2 TS, suggesting that the modification of CeO2 does
not influence the dispersion capacity of iron oxide at this
loading amount. For CeO2 species, the intensities of their
peaks are nearly the same irrespective of Fe2O3 being present
or not in CeTS samples, indicating that the introduction of
Fe2O3 makes negligible effects on the dispersion of CeO2 on
TS support.
3.2. LRS results

Raman spectroscopy, a potential tool and sensitive to metal–
oxygen arrangement, was performed to obtain additional
structural information. Fig. 2 shows the Raman spectra of
xFeyCeTS samples, pure CeO2, and Fe2O3. For xFeTS samples,
no other characteristic bands except those for TS support
are observed and the related spectra are shown (seen in
Fig. S1†). For yCeTS samples (Fig. 2a), three typical bands of
TS at 248, 428, and 607 cm−1 can be observed,29 and their
intensities remain constant when CeO2 is present. A weak
This journal is © The Royal Society of Chemistry 2014
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shoulder peak at 460 cm−1 assigned to one of characteristic
peaks for crystalline CeO2 can be detected in 06CeTS sample
(see the spectrum of CeO2), and it is not visible with the
lower loadings (≤0.4 mmol Ce per 100 m2 TS). Furthermore,
this peak can still be observed even after the 06CeTS support
has been loaded with 0.8 mmol Fe per 100 m2 TS as shown
in Fig. 2b. Notably, the CeO2 band at 460 cm−1 is stronger in
the Raman spectrum of 08Fe06CeTS than that of 06CeTS.
This phenomenon indicates that the addition of iron oxide
promotes the formation of crystalline CeO2, which is found
in XRD results (Fig. 1). On the other hand, the particle of
crystalline CeO2 is so small that it can't be detected by XRD.
In addition, the characteristic peaks of crystalline Fe2O3

(see the spectrum of Fe2O3) are not observed in all samples.
These results suggest that the crystalline CeO2 exists on
06CeTS and 08Fe06CeTS samples, and the iron oxide is well
dispersed in all studied samples, which further corroborates
the XRD results.
Fig. 3 (a) EPR spectra of xFeTS catalysts (x = 0, 04, 08, 12);
composition dependence of line intensity and line width for g = 4.29
(b) and g = 2.0–2.3 (c).
3.3. EPR results

The state and coordination environment of Fe species are fur-
ther analyzed by EPR spectroscopy. The EPR spectra of xFeTS
samples are shown in Fig. 3. As can be seen from this figure,
there is strong dependence of the spectra structure and
parameters on the iron oxide loadings of the samples. These
spectra have three apparent signals at g = 4.29, 2.23, 1.98, and
a shoulder at g = 6.30. The strong resonance line at g = 1.98 is
due to the oxygen vacancy characteristic signals for O2

− and O−,
similarly to reported in literatures.33 Moreover, with the
increase of the iron oxide loading, the signal intensity
decreases gradually and disappears for 12FeTS sample. The
others are due to Fe3+ ions (3d5, 6S5/2). The signal at g = 4.29 is
usually assigned to isolated Fe3+ ions located in sites of tetra-
hedrally coordinated or distorted tetrahedrally coordinated
subjected to strong crystal field effects, where as g = 6.3 signal
arises from axially distorted sites.34,35 Furthermore, its inten-
sity decreases with the increase of iron oxide loading. There-
fore, it is reasonable to attribute these signals to distorted
tetrahedrally coordinated isolated Fe3+ ions. In addition, the
signal at g = 1.98 might result from the isolated Fe3+ ions with
the unsaturation coordination environment on the surface of
TS support. Also the broad signal at g = 2.23 is due to the
formation of iron pairs (clusters) by spin–spin interaction
containing two or more paramagnetic ions, and these Fe3+

ions exist in a distorted octahedral environment.34–36 In order
to further determine the content of different iron species,
the evolution of this resonance line with the increase of iron
oxide loading is following in the dependence of the EPR
parameters, i.e. the peak-to-peak linewidth ΔB and the line
intensity approximated by J = I(ΔB)2 where I denotes the line
height.37 The corresponding variations of these parameters
for the studied xFeTS samples are presented in Fig. 3 for the
resonance lines at g = 4.29 (Fig. 3b) and g = 2.23 (Fig. 3c),
respectively. According to Fig. 3b, the line intensity of the res-
onance centered at g = 4.29 decreases with the increase of iron
This journal is © The Royal Society of Chemistry 2014
oxide loading, the signal intensity being proportional to the
number of EPR active species involves in the signal. The
decrease of this resonance line intensity at the same time with
the increasing of the iron oxide loading is due to the destruc-
tion of the configuration from the iron ions vicinities, which
assures their magnetic isolation. The intensity of g = 2.23
absorption line increases as the iron ions loading, which
Catal. Sci. Technol., 2014, 4, 482–493 | 485
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Fig. 4 (a) EPR spectra of 08FeyCeTS catalysts (y = 0, 01, 02, 04, 06);
composition dependence of line intensity and line width for g = 4.29
(b) and g = 2.0–2.3 (c).
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further confirms that more polymeric Fe3+ clusters are formed.
The line width evolution of the g = 4.29 and g = 2.23 resonance
lines (Fig. 3b, c) shows a monotonically increase with increas-
ing of iron oxide loading, which is related to the broadening
mechanisms (the dipole–dipole interactions, the interactions
between iron ions and iron ions). These results indicate that
with the iron oxide loading increasing, the content of distorted
tetrahedrally coordinated isolated Fe3+ ions decreases whereas
that of the distorted octahedral coordinated polymeric Fe3+

clusters increases. Accordingly, it is reasonable to conclude
that isolated Fe3+ ions change into polymeric Fe3+ clusters with
the increase of iron oxide loading.

On the other hand, the effect of the addition of CeO2 on
the EPR spectrum for 08FeTS sample is shown in Fig. 4a, and
the corresponding EPR parameters at g = 4.29 and g = 2.23
are presented in Fig. 4b and c, respectively. It can be seen
that the oxygen vacancy signal for O2

− or O− (at g = 1.98) dis-
appears and the broad signal at g = 2.23 develops in the
08Fe01CeTS sample. Interestingly, for 08Fe01CeTS sample,
a new signal at g = 2.62 appears, which can be attributed to
the formation of the Fe–O–Ce bond.38–40 It is observed that
the incorporation of low-valence ions, such as Sr2+ (La3+ or Y3+),
into the Ce–Zr–O mixed oxides would result in the presence
of a new type of paramagnetic centers in EPR spectra due to
the formation of Ce–O–Sr (La or Y) bonds.39 The strong inter-
action between Fe and Ce ions with a partial transfer of
unpaired electron density from Ce4+ to Fe3+ (Fe is more elec-
tronegative than Ce) induces the g-value variation.40 Neverthe-
less, further increasing the cerium oxide loading, the signal
at g = 2.62 disappears, which should be attributed to the
shield of the broad signal at g = 2.23. The characteristic signal
of Ce3+ is not observed at g = 1.96 for xFeyCeTS samples at
room temperature.41 There is a slight shift in the g value
towards the lower magnetic field side, which is due to the
interaction between iron ion and iron ion in the neighbor-
hood. From Fig. 4b and c, it is seen that as the cerium
oxide loading increases, the linewidth of the resonance line
at g = 4.29 also increases. Interestingly, the line intensity
decreases sharply up to 0.1 mmol Ce per 100 m2 TS and
after, decreases smoothly. For g = 2.23, the line intensity
increases rapidly up to 0.1 mmol Ce per 100 m2 TS and after,
increases tardily or almost remains unchanged. These results
suggest that more isolated Fe3+ ions transform to polymeric
Fe3+ clusters after the CeO2 is added, indicating that the
CeO2 additive promotes the aggregation of Fe3+ ions. Whereas
with the increase of cerium oxide loading, the content of iso-
lated Fe3+ ions decreases and the content of polymeric Fe3+

clusters increases slowly or almost remain unchanged. As
reported elsewhere, the behavior can be attributed to the pro-
cess by which the addition of CeO2 made the Fe3+ reduced to
the Fe2+ in the progress of the preparation. Fe2+ ions are not
EPR sensitive but its interaction with Fe3+ influences the char-
acteristics of the signal.

Based on our previous studies,31 the possible interaction
model between dispersed Fe2O3 and TS is tentatively
discussed. As reported elsewhere,32,42 one kind of surface
486 | Catal. Sci. Technol., 2014, 4, 482–493
vacant sites is on the preferentially exposed (110) plane of
TS support, combined with the EPR results, the surface struc-
tures of the dispersed iron oxide species can be proposed.
As schematized in Fig. 5, when the iron oxide loading is low,
the isolated Fe3+ species can incorporate into the surface
vacancy, and then two oxygen anions associated with the
This journal is © The Royal Society of Chemistry 2014
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Fig. 5 (A), (B) The schematic diagram of iron oxide supported on (110)
plane of rutile and the coordination structure of dispersed iron ions.
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cation will stay at the side of the occupied site forming cap-
ping oxygen, for charge compensation (Fig. 5A). The valence
of capping oxygen is <2, which is supported by EPR results,
i.e., the oxygen vacancy signals for O2

− or O− exist in samples
with the isolated Fe3+ species (unsaturation coordination
environment), and the coordination of iron ion is distorted
tetrahedron. On the other hand, with the iron oxide loading
increasing, the distorted octahedral coordinated polymeric
Fe3+ clusters are formed, as shown in Fig. 5B. Furthermore,
after the introduction of CeO2, the Ce4+ ions may preferen-
tially occupy the surface vacant sites, resulting in the iron
ions more easily to polymerize.

3.4. H2-TPR results

To further gain insight into the reduction property of the
catalysts, H2-TPR study has been performed, as shown in
Fig. S2.† It can be seen that H2 consumption in the TPR pro-
file of TS sample (see Fig. S2a†) becomes appreciable above
200 °C. Only one broad peak (330 °C) can be observed in
the profile, which should be attributed to the reduction of
Ti4+ (Sn4+) ions on the surface of the TS support.29 The peak
at the higher temperature should be assigned to the reduc-
tion of Ti4+ (Sn4+) ions in TS bulk. For xFeTS samples
(Fig. S2a†), H2 consumption is extended to a lower tempera-
ture region following the iron oxide loadings; meanwhile,
the lower H2 consumption gains intensities dramatically with
the increase in the iron oxide loadings. Evidently, the lower
temperature H2 consumption is associated with the reduction
of iron oxide. The peak at ~259 °C is associated with reduc-
tion of the polymeric Fe3+ clusters. The peaks at ~286 °C are
associated with reduction of the isolated Fe3+ ion.2,43 For
08FeyCeTS catalysts, adding cerium oxide loading results in
the peak (iron species) shifting to lower temperature. On
the basis of these results, it can be concluded that the addi-
tion of CeO2 promoted the reduction of iron oxide.
The difference of the reducibility of iron oxide species should
This journal is © The Royal Society of Chemistry 2014
be related to the interaction between the iron oxide species
with TS support. Iron oxide is loaded on the surface TS, and
has a strong interaction, likely lead to poor reduced capacity
of isolated iron, and polymeric Fe3+ clusters exist interaction
between iron and iron, and weak the interaction between
polymeric Fe3+ and TS support, which result in the good
the reduction property. The similar explanation had been
reported in the literature.18,44,45
3.5. Catalytic activity and selectivity of NO reduction by CO

Notably, almost no activities is obtained when NO reduction
by CO is operated on yCeTS catalysts from 25 to 300 °C,
but NO conversion reaches ~20% at 350 and 400 °C with
the selectivity of N2 reaching ~50% and ~55% at above tem-
peratures. The related data are not shown for brevity. The
activities of xFeyCeTS catalysts in NO + CO reactions, which
are shown in terms of NO conversion and N2 selectivity,
are presented in Fig. 6. Several interesting features can be
deduced from the figures:

(1) For the xFeTS catalysts without ceria loading, NO con-
version increases with the iron oxide loading, reaching ~88%
for 1.2 mmol Fe per 100 m2 TS at 400 °C.

(2) Irrespective of the loading amount of iron oxide,
NO conversion over the xFeTS catalysts always achieves a
maximum at ~350 °C, and then maintains unchanged.
However, the N2 selectivity increases proportionally with
increasing the operating temperature all along.

(3) NO conversion on 08FeyCeTS catalysts is highly
dependent on both the operating temperature and the load-
ing amount of ceria. When the loading amount of ceria is
0.1 mmol Ce per 100 m2 TS, the presence of ceria greatly
promotes NO conversion at all operation temperatures. NO
conversion reaches ~100% at 350 °C; however, at higher
operating temperatures, NO conversion is unchanged. But
the enhancement decreases slightly with ceria content
increasing to 0.4 mmol Ce per 100 m2 TS, when the ceria
loading further increases, NO conversions are much lower
than those over the 08Fe01CeTS catalyst. This behavior is
demonstrated by LRS results to be due to the limit for
the dispersion of CeO2 at the TS surface and to formation of
bulk CeO2 at higher loading. Clearly, the addition of ceria
with the low ceria loading promotes the activity of the iron
species at the higher temperature, and which is in agreement
with the results shown in Cu/CeO2–Al2O3 catalyst,24 i.e., for
the lower ceria modified γ-Al2O3 catalyst, the activity is higher
than that of CuO–γ-Al2O3. While for the sample with the
higher ceria loading, the activities of iron species are not
greatly enhanced due to the formation of crystalline CeO2.

(4) The selectivity to N2 is also highly dependent on the
loading amount of iron oxide and is similar to the NO
conversion for xFeTS catalysts. Interestingly, for 08FeyCeTS
catalysts, the selectivity to N2 increases from 45 to 85% at
300 °C with the loading amount of ceria from 0 to 0.6 mmol
per 100 m2, indicating ceria additive can more effectively con-
vert NO to N2.
Catal. Sci. Technol., 2014, 4, 482–493 | 487
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Fig. 6 NO conversion and selectivity to N2 on xFeyCeTS catalysts (x = 01, 04, 08, 12; y = 0, 01, 02, 04, 06). the content of polymeric Fe3+ clusters
as function of the N2 yield over (e) xFeTS catalysts; (f) 08FeyCeTS catalysts (x = 01, 04, 08, 12; y = 0, 01, 02, 04, 06).
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On the basis of the above results, the higher activity may
be associated with the content of polymeric Fe3+ clusters i.e.,
with the iron loading increasing and the introduction of
ceria, the content of polymeric Fe3+ clusters increases.
Notably, ceria additive promotes the selectivity to N2. On the
other hand, in order to further approach the reaction active
488 | Catal. Sci. Technol., 2014, 4, 482–493
sites, the content of polymeric Fe3+ clusters is present as
function of the N2 yield of the xFeyCeTS catalysts (at 300 and
350 °C), as shown in the Fig. 6e and f. It can be seen that
irrespective of the CeO2 addition, the content of polymeric
Fe3+ clusters is almost proportional to N2 yield of the cata-
lysts. The phenomenon suggests that the polymeric Fe3+
This journal is © The Royal Society of Chemistry 2014
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clusters are responsible for the catalytic activity. Combined
with the results discussed above, it seems reasonable to con-
clude that the polymeric Fe3+ clusters contribute to the high
catalytic activity of NO + CO reaction. Contribution of the iso-
lated Fe3+ species to the reaction is limited. This was in
accordance with the report that the Fe3+ oxide clusters are
responsible for the high activity of Fe/ZrO2, whereas the Fe3+

cation species are almost inactive.18
3.6. CO or/and NO interaction with xFeyCeTS catalysts

In order to further investigate the influence of the CeO2 dop-
ing on the variation of iron species and understand the inter-
action of reactants with the catalysts, which can provide the
information about the changes of the surface adsorbed spe-
cies, and further explore the reaction mechanism CO + NO
reaction over xFeyCeTS catalysts. CO or/and NO adsorption
in situ FT-IR was carried out under the simulative reaction
conditions for xFeyCeTS catalysts.

3.6.1 CO interaction with xFeyCeTS catalysts. Fig. 7 shows
in situ FT-IR results of CO interaction with xFeyCeTS catalysts
as the temperature increasing from 25 to 350 °C. For all sam-
ples in the CO flow, these bands at 1557, 1435, and 1378 cm−1

assigned to surface carbonate species appear, and their inten-
sities get stronger when the temperature increased to 200,
200, and 150 °C for 01CeTS, 08FeTS, and 08Fe01CeTS, respec-
tively. Simultaneously, two clearly observable new peaks at
2337 and 2361 cm−1 is present, which is attributed to the
formation of gaseous CO2. Moreover, they are found to
increase with temperature as a result of the very likely catalyst
reduction, which offer more CO adsorption sites. Then the
temperature is raised further to 300 °C, these two bands
Fig. 7 IR spectra following an exposure of (a) 01CeTS; (b) 08FeTS; (c) 0
25 to 350 °C.

This journal is © The Royal Society of Chemistry 2014
at 1557 and 1378 cm−1 got smaller due to carbonate species
decomposition. These results suggest that surface of catalysts
is reduced by CO at 200 °C and the addition of CeO2 pro-
moted the adsorption of CO and the reduction of iron oxide
(150 °C), which may facilitate the NO conversion. These
results are consistent with H2-TPR results.

3.6.2 NO interaction with xFeyCeTS catalysts. In order to
obtain information of the adsorbed NO species on 01CeTS,
08FeTS, and 08Fe01CeTS samples, the NO adsorption FT-IR
spectra of these three catalysts have been recorded, as shown
in Fig. 8. For all catalysts, several peaks appear at 25 °C,
assigned to characteristic vibrations of NO3

− species, i.e.,
ν(NO) of bridged bidentate NO3

− (~1538 cm−1) and chelated
bidentate NO3

− (~1610 cm−1), νas(NO2) of bridged bidentate
NO3

− (~1235 cm−1) and chelated bidentate NO3
− (~1285 cm−1),

respectively.46–48 The assignments of these peaks are tabu-
lated in Table 1. With increasing the adsorption temperature,
corresponds to the gradually decrease to disappear in the
IR intensities of bridging bidentate nitrate at 1285 cm−1.
Whereas corresponds to the gradual increase in the IR intensi-
ties of chelating nitro at 1235 cm−1. It is indicated that bridg-
ing bidentate nitrate changes into chelating nitro. Chelating
nitro appears to be the most stable form of nitrate on all cata-
lysts and does not disappear even at 350 °C. The phenomenon
suggests that bridging bidentate nitrates are not thermally sta-
ble and ready to transform to chelating nitro or decompose.
This adsorbed chelating nitro species show high stability
at high temperature for all samples and may be the intermedi-
ate production.

3.6.3 CO and NO co-interaction with xFeyCeTS catalysts.
FT-IR for NO and CO co-interaction were performed to fur-
ther approach the NO + CO reactions mechanism over the
8Fe01CeTS catalysts to CO stream with changing temperature from

Catal. Sci. Technol., 2014, 4, 482–493 | 489

http://dx.doi.org/10.1039/C3CY00703K


Fig. 8 IR spectra following an exposure of (a) 01CeTS; (b) 08FeTS; (c) 08Fe01CeTS catalysts to NO stream with changing temperature from 25 °C
to 350 °C.

Table 1 Assignment of the IR peaks appearing in the spectra following the exposures of Fe2O3–CeO2–Ti0.5Sn0.5O2 catalysts to a stream of NO and
NO–CO mixture

NOx species Band position (cm−1) Assignments

COx species NO CO NO + CO
Fe2+(NO)2 n.f.a n.f. 1810 ν(NO)δ+

NO3
− (bidentate nitrite) 1538 n.f. 1538 ν(NO)

1235 n.f. 1235 νas(NO2)
NO3

− (chelated bidentate nitrate) 1610 n.f. 1610 ν(NO)
1285 n.f. 1285 νas(NO2)

CO3
2− (bidentate carbonate) n.f. 1557, 1435 1557, 1435

1378 1378

a n.f.: no found.
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catalyst surface in the temperature range 25–350 °C. After
exposure these catalysts to the reactants mixture at room
temperature, NO preferentially interacts with the catalyst
and forms several kinds of nitrate like species. As shown
in Fig. 9, for all catalysts, several peaks appear at 25 °C,
assigned to characteristic vibrations of NO3

− species, with
increasing the temperature, the bands change is agree with
NO adsorption. Whereas, when the temperature raise to
150 °C, a band at 1538 cm−1 notable increases, due to the
carbonate species adsorption, with the temperature further
increased, these bands assigned to characteristic vibrations
of NO3

− species disappear expect for the band at 1235 cm−1

due to chelating nitro species, which disappear at 350, 250,
and 200 °C for 01CeTS, 08FeTS, and 08Fe01CeTS, respec-
tively. Chelating nitro species possible is the active intermedi-
ate production for the reduction of NO, it is in agreement
with the NO adsorption. It is worth noticing that the new
band at 1810 cm−1 appears for the 08FeTS and 08Fe01CeTS
catalysts at 250 and 200 °C, respectively. With the
490 | Catal. Sci. Technol., 2014, 4, 482–493
temperature increasing, the band gets stronger, and then
weakens at 350 °C. The band is not observed in NO flow over
these catalysts surface. In spite of the extensive studies, the
assignment of the different bands of adsorbed NO on iron
species is not confirmed.14,15,49,50 Nevertheless, much more
information on catalyst structure can be obtained that NO
interacts strongly with Fe2+ ions, but only weakly with Fe3+

ions.50 i.e. NO is most suitable for the characterization of
Fe2+(NO)n rather than Fe3+(NO)n complexes, because the inter-
action with Fe2+ ions causes a greater perturbation of the
dipole moment of the adsorbed molecule, resulting in a much
higher extinction coefficient of the N–O stretching in ferrous
compared to iron nitrosyls.50 In practice, the Fe3+(NO)n com-
plexes are usually not observed. Therefore, it is reasonable to
assign the peak at 1810 cm−1 to the Fe2+(NO)2 species. It indi-
cates that the Fe3+ ions are reduced to Fe2+ ions at high tem-
perature at NO + CO atmospheres. In agreement with the
activity data and CO adsorption results (desorption tempera-
ture), the high activity of the catalyst is attributed to the easy
This journal is © The Royal Society of Chemistry 2014
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Fig. 9 IR spectra following an exposure of (a) 01CeTS; (b) 08FeTS; (c) 08Fe01CeTS catalysts to NO–CO stream with changing temperature from
25 to 350 °C.
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reduction of Fe3+ ions to Fe2+ ions. It is supported by Sokolskii
et al. who demonstrated that a bare Fe2O3 cluster could oxi-
dize CO to form CO2 and reduce NO to form N2 by undergoing
compositional changes between Fe2O2 and Fe2O3 states.

51

3.7. Possible reaction mechanism over xFeyCeTS catalysts

On the basis of above results, Fig. 10 showed the possible
reaction proposal for NO reduction by CO over xFeyCeTS
Fig. 10 A possible model for adsorbed NO reduction by CO over
xFeyCeTS catalysts.

This journal is © The Royal Society of Chemistry 2014
catalysts under the current condition. When allowing NO
and CO to react on the surface of xFeyCeTS catalysts below
200 °C, NO is preferentially adsorbed on these catalyst and
form several types of nitrite species, and bridging bidentate
nitrate species transform into chelating nitro species, which
react with CO gas to produce CO2 + N2O. When the tempera-
ture beyond 200 °C, NO adsorbed on Fe2+ ions (reduction of
Fe3+ ions) react with carbonate species adsorbed on the sur-
face of catalysts, and produce CO2 + N2.

4. Conclusions

(1) The Fe2O3 and CeO2 are highly dispersed on Ti0.5Sn0.5O2

with the iron oxide loading of ≤1.2 mmol Fe per 100 m2

Ti0.5Sn0.5O2 and ceria loading of ≤0.4 mmol Ce per 100 m2

Ti0.5Sn0.5O2. Moreover, the dispersion iron oxide exists as
distorted tetrahedrally coordinated isolated Fe3+ ions and
distorted octahedral coordinated polymeric Fe3+ clusters.

(2) When the iron oxide loading is lower, the iron ions
exist as the isolated Fe3+ ions, with the further increase and
ceria addition, the isolated Fe3+ ions change into the poly-
meric Fe3+ clusters.

(3) The activities of such catalysts toward NO + CO model
reactions were tested. Catalysts modified with CeO2 display
better performance in the activity, especially, the selectivity to
N2 and it would be resulted from the formation of the more
polymeric Fe3+ clusters, which are more easily reduced to Fe2+

ions under CO atmosphere.
(4) In situ FT-IR results indicated that the Fe2+ ions gener-

ated from the reduction of Fe3+ ions are primary active sites
for NO + CO reactions. A possible reaction mechanism is ten-
tatively proposed. In the reaction atmosphere, NO adsorbed
Catal. Sci. Technol., 2014, 4, 482–493 | 491
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on surface of the catalysts form several types of nitrite species.
With the increase of temperature, bridging bidentate nitrate
species transform into chelating nitro species, which react
with CO gas to produce CO2 + N2O. When the temperature
reaches beyond 200 °C, NO adsorbed on Fe2+ ions (reduction
of Fe3+ ions) react with the carbonate species adsorbed on the
surface of catalysts, and produce CO2 + N2.
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