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Promotion effect of cerium doping on iron-titanium
composite oxide catalysts for selective catalytic reduction
of NO, with NH,

Cerium doping weakened the redox ability and increased
the activation energy of the iron-titanium composite oxide
catalyst for NH,-SCR, while promoting the dispersion of Fe
and Ti, generating more active sites and achieving better
NH,-SCR activity.
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titanium composite oxide catalysts for selective
catalytic reduction of NO, with NH37
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A series of cerium-doped iron-titanium composite oxide catalysts (FeCe,Ti, a = 0.1-1.0) prepared by a urea
homogeneous precipitation method were investigated for selective catalytic reduction of NO, with NHs
(NH3-SCR). Over all the FeCe,Ti samples, a promotion effect for NO, reduction was induced by the
introduction of cerium, with the FeCeq sTi catalyst exhibiting the best catalytic performance, even at a high
GHSV of 250000 h™. As indicated by kinetic studies, interestingly, the FeCeg 5Ti catalyst exhibited a higher
activation energy for the NH3-SCR process while possessing a pre-exponential factor three orders of
magnitude higher than that of FeTi. Going deeper, extensive characterization including N,-physisorption,
XRD, Raman, NHz/NO,-TPD, XPS, EPR, and H,-TPR was carried out. XRD and Raman results showed that
the introduction of suitable amounts of Ce into the FeTi samples promoted the dispersion of Fe and Ti.
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Such higher dispersion of these two components increased the capacities for NO, adsorption and
activation and weakly bonded ammonia over FeCeqsTi, thus promoting the occurrence of the L-H
pathway of NHz-SCR at low temperatures. H,-TPR results indicated that the reduction of FeCegsTi
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occurred at a higher temperature than that of FeTi, which may be a reason for its higher activation energy
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Introduction

Selective catalytic reduction of NO, with NH; (NH;3-SCR) is
one of the most effective techniques for purifying diesel
vehicle exhaust and stationary source flue gases. Much
research has been carried out on preparing eco-friendly
catalysts with high SCR activity. Among the developed
catalysts, iron-based oxide catalysts have generated a great
deal of interest in recent decades because of their low cost,
abundance in nature, low toxicity, and high thermal stability
compared to other metal oxide catalysts.

For metal oxide catalysts, it is widely accepted that redox
sites and acid sites working together are necessary for the
process of NO, reduction with ammonia.*”® Therefore, close
coupling of such dual sites is highly desirable to create
catalysts with high NH;-SCR activity. With this in mind, FeTiO,
composite oxide catalysts were prepared by the co-
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precipitation method, exhibiting higher activity than that
prepared by the conventional impregnation method,”® in
which the Fe species served as redox sites while the Ti species
acted as acid sites for ammonia adsorption. For the FeTiO,
catalysts prepared by the co-precipitation method, further
results achieved by X-ray absorption fine-structure (XAFS)
measurements revealed that the atomic scale interaction
between iron and titanium species (Fe-O-Ti structure), as a
typical model of closely coupled redox and acid sites, was
crucial to the SCR reaction.” However, the SCR activity of the
Fe-Ti composite oxide catalyst at low temperatures was not
high enough to be practical,'® and its apparent activity
decreased above 600 °C.'" In view of these results, much more
effort has gone into fabricating various structures of Fe (ref. 3)
or Ti (ref. 12) or constructing a core-shell structure'® for good
NO, conversion and N, selectivity at low temperatures.
Furthermore, other kinds of metals such as Mn or Nb have
been added into Fe-Ti composite oxide catalysts to obtain
better SCR activity at low temperatures,'*'***

In recent years, cerium oxide has received much attention
in SCR catalysis due to its outstanding oxygen storage and
redox properties."®>' Through cerium doping, the NH;-SCR
activity of FeTi mesoporous nanocatalysts and Fe-exchanged
TiO,-pillared clay was enhanced at low temperatures.”*>* After

microwave hydrothermal treatment, strong interaction

This journal is © The Royal Society of Chemistry 2020
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between Fe, Ce, and Ti and good dispersion of Fe and Ce were
achieved and reported to benefit the low-temperature NH;-SCR
activity by Xiong et al>* By using the hydrothermal method,
more recently, a Fe,,Ce,,Tipe catalyst was prepared by Liu
et al.,>® exhibiting excellent NH;-SCR activity at a GHSV of
60000 h™". For this catalyst, it was reported that the synergetic
effect between Fe and Ce (Ce*" + Fe*" — Ce’** + Fe*") played a
key role in the activation of both NO, and NH; species, thus
enhancing the de-NO, performance, in which Ce sites
contributed to the formation of NO, and M-NO, nitro
species.”> However, the aforementioned SCR activity tests and
other studies about Fe-Ce-Ti composited catalysts®**’
employed relatively low space velocities (GHSV below 120 000
h™), and the thermal stability of these FeCeTi catalysts for
SCR was not intensively investigated. In addition, the effect of
Ce on the structure and active sites of Fe-based composite
oxide catalysts was not given much attention.

In this study, we applied a simple urea homogeneous
precipitation method to add cerium into an FeTi catalyst. For
the obtained FeCe,Ti composite oxide catalysts, the NO,
conversion, tolerance to high space velocity and
thermostability were enhanced by Ce doping. The effect of Ce
modification was further investigated by the methods of N,-
physisorption, XRD, Raman, NH;/NO,-TPD, XPS, EPR, and H,-
TPR. The results showed that the additive Ce played multiple
roles in the SCR reaction, including promoting the dispersion
of Fe and Ti, increasing the amount of surface Fe and NO,
adsorption, and generating more oxygen vacancies, thus
producing more active sites for the SCR reaction.

Experimental
Catalyst preparation

The urea homogeneous precipitation method was adopted to
produce a series of FeCe,Ti composite oxide catalysts, in which
the Fe/Ti molar ratio was fixed at 1:1, while tuning the Ce/Ti
molar ratio (@ = 0.1, 0.3, 0.5, and 1.0). Typically, precursors
containing Fe(NO3);-9H,0, Ce(NO3)3-6H,0, and Ti(SO,), were
dissolved in deionized water at the required molar ratios. Excess
urea was then added into the aqueous solutions with a urea/(Fe
+ Ce + Ti) ratio of 10:1 to ensure complete precipitation. After
being heated to 90 °C and being kept at this temperature for 12
h with vigorous stirring, the precipitate was filtered and washed
with deionized water. The solid obtained was then dried
overnight at 105 °C and calcined at different temperatures
(labeled FeCe,Ti-600 °C and FeCe,Ti-700 °C for the samples
calcined at 600 °C and 700 °C, respectively; others were calcined
at 500 °C) for 5 h in air. For comparison, FeTi catalysts were
prepared by the same procedure (labeled FeTi, FeTi-600 °C, and
FeTi-700 °C for the samples calcined at 500 °C, 600 °C and 700
°C, respectively). Before NH;-SCR activity testing, all the samples
were pressed, crushed, and sieved to 40-60 mesh.

Activity tests

The NH;-SCR activities were evaluated in fixed-bed quartz
tube flow reactors with inner diameters of 4 mm (at a GHSV
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of 500000 h™ and 250000 h™) and 6 mm (at a GHSV of
100000 h™" and 50000 h™"). The feed gas consisted of 500
ppm NO, 500 ppm NHj;, 5 vol% O,, and N, as the balance
gas, with a gas flow rate of 500 mL min~". The concentrations
of NH;, NO, NO,, and N,O were continually monitored using
an FTIR spectrometer (IS10 Nicolet) which was equipped with
a multiple-path gas cell (2 m).

The NO, conversion and N, selectivity were calculated as
follows:

. NO
NO, conversion (%) = <1 - w) x100%
[NOX}in
N, selectivity(%)
2|N,O
= (1— [ 2 }out > x100%
[Noxhn - [Nox}out + [NH3]in - [NH3]out

with [NO,] = [NO] + [NO,].

Kinetic studies

The apparent activation energy (E,) and reaction order for
NO, reduction were measured in a fixed-bed quartz tube flow
reactor with an inner diameter of 4 mm. In this case, the
conversion of NO, was controlled below 25% by tuning the
amount of catalyst and the total flow rate. The feed gas
composition was 500 ppm NO, 500 ppm NH3, 5% O,, and N,
balance.

The reaction rate of NO, conversion was calculated as
follows:
Ry, — Fno, X Xno,
" WxS

where Fyo, is the molar flow rate of NO,, Xyo is the

conversion of NO,, W is the weight of catalyst and S is the
BET surface area.

The rate of NO reduction was measured using the
following kinetic equation as a function of reactant
concentrations:

'vo = k[NO]a[NHS]/;[OZ]y

where ryo is the SCR rate; k is the apparent rate constant; o,
p, and y are the reaction orders of NO, NH; and O,,
respectively. As the SCR reaction follows zero-order
dependence on the partial pressure of O, above
concentrations of 1%,**>° y is 0 in our experiments. The feed
gas composition was 200-1000 ppm NO, 200-1000 ppm NH;,
5% O,, and N, balance.

Catalyst characterization

N,-Physisorption analysis was performed at 77 K using a
Quantachrome Autosorb-1C instrument at liquid nitrogen
temperature. The specific surface areas were calculated by
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the BET equation in the 0.05-0.30 partial pressure range. The
pore volumes and average pore diameters were determined
by the BJH method from the desorption branches of the
isotherms. Prior to each N,-physisorption analysis, the
samples were degassed at 300 °C for 3 h. Powder X-ray
diffraction (XRD) patterns of the samples were measured on
a Bruker D8 diffractometer with Cu Ka (4 = 0.15406 nm)
radiation. The scan range of 26 was from 20° to 90° with a
step size of 0.02°. Raman spectra were recorded on a
homemade UV resonance Raman spectrometer (UVR DLPC-
DL-03), which was calibrated against the Stokes Raman signal
of Teflon at 1378 cm™. A 532 nm He-Cd laser was used as
the excitation source for the Raman measurements.

Temperature programmed desorption of ammonia or
nitrogen oxide (NH;/NO,-TPD) experiments were carried out
in a fixed-bed quartz tube flow reactor with an inner
diameter of 4 mm. The concentration of NH;/NO, was
continually monitored using an FTIR spectrometer (IS10
Nicolet) which was equipped with a multiple-path gas cell (2
m). Prior to each TPD experiment, 100 mg samples were pre-
treated in 20% O,/N, at a flow rate of 300 mL min ™" at 350 °C
for 30 min, and then cooled down to 50 °C and purged with
N, for 30 min. The samples were then exposed to a flow of
500 ppm NH3/NO + O, (500 mL min™') at 50 °C for 0.5 h,
followed by N, purging for another 0.5 h. Finally, the
temperature was linearly raised to 800 °C in N, with a rate of
10 °C min™".

XPS measurements were carried out on an X-ray
photoelectron spectrometer (AXIS Supra/Ultra) with Al Ko
radiation (1486.7 eV) at an energy resolution of 0.48 eV (Ag
3ds/,). The binding energies of Fe 2p, Ce 3d, Ti 2p, and O 1s
were calibrated using the C 1s peak (BE = 284.8 eV) as the
standard. X-ray fluorescence analysis was carried out using a
Thermo Fisher ARL Perform'X 4200 instrument with a
maximum voltage of 70 KV. Electron paramagnetic resonance
(EPR) spectra were obtained using a JEOL JES-FA300
spectrometer. Temperature programmed reduction with
hydrogen (H,-TPR) experiments were carried out on a
Micromeritics Auto Chem 2920 chemisorption analyzer. In a
typical measurement, 150 mg of the sample was firstly
pretreated in a flow of 5% O,/He with a total flow rate of 50
mL min ' at 300 °C for 1 h, and then cooled to 50 °C,
followed by Ar/He (1:1) purging for 0.5 h. Then, the
temperature was linearly increased from 50 °C to 900 °C at a
heating rate of 10 °C min™ in a flow of 10 vol% H,/Ar (50 mL
min™"), during which the H, consumption was continuously
recorded using a thermal conductivity detector (TCD).

Results and discussion
NH;-SCR performance

Fig. 1a shows the NO, conversion over the FeTi and FeCe,Ti
catalysts in the standard SCR reaction at a high GHSV of
250000 h™. As can be seen, the SCR activity of the FeTi
catalyst was improved by Ce doping with ‘a’ from 0.1 to 0.5.
Further increasing this value to 1.0 resulted in a decrease in
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Fig. 1 NO, conversion over (a) FeTi and FeCe,Ti catalysts calcined at
500 °C and (b) FeCe( 3Ti and FeTi catalysts calcined at 500 °C, 600 °C,
and 700 °C, respectively. Reaction conditions: [NO] = [NH3] = 500
ppm, [O,] = 5 vol%, N, balance, GHSV = 250 000 h™™.

the low temperature activity (<250 ©°C) of FeCe,Ti. At
temperatures above 300 °C, meanwhile, the N, selectivity was
increased by Ce doping (Fig. S1t). Among all the samples,
the FeCe, ;Ti catalyst showed the best activity, exhibiting a
NO, conversion above 90% in a wide temperature range from
225 to 350 °C, together with a high N, selectivity above 85%
within the whole temperature range. As a result, more
attention was paid to the FeCe, ;Ti catalyst in the following
study, in comparison with the FeTi catalyst. After calcining at
the higher temperatures of 600 °C and 700 °C, the activity of
FeCe, ;Ti and FeTi was also measured, with the results shown
in Fig. 1b. Within the whole temperature range, the NO,
conversion of the FeTi-600 °C catalyst was much lower than
that of the one calcined at 500 °C in Fig. 1a, with only a 58%
NO, conversion at 300 °C. As for FeCe,;Ti, however, such
deterioration induced by calcination at the temperature of
600 °C was suppressed markedly, with a NO, conversion of
98% at 300 °C, indicative of higher thermostability. When
the calcination temperature was further increased to 700 °C,
the NO, conversion over both catalysts decreased
significantly. In addition, as shown in Fig. S2,f the FeCe, ;Ti
catalyst presented much better resistance to high space
velocities than FeTi.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Arrhenius plots of the reaction rates over the FeTi and
FeCeosTi catalysts calcined at 500 °C. Reaction conditions: [NO] =
[NHz] = 500 ppm, [O,] = 5 vol%, N, balance.

Kinetic studies

To further investigate the influence of cerium doping on the
SCR activity of the FeTi catalyst, kinetic experiments were
carried out. Fig. 2 shows the Arrhenius plots of the reaction
rates for NO, reduction within the temperature range of 120~
240 °C; the apparent activation energies (E,) were obtained
from the slope of the fitted curve. The E, of the FeCe,;Ti
catalyst was 47.5 k] mol ™, which is higher than that of FeTi
(28.8 k] mol ™). It should be noted that, however, the pre-
exponential factor (4) for FeCe, Ti was 1.9 x 10*" molecules
per m> s, which is three orders of magnitude higher than
that of FeTi (7.2 x 10'® molecules per m> s). This result
clearly revealed that more active sites were available for NO,
reduction over the FeCe,;Ti sample.’® Further kinetic
experiments were carried out over the FeTi and FeCe, ;Ti
catalysts calcined at 600 °C and 700 °C, respectively, with the
results shown in Fig. S3 and Table S1j In this case, the
FeCe, ;Ti catalysts always showed a higher E, and larger ‘A’
than the FeTi catalysts as expected.

During the NH;-SCR reactions, the dependence of the NO,
reduction rate on the concentrations of NO and NH; was also
measured at 150 °C (Fig. 3). For the FeCe,Ti catalyst in
Fig. 3a, the reaction order of NO (¢) was 0.44, which is much
lower than that of FeTi (o = 0.71). This result strongly
suggests that larger amounts of NO were adsorbed on
FeCe,;Ti and took part in the SCR reaction.”*?' At a given
NO concentration, the FeCe,;Ti sample exhibited a much
higher reaction rate for NO, reduction than the Ce-free
sample, which is in good agreement with the results
indicated by the pre-exponential factor. From Fig. 3b, it can
be easily observed that the reaction order of NH; is zero over
both the FeTi and FeCe,;Ti catalysts, indicating that
ammonia involved in the SCR reaction is always in the
adsorbed form.*®*° These results suggested that over both
samples, the L-H reaction pathway occurred during the NH;-
SCR process at low temperatures, particularly over the

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 The dependence of NO, reduction rate on the concentrations
of (a) NO and (b) NH3 at 150 °C over the FeTi and FeCeq 3Ti catalysts
calcined at 500 °C. Reaction conditions: (a) [NHz] = 500 ppm, [NO] =
200-1000 ppm; (b) [NO] = 500 ppm, [NH3] = 200-1000 ppm, [O,] = 5
vol%, N, balance.

FeCe(3Ti catalyst. Also, the FeCe,3Ti catalyst showed a
higher reaction rate of 5.8 x 10~ mol m™ s, which was
higher than that of FeTi (4.5 x 107 mol m™ s7").

Structural properties

N,-Physisorption analysis. The BET surface area, pore
volume, and average pore diameter of the catalysts are listed
in Table 1. Adding a small amount of Ce (a = 0.1) into the
FeTi catalyst increased the surface area from 147 to 188
m?* g”', which was accompanied by a slight increase in pore
volume and a decrease in pore diameter. However, as the

Table 1 Structural parameters of FeTi and FeCe,Ti catalysts calcined at
500 °C, 600 °C, and 700 °C, respectively

Surface area Pore volume Pore diameter

(m*g™) (em*g™) (nm)
FeTi 147 0.27 4.9
FeCe, ,Ti 188 0.29 3.8
FeCe, ,Ti 151 0.20 3.4
FeCe, 5Ti 139 0.19 3.4
FeCe, oTi 88 0.13 3.4
FeCe,_Ti-600 °C 78 0.18 4.9
FeCe, 5 Ti-700 °C 76 0.16 3.1
FeTi-600 °C 84 0.23 9.6
FeTi-700 °C 27 0.10 3.4

Catal Sci. Technol,, 2020, 10, 648-657 | 651


https://doi.org/10.1039/c9cy02292a

Published on 27 December 2019. Downloaded on 3/24/2020 3:39:15 AM.

Paper

doping amount of Ce further increased, the surface area,
pore volume, and pore diameter of the FeCe,Ti catalysts
decreased gradually. The surface area of FeCe,;Ti was 151
m?* ¢!, being close to that of the FeTi catalyst (147 m* g™).
After calcining these two samples at 600 °C, their surface
areas decreased dramatically; nevertheless, they have similar
values. Upon further increasing the calcination temperature
from 600 °C to 700 °C, the surface area of FeCe, ;Ti hardly
changed, while that of FeTi decreased considerably.

XRD analysis. Fig. 4a shows the XRD patterns of the FeTi
and FeCe,Ti catalysts calcined at 500 °C. As for the FeTi
catalyst, the diffraction peaks of hematite Fe,O; and
pseudobrookite Fe,TiOs were observed. Adding a small
amount of cerium (a = 0.1-0.3) into the FeTi sample resulted
in a decrease in the intensities of peaks related to hematite
Fe,0; and pseudobrookite Fe,TiOs. This result indicated that
the crystallization of these two phases was suppressed by
cerium doping. With a further increase in the cerium doping
amount, the diffraction peaks of fluorite-structured cubic
CeO, appeared for the FeCe,sTi and FeCe,(Ti catalysts,
which may be a reason for the decreased SCR activity and
agrees well with the results by Long et al. that well-dispersed
cerium improves the SCR activity.”> Among all the samples
calcined at 500 °C, it should be noted that the lowest
intensity of Fe,O; and Fe,TiOs was observed for FeCe, ;Ti and
no peak related to Ce appeared, indicating that both Fe and
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Fig. 4 XRD patterns of (a) FeTi and FeCe,Ti catalysts calcined at 500
°C and (b) FeCe 3Ti catalysts calcined at 500 °C, 600 °C, and 700 °C.
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Ce were highly dispersed or in an amorphous state. For all
the catalysts, interestingly, no peak of individual titanium
oxides appeared, indicative of their highly-dispersed
amorphous state. As for the FeCe,;Ti-600 °C catalyst
(Fig. 4b), peaks of hematite Fe,O3, pseudobrookite Fe,TiOs,
and cubic CeO, were observed, exhibiting higher intensity
compared with those of the corresponding sample calcined
at 500 °C. This difference possibly results in a lower NO,
conversion of the former at temperatures below 250 °C than
that of the latter. Further increasing the calcination
temperature to 700 °C strengthened the peak intensities of
these three phases, which was accompanied by the
appearance of rutile TiO,, indicating serious phase
separation of Fe, Ce, and Ti oxides. As the surface areas of
FeCe( 3Ti-600 °C and FeCe,;Ti-700 °C were similar, this
phase separation may be a reason for the observation of
decreased activity after calcining at higher temperatures.
Rutile TiO, was also detected in FeTi-600 °C and FeTi-700 °C,
exhibiting much higher intensity than that for FeCe,;Ti
calcined at the same temperature, respectively (Fig. S4t),
suggesting that more serious phase separation of Fe and Ti
oxides occurred in the FeTi catalyst. This result in turn
reveals that the introduction of Ce into the FeTi samples in
suitable amounts promoted the dispersion of Fe and Ti, thus
providing more active sites available for the SCR process and
contributing to higher activity, which was also shown by Qu
et al. in a previous investigation.*”

Raman analysis. Visible wavelength Raman spectroscopy
was applied to investigate the lattice vibrational states of the
catalysts, with the results shown in Fig. 5. For all the
samples, the peaks ascribed to the E, mode of hematite (a-
Fe,0;) appeared at 292, 400, 516, and 658 cm Y, together with
a peak at 1332 cm' ascribed to the second harmonic
vibration for phonon scattering of o-Fe,0;.°*** For the
FeCe, sTi and FeCe, (Ti catalysts, a strong peak assignable to
the F,, symmetry mode of the CeO, phase at 457 cm ™' was
observed.**3° As for the spectra of the FeCe, ;Ti-600 °C and
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Fig. 5 Raman spectra of FeTi and FeCe,Ti catalysts calcined at 500
°C.
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FeCe, 3Ti-700 °C catalysts shown in Fig. S5, peaks due to
a-Fe,0; were also observed at 659 and 1332 cm ', together
with the appearance of peaks for rutile TiO, (238 cm™) and
Fe,TiOs (437 and 797 cm™), respectively.’” These results are
in good accordance with the XRD measurements.

Adsorption/desorption properties

NH;-TPD analysis. To distinguish the surface acid
properties of the FeTi and FeCe,Ti catalysts, NH;-TPD
analysis was performed for the samples, with the results
shown in Fig. 6. During the experiment, the total desorption
amount of NH; of each sample was calculated and is also
shown in Fig. 6. The introduction of a small amount of Ce (a
= 0.1) into FeTi increased the total desorption amount of
NH;, indicating an increase in the relative quantity of surface
acid sites. Such increase may derive from the increased
surface area, as listed in Table 1. With a further increase of
‘a’ from 0.3 to 1.0, the total amount of NH; desorption
decreased gradually, also indicating the influence of surface
area on NH; adsorption. It is well accepted that the
adsorption of ammonia is the initial step in the NH,;-SCR
process. The FeCe, ;Ti and FeTi samples exhibited almost the
same ammonia adsorption capacities (Fig. 6) and BET surface
areas (Table 1), while the former exhibited higher intrinsic
activity for NO, reduction (Fig. 3). As a result, it is not the
ammonia adsorption capacity that governs the catalytic
performance of these two catalysts. Such a conclusion was
also indicated by the results in Fig. 3b, in which the reaction
order of ammonia is zero, suggesting that large amounts of
ammonia were adsorbed on these two samples that were
sufficient for the occurrence of the NH;-SCR process. Our
results are also in good agreement with the recent finding
achieved on V-based catalysts, which is not all the adsorbed
ammonia species participate in the NH;-SCR process
simultaneouly.*®*°

213  Total desorption amount of NH,

173.6 pmol g" FeCe, Ti

208.2 pmol g FeCe Ti

48.8 pmol g FeCe  Ti

Intensity (a.u.)

75.8 pmol g FeCe Ti

253.8 umol g" FeTi

T . T % T . T ¥ T ’
100 200 300 400 500 600
Temperature (°C)

Fig. 6 NH3-TPD results of FeTi and FeCe,Ti catalysts calcined at 500
°C.

This journal is © The Royal Society of Chemistry 2020

View Article Online

Paper

With the introduction of Ce, it should be noted that the
desorption peak of NH; shifted to low temperature gradually,
reaching the lowest value of 185 °C over the FeCe,3Ti
catalyst, and then rose with the further increase of ‘a’. This
indicated that more weak-acid sites on the FeCe, 3Ti catalyst
were available for NH; adsorption compared to those on the
other catalysts, and thus resulted in weaker bonding between
adsorbed ammonia and acid sites. With the Sabatier
principle in mind, such weak interaction would be just right
for the reaction of ad-NH; with ad-NO, (or NO, in the gas
phase) at low temperatures. As a result, it is reasonable that
FeCe,;Ti is more active for NO, reduction than FeTi.
Generally, the stability of NH," species bonded on Brensted
acid sites is weaker than that of NH; molecules coordinated
to Lewis acid sites,*”*" and therefore it can be supposed that
more weak Brensted acid sites existed on the FeCey;Ti
catalyst, which is beneficial for the L-H mechanism pathway
of NH;-SCR.*?

NO,-TPD analysis. To further investigate the adsorption
and activation behaviors of NO, species over the FeTi and
FeCe, 3Ti catalysts calcined at 500 °C, NO,-TPD experiments
were performed and the desorption amounts of NO and NO,
were calculated, respectively. As shown in Fig. 7, three
desorption peaks appeared for both catalysts. The NO,
desorption peaks around 124 °C were due to the

120

(a) Total desorption amount

>
=]
|
-
9
&

NO: 287.4 pmol g
-1
NO,: 477.8 pmol g

(ppm)

804

FeTi-NO,
A ---- FeTi-NO
40 - .‘: ....... FeTi-NOz

X

NO_ concentration

204

Temperature (°C)
250

(b) 300 Total desorption amount
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200 .
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150 4

FeCe, ,Ti-NO_
| ---- FeCe,,Ti-NO

sl 1o FeCe, Ti-NO,

X
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Fig. 7 NO,-TPD results of (a) FeTi and (b) FeCeq 3Ti catalysts calcined
at 500 °C.
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decomposition of monodentate nitrate, the peaks around 203
°C were ascribed to the weakly adsorbed bridging nitrate and
the peaks around 300 °C were attributed to bidentate and
bridging nitrate, with higher thermal stability.®** Within all
temperature ranges, it is clear that much more NO, was
desorbed from the FeCe,;Ti catalyst than from FeTi,
indicating that the adsorbed NO, species on the FeCe, ;Ti
catalyst were mainly NO;~ species.** It was reported that the
Fe sites on the FeTi catalyst contributed to NO, adsorption
during the NH;-SCR process.”® As revealed in Table 2, Ce
doping greatly promoted the surface enrichment of Fe
species. Taking these results into account, we can expect that
the introduction of Ce into the FeTi samples should enhance
the NO, adsorption ability. As expected, the total desorption
amount of NO, from the FeCe, ;Ti catalyst was 1872.3 pmol
g™, which was 2.4 times that from the FeTi catalyst (765.2
umol ¢™'). This result was also in accordance with the
conclusions reached from kinetic studies.

Redox behavior

XPS analysis. The Fe 2p, Ce 3d, Ti 2p, and O 1s XPS results
for the samples are shown in Fig. 8. Over all the samples,
peaks corresponding to Fe 2p1/2 and Fe 2p3/2 were observed
at around 724.5 eV and 711.2 eV, respectively (Fig. 8a),
exhibiting decreased intensity with increasing Ce content,
which was due to the reduced relative amount of Fe. Such
tendency was further confirmed by the peak located at 719.4
eV assigned to the Fe 2p3/2 satellite peak.">*>*> As shown in
Fig. 8b, peaks at around 464.1 eV and 458.3 eV were observed
for all the samples, ascribed to Ti 2p1/2 and Ti 2p3/2,
respectively.*>*” The intensity of the Ti 2p peaks was also
decreased upon adding Ce due to the reduction in the
relative amount of Ti.

Fig. 8c shows the Ce 3d XPS spectra of all the samples
containing Ce, and each spectrum was deconvoluted into
eight peaks. The binding energies of these peaks are
listed in Table S4,f in which the peaks labeled u; and v,
representing  the  3d'°4f' initial electronic  state,
corresponded to Ce**, and the peaks labeled u, u,, us, v,
v,, and v; represented the 3d'%4f® state of Ce*’, according
to previous investigations."®*®*° It is well accepted that
oxygen vacancies can be produced by the transformation
between Ce®*' and Ce*", 4Ce*" + 0*” — 2Ce*" + 2Ce*" + O
+ 0.50, (O represents an empty position).”® With this in
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mind, we can deduce that the higher the concentration of
Ce®', the higher the density of oxygen vacancies. To
highlight this issue, the Ce*/(Ce* + Ce'") ratios were
calculated from the peak areas and are presented in
Table 2. Among all the Ce-containing samples, noticeably,
the FeCe,;Ti catalyst exhibited the highest ratio of ce*t
(16.6%), indicating the largest amount of oxygen
vacancies,'®*® which is favorable for NO adsorption and
contributes to SCR activity.>>>"*> The formation of oxygen
vacancies was further proven by EPR experiments in Fig.
S6,f in which the FeCe,;Ti catalyst showed the strongest
intensity of typical signal of electrons trapped in oxygen
vacancies, being in agreement with the result of XPS.>*>*

The O 1s XPS spectra of the FeTi and FeCe,Ti catalysts are
shown in Fig. 8d, in which each spectrum has been
deconvoluted into two peaks. For FeTi, the peak at 531.1 eV
was assignable to surface oxygen (0,>” or O, denoted as O,
thereafter), whereas the peak at 530.0 eV was ascribed to
lattice oxygen (0”7, denoted as Oy thereafter).>>>® With Ce
addition, it was noted that the peak of Og shifted to lower
binding energy, which may due to the stronger interactions
between Ce and O.°” Generally, the surface oxygen is more
active in oxidation reactions than lattice oxygen. As a result,
the ratio of O,/(O, + Op) was calculated, with the results
shown in Table 2. Notably, the ratio of O,/(O, + Op) on the
FeCe, 3Ti catalyst was up to 52.4%, which was much higher
than that on the FeTi sample (34.6%) and other Ce-
containing samples. This result indicated that the addition of
Ce increased the percentage of O, and promoted the
oxidation of NO,'**576°

Based on the XPS and XRF measurements (Table S27),
furthermore, the ratios of Fe/Ti on the surface and in the
bulk phase were calculated, with the results listed in Table 2.
It is worth noting that the ratios of Fe/Ti in the bulk phase of
the FeTi and FeCe,Ti catalysts were almost the same and in
good accordance with the nominal value (Fe/Ti = 1:1). For
these samples, however, the ratio of Fe/Ti near the surface is
much higher than that in the bulk phase, indicative of
surface enrichment of Fe species. Particularly for Ce-
containing samples, such surface enrichment was more
pronounced. This result indicated that the addition of Ce
increased the surface Fe concentration, and thus ensured
sufficient active sites for redox cycling,*® which is in
accordance with the results of the kinetic studies mentioned
above.

Table 2 Surface and bulk components of FeTi and FeCe,Ti catalysts calcined at 500 °C

Bulk Fe/Ti” Surface Fe/Ti”

Surface Ce**/(Ce®" + Ce*) Surface O,/(O,, + Op)

FeTi 1.08 7.9
FeCe,,Ti 1.07 10.1
FeCe, 5Ti 1.06 13.3
FeCe, sTi 1.06 15.5
FeCe, (Ti 1.08 17.8

— 34.6%
15.1% 36.5%
16.6% 52.4%
15.9% 50.7%
9.5% 43.5%

“ Atom ratios in the bulk phase of catalysts calculated from XRF in Table S2.j ” Atom ratios in the near-surface region of catalysts calculated

from XPS in Table S3.f
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Fig. 8 XPS spectra of (a) Fe 2p, (b) Ti 2p, (c) Ce 3d, and (d) O 1s over the FeTi and FeCe,Ti catalysts calcined at 500 °C.

H,-TPR analysis. H,-TPR experiments were conducted to
investigate the reducibility of the FeTi and FeCe,Ti catalysts.
As shown in Fig. 9, the FeTi catalyst showed a reduction peak
centered at 327 °C and a broad peak between 400 and 600
°C. The low-temperature peak was attributed to the reduction
of Fe,0O; to Fe;0,, while the high-temperature one was related

H, consumption

4.2 mmol g

6.0 mmol g

Intensity (a.u.)

4.0 mmol g

T v T T T y T v T T
100 200 300 400 500 600 700 800

Temperature (°C)

Fig. 9 H,-TPR results of FeTi and FeCe,Ti catalysts calcined at 500 °C
with CeO, and TiO, as contrasts.

This journal is © The Royal Society of Chemistry 2020

to further reduction of Fe;O, to FeO and Fe.>?*°"%2 Within
the measured temperature range, no peak of TiO, was
observed, indicating its poor reducibility.'®®* Pure CeO, also
showed weak redox ability. After Ce doping, it was noticed
that the low-temperature peak shifted to higher temperature
and reached the highest value for the FeCe,;Ti catalyst (366
°C), and then shifted gradually toward low temperatures,
indicating that FeCe,3Ti exhibited the weakest reducibility.
As for the standard NH;-SCR reaction over vanadium-based
catalysts, it is well accepted that the initial surface V' species
are reduced to V*" ones with the formation of N,, and are
then regenerated by reaction with O, in the gas phase to
complete the catalytic cycle.**® During this redox process,
DFT calculations further revealed that re-oxidation of surface
V*" species exhibited a higher energy barrier,®* also in
agreement with the experimental results achieved by in situ
DR-vis measurements.” In other words, the rate-determining
step is involved in the oxidation of V*' species by oxygen
(V**-OH + 0, — V**=0 + H,0), rather than the elementary
steps related to the adsorption (or activation) of ammonia
and the production of N,.”> In our case, such catalytic cycling
of redox sites may also occur during the NH;-SCR over the
FeCe,Ti and FeTi samples. Within the overall NH;-SCR
process, meanwhile, the regeneration of redox sites by O,
would be the rate-determining step, the possibility of which
was further confirmed by the H,-TPR results. Specifically, the
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H,-TPR results indicate that the FeCe, 3Ti catalyst exhibits a
lower reducibility than FeTi, which may be a reason for its
higher activation energy for NO, reduction (Fig. 2). In
addition, with an increase in the ‘@’ value from 0.3 to 1.0,
another peak appeared around 400 °C due to the reduction
of surface oxygen related to the addition of Ce,*® which was
in accordance with the XPS and EPR results.

During the H,-TPR process, the H, consumption was also
calculated and is shown in Fig. 9. With increasing Ce
content, the amount of H, consumption increased, reaching
the maximum value for the FeCe,;Ti catalyst, and then
decreasing gradually. This trend was also in agreement with
the variation in surface oxygen species (O,/(O, + Og)) over the
FeCe,Ti samples listed in Table 2. Among the tested samples,
it should be noted that the FeCe, ;Ti catalyst gave the highest
number of oxygen vacancies, trapping the greatest amount of
surface oxygen species. As a result, the redox sites available
for NO, reduction were richest on FeCe, 3Ti, finally relating
to the highest intrinsic activity, which was in good agreement
with the kinetic study results.

The over-oxidation of NH; to NO is one of the main
reasons for the decreased N, selectivity at higher
temperatures. From the H,-TPR results, it can be also
speculated that the process was hindered due to the
weakened redox ability of Fe** upon doping with Ce, thus
achieving superior N, selectivity, which agrees well with the
studies by Yang et al®® This may explain the better N,
selectivity of FeCe, 3Ti compared to the other samples.

Conclusions

Compared to FeTi, the FeCe,;Ti catalyst exhibited higher
NO, conversion, N, selectivity, and thermostability as well as
higher tolerance to GHSV over the whole temperature range
of NH;-SCR measurements, despite the similar surface areas
and NH; storage capacities of these two catalysts. With Ce
doping at a proper ratio, well-dispersed Fe, Ce and Ti and
rich active sites were obtained. Such changes induced by Ce
introduction thus increased the amounts of active sites for
NO, adsorption and surface nitrate formation, as well as
more weak-acid sites for ammonia adsorption. As a result,
the L-H pathway over FeCe,;Ti at low temperatures was
enhanced by the introduction of Ce.
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