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ABSTRACT: Materials based on a combination of cerium—tungsten—titanium
are potentially durable catalysts for selective catalytic NO, reduction using NH;
(NH;—SCR). Flame-spray synthesis is used here to produce WO,/CeO,-TiO,
nanoparticles, which are characterized with respect to their phase composition,
morphology, and acidic properties and are evaluated by NH;—SCR. HR-TEM and
XRD revealed that flame-made WO;/CeO,-TiO, consists of mainly rutile TiO,,
brannerite CeTi,O¢, cubic CeO,, and a minor fraction of anatase TiO,. These
phases coexist with a large portion of amorphous mixed Ce—Ti phase. The lack of
crystallinity and the presence of brannerite together with the evident high fraction
of Ce’" are taken as evidence that cerium is also present as a dopant in TiO, and is
well dispersed on the surface of the nanoparticles. Clusters of amorphous WO,
homogeneously cover all particles as observed by STEM. Such morphology and
phase composition guarantee short-range Ce—O—Ti and Ce—O—W interactions

N One-step flame spray synthesis
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and thus the high surface concentration of Ce®". The presence of the WO, layer and the close Ce—O—W interaction further
increased the Ce’" content compared to binary Ce—Ti materials, as shown by XPS and XANES. The acidity of the materials and
the nature of the acid sites were determined by NH; temperature-programmed desorption (NH;-TPD) and DRIFT
spectroscopy, respectively. TiO, possesses mainly strong Lewis acidity; addition of cerium, especially the presence of surface Ce**
in close contact with titanium and tungsten, induces Bronsted acid sites that are considerably increased by the amorphous WO,
clusters. As a result of this peculiar element arrangement and phase composition, 10 wt % WO;/10 mol % CeO,-90 mol % TiO,
exhibits the highest NO, reduction efficiency, which matches that of a V,0s—WO;/TiO, catalyst. Preliminary activity data
indicate that the flame-made catalyst demonstrates much higher performance after thermal and hydrothermal aging at 700 °C
than the V-based analogue despite the presence of the rutile phase. Ce®* remains the dominating surface cerium species after
both aging treatments, thus confirming its crucial role in NH;—SCR by Ce—W—Ti-based catalysts.

KEYWORDS: NO, reduction, SCR, NH, ceria, tungsta, titania, flame-spray synthesis, rutile

1. INTRODUCTION

Nitrogen oxides (NO,) are one of the major sources of air
pollution, which are efficiently removed by the selective
catalytic reduction using ammonia (NH;—SCR).' Catalysts
based on the V,0,—WO;/TiO, system are most widely used
for this purpose in mobile and stationary applications.
However, this very effective catalyst system suffers from several
drawbacks. Most important is its limited thermal and
hydrothermal stability, which results in catalyst deactivation
or even the release of vanadium species to the environment at
high temperatures.” Therefore, there is an urgent need to
develop new catalysts with better thermal and hydrothermal
stability without compromising the cost-effectiveness of V,04—
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WO,/TiO, system. In the V,0,—WO,;/TiO, SCR catalyst,
V,0; provides redox active sites, WO; assures surface acidity
and TiO, is a high surface area support, which has
advantageous electronic interactions with the other compo-
nents of the catalyst."

Cerium oxide can also act as a redox active component in
SCR catalysts due to the high redox ability of the Ce*"/Ce®"
pair. A brief review on Ce-based SCR catalysts is given in ref 3.
Bulk CeO, expresses some SCR activity, but its performance
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significantly improves when it is functionalized by transition
metal ions.” Tungsten oxide is considered the most efficient
promoter in SCR catalysts. It is reported to enhance the SCR
activity and N, selectivity, particularly at high temperature,
therefore widening the operating SCR temperature window.
WO; also decreases ammonia and SO, oxidation and improves
the alkali resistance.”>® A major role of WO, is to increase the
Bronsted acidity as well as the strength and density of Brensted
acid sites,"® which are involved in the SCR reaction and are
important ammonia adsorption sites.” Moreover, WO,
promotes the reducibility of Ce, which is beneficial to the
activity of Ce-based SCR catalysts.® The presence and
concentration of WO; are important, both of which
significantly affect the hydrothermal stability of the SCR
catalyst,” the type of acid sites, and catalytic activity.'” At low
tungsten oxide coverage (below 2 tungsten atomsnm™?),
surface monotungstate species are predominant, and only Lewis
acidity is present.10 An increase of tungsten concentration to
3—4 tungsten atoms-nm* results in intermediate tungsten
oxide coverage with formation of polytungstate species and the
presence of a mixed Lewis and Brensted acidity. Intermediate
WO, surface coverages were reported to be optimal for the
NO, reduction efficiency'' and hydrothermal stability.” Further
increase of the tungsten concentration (above 4 tungsten
atoms-nm™2) leads to formation of crystalline WO, nano-
particles.'” The structure of the WO, species on TiO, can be
correlated to the tungsten concentration and the corresponding
tungsten oxide coverage. Hilbrig et al."* proposed a structural
model, in which islands of WOy are branched by WO, chains.
At a loading below 1/3 monolayer of WO,, mainly WO, units
are present. With increasing tungsten concentration, the WO;/
WO, ratio increases, and WQO; predominates at monolayer
coverage.

In contrast to the well-established role of CeO, and WO;,
the function of TiO, in Ce—W—Ti-based catalysts appears less
clear”®"*™'* or is confined to that of the inert but optimal
metal oxide support.” However, the close interaction between
cerium and titanium components seems to be beneficial for the
SCR performance.””™"” Currently, CeO,~TiO,, CeO,~WO,
and CeO,—WO;—TiO, catalysts have been synthesized by
various techniques, for example, including wet impregnation
(WI),%"*" sol—gel (SG),"*'* coprecipitation (CP),'"”""~** or
flame spray pyrolysis using an oxygen-methane flame.”® These
methods produce materials with different structural properties,
ranging from fully crystalline'®'®'®** through partly crystal-
line'>'>'%!92% to entirely amorphous.'” Gao et al.'® compared
Ce0,—TiO, obtained by WI, CP, and SG and concluded that
the SG-made catalyst showed the best NH;—SCR performance.
Shan et al."” claimed that CP produced the best catalyst for
NH;—SCR. Generally speaking, irrespective of the synthesis
method, the best performing catalysts are those in which CeO,
is highly dispersed in the form of nanocrystallites or of an
amorphous phase. In some cases, the Ce—O—Ti interaction
was associated with the high CeO, dispersion. Li et al.'” studied
extensively the structural properties of Ce—Ti mixed oxides,
revealing a predominantly amorphous nature and the existence
of the brannerite CeTi,O4 phase. The good NH;—SCR
performance was interpreted as the result of the Ce—O-Ti
short-range order in the amorphous materials. An increase in
crystallinity, for example, by segregation of ceria and titania
obtained upon treatment at 650 °C, significantly decreased the
catalytic activity. CeO, crystallites were particularly deleterious
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to activity, an observation which represents a matter of
debate.' "

The relative arrangement of each phase and element in the
material is a key factor that is not extensively addressed. In the
case of Wet—impregnated15 or coimpregnatedg’14 catalysts, TiO,
is impregnated with precursors of cerium alone or in
combination with tungsten. In such materials, no strong
interaction of TiO, with the other components is expected,
whereas the interaction between well-dispersed cerium and
tungsten oxide phases is considered decisive.'** The situation
is more complex for catalysts obtained by the SG'*'® or the
CP'”"?% methods because of the one-pot approach used for
synthesis. Therefore, besides the NH;—SCR performance of
potentially novel SCR catalysts, it is also crucial to investigate in
detail their structure, phase composition, and the relation
between each catalyst component. The choice of synthesis
techniques is decisive in this respect in order to be able to
precisely control the phase composition and arrangement of
each component to design a material with the desired catalytic
properties. Flame spray synthesis (FSS) was chosen for material
synthesis because it affords nanosized catalysts in a well
controllable one-step process.”*~*” FSS allows obtaining unique
material compositions and thus particle properties as a result of
the high flame temperature and the fast quenching rate. The
one-step synthesis approach ensures close interaction of the
components already at the synthesis level, which may not be
identical to the result obtained with conventional methods. In
fact, we have shown in a preliminary work that the material
properties (e.g., phase composition and morphology) of Ce—
W-Ti mixed oxides obtained by an oxygen-acetylene flame
cannot be reproduced by wet-impregnation to simulate the
relative spatial arrangement of the various components.”
Importantly, this results in significant catalytic characteristics
for the target reaction.

The major objective of this work is to characterize the
structure of various flame-made WQO,/CeQ,-TiO, mixed oxide
catalysts with respect to morphology, relative speciation, and
arrangement of the three elements cerium, tungsten, and
titanium. The catalyst composition was varied with respect to
the cerium loading because cerium is considered to be the
active component for by NH;—SCR. Based on the peculiar
nanostructure obtained by flame synthesis, we try to identify its
role in the determination of the catalytic performance for
NH;—SCR. Because of the importance of stabilizing a NH;—
SCR catalyst against high-temperature exposure, preliminary
results are also reported, which demonstrate the superior
performance of the most active flame-made catalyst compared
to a V-based analogue.

2. EXPERIMENTAL SECTION

2.1. Catalyst Synthesis. A series of nmol % CeO, — (100
— n)mol % TiO, and 10 wt % WO,/ nmol % CeO, — (100 —
n)mol % TiO, nanopowders with n = 0, S, 10, and 20 were
prepared by flame-spray synthesis (FSS) using an oxygen-
acetylene flame. Titanium diisopropoxide bis(acetylacetonate)
(TiC,¢Hys0, 75% in isopropanol, ABCR), cerium(IIl) ethyl-
hexanoate (Ce[OOCCH(C,H;)C,Hy];, Ce content: 11.8—
12.2%, Shepherd) and tungsten carbonyl (W(CO),, Sigma-
Aldrich) dissolved in tetrahydrofuran (Sigma-Aldrich) were
used as Ti, Ce, and W precursors, respectively. Details of the
FSS setup are reported elsewhere.’””> The required composi-
tion was obtained by adjusting the ratio of the different
precursors in the precursor mixture, whose total flow rate was
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in the range of 0.333 cm®s ™. The total precursor concentration
in the flame was kept constant at 0.5 mol-kg™". The precursor
solution was fed by a syringe pump and was atomized by
oxygen (583 cm®s™) in a gas-assisted external mixing nozzle.
The combustible aerosol was ignited by six oxygen-acetylene
flamelets (C,H,, 217 cm®s™'; O, 283 cm’s™!), and the
produced particles were collected on glass fiber filters (GF/A
150, Whatman) using vacuum pumps. The composition and
designation of the investigated materials are given in Table 1.

A 2.4 wt % V,04/10 wt % WO,/TiO, catalyst (V—W/Ti)
was prepared by consecutive wet impregnation of TiO, by WO,
and V,0; precursors for the sake of comparison. This material
has been shown to be a highly active NH;—SCR catalyst.”

2.2. Characterization of the Catalysts. 2.2.1. Morphol-
ogy and Structure. The specific surface area (SSA) of as-
prepared powders was determined by Brunauer—Emmett—
Teller (BET) method from a 11-point N, adsorption isotherm
using a Quantachrome Autosorb 1C instrument. Prior to
analysis, powder samples were dried for 120 min at 180 °C in
N,.

The morphology of the catalysts was observed using a Jeol
2200FS transmission electron microscope equipped with a 200
kV field emission gun and a high-angle annular dark field
(HAADF) detector in STEM mode. The local composition was
determined by energy dispersive X-ray spectroscopy (EDS).
The EDS spectra were normalized with the position and the
intensity of the Cu K peak. The samples were prepared by
deposition via an ethanol suspension onto a carbon film coated
copper grid (Plano GmbH). The interplanar distance (d) was
measured by averaging the distances between successive peaks
in the contrast profile taken along a line g)erpendicular to the
fringes in the software DigitalMicrograph.”

X-ray diffraction (XRD) analysis was performed using a
Bruker D8 Advance diffractometer equipped with a Ni-filtered
Cu Kf radiation and a LinxEye detector. The diffraction
patterns were collected in the range of 5° < 26 < 80°. The
phase identification was based on inorganic crystal structure
database (ICSD) data files. Flame-made CeO,, TiO, and TiO,
aged at 700 °C (TiO,T700) were used as reference materials
for phase assignment.

2.2.2. Chemical Composition. The surface composition of
the samples and the chemical states of detected elements were
studied by X-ray photoelectron spectroscopy (XPS) using an
instrument from VSW (Vacuum Systems Workshop) equipped
with a concentric hemispherical electron analyzer with a radius
of 150 mm and a two-plate 18-channel detector (Galileo). The
electron analyzer was operated in the fixed-analyze transmission
mode (FAT) with constant pass energy of 22 eV. Samples were
exposed to Ka Al (1486.6 eV) X-ray radiation produced by an
X-ray lamp working at a power of 210 W (U = 15 kV, emission
current 14 mA). The background pressure during the
analyses was less than 5 X 107° mbar. Calibration of the
binding energy scale was done by aligning the position of the Ti
2p3, peak in TiO, to 458.7 €V taken from the NIST database™
(Figure S3a).

X-ray absorption near edge structure (XANES) spectra of
pellets were recorded at the Ce Ls-edge (5.723 keV) in
fluorescence mode at beamline SuperXAS of the Swiss Light
Source (SLS, Villigen, Switzerland) using a 4-element Si drift
diode detector. Ce(NO,); and CeO, were used as references
for Ce®* and Ce*, respectively, and were measured both in
transmission and fluorescence mode. The self-absorption
correction, the normalization, and the linear combination fit
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of the resulting XANES spectra were performed using the
Athena software package.”® The edge energy (E,) was set to the
maximum of the first derivative.

The chemical composition of the catalysts was investigated
by inductively-coupled plasma—optical emission spectrometry
(ICP-OES, Varian, type VISTA Pro AX). Prior to analysis
samples were digested in a mixture of 96% H,SO, and 30%
H,0, (Sigma-Aldrich) on the hot plate and then diluted by
Milli-Q-water.

2.2.3. Surface Acidity. NH; temperature-programmed
desorption (NH;-TPD) was applied to assess the surface
acidity of the catalysts and the NH; uptake (normalized by
mass and SSA of the material). NH;-TPD was performed in a
quartz tube plug flow reactor prepared identically to the
catalytic tests with 50 mg of catalyst diluted with 500 mg of
cordierite under a total flow of 100 mL-min~' (GHSV= 120 L
g "“h™"). Prior to TPD, the sample was pretreated with 10 vol
% O, in N, at 500 °C for 1 h at a ramp of 10 °C-min~" and
cooled to SO °C in N,. Then, NH; (1000 ppm in N,) was
supplied for adsorption at S0 °C for 1 h followed by N, flow at
50 °C for 1 h to remove weakly adsorbed species. NH;-TPD
was carried out by heating from 50 to 500 °C at 10 °C-min~"
under N, flow. The gas composition was monitored online by
FTIR spectroscopy (Antaris, Thermo Scientific).

The nature of the active sites was determined by NHj;
adsorption using diffuse reflectance infrared Fourier transform
(DRIFT) spectroscopy. All DRIFT spectra were collected at a
resolution of 4 cm™' using a Vertex 70 spectrometer (Bruker)
equipped with a Praying Mantis mirror accessory (Harrick) and
a liquid nitrogen cooled MCT detector. The sample was dried
at 500 °C for 1 h in a muffle oven. Then it was transferred to
the homemade DRIFT cell equipped with a CaF, window and
further dried at 200 °C overnight in flowing N, (100 mL/min)
prior to NH; adsorption. NH; adsorption was performed by
flowing 500 ppm of NH; in N, (100 mL/min) at 50 °C for 30
min followed by flowing N,. Consecutive spectra were recorded
at 80 kHz scanner velocity at 1 min interval to follow NH;
adsorption. All spectra are reported against a background
spectrum acquired at S0 °C in N, prior to NH; adsorption.

2.3. Catalytic Test. NH;—SCR experiments were con-
ducted in a quartz tube plug flow reactor loaded with 10 mg of
catalyst, mixed with 500 mg of 100—160 ym cordierite and
firmly fixed between two quartz wool plugs. A thermocouple
was inserted at the front end of the catalyst bed. The sample
was pretreated with 10 vol % O,/N, at 450 °C for 45 min. The
model gas feed for the activity test was composed of 10 vol %
0,, 5 vol % H,0, 1000 ppm of NO, 1200 ppm of NH; and
balance N,. For NH; and NO oxidation experiments, the feed
gas consisted of 1000 ppm of NH; or NO, respectively, in 10
vol % O,, 5 vol % H,O, and balance N,. For all experiments,
the gas flow rate was 100 mL-min~' (GHSV = 600 L-g""-h™"),
if not otherwise mentioned.

The gas composition was monitored online by FTIR
spectroscopy (Antaris, Thermo Scientific). The NO, con-
version expressed as NO, reduction efficiency (deNO,) was
calculated as follows:

NO,,, — NO

deNOx — x,in x,out
Nox,in (1)
with
NO, = Cyo, + Cno (2)
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Table 1. Composition, Specific Surface Area (SSA), WO, Coverage, and Normalized NH; Uptake of the Flame-Made Catalysts

and Reference V-W/Ti

a
WO, coverage

sample name composition SSA/m*g™'  WOj; coverage/W atoms-nm™> /% NH, uptake/ppm-m >
V-W/Ti 2.4 wt % V,04-10 wt % WO,/TiO, 60.5 4.3 95 6771
TiO, TiO, 933 ; 6820
10Ce-90Ti 10 mol % CeO,-90 mol % TiO, 95.6 4708
20Ce-80Ti 20 mol % CeO,-80 mol % TiO, 74.8 - - 4520
W/TiO, 10 wt % WO,/ TiO, 89.9 2.9 64 7047
‘W/5Ce-95Ti 10 wt % WO;/ 5 mol % CeO,-95 mol % TiO, 94.4 2.8 61 6458
‘W/10Ce-90Ti 10 wt % WO;/ 10 mol % CeO,-90 mol % TiO, 94.0 2.9 64 5540
‘W/20Ce-80Ti 10 wt % WO;/ 20 mol % CeO,-80 mol % TiO, 77.1 34 75 4575

“One WO; monolayer corresponds to 4.5 tungsten atoms-nm 2"

The selectivity for the formation of N,O, NO,, or N, during
NHj; oxidation was defined by the following equations:

2-C
Sno= ———20M 5 100%
2
CxHyin = CNHyout (3)
C Ul
Sno, = ———2M % 100%
i CNH3,in - CNH3,out 4)
Sy, = 100 = (Syo, + Sy,0) ()

The reaction rate constant k (cm®g™'-s™') was calculated
under the assumption that the reaction is first order with
respect to NO and zeroth order with respect to NH;, which is

borrowed from kinetic studies on V-based SCR cata-
lysts: 1,21,36,37

\%4

k ” X In(1 — deNO,) ©)
where V is the total gas flow (cm®s™') at temperature T (K),
and m is the catalyst mass in the reactor (g). The zeroth order
with respect to NH; was ensured by using an excess of NH;
(1200 ppm) with respect to NO, dosage (Figure S1).3%7

2.4. Thermal and Hydrothermal Aging. The sample
(150 mg) was heated to 700 °C in a muffle oven within 2 h
followed by dwelling for 15 h and then cooling to room
temperature over 3 h. Thermal treatment (T) was carried out
under ambient atmosphere, whereas hydrothermal treatment
(HT) was carried out under 10 vol % H,0 in ambient
atmosphere.

3. RESULTS

3.1. Composition and Structural Properties. 3.1.1. Mor-
phology and Structure. The SSA of all investigated powders
was in the range 75—94 m*g ™! and decreased with increasing
Ce content in Ce—Ti and W/Ce—Ti (Table 1). This behavior
is related to an increase of the overall density of the
nanoparticles due to the transformation of TiO, from the
anatase (density, 3.78 g-cm ™) to the rutile (4.23 g-em™>) phase
(vide infra). The average particle density also contributes to the
decrease of SSA. Because during flame-spray synthesis (FSS)
the total concentration of the precursors mixture in the flame is
constant irrespective of the composition of the final product,
the increase of cerium content causes an increase of product
density (CeO, has a higher density, 7.21 g-cm™) and the
progressive decrease of the specific surface area expressed in

m2~g_l.
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Flame-made materials consist of spherically shaped non-
porous particles with an average particle size of around 20 nm
for unmodified TiO, (Figure la) and of around 16 nm for

Figure 1. TEM images of (a) TiO,, (b) W/TiO,, (c) 10Ce-90Ti, and
(d) W/10Ce-90Ti.

modified TiO, (Figure 1b—d). The particle size distribution of
5—35 nm is typical for flame-made materials and originates
from the nature of the synthesis technique.”**"**

Crystalline nanoparticles with clearly visible lattice fringes
can be observed in the high resolution transmission electron
microscopy (HR-TEM) images of W/10Ce-90Ti (Figure 2).
Based on interplanar distance (d) analysis, four phases have
been identified in the crystalline regions of the sample: anatase
Ti0,, rutile TiO,, cubic CeO,, and brannerite (CeTi,Og).

The CeO, particles possess an extended interface with the
rutile TiO, particles, suggesting the growth of CeO, out of the
TiO, structure. Contrary to the typical cubic morphology of
CeO, particles, these particles are clearly round-shaped, which
suggests a great fraction of defects, likely induced by the
underlying rutile TiO, structure. It is also important to
underline that the ceria particles have always been observed
only associated with rutile TiO,. The anatase nanoparticles
observed by TEM are never associated with ceria particles. The
growth of cubic CeO, particles on the spherical rutile particles

DOI: 10.1021/acscatal.5b01580
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TiO,

CeO,

Figure 2. HR-TEM images of W/10Ce-90Ti. The various images show lattice fringes of (a) cubic CeO,, (b) cubic CeO, and rutile TiO,, (c) anatase
TiO,, (d) rutile TiO,, (e) CeTi,O4 (brannerite). (f) Visualization of the crystal structure of CeTi,Oq.

was most likely caused by strain resulting from their lattice
mismatch (cubic vs tetragonal). Due to its large ionic radius
cerium is forced out of the lattice sites onto the rutile surface,
which can accommodate isolated cerium atoms as theoretically
predicted.”® The CeO, particles probably grew layer by layer.
Johnston-Peck et al.”” investigated theoretically and exper-
imentally fluorite cubic CeO, grown on anatase and observed
that due to the strain generated by the lattice mismatch,
elongated islands of CeO, similar to those observed in Figure
2a grow epitaxially (ie. layer by layer) on TiO,, which form
facilitates elastic relaxation of the stress. In addition to epitaxial
growth, interdiffusion of titanium into cerium at the CeO,—
TiO, interface was reported that is followed by formation of
stable oxygen vacancies and Ce**,*® which correlates well with
the defect structure of flame-made catalysts as discussed later in
this section. Fang et al.*’ demonstrated that CeO, initially
nucleates at the oxygen vacancies of anatase by forming an
interface consisting of oxygen bridges between CeO, and
anatase, thus inhibiting the anatase-to-rutile transformation. At
higher CeO, content, the growth of CeO, clusters and the
formation of cubic CeO, nanocrystals were observed. Although
attention must be given to the fact that cerium is generally
deposited on anatase rather than rutile in these works, a similar
mechanism can be used to interpret our observation, with the
key difference that rutile is the support of the ceria particles in
these flame-made materials.

The ceria—rutile interaction could explain the formation of
brannerite observed by HR-TEM in Figure 2e. The CeTi,O4
crystal structure represented in Figure 2f belongs to the
monoclinic crystal system and is built from anatase-type zigzag
layers of TiOg octahedra sharing corners and edges in the a/b
plane. The TiOq layers are connected along the ¢ axis by
corner-sharing with CeOg octahedra.*** CeTi,04 as well as
anatase and rutile polymorphs of TiO, were observed as
individual particles but the presence of CeTi,Og at the CeO,—
TiO, interface cannot be excluded. It should be noted that the
brannerite particles appear as composed of anisotropically
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oriented crystal domains of smaller size (ca. 2 nm) suggesting a
great extent of short-range order but longer range disorder.

WO, and CeO, were never detected in the form of isolated
crystalline particles in the TEM images, confirming the
amorphous nature of the former one and the strong
dependence of the latter one on the TiO, structure, as
explained above. The systematic combination of CeO, and
TiO, particles does not agree with previous observations on
similar materials prepared by an oxygen-methane flame.”* We
associate the discrepancy with the different metal precursors
and the flame conditions. Despite the experimental differences,
the evident phase transformations described in the following
upon increase of cerium content are identical.

The X-ray diffraction (XRD) patterns of all flame-made
materials are shown in Figure 3. TiO, is well crystallized and

Intensity / -
Intensity / -

Figure 3. X-ray powder diffraction patterns of (a) 10Ce-90Ti and
20Ce-80Tj, (b) W/TiO,, W/5Ce-95Ti, W/10Ce-90Ti and W/20Ce-
80Ti compared to flame-made CeO,, TiO, and TiO,T700. A: anatase;
R: rutile; C: cubic CeO,; B: brannerite CeTi,Oy.
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consists of 95 wt % anatase (ICSD 01-071-1167) and around S
wt % rutile (ICSD 01-087-0920). Thermal treatment at 700 °C
caused the anatase to rutile (A—R) transformation that is
deleterious to the performance of conventional SCR
catalysts.>**™* The presence of tungsten oxide increased the
level of background noise but did not contribute to the overall
diffraction pattern indicating the good dispersion of the W-
containing phase. The fraction of anatase in W/TiO, increased
by 1 wt % at the expense of rutile (Figure 3b) as a result of the
stabilization effect of the anatase structure by WO; The
addition of cerium to TiO, strongly decreased the degree of
crystallinity and changed especially the phase composition
(Figure 3) in marked contrast to the behavior of WO;. The
presence of cerium stimulated the A—R phase transformation.

An increase of the Ce/Ti ratio caused a progressive decrease
of the fraction of anatase, which practically disappears in the
diffraction patterns of 20Ce-80Ti (Figure 3a) and W/20Ce-
80Ti (Figure 3b). Rutile dominates the XRD pattern of 10Ce-
90Ti and W/10Ce-90Ti. Other phases appeared simultaneously
to the disappearance of anatase, which were identified as
brannerite (CeTi,Oq ICSD 01-084-0496) and cubic fluorite
CeO, (ICSD 03-065-5923). Although the fraction of rutile
passed through a maximum in 10Ce-90Ti and W/10Ce-90Ti,
the reflections of these phases intensified with increasing
cerium content, suggesting a consecutive phase transformation
from anatase to rutile followed by an increase of cubic CeO,
and brannerite at the expenses of rutile. This phase trans-
formation must be induced by cerium because the same effect is
visible in both the W-free and the W-containing samples.
Moreover, the weak reflections of the Ce-containing samples
reveals that a strong amorphous component evidently
contributes to their XRD pattern.

The A—R phase transformation induced by cerium can be
accompanied by incorporation of cerium ions into the TiO,
lattice. Ce** and Ce®" have large ionic radii (IR, 87 and 101 pm,
respectively) compared to Ti** (60.5 pm) in the octahedral
coordination.*® Therefore, a limited number of Ce ions can
enter substitutional sites in the cationic sublattice of TiO,. This
phenomenon is demonstrated by the noticeable shift of the
diffraction peaks of anatase toward lower 20 likely caused by
lattice expansion (Figure 3). The A—R phase transformation is
induced and accelerated by oxygen vacancies, which are formed
as the result of charge compensation by introducing substitu-
tional cations (e.g, Ce®") with lower valence than the host
cation (Ti*").*”* Thus, despite the absence of any evidence in
HR-TEM and XRD of the presence of Ce**-containing phases,
we consider that cerium was partly incorporated into the
cationic TiO, sublattice as a Ce** (TiO,:Ce), according to the
following equation using the Kréger—Vink notation:*

Ce,0; — 2Ce'py + 30, + Vg (8)

where Ce'r; indicates Ce** on a Ti*" lattice site with singular
negative charge, O is an oxygen atom on an oxygen site, and
Vo' is an oxygen vacancy with double positive charge.

The formation and stabilization of Ce** and of the oxygen
vacancies can also be realized by doping of Ti*' ions into the
cubic structure of CeO, (CeO,:Ti), according to the following
equation:‘?’g’50

1
2Ceq, + Oy = 2Ce'c, + V5 + =0,1
C (6] C (@) 2 2 (9)

where Cec, is Ce*" on a lattice site of ceria, O is an oxygen
atom on an oxygen lattice site, Ce’c, indicates Ce*" in the

5662

lattice site of ceria with singular negative charge, and V" is an
oxygen vacancy with double positive charge. The lattice
contraction of cubic CeO, caused by such a type of doping is
demonstrated by the evident shift of the of CeO, diffraction
peaks toward higher 20 with increasin(g cerium content (Figure
3). It is known both at theoretical’”***" and experimental® >
levels that titanium doping into the CeO, lattice causes
formation of oxygen vacancies. Andersson et al.” showed using
DFT calculations that substitutional doping of Ti*" into the
CeO, cationic sublattice has the largest impact on the reduction
capability of the host among all investigated quaternary cations.
Ti*" doping of CeO, induced a lattice geometry relaxation due
to its smaller size (IR, 74 pm) compared to Ce*" (97 pm) and
Ce* (114.3 pm) in coordination number 8.% The reduction of
Ce*" to larger Ce, followed by oxygen vacancy formation,
distorts the surrounding fluorite lattice, whereas the presence of
small Ti* ions in the substitutional position of the cationic
sublattice lowers the energetic penalty induced by lattice
disorder. Dutta et al.>> demonstrated experimentally that a
short and a long oxygen bond type can be produced by the
presence of Ti*' in CeO,, the latter one being weaker and
responsible for the enhanced reducibility and oxygen storage
capacity of CeO,:Ti. However, because CeO, and TiO, have
limited solubility due to their lattice mismatch, they do not
form a solid solution. As suggested by Andersson et al,* the
Ce0,—TiO, solid solution can be prepared by synthesis
methods allowing the formation of metastable phases. FSS is
one of these methods. Metastable phases are obtained as a
result of the high flame temperatures and the fast quenching.

It should be noted that all assigned crystallographic phases
detected by TEM and XRD contain only Ce*'. Besides the
aforementioned origin of Ce®" and of the associated oxygen
vacancies, both types of defects can occur also in the brannerite
phase, despite the formal oxidation state +4 of cerium.
According to literature, CeTi,O4 is a high-temperature
entropy-stabilized compound that can be unstable and
decompose to the corresponding binary oxides below a critical
temperature.”” Huynh et al.>* have found by XANES that both
oxygen vacancies and Ce’" are present in CeTi,Og synthesized
at high temperature and quenched. The existence of Ce** was
associated with the exothermicity of its oxidation reaction and
to a shift of the equilibrium toward reduced valence at high
temperature, where the thermodynamic equilibrium could not
be reached.

3.1.2. Chemical Composition. 1t is tempting to conclude
from Figure 1 that flame-made catalysts have a similar
morphology irrespective of composition. Conversely, distinctive
differences in composition and arrangement of the elements
can be clearly seen using scanning transmission electron
microscopy (STEM). Figure 4 shows that the significant
difference in atomic weight between Ti (Z = 22), W (74), and
Ce (58) provides a clear Z-contrast allowing a more precise
determination of particle composition. STEM also allows the
assessment of the morphology of the tungsten component that
is otherwise invisible in XRD and TEM. The dark field (DF)
STEM image of TiO, (Figure 4a) shows homogeneous bright
particles, indicating a uniform composition. In W/TiO,,
tungsten is deposited on the surface of TiO, in the form of a
homogeneous bright layer of tungsten oxide (Figure 4b).
Jossen et al.** arrived to the same conclusion from HR-TEM
images of flame-made V,0;—WO;—TiO, catalysts.

The comparison of the DF and the bright field (BF) STEM
images of Figure 4c,d reveals that the clearly discernible layer of
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Figure 4. DF-STEM images of (a) TiO,, (b) W/TiO,, (e) 10Ce-90Tj,
and (f) W/10Ce-90Ti. TiO,:Ce and CeO,:Ti particles and the WO,
layer are indicated for clarity. (c) Enlarged DF- and (d) BF-STEM
images of W/TiO,.

WO; is not continuous but is present in the form of
homogeneously dispersed clusters smaller than 0.5 nm. Despite
the relatively high content of tungsten in the material (10 wt
%), XRD is not able to detect such objects. The formation of
small well-dispersed clusters is supported by the calculation of
the WO, surface coverage (Table 1), which is based on the
assumption that a full monolayer coverage of WOj; requires 4.5
tungsten atoms-nm~2.'" Flame-made nanoparticles have
intermediate WO, surface coverage (Table 1), in the range of
61-75% depending on the SSA value. Therefore, it can be
assumed that WO; clusters on TiO, and CeO,-TiO, are
present in the form of WOy and WO, units of polytungstate
species that are able to induce both Brensted and Lewis
acidity.'”"* Despite the homogeneous precursor mixture used
for flame synthesis, the observed WOj; layer formation on the
surface of TiO, and CeO,-TiO, is a consequence of the low
solubility of WO; in TiO,” and of the high vapor pressure of
WO; compared to TiO, and CeO,. In V-based NH;—SCR
catalysts, the dispersion of WO; on the TiO, surface is
considered to enable a better dispersion of vanadia.'

Addition of the cerium precursor to the precursors solution
resulted in the formation of cerium-rich particles on the
titanium-rich particles (Figure 4e), which can be denoted as
Ti0,:Ce/CeO,:Ti. A similar arrangement of particles was
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observed for W/10Ce-90Ti, where bright cerium-rich particles
likely grew out of darker titanium-rich particles (Figure 4f,
Figure S2) and were homogeneously coated by the bright WO,
layer discussed for W/TiO, (Figure 4). Moreover, the element
mapping (Figure S2c) demonstrates a very good distribution of
cerium within titanium-rich particles (TiO,:Ce) suggesting an
intimate contact between cerium and titanium. This also
supports our notion of the TiO,:Ce/CeO,:Ti indicating the
presence of cubic CeQO, particles containing Ti atoms
supported on TiO, particles in which cerium atoms are
dispersed. An increase in the Ce/Ti ratio in W/Ce—Ti caused
the increase of the size of cerium-rich particles on the surface of
the titanium-rich core, whose size in turn slightly decreased
(Figure S).

Nearly constant concentration of cerium (Ce K) and
decreasing titanium concentration (Ti K) can be observed in
the point EDS spectra of cerium rich particles (CeO,:Ti) of
Figure SA with increasing cerium loading. The presence of
titanium in cerium-rich particles proves that Ti enriched CeO,
phases. Similarly, cerium was detected in titanium-rich particles
(Figure SB), indicating the partial incorporation of cerium into
TiO,. Unfortunately, the high scattering of cerium atoms
precludes the identification of titanium in cerium-rich particles
in the element mapping (Figure S2f). In contrast, the tungsten
concentration remained constant for all W/Ce—Ti catalysts
irrespective of the cerium concentration (Figure SA,B), which is
in agreement with the results of STEM, ICP-OES, and XPS
measurements (Table 2), indicating that all tungsten is
deposited as an oxide layer on the particles surface.

The nominal chemical composition of the W/Ce—Ti
catalysts was confirmed by ICP-OES (Table 2, Figure 6b).
The surface chemical composition was determined from XPS
analysis. The surface concentrations of tungsten, cerium, and
titanium are listed in Table 2.

Analysis of the W 4f and W 4d photopeaks indicates that
tungsten exhibited a constant oxidation state of +6 in all
investigated samples (Figure S3b). This is in agreement with
the observations of Hilbrig et al,,'* who showed that tungsten is
hexavalent and anchored to the surface of TiO, as WOy and
WO, units at low WO, coverage (below the monolayer).

The Ce 3d region is very complex and was deconvoluted as
presented in Figure 6a for 10Ce-90Ti and in Figure S4 for W/
Ce—Ti samples. The spectral lines denoted as v, v/, v and u,
u”, u” are attributed to Ce**, while v, v/ and up, u’ are assigned
to Ce3* (Figure 6a) according to common literature
practice.”®” Based on the intensities of the spectral lines, the
concentration of Ce*" was estimated according to eq 7,°% and
the results are listed in Table 2:

Iy

Cot+ & u
¢ 0.14-(, + L+ I, + I, + I+ 1, + I, +1,+I,+1I,)

7

Ce®" was the only surface cerium species detected on W/5Ce-
95Ti. Its concentration decreased with increasing Ce/Ti ratio
reaching 80% in W/20Ce-80Ti (Table 2). A similar trend was
observed by Watanabe et al.’*® who reported that the Ce*
surface concentration decreased from 40% in Cej,Ti;,O, to
15% in CeO,. In the flame-made materials, additional cerium in
the precursor solution mainly supplied the CeO, core but did
not modify substantially the surface composition, which
consisted mostly of Ce’, in agreement with the STEM results.

Ce® is considered to form in Ce—Ti-based catalysts
containing only Ce** upon introduction of tungsten.g’14 In
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Figure S. STEM images of (a) 10Ce-90Ti, (b) W/5Ce-95Ti, (c) W/10Ce-90Ti and (d) W/20Ce-80Ti. (A) and (B) indicate the beam positions for

point EDS analysis corresponding to (A) and (B) sets of EDS spectra.

Table 2. Comparison of the Chemical Composition of Flame-Made SCR Catalysts Assessed by ICP-OES and XPS

nominal/at.% ICP-OES/at.% XPS/at.% XPS/%

sample name Ti w Ce Ti w Ce Ti* we* Ce Ce**
V-W/Ti 94.0 37 2.3 - - - - - - -
TiO, 100 - - - - - 100 - - -
W/TiO, 96.3 3.7 - - - - 90.2 9.8 - -
10Ce-90Ti 90 - 10 - - - 85.5 - 14.5 83
20Ce-80Ti 80 - 20 - - - - - -
W/5Ce-95Ti 91.3 3.9 4.8 90.5 3.9 5.6 81.2 9.4 9.4 100
W/10Ce-90Ti 86.3 4.1 9.6 85.2 4.1 10.7 742 10.4 154 86
W/20Ce-80Ti 76.4 4.5 19.1 74.8 4.3 20.9 69.6 10.2 20.2 80

“Concentration of V/at.%

our flame-made materials, the amount of Ce3* was already high
(above 80%) and changed only slightly upon the introduction
of tungsten in W/10Ce-90Ti. We relate this discrepancy of Ce
oxidation state to the difference in the synthesis. Chen et al.”'*
prepared the mixed oxide catalyst by coimpregnation of TiO,
with cerium and tungsten precursors ensuring the formation of
the CeO,—WO; interaction but not the strong interaction of
these oxides with TiO,. In contrast, in this work Ce-, W-, and
Ti-precursors were homogeneously mixed and sprayed into the
flame simultaneously, allowing close interaction between each
component. This can affect their oxidation state. As a result,
Ce*" is the dominant surface cerium species in the flame-made
catalysts and is considered crucial from the NH;—SCR
perspective.”’* Figure 6b demonstrates that the W/Ce+Ti
ratio of all investigated samples obtained from XPS analysis is
similar and 2.5 times higher than that obtained from ICP-OES.
Therefore, all tungsten is dispersed on the surface of flame-
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made catalysts irrespective of the overall chemical composition
of the materials, in perfect agreement with the STEM and EDS
investigations.

The Ce/Ti ratio measured by XPS was always higher than
that obtained by ICP-OES. The cerium content of W/5Ce-
95Ti measured by XPS was 1.7 times higher than that measured
with ICP-OES and decreased with increasing cerium content
reaching 1 for W/20Ce-80Ti. The discrepancy between the two
measurements arises most likely from the enrichment of the
surface by cerium, which can be evaluated more accurately by
the surface sensitive XPS (penetration depth ~10 nm for metal
oxides) rather than by bulk methods. The surface enrichment
corresponds also well with the STEM observations (Figure S)
and the element mapping (Figure S2). Therefore, the chemical
composition of the surface becomes increasingly homogeneous
with increasing cerium content. Furthermore, the additional
cerium added from sample to sample occupies bulk position
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Figure 6. (a) Ce 3d photoelectron spectra of W/20Ce-80Ti, W/10Ce-90Ti, W/5Ce-95Ti, and 10Ce-90Ti with exemplary spectrum deconvolution
and indicated spectral lines. (b) W/Ce+Ti and Ce/Ti ratios for WO;/CeO,-TiO, catalysts obtained from nominal value, ICP-OES, and XPS

analysis.

rather than surface position, which explains the tendency of
XPS data against ICP-OES data, the decreasing fraction of Ce’*
and the increasing size of the ceria particles with increasing
cerium content.

Complementary to XPS, the cerium oxidation state in the
flame-made catalysts was examined by X-ray absorption near
edge spectroscopy (XANES). The Ce Lj-edge XANES
spectrum of Ce(NO;),, taken as the Ce®* reference significantly
differs from that of the Ce** reference (CeO,, Figure 7).°>" In
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Figure 7. Normalized Ce L;-edge XANES spectra of flame-made
catalysts, Ce** (Ce(NO,),, peak C) and Ce** (CeO,, peaks A and B)

references.

the former, the characteristic white line (indicated as C)
corresponds to the 2p,;; — (4f')Sd electronic transition. In
CeO,, the two characteristic features separated by around 7 eV
(A and B) correspond to 2p, 5 — (4fL)Sd and 2p, 5 — (41°)5d
electronic transitions.”*®> Figure 7 demonstrates that the
oxidation state of flame-made catalysts lies between those of
the references indicating mixed oxidation state. The fraction of
Ce* increased with increasing cerium concentration in
agreement with the XPS data of Table 2 (Figure S5). We
consider that the size of the CeO,:Ti particles on TiO,:Ce
increases with increasing cerium concentration (Figure 3 and
Figure 5), and the fraction of Ce*" in the bulk increases
accordingly.

Furthermore, the presence of tungsten on the catalyst surface
increased the Ce®* content as it was revealed by XPS studies
(Table 2) and confirmed by XANES measurements (Figure
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S6). It was not possible to quantify the content of Ce®* and
Ce* in the flame-made catalysts on the basis of their Ce Lj-
edge XANES spectra and the spectra of the references, as
explained in detail in SI. Nevertheless, some conclusions about
the Ce®* content could be derived. The trend observed by
XANES resembles the one obtained by XPS, but the Ce®*
content is noticeably lower than the one measured by XPS
(Table 2). This discrepancy needs to be associated again with
the surface sensitivity of XPS and the bulk sensitivity of
XANES. Moreover, samples during XPS measurements were
subjected to the vacuum, which might induce some reduction
of the surface species. However, reduction of species other than
cerium surface species was not detected by XPS. Both tungsten
and titanium were on their highest oxidation states 6+ and 4+,
respectively (Figure S3). Therefore, we believe that the effect of
vacuum on the reduction of cerium was negligible in XPS. The
XANES spectra of flame-made catalysts measured under
ambient conditions demonstrate the high concentration of
Ce*'.

3.1.3. Acidity. Acidity is a key property of SCR catalysts
because it is a prerequisite for efficient NH; adsorption.
Therefore, the acidity of the flame-made catalysts was evaluated
from ammonia temperature-programmed desorption (NH;-
TPD) measurements, whereas the nature of the acid sites was
qualitatively evaluated by infrared spectroscopy using ammonia
adsorption. NH;-TPD provides a quantitative measure of
ammonia uptake by the catalyst (Table 1) and a qualitative
measure of the strength of acid sites. Figure 8 shows the NH;-
TPD profiles of all catalysts. All NH; desorption profiles extend
over a broad temperature region, suggesting that they are the
result of desorption from sites with different acidity strength.
For the ease of discussion, we have divided the desorption
profiles in four regions. Region I covers the range 50—125 °C
and is assigned to physisorbed ammonia. Region II, which can
be defined from 125—200 °C, is assigned to the presence of
weak acid sites. The 200—350 °C temperature regime can be
defined as region III and assigned to acid sites of intermediate
strength. Finally, strong acid sites that release ammonia above
350 °C characterize region IV. It can be assumed that the acid
sites defined in the regions II and III are important in the SCR
process because activity develops in this temperature range (see
section 3.2). TiO, exhibited a broad NH; desorption profile
ranging from S0 to 450 °C with maximum at ca. 370 °C (Figure
8) and high ammonia uptake, which further increased in the
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presence of WO, (Table 1). The formation of acid sites
releasing NH; in region II is a major characteristic of the
addition of tungsten with the consequent shift of the maximum
NH; desorption to ca. 200 °C. Therefore, tungsten induces a
significant increase in the fraction of weak acid sites.
Additionally, WO; also slightly extended the desorption peak
toward high temperature compared to TiO,. Desorption with
maximum at ca. 350 °C can be assigned to acid sites with
intermediate strength.

The reinforcement of the amount of acid sites by
polytungstate species caused by a WO; surface coverage
below one monolayer'®*' is in agreement with the extent of
WO; coverage of the investigated catalysts, which is in the
range 2.8—3.4 tungsten atomsnm > (Table 1). Contrary to
tungsten, the addition of cerium to TiO, greatly decreased the
amount of strong acid sites (region IV) and only slightly
increased the amount of weak acid sites (A - C (black right
diagonal lines) in Figure 8; region II). As a result, the maximum
NHj; desorption was observed at ca. 200 °C. The NH; uptake
was reduced by 31% compared to TiO, suggesting that the
native acidity of flame-made TiO, was partly suppressed by
titration with cerium. Figure 8 and Table 1 show that a further
increase of the cerium content to 10 and 20 mol % gradually
decreased the number of high-temperature acid sites and the
NH; uptake.

The increase of the fraction of weak acid sites upon addition
of cerium can be associated with the high surface concentration
of Ce*" measured by XPS, which is considered to contribute to
the SCR activity as Bronsted acid site.® Watanabe et al.>’
investigated Ce,Ti;_,O, with 0 < x < 1 and reported that the
increase of cerium content in TiO, decreases the amount of
both weak and strong Lewis acid sites. The most significant
increase of weak acid sites was observed for Ce,; Ti,40,, which
exhibited also the highest content of surface Ce® and
demonstrated the highest NH; oxidation activity.””

The shape of the NH; desorption profiles of W/Ce—Ti can
be considered as the result of the overlap between the effects of
cerium and tungsten on TiO, (Figure 8, A - D (red left
diagonal lines)).

The nature of the NH; adsorption sites induced by the
addition of cerium and tungsten to TiO, was determined using
diffuse reflectance Fourier transform infrared (DRIFT) spec-
troscopy. Figure 9 shows the DRIFT spectra in the spectral
range 2100—950 cm™' that were collected when passing S00
ppm of NH; at 50 °C on TiO,, W/TiO,, 10Ce-90Ti, and W/
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Figure 9. In situ DRIFT spectra of NH; adsorption at 50 °C on TiO,,
W/TiO,, 10Ce-90Ti, and W/10Ce-90Ti in the spectral ranges (a)
2300—1950 cm™ and (b) 1800—1050 cm™’. The vertical lines are
used to guide the eye.

10Ce-90Ti. At 50 °C, NHj; coordinates on various Lewis acid
sites of TiO, as indicated by the signals at 1601, ca. 1245 and
1165 ecm™ (Figure 9b).°* Signals at 1650 and around 1400
cm™! show little contribution of Brensted acid sites, which are
unusual for TiO, especially in the absence of sulfate species.
However, these sites may arise from the nature of flame-made
TiO,. Due to the fact that the experimental conditions of FSS
do not allow the particles to reach thermodynamic equilibrium,
the surface is highly defective as demonstrated by the round
shaped TiO, particles visible in the TEM/STEM images.
Cerium generates Bronsted acidity likely of the type Ce**—
O-Ti" as indicated by the broad feature centered at 1432
cm™ in 10Ce-90Ti. The new shoulder below 1600 cm™ and
the different shape of the signal at ca. 1200 cm™' suggest also
changes in the environment of the Lewis acid sites. These
changes remain upon addition of tungsten. The blue shift of the
latter signal from TiO, to 10Ce-90Ti and even more in the case
of W/10Ce-90Ti can be partly ascribed to the phase changes
observed from XRD. The Ce-containing materials contain
rutile, on which the symmetric N—H deformation mode of
coordinated NH; appears systematically at higher energy than
in the corresponding spectra on anatase.”” The major
improvement obtained with tungsten is the considerable
increase of the fraction of NH," coordinated to Brensted acid
sites," which reflects in the appearance of signals at 1680 and
1432 cm™' for 10Ce-90Ti and 1664 and 1432 cm™ for W/
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10Ce-90Ti. The coordinatively adsorbed NH; on Lewis acid
sites is very different in W/TiO, compared to the other
samples. The low frequency signal observed in TiO, at 1165
cm™" vanishes completely, while the shoulder at ca. 1245 cm™
in TiO, becomes the dominant signal and extends to 1300
cm™" in W/TiO,. The shift to high frequency of the N—H
deformation mode in W/TiO, in general suggests that these
sites are weaker compared to Lewis acid sites of TiO,. The shift
is evident only for the N—H deformation mode because this is
more sensitive to the adsorption environment than the
stretching mode (ca. 1600 cm™). However, on the basis of
the substantial variation of the spectral features between TiO,
and W/TiO,, we propose that the new signals characterize new
type of acid sites compared to TiO, and that these must
correspond only to Lewis acid sites having tungsten as the
coordination center. Therefore, the spectra of Figure 9 confirm
that tungsten covers TiO, but also that acidity of W/TiO, is
provided primarily by tungsten.

The new Lewis acid sites obtained with tungsten become a
minority species in the presence of cerium in W/10Ce-90Ti.
Conversely, the TiO, Lewis sites remain. This agrees well with
the STEM observation showing that, contrary to conventional
preparations of SCR catalysts, tungsten covers the other two
components rather than only TiO,. In our opinion, the
difference between the spectra of W/TiO, and W/10Ce-90Ti
suggests that the Lewis acidity is in nature similar to that found
on TiO,, whereas the Bronsted acidity originates from the Ce—
W contact. The observation that reduced ceria possesses a
larger fraction of Brensted acid sites than pristine ceria®
prompts us to think that these sites involve Ce*, the dominant
cerium surface species, and are thus of the type Ce**—O—W?®*.

The presence of tungsten and cerium in the spectra is
manifested in the spectral region 2300—1950 cm™" (Figure 9a).
The negative signal at 2003 cm™' corresponds to the first
overtone (20(W=0)) of surface wolframyl species and is
accompanied by a strong negative signal at 1003 cm™', the
fundamental W=0 mode (not shown).”® Tungsten also
increased the overall surface Bronsted acidity as suggested by
a higher signal intensity of adsorbed NH; species in agreement
with the evident larger NH; uptake in Table 1. On the other
hand, the presence of cerium reflects in the negative signal at ca.
2150 cm™! that is visible upon coordination with NH; in the
ternary catalyst (Figure 9a). The energy of this signal matches
well with consumption of and thus the coordination of NH; to
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Ce™ centers.”” The weak feature corresponding to the cerium
component in the case of the binary catalyst may reveal the
promotion of tungsten to NH; coordination in the close
vicinity of cerium centers. This again confirms that the
component primarily responsible for acidity in 10Ce-90Ti is
TiO,, whereas the above-mentioned Ce—O—W species
generated by the close contact of cerium and tungsten may
represent the reactive adsorption sites for NH; in W/10Ce-
90Ti.

3.2. Catalytic Activity and Aging. Figure 10a presents the
catalytic activity data for NH;—SCR obtained on the various
materials. The samples are compared with a conventional SCR
catalyst based on vanadium (V—W/Ti, 2.4 wt % V,05/ 10 wt %
WO,/ TiO,).” Comparison with a Ce—W—Ti based catalyst
prepared by sequential impregnation of TiO, with cerium and
tungsten was reported previously.’’

Addition of cerium to TiO, induced SCR activity in a wide
temperature window from 200 to 450 °C, confirming that
cerium is a crucial SCR-active component. Increasing the
cerium content to 20 mol % resulted in improved NO,
conversion reaching 79% at 400 °C. On the contrary, the
addition of WO; to TiO, induced only high-temperature
activity (>350 °C) with a maximum NO, conversion of 62% at
450 °C. The addition of WO, to CeO,-TiO, increased the
overall catalytic performance and W/10Ce-90Ti was the most
active catalyst in the series. The performance of W/10Ce-90Ti
was comparable to that of V—W/Ti. The activity data
demonstrate the important role of tungsten in the SCR
catalysis”'>'* and that both cerium and tungsten are required
for high SCR activity. However, an optimum cerium content is
required because both an increase (20 at. %) and a decrease (S
at. %) of the cerium loading negatively affected the NO,
conversion.

The reaction rate constants (k) were calculated from eq 6 for
the catalysts tested at GHSV = 600 L-g™"- h™" in the 200—300
°C temperature range (Figure 10b). Under the assumption that
the reaction mechanism on Ce—W—Ti catalysts is equivalent to
that generally accepted for V-based catalysts, in this temper-
ature range and under excess of NH; (@ = NH;/NO = 1.2), it
can be assumed that NH; fully covers the catalyst surface
fulfilling the zeroth order requirement with respect to NH,.**
The values of k at 200 °C together with the apparent activation
energies calculated from the slope of the Arrhenius plots are
listed in Table 3. Among the flame-made catalysts, 10Ce-90Ti
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Table 3. Reaction Rate Constants (k) Determined at 200 °C and GHSV = 600 L-g™"- h™!

for the Investigated Catalysts

and Apparent Activation Energy (E,)

V-W/Ti 10Ce-90Ti 20Ce-80Ti W/5Ce-95Ti W/10Ce-90Ti W/20Ce-80Ti
k/cm®g ! s at 200 °C 27.9 144 11.6 16.5 29.1 19.8
E, / KJ-mol™ 73.9 59.1 77.1 729 69.4 72.9
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Figure 11. (a) NO, conversion and (b) N,O slip over fresh and aged W/10Ce-90Ti and V—W/Ti catalysts. P: as-prepared; T: after thermal aging;
HT: after hydrothermal aging. Conditions: GHSV = 120 L-g™"- h™"; feed: 1000 ppm of NO, 1200 ppm of NH, in 10 vol % O,, § vol % H,0 in N,.
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Figure 12. Schematic representation of a feasible mechanism of WO;/CeO,-TiO, nanoparticles formation during FSS.

showed the lowest activation energy barrier but also the lowest
reaction rate constant and therefore low deNO, performance.
The addition of WOj resulted in the increase in the reaction
rate constant. Among ternary catalysts, including V—W/Ti, W/
10Ce-90T1i exhibited the lowest activation energy barrier and
the highest reaction rate constant. Therefore, this material
demonstrated a better performance than the V—W/Ti catalyst.
Furthermore, W/10Ce-90Ti was characterized by the lowest
NH, slip (Figure S7a) and by low levels of N,O (Figure S7b).

The SCR activity of W/10Ce-90Ti and V—W/Ti was further
evaluated after thermal (T) and hydrothermal (HT) aging at
700 °C for 1S h (Figure 11). Both types of aging protocols
affected the NO, conversion of the aged catalysts. V—W/Ti is
known to suffer from low thermal and hydrothermal stability
because of the A—R transformation and the sintering of WO.”
The poor resistance of V—W/Ti against aging at high
temperature is confirmed by the measurements of Figure 11
showing that treatment at 700 °C significantly decreases the
overall activity, thermal aging being more severe than
hydrothermal aging. This temperature is rather high for SCR
catalysts. The NO, conversion of V=W/Ti dropped to 41% at
350 °C after thermal treatment (Figure 1la) and was
accompanied by the formation of N,O ranging from 12 ppm
at 450 °C for the as-prepared catalyst to 26 ppm after thermal
treatment (Figure 11b).

Similarly, V—=W/Ti reached 89% of NO, conversion at 400
°C with 56 ppm of N,O at 450 °C after hydrothermal
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treatment. In marked contrast, W/10Ce-90Ti exhibited still full
conversion in the 300—450 °C range after thermal and
hydrothermal treatments. The N, selectivity improved after
aging and only 3 ppm of N,O were measured at 450 °C for W/
10Ce-90Ti-T, while no N,O was detected in the case W/10Ce-
90Ti-HT. Aging had a large effect on the low temperature
activity of W/10Ce-90Ti, but W/10Ce-90Ti-HT still exhibited
70% NO,, conversion at 250 °C compared to 30% of V—W/Ti-
HT.

We anticipate that the XPS data of the aged samples indicate
that the fraction of Ce®" decreased from 83% to 58% after
thermal aging (W/10Ce-90Ti-T) and to 63% in the case of
hydrothermal aging (W/10Ce-90Ti-HT). Hence, a consider-
able fraction of cerium is still in the oxidation state +3 after
high-temperature exposure even in the presence of water. A
detailed description of structural changes occurring upon aging
will be reported in a forthcoming publication.

3.3. Particle Formation and Structure—Activity Rela-
tionship. The most active catalyst produced in this work, W/
10Ce-90Ti, is composed of cerium-doped rutile particles
(TiO,:Ce) in contact with titanium-doped cubic ceria particles
(Ce0,:Ti), isolated brannerite particles, and in minority
cerium-doped anatase TiO,. Additionally, these phases coexist
with amorphous Ce—Ti mixed oxides, while tungsten oxide and
Ce’* species homogeneously cover these structures. Hence,
both the arrangement of the elements and the phase
composition of this material are unique. We have shown that
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this unusual structure cannot be easily reproduced (e.g., using
conventional wet impregnation)®” and that it generates a very
active and aging resistant catalyst for NH;—SCR (Figures 10
and 11). The peculiar morphology, composition, and arrange-
ment of elements of the flame-made WO;/CeO,-TiO, catalyst
originate from the nature of the oxygen-acetylene flame used
for synthesis. High flame temperatures (~3800 K) and the
short residence time (5 ms) of the particles formed in the flame
followed by a fast quenching (~S00 000 K/s) allows the
freezing of metastable phases not accessible otherwise (ie.,
using conventional synthesis methods). The formation of
materials in the flame is not governed by thermodynamics but
is kinetically driven. Therefore, it was possible to obtain
crystalline titanium-doped CeO, (CeO,:Ti) as well as cerium-
doped TiO, (TiO,:Ce) along with the formation of the
brannerite phase. The formation of rutile TiO, particles
associated with the ceria particles is likely a result of the
peculiar synthesis conditions as well.

Figure 12 depicts our interpretation of the mechanism of
particle formation during FSS in the case of spraying of a
precursor solution containing organometallics of cerium,
tungsten, and titanium. After spraying the precursor solution
in the form of finely dispersed aerosol in the flame, the solution
and the solvent are instantly vaporized. Then, the mixed
Ce0,—TiO, and TiO, phases start to nucleate due to their high
melting point. In the presence of the large amount of water
present in the flame as major combustion product,68 the
tungsten easily forms hydroxo species that are more volatile
than the other elements. Therefore, tungsten is still present as
vapor when TiO, and mixed CeO,-TiO, already solidified.
Tungsten oxide starts to condense on the surface of the Ti- and
Ce-containing solid particles only in the colder zone of the
flame, thus producing the homogeneous amorphous layer
clearly observed by STEM.

The brannerite phase (CeTi,Oy) is likely formed due to the
very high temperatures in the flame and is stabilized by the fast
quenching. The amount of this phase increases with increasing
cerium content. It can be located at the interface of TiO,:Ce
and CeO,:Ti or can form isolated nanoparticles (Figure 2e).
The fast quenching can induce oxygen deficiency and formation
of Ce**. The Ce/Ti ratio in the brannerite phase is 0.5, thus
larger than in the investigated materials where it ranges from
0.05 in W/5Ce-95Ti to 0.25 in W/20Ce-80Ti. This suggests
that the brannerite phase can only be formed locally where the
Ce/Ti ratio is appropriate. Alternately, the brannerite phase
could have formed in the flame directly from Ce and Ti
precursors then gradually transforming into cerium- and
titanium-rich particles by segregation of TiO, and CeO,
upon traveling along the flame. We favor the first scenario
based on the following observation. The XRD data of Figure 3
clearly show a sort of consecutive phase transformation where
anatase is forced to transform into rutile by the presence of
cerium. With increasing cerium content, the fraction of rutile
passes through a maximum at 10 mol % cerium, while the
contribution of cubic ceria and of the amorphous phase
intensify after the maximum. Finally, brannerite is also clearly
observed at 20 mol % cerium and is the last crystalline phase to
appear in the XRD patterns at increasing cerium content. We
think that the existence of the brannerite phase essentially
represents the evidence that a close interaction between cerium
and titanium occurs in these materials. This interaction exists
already at low cerium content where brannerite is not yet
visible (by XRD). Brannerite may represent the end of a
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crystallization process induced by the progressive addition of
cerium to titanium. The drop of crystallinity as soon as cerium
is added to the precursors followed by complete loss of anatase
and increase of a smaller fraction of rutile suggests that the Ce—
Ti interaction and the good mixing of the two precursors act as
a seed for the formation of mixed CeO,—TiO, particles. As
indicated above, these particles may be of the type CeO,:Ti and
Ti0,:Ce, but their degree of crystallinity is low because of the
presence of the Ce** dopant. The decrease in the fraction of
rutile after 10 mol % cerium suggests that cerium does not
further add to TiO,, indicating a sort of solubility limit of Ce**
in titania. At the same time, CeO,:Ti grew on TiO,:Ce as
proven by STEM, EDS, element mapping, and XRD. The
titanium and cerium dopants introduced into the CeO, and
TiO, phases, respectively induced the formation of oxygen
vacancies thus stabilizing Ce3*.>” As a result of the
homogeneous mixing of the cerium and titanium precursors
sprayed in the flame and of their comparable melting point, the
final product of the synthesis contains cerium atoms well
dispersed over all the material and CeO, particles localized on
rutile. This structure entails a high portion of amorphous Ce—
Ti mixed oxide phases that can be taken as an evidence of
increased Ce—Ti interaction and exists because of the poor
solubility of cerium in titanjum. This amorphous phase is
considered beneficial for catalytic performance.'”

The presence of several crystalline phases in W/10Ce-90Ti
coexisting with a fraction of amorphous phase of mixed Ce—Ti
nature, well-dispersed Ce®* species and the homogeneously
distributed WO; phase makes it difficult to provide a full
understanding of the excellent performance of the W/10Ce-
90Ti catalyst. However, a short rationale of the role of each
component can be tentatively given. In respect of its traditional
role of proven metal oxide support for NH;—SCR, titanium is
the dominant element. However, the major titanium containing
phase in the active catalyst is not anatase but rutile, which is
contrary to common knowledge.”” The selective production of
rutile at the expenses of anatase in the presence of cerium
appears a peculiarity of FSS.”* The presence of rutile, or better
formulated, the absence of anatase does not make this catalyst
inactive. In view of aging characteristics, this property is even
providential because rutile is the high-temperature polymorph
of titania, thus no further transformation is expected except for
an increase of crystallinity upon treatment at high temperature
(>600—650 °C). The titania support of W/10Ce-90Ti provides
Lewis acid sites, whose environment is changed compared to
the Lewis acid sites of anatase. This can be the result of the
presence of rutile instead of anatase and therefore the result of
the presence of cerium. Finally, titania contributes to the
stabilization of Ce®* and oxygen vacancies.”””%”"

Tungsten is typically added to V-based catalysts to stabilize
anatase against phase transformation, particle growth, and to
induce Bronsted acidity." The latter role is maintained in the
flame-made materials and is crucial in W/10Ce-90Ti, while
stabilization of anatase against rutile is observed only in W/
TiO,. The calculated surface coverage of tungsten remains
within the values required for active SCR catalysts and confirms
the very good dispersion of tungsten. The peculiar aspect of the
WO, submonolayer in W/10Ce-90Ti (ie., the fact that it
covers both cerium and titanium components) is also not the
classic one since usually tungsten is applied directly to TiO,
prior to the vanadium phase. The arrangement obtained by FSS
does not protect titanium from rutile formation. Nevertheless,
this does not seem necessary for flame-made W/10Ce-90Tj,
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where rutile dominates over anatase. Tungsten generates a large
fraction of weak acid sites (NH;-TPD) and of Brensted acid
sites (DRIFT) that are probably of the type Ce**—O—W®,
which is the reason for its good dispersion. It is likely through
this close interaction that tungsten stabilizes Ce®.'* The
coverage of the cerium component by WO; appears crucial to
suppress NH; oxidation activity that the Ce*" species of the
CeO, particles may intrinsically induce. Therefore, tungsten is a
crucial element for the selectivity of W/20Ce-80Ti. This is
demonstrated by the high NH; oxidation activity of 20Ce-80Ti
(Figure S9), the W-free analogue of W/10Ce-90Ti that
contains the highest concentration of Ce* species. This
oxidation activity drops in the presence of tungsten.

The last component to discuss is cerium. The stabilization of
Ce* by both titanium and tungsten and the high surface
concentration of Ce®" together with the high activity of W/
10Ce-90Ti for NH;—SCR indicate that this species must be
associated with the intrinsic redox potential of the catalyst and
thus with the deNO,, activity. This is also supported by the fact
that binary Ce—Ti catalysts already possess activity. The
catalytic performance of W/10Ce-90Ti could be related to an
optimal balance between the content of exposed Ce®" and the
amount of Ce*" or the total cerium loading that is not attained
with 5 or 20 mol % cerium. The characterization data point to
the existence of Ce®" species at the interface with the tungsten
and the titanium components. We consider the resulting Ce—
O—W and Ce—O-Ti environments crucial for the overall
performance of flame-made W/10Ce-90Ti because highly
dispersed tungsten and cerium species are typically associated
with improved catalytic performance,'**” though the nature of
these species may not be identical to that obtained with
conventional synthesis methods.

Cerium entails also structural effects. It is clear that it induces
defects in the titania structure, which have as a consequence the
formation of rutile as the dominant titanium-containing crystal
phase. NH; adsorption reveals that cerium already imparts
weak Bronsted acidity to titania. Because 10Ce-90Ti is active
for NH;—SCR, this acidity is beneficial.

The expected resistance to high temperature induced by the
presence of rutile is proven by the excellent aging performance
compared to the V-based catalyst (Figure 11). The most
important piece of information with respect to the role of the
well-dispersed Ce®* species is that the high-temperature
treatment (700 °C) is not able to suppress it. Therefore, in
the absence of any in situ/operando evidence, we consider
these species the crucial component obtained by FSS. The
combination and peculiar arrangement of the various elements
that we have demonstrated here contribute to enhance the
fraction of Ce** in the most active catalyst and to minimize the
components that could provide undesired oxidation of the
reactants. The homogeneous dispersion of tungsten and its
close interaction with cerium and titanium surface species
achieved by flame-spray synthesis is beneficial for the NH;—
SCR performance, in agreement with similar characteristics of
analogue catalyst compositions displaying different arrange-
ment of the components.*”

4. CONCLUSION

WO,;/CeO,-TiO, catalysts prepared by flame-spray synthesis
using an oxygen-acetylene flame demonstrated high NO,
reduction efficiency in the selective catalytic reduction of
NO, by NH;. The excellent catalytic activity, manifested in
form of low activation energies and high reaction rates in
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comparison to a V,0,—WO;/TiO, catalyst, can be associated
with the peculiar morphology, structure, and spatial arrange-
ment of the elements, which resulted from the synthesis
technique.

In contrast to conventional preparation of similar catalyst
formulations, flame-spray synthesis produced a unique ternary
W—Ce—Ti catalyst. Similar to its function to disperse the active
vanadium species in V—=W/Ti based catalysts, the presence of
TiO, and the interaction with cerium at the atomic level proved
to be the key points for good SCR performance. The close
interaction of cerium and titanium results in the formation of
Ce-doped TiO,, Ti-doped CeO,, and CeTi,Og, followed by
evolution of oxygen vacancies and a large fraction of surface
Ce*, which is a crucial tile for NH;—SCR. The poor
crystallinity of the ternary samples is also an indication of the
good mixing of cerium and titanium and appears crucial to
enhance the fraction of surface Ce’. The homogeneous
dispersion of WO, on the surface of the catalyst is a further key
factor for the high SCR performance and reduced NH;
oxidation activity. Amorphous WOj clusters were found to be
homogeneously distributed on the surface of all particles. WO,
not only improved the surface acidity and thus catalytic
performance but was also responsible to further increase the
fraction of Ce®" by establishing a close Ce—O—W interaction.
Beside morphology and relative element arrangement, the close
Ce—O—W and Ce—O-Ti interactions are essential for the
catalytic properties of this catalyst.

As a consequence of its structure, 10 wt % WO;/10 mol %
Ce0,-90 mol % TiO, exhibited the best NH;—SCR catalytic
performance, which was comparable to that of a V-based
catalyst (2.4 wt % V,05-10 wt % WO,;/TiO,). The excellent
performance is ascribed to the high Ce®" content, the optimal
surface acidity and the unique phase composition.

The very peculiar structure obtained by flame-spray synthesis
protects the active species from aging and makes the catalyst
resistant to high-temperature treatments. The flame-made
catalyst possesses excellent NH;—SCR performance even
after thermal and hydrothermal aging at 700 °C. A deeper
investigation of the structural changes upon aging is ongoing.

Finally, this study opens the fundamental issue whether it is
possible to produce more active catalytic materials using
conventional catalyst preparation methods but with similar
structural properties to those obtained here by flame-spray
synthesis. Stabilization of a large fraction of Ce** in rutile TiO,
and the overall arrangement of the elements that we have
described in this work are the key parameter to be optimized.
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