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A B S T R A C T   

Thermal stability is crucial for the practical application of heterogeneous catalysts. In particular, the develop-
ment of catalysts with excellent hydrothermal stability remains a big challenge for diesel exhaust after-treatment 
technologies. Here, we synthesized a Ce1W0.24Sn2Ox catalyst with high hydrothermal stability for the NOx 
removal from diesel engines. The catalyst shows >90 % NOx conversion at 300− 550 ◦C even after an extreme 
aging treatment at 1000 ◦C, with much better hydrothermal stability than the Ce1W0.24Ox catalyst and the 
commercial catalysts such as Cu-SSZ-13 and V2O5-WO3/TiO2. The experimental and theoretical results reveal 
that the SnO2-related particles modified by W and Ce species show outstanding sintering resistance at high 
temperature, which provides sufficient Ce-W active phase for the catalytic reaction. This study may provide new 
opportunities for the application of metal oxide catalysts for diesel engine NOx emission control and a new idea 
for the development of catalysts with high thermal stability.   

1. Introduction 

Currently, catalysis plays a crucial role in chemical industry, energy 
production, and removal of environmental pollutants [1,2]. To this aim, 
the development of catalysts with desired structures/functions is at the 
center of catalysis. Catalysts in the aforementioned applications often 
work under harsh conditions at extremely high temperature. As a result, 
developing catalysts with high thermal stability that can maintain ac-
tivity and selectivity over long-term catalytic operation is one of the 
main challenges for practical applications [3,4]. This challenge is 
especially pronounced in the fabrication of promising after-treatment 
catalysts for the control of emissions from internal combustion engines 
in environmental catalysis [5]. For gasoline engine after-treatment, 
three-way catalysts (TWCs) have been successfully applied, which 

should be active even after thermal aging at 1000 ◦C [6]. Compared with 
gasoline engines, diesel engines have helped to decrease the reliance on 
fossil fuels and combatted the dangers of global climate change due to 
their superior fuel efficiency and greenhouse gas reduction potential [7]. 
For diesel engines, however, lean burn operation results in high emission 
of nitrogen oxides (NOx), which makes a great contribution to the for-
mation of acid rain, haze, and ozone, as well as human diseases [8]. 
Selective catalytic reduction of NOx with ammonia (NH3-SCR) is the 
dominant technology for NOx emission control from diesel engines [5]. 
To meet the current EU VI diesel emission standards, furthermore, the 
NH3-SCR reactor is usually installed downstream of the diesel particu-
late filter (DPF). When the DPF is regenerated to remove the collected 
particulate matter, the peak temperature at the end of the DPF can even 
reach 1000 ◦C [9]. Thus, stabilizing the active component of NH3-SCR 
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catalyst under thermal shock is a challenging task. In this case, despite 
its high cost, copper ion-exchanged SSZ-13 zeolite (Cu-SSZ-13) is the 
most prominent catalyst owing to its superior DeNOx efficiency and 
thermal durability [10,11]. After being hydrothermally aged at tem-
peratures higher than 850 ◦C, however, the NOx conversion of the 
Cu-SSZ-13 catalyst as well as other ion-exchanged zeolites still suffers 
from a cliff-like drop stemming from the dealumination process and the 
formation of inactive Cu-Al clusters and CuOx [12–15]. To meet the 
requirements of practical applications on diesel vehicles, therefore, it is 
urgent to develop NH3-SCR catalysts with higher hydrothermal stability. 

Generally, metal oxides such as the V- and Ce- based catalysts are 
highly active for the NH3-SCR process [16–19]. After harsh thermal- or 
hydrothermal- aging treatment, however, the metal oxides often suffer 
from severe thermal sintering (particle migration and coalescence or 
Ostwald ripening) and/or chemical transformation of catalytic phases to 
non-catalytic phases, resulting in a severe decrease or even total loss of 
active catalytic sites. Due to thermal stability concerns, metal oxides 
were identified as unsuitable for NOx removal from diesel engines with 
an upstream DPF [20]. However, researchers have never stopped trying 
to develop sinter-resistant metal oxide NH3-SCR catalysts. To inhibit the 
thermal degradation process of metal oxide catalysts, the screening and 
addition of thermally stable promoters to decrease the sintering rates of 
the catalysts was the principal approach. 

As with all catalysts based on metal oxides, principally, both the 
redox sites and acid sites are necessary and should work together during 
the NH3-SCR process [21,22]. Therefore, plenty of these dual functional 
sites with close coupling are essential for the development of NH3-SCR 
catalysts with high catalytic activity. With this principle in mind, it can 
be predicted that the stability of the closely coupled structure will be 
crucial for developing metal oxide catalysts that are highly stable 
against thermal aging. Recently, it was found that CeW-based oxide 
catalysts with closely coupled cerium (as redox component) and tung-
sten (as acid component) exhibited excellent NH3-SCR activity, but the 
hydrothermal stability still needs to be improved [23–25]. SnO2-based 
materials displayed superior anti-sintering properties after being doped 
by a small amount of additive. For example, SnO2 crystals being doped 
by Si, Mo, W, Nb or P were able to keep the crystal size below 10 nm 
during sintering up to 900 ◦C [26]. The high thermal stability of 
SnO2-based materials is very attractive for the development of NH3-SCR 
catalysts for NOx removal from diesel exhaust. Besides, SnO2 possesses a 
high density of surface defects and relatively strong acidity, which were 
closely correlated with the formation of catalytically active oxygen 
species and the adsorption-activation of NH3 on the surface [27,28]. The 
enhancing effects of Sn modification on the low-temperature catalytic 
activity and sulfur resistance of Ce-based catalysts have been confirmed 
in the past decade [29,30]. Recently, Li et al. reported that Sn shows 
stabilizing effects on the V-based catalyst [31]. The effects of Sn intro-
duction on the hydrothermal stability of Ce-based catalysts, however, 
still needs to be further elucidated. As a result, a Ce-W-Sn ternary oxide 
catalyst with exceptional hydrothermal stability was successfully pre-
pared and the stabilization mechanism was investigated by different 
methods. On the obtained catalyst, the Ce-W dual functional sites are 
stable even after an extreme hydrothermal aging treatment at 1000 ◦C, 
resulting in high hydrothermal stability. 

2. Experimental section 

2.1. Catalyst synthesis 

The Ce1W0.24SnγOx mixed oxides with different Sn doping amounts 
(γ = 1.0, 1.5, 2.0, 2.5 and 3.0) was obtained by a co-precipitation 
method. Exact quantities of ammonium metatungstate, cerium nitrate 
and tin tetrachloride were dissolved in 200 mL deionized water to obtain 
a transparent solution with total metallic ion concentration of 0.3 mol/L, 
and then excess ammonium hydroxide was added, resulting in the pre-
cipitation of a solid. After being stirred intensely at room temperature 

for 12 h, the precipitated solids were collected by filtration and then 
washed with distilled water until no Cl− was detected by reaction with 
AgNO3 solution (1 mol L-1), followed by drying at 100 ◦C for 12 h. As 
shown by the TG-DSC curve of the Ce1W0.24Sn2Ox precursor (Fig. S1), 
the weight loss happened over a wide region of 50− 700 ◦C. However, 
only one exothermal peak centered at 720 ◦C was detected above 700 ◦C, 
and no weight change was observed in the corresponding region. 
Therefore, the obtained precursor in this study was calcined in air at 800 
◦C for 3 h to transform into an active catalyst for the NH3-SCR reaction. 

For comparison, reference samples of Ce1W0.24Ox, Ce1Sn2Ox, pure 
CeO2 and pure SnO2 were prepared by the same method. The 
W0.24Sn2Ox and pure WO3 reference samples were prepared by direct 
evaporation of a W-Sn aqueous solution and W aqueous solution, 
respectively, followed by calcination at 800 ◦C for 3 h, as it is hard to 
realize the precipitation of W-Sn or W when using ammonium meta-
tungstate as precursor. 

2.2. Hydrothermal aging treatment 

To predict the long-term hydrothermal stability, accelerated 
hydrothermal-aging treatment of the fresh Ce1W0.24Ox and Ce1W0.24S-
n2Ox catalysts was performed at 800− 1000 ◦C for 3− 16 h in a home- 
made aging device that consisted of a tube furnace, mass flow control-
lers, and a temperature and gas flow regulating system. The feed gas for 
hydrothermal aging (HA) treatment was composed of 10 vol. % H2O 
balanced by air of 1 L min− 1. Typically, 1 g catalyst was hydrothermally 
aged at 800/900 ◦C for 16 h or 1000 ◦C for 3 h, respectively, denoted as 
Ce1W0.24Ox-800/900/1000HA and Ce1W0.24Sn2Ox-800/900/1000HA. 
Cu-SSZ-13 (with SiO2/Al2O3 molar ratio of 8.3 and Cu loading amount 
of 3.8 wt.%) by one-pot synthesis coupling with an ion exchange method 
[32] and 1 wt.% V2O5 - 8 wt.% WO3/TiO2 by incipient wetness 
impregnation method were also hydrothermally aged under the same 
conditions and denoted as Cu-SSZ-13-800/900/1000HA and 
V2O5-WO3/TiO2-800/900/1000HA, respectively. 

2.3. NH3-SCR performance tests 

The steady state NH3-SCR activity of catalysts was tested in a fixed- 
bed quartz tube reactor in the temperature range of 150− 550 ◦C. Before 
activity tests, the catalysts were crushed and sieved to 40–60 mesh. In 
NH3-SCR reactions, the model flow gas consisted of 500 ppm NO, 530 
ppm NH3, 5 vol. % O2, and 5 vol. % H2O balanced with N2. The gas flow 
rate was kept at 500 mL/min and the catalyst mass was 500 mg, which 
corresponded to a gas hourly space velocity (GHSV) of 120, 000 h− 1. The 
concentrations of NO, NH3, NO2, and N2O were continually monitored 
by an FTIR spectrometer (IS10 Nicolet), which was equipped with a 
multiple path gas cell (2 m). The NOx conversion and N2 selectivity were 
calculated as follows: 

NOx conversion =

(

1 −
[NOx]out

[NOx]in

)

× 100% (1)  

N2 selectively =

(

1 −
2[N2O]out(

[NOx]in − [NOx]out

)
+
(
[NH3]in − [NH3]out

)

)

× 100% (2)  

where, [NOx]= [NO]+[NO2], [NOx]in and [NOx]out denote the inlet and 
outlet gas concentrations of NOx, respectively. 

2.4. Kinetic analysis 

The kinetic experiments for SCR reaction were evaluated in the same 
fixed-bed reactor as the activity test. The NOx conversion was kept at less 
than 20 % in the temperature range of 195− 245 ◦C. The reaction rates of 
NOx conversion normalized by the surface area (− RNOx, in mol s− 1 m− 2) 
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were calculated as follows: 

− RNOx =
FNOx × x
W × A

(3)  

where, FNOx is the molar flow rate of NOx (in mol s− 1), x is the con-
version of NOx, W is the weight of catalyst (in g), and A is the surface 
area of catalyst (in m2 g− 1). The apparent activation energies (Ea, in kJ 
mol− 1) can be calculated from the Arrhenius plots of the reaction rates. 

2.5. Catalyst characterization and theoretical calculations 

Phase structures of the catalysts were investigated by X-ray diffrac-
tion (XRD) patterns collected with a Bruker D8 Advance diffractometer 
equipped with a Cu Kα X-ray tube operated at 40 kV and 40 mA using a 
step size of 0.02◦ and a time per step of 0.6 s. Experimental fitting of the 
XRD patterns was carried out from 10− 90◦ 2θ using TOPAS V5.0. The 
lattice parameters and mean crystallite size were obtained from Rietveld 
refinement assuming a tetragonal SnO2 cell and a cubic CeO2 cell for 
Ce1W0.24Sn2Ox catalysts. X− ray photoelectron spectroscopy (XPS) 
measurements were carried out on an X− ray photoelectron spectrom-
eter (AXIS Supra/Ultra) with Al Kα radiation (1486.7 eV). The binding 
energies were referenced to the C 1s line at 284.8 eV. Quantification of 
the Ce, W, Sn and O atomic fractions on the surface was obtained from 
the integration of Ce 3d, W 4f, Sn 3d and O 1s core level spectra with 
appropriate corrections for sensitivity factors. The elemental composi-
tions were analyzed via X-ray fluorescence analysis (XRF) on a Thermo 
Fisher ARL Perform’ X 4200 with maximum voltage of 70 KV. High- 
angle annular dark field-scanning transmission electron microscope 
(HAADF-STEM) investigation was performed on a Titan Cubed Themis 
G2 300 Double Aberration-Corrected transmission electron microscope, 
which was equipped with X-Field Emission Gun with Monochromator. 
The W L3-edge X-ray absorption fine structure (XAFS) spectra of stan-
dards and Ce1W0.24Sn2Ox catalysts were collected at the beamline 
BL1W1B of the Beijing Synchrotron Radiation Facility (BSRF). The 
typical energy of the storage ring was 1.5 GeV, and the electron current 
was 180 mA in the top-up mode. The white light was monochromatized 
by a Si (111) double-crystal monochromator and calibrated with a W foil 
(L3 edge 10207 eV). Samples were pressed into thin slices, and posi-
tioned at 90◦ to the incident beam in the sample-holder. The XAFS 
spectra were recorded in transmission mode with two ion chambers. 
XAFS data were processed using the Athena and Artemis modules. The 
spectra were normalized using Athena firstly, and then shell fittings 
were performed with Artemis. The χ(k) function was Fourier trans-
formed (FT) using k3 weighting, and all fittings were done in R-space. 
The amplitude reduction factor (S0

2) was estimated to be 0.827 according 
to the fitting results of the W foil. The coordination parameters of 
sorption samples were obtained by fitting the experimental peaks with 
theoretical amplitude. In situ Raman spectroscopy was used to obtain the 
short-range structure of the catalysts on a homemade UV resonance 
Raman spectrometer (UVR DLPC-DL-03), which was calibrated against 
the Stokes Raman signal of Teflon at 1378 cm− 1. A 532 nm He-Cd laser 
beam was used as the excitation source for the measurement of Raman 
intensity. After dehydration at 300 ◦C for 1 h in flowing O2 (100 mL/ 
min), the Raman spectra were collected at 300 ◦C. Scan numbers of 40 
and scan speed 40 s/scan were selected for spectrum collection. 

Density functional theory (DFT) calculations with periodic boundary 
conditions (PBC) were performed using the Perdew-Burke-Ernzerhof 
(PBE) functional [33] as implemented in the Vienna ab initio simula-
tion package (VASP 5.4.4) [34]. The projector augmented wave method 
(PAW) was used to describe the core-valence electron interaction. All 
calculations were spin-polarized. The details about DFT calculations as 
well as other characterization methods, including N2 
adsorption-desorption analysis, in situ high temperature XRD (in situ 
HTXRD) experiments, H2 temperature program reduction (H2-TPR) ex-
periments, NH3 temperature program desorption (NH3-TPD) 

experiments, high-resolution transmission electron microscope 
(HR-TEM) and thermal gravimetric and differential scanning calorim-
etry (TG-DSC) analysis, can be found in the Supplemental Material. 

3. Results 

3.1. NH3-SCR performance and hydrothermal stability 

Compared with other Ce1W0.24SnγOx catalysts, the Ce1W0.24Sn2Ox 
catalyst with the Ce: W: Sn molar ratio of 1: 0.24: 2 showed the highest 
NOx conversion and was selected for the tests of hydrothermal-aging 
stability in this study (Fig. S2). The fresh Ce1W0.24Sn2Ox catalyst 
possessed NH3-SCR performance superior to those of the corresponding 
pure oxides and binary ones at 150− 450 ◦C (Fig. 1a). An activity drop 
was observed when the reaction temperature exceeded 450 ◦C due to the 
occurrence of NH3 oxidation [35]. After being further hydrothermally 
aged under different harsh conditions (800/900 ◦C for 16 h or 1000 ◦C 
for 3 h), the Ce1W0.24Sn2Ox catalysts still removed >90 % NOx from 
simulated diesel exhaust at 300− 500 ◦C (Fig. 1b), accompanying with 
low concentrations of N2O by-products (Fig. S3). After being hydro-
thermally aged under the same conditions, the state-of-the-art NH3-SCR 
catalysts including commercial Cu-SSZ-13 and V2O5-WO3/TiO2 cata-
lysts, however, had already lost their DeNOx activities substantially 
(Figs. 1b and S4). A severe deactivation process also occurred for the 
pristine Ce1W0.24Ox catalysts with the increase of aging temperature 
(Fig. 1c), which in turn demonstrated the crucial role of the Sn 
component in improving the hydrothermal stability. The NOx conver-
sions of Ce1W0.24Ox and Ce1W0.24Sn2Ox catalysts in the low-temperature 
range were much higher than those of Ce1Sn2Ox and W0.24Sn2Ox cata-
lysts (Fig. 1a), suggesting that Ce-W served as the main active phase 
instead of Ce-Sn and W-Sn species below 300 ◦C for the Ce1W0.24Sn2Ox 
catalyst. According to the kinetic analysis results, the Ce1W0.24Ox and 
Ce1W0.24Sn2Ox catalysts showed similar apparent activation energies 
(Ea) in the range 195− 245 ◦C (Fig. 1d). It might be deduced that the 
introduction of Sn to Ce1W0.24Ox had little effect on the active catalytic 
sites for the NH3-SCR reaction. Additionally, hydrothermal aging 
treatment had induced little effect on the Ea and the NH3-SCR reaction 
rate per unit area of Ce1W0.24Ox and Ce1W0.24Sn2Ox catalysts, indicating 
the stability of Ce-W active sites. Therefore, the excellent hydrothermal 
stability of the Ce1W0.24Sn2Ox catalyst should mainly origin from its 
sintering resistance. 

3.2. Structural property 

The Ce1W0.24Sn2Ox catalyst showed much higher surface area and 
pore volume than the Ce1W0.24Ox catalyst (Fig. 2), as calculated from the 
corresponding N2 adsorption-desorption isotherms (Fig. S5). Although 
the hydrothermal aging treatment induced a decrease in the BET surface 
area (SBET) and total pore volume (Vtotal), the sintering process of the 
Ce1W0.24Sn2Ox catalyst was remarkably suppressed compared with the 
Ce1W0.24Ox catalyst, indicating that the thermal stability of the 
Ce1W0.24Ox catalyst was improved by the introduction of Sn species, 
which is beneficial to the improvement of NOx removal efficiency. X-ray 
diffraction (XRD) analysis was carried out to investigate the phase 
composition of the catalysts, and the mean crystallite size of each phase 
was calculated by Rietveld refinement. For the Ce1W0.24Ox catalyst, both 
cubic CeO2 (c-CeO2) and orthorhombic Ce4W9O33 [36] phases were 
detected (Fig. 3a). After hydrothermal treatment at 800 ◦C for 16 h, this 
catalyst underwent significant sintering as indicated by the sharper XRD 
pattern of Ce1W0.24Ox-800HA than that of the original Ce1W0.24Ox 
catalyst. When the aging temperature further increased to 900 and 1000 
◦C, besides this severe sintering phenomenon, a phase transition from 
Ce4W9O33 to Ce2(WO4)3 was also observed for Ce1W0.24Ox catalyst. 
With the introduction of Sn into the Ce1W0.24Ox catalyst, only broad 
XRD patterns indexed to the c-CeO2 and tetragonal SnO2 (t-SnO2) phases 
were detected for the Ce1W0.24Sn2Ox catalyst (Fig. 3b). As no diffraction 
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peaks corresponding to W-related crystalline phases were observed, the 
tungsten species in the Ce1W0.24Sn2Ox catalyst must exist in a highly 
dispersed state. Additionally, hydrothermal aging treatments at 
800/900 ◦C for 16 h or 1000 ◦C for 3 h hardly changed the phase 
composition of Ce1W0.24Sn2Ox catalysts. Rietveld refinement for 
Ce1W0.24Sn2Ox catalysts also confirmed the two-phase structure con-
sisting c-CeO2 and t-SnO2 phases (Fig. 4a and S6). With the increase of 
the hydrothermal aging temperature, rapid grain growth occurred for 
the c-CeO2 phase, while the grain size of the t-SnO2 phase still remained 
at nanoscale (< 22 nm) even after being hydrothermally aged at 1000 ◦C 
for 3 h (Fig. 4b). Such significant difference in crystallization indicated 
that the t-SnO2 phase in the Ce1W0.24Sn2Ox catalyst played a crucial role 
in its sintering resistance. 

To further investigate the structure of the crystalline phases in 
Ce1W0.24Sn2Ox catalysts, the lattice parameters of c-CeO2 and t-SnO2 
phases were extracted from the corresponding Rietveld refinement re-
sults. The lattice constants of c-CeO2 for Ce1W0.24Sn2Ox catalysts were in 
good accordance with that of pure CeO2 (Table S1), which indicated that 
no modification to the bulk c-CeO2 phase occurred for these catalysts. 

Fig. 1. NH3-SCR behaviors of fresh and hy-
drothermally aged catalysts as a function of 
temperature. (a) The NOx conversion of fresh 
catalysts with different elemental composition. 
(b) The NOx conversion of hydrothermally aged 
Ce1W0.24Sn2Ox, V2O5-WO3/TiO2 and Cu-SSZ-13 
catalysts. (c) The NOx conversion of hydro-
thermally aged Ce1W0.24Ox catalysts. (d) The 
Arrhenius plots of fresh and hydrothermally 
aged Ce1W0.24Ox and Ce1W0.24Sn2Ox catalysts. 
The reported values are measured under steady 
state. Test conditions of the steady state NH3- 
SCR activities: 500 ppm NO, 530 ppm NH3, 5 
vol. % O2, 5 vol. % H2O, balanced N2, and 
GHSV = 120,000 h− 1.   

Fig. 2. The specific surface area (SBET, left axis) and total pore volume (Vtotal, 
right axis) determined from nitrogen adsorption-desorption analysis for fresh 
and hydrothermally aged Ce1W0.24Ox and Ce1W0.24Sn2Ox catalysts. 

Fig. 3. The XRD patterns of fresh and hydrothermally aged (a) Ce1W0.24Ox and (b) Ce1W0.24Sn2Ox catalysts.  
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The cell volumes (VSnO2) of t-SnO2, however, were larger than for the 
pure SnO2 sample (Table S1), indicating the occurrence of lattice 
expansion. As the Shannon ionic radii of six-coordinated Ce4+, Sn4+ and 
W6+ are 0.87, 0.69 and 0.6 Å, respectively [37], the expansion of the 
t-SnO2 cell should be caused by the incorporation of Ce4+ into the SnO2 
lattice, which resulted in the formation of a Ce-Sn solid solution [38]. 
The value of VSnO2 decreased with increasing hydrothermal aging tem-
perature (Fig. 4b), which suggested that a relaxation phenomenon 
occurred under the hot, humid atmosphere, driving the Ce from the 
t-SnO2 inner lattice sites towards its surface [39]. This part of the Ce 
species can be in close contact with W species on the SnO2 surface, and 
provides high-efficiency active sites for the NH3-SCR reaction. A previ-
ous study revealed that Ce-doped SnO2 possessed high thermal stability 
below 900 ◦C [39]. In our case, the formation of a metastable Ce-Sn solid 
solution as mentioned above was also beneficial for the inhibition of 
SnO2 particle grain growth in the Ce1W0.24Sn2Ox catalyst. In situ high 
temperature X-ray diffraction (in situ HTXRD) was used to further 
investigate the phase evolution and thermal stability. Crystalline phases 

related to Ce-W compounds [40] easily formed from the Ce1W0.24Ox 
precursor when the temperature reached 750 ◦C (Figs. 5a and S7a). With 
this facile phase transformation in mind, it is reasonable that the cata-
lytic activity of the Ce1W0.24Ox catalyst significantly decreased after 
experiencing high temperature. Besides, the solid-solid reaction be-
tween CeO2 and WOx to form Ce-W crystal phases was accompanied by 
the release of oxygen (e.g. 4CeO2+9WOx→Ce4W9O33+0.5×(9x-25)O2, 
4CeO2 +2(Ce4W9O33)→6(Ce2(WO4)3)+O2), which would block the 
redox cycle between Ce3+ and Ce4+ by an oxygen release-storage pro-
cess. For the Ce1W0.24Sn2Ox precursor, however, no crystalline phase 
related to any Ce-W compound was observed up to 900 ◦C (Figs. 5b and 
S7b). The XRD diffractograms of cubic Ce2W2O9 (c-Ce2W2O9) were 
observed at 950 and 1000 ◦C and then completely disappeared when the 
temperature cooled to room temperature (30 ◦C). The sintering and 
redispersion property of Ce-W species in the Ce1W0.24Sn2Ox catalyst 
ruled out the possibility of thermal sintering caused by c-Ce2W2O9 
phase. Meanwhile, the recoverability of Ce-W species in the 
Ce1W0.24Sn2Ox precursor against heat treatment under such a harsh 

Fig. 4. Rietveld refinement analysis. (a) The Rietveld refinement profiles for Ce1W0.24Sn2Ox catalyst. (b) The cell volume of t-SnO2 phase (left axis, line chart) and 
mean crystallite size of c-CeO2 and t-SnO2 phases (right axis, column chart) for Ce1W0.24Sn2Ox catalysts determined from Rietveld refinement of corresponding 
XRD patterns. 

Fig. 5. The in situ high temperature X-ray diffraction patterns of (a) Ce1W0.24Ox and (b) Ce1W0.24Sn2Ox precursors.  
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environment benefited the preservation of the redox properties of the 
Ce1W0.24Sn2Ox catalyst for the NH3-SCR reaction. 

3.3. Composition and distribution 

The surface and bulk elemental compositions of catalysts in this work 
were measured respectively by X-ray photoelectron spectroscopy (XPS) 
and X-ray fluorescence (XRF) method (Fig. S8 and Table S2). The surface 
W/(Ce + W+Sn) molar ratio for the Ce1W0.24Sn2Ox catalyst was higher 
than the bulk one (Fig. 6a), suggesting that W species in Ce1W0.24Sn2Ox 
catalyst were mainly distributed on the surface. This surface enrichment 
of W species became more pronounced with increasing hydrothermal 
aging temperature (Fig. 6a). The elemental dispersion and configuration 
of the Ce1W0.24Sn2Ox catalyst were further revealed via high angle 
annular dark field-scanning transmission electron microscope (HAADF- 
STEM) images. As shown in Fig. 6b–e, the components of W and Ce kept 
in close contact and were evenly dispersed on the SnO2-rich particles of 
the Ce1W0.24Sn2Ox catalyst. It can be inferred from the Rietveld 
refinement and abovementioned elemental distribution results that the 
W species on the surface of SnO2 particles in the Ce1W0.24Sn2Ox catalyst 
would come in contact with the Ce species that were released from the t- 
SnO2 lattice during hydrothermal aging treatment, thus playing an 
indispensable role in the retention of NH3-SCR activity for the hydro-
thermally aged Ce1W0.24Sn2Ox catalyst. It has been suggested that the 
intensity contributed by an atom in HAADF images is roughly propor-
tional to Z2, where Z is the atomic number [41]. In the atomic resolution 
HAADF images, indeed, highly dispersed bright flecks highlighted by 
green circles were successfully detected on SnO2 particles in 
Ce1W0.24Sn2Ox catalyst (Fig. 6f). Considering the higher Z values of Ce 
(58) and W(74) than Sn(50), these flecks were attributed to direct 
structural imaging information of CeWOx-related species [42]. 

To further investigate the local structure around W atoms, Fourier 
transforms of the W L3-edge extended X-ray absorption fine-structure (W 
L3-edge FT-EXAFS) oscillations of Ce1W0.24Sn2Ox catalysts and standard 
samples (WO3 and W foil) were fitted by the IFEFFIT software. Three 
candidate models were used for fitting the Ce1W0.24Sn2Ox catalyst, and 
the best-fit EXAFS data were obtained by model A as evidenced by its 
lowest R-factor (Table S3). To be specific, there was a W–O 

contribution at 1.76 Å with a coordination number close to 3.8 for the 
first shell, and a W-Ce contribution at 3.29 Å with a coordination 
number of 7.5 for the second shell. These fitting results suggested that 
the surface W species for the Ce1W0.24Sn2Ox catalyst were in a WO4 
tetrahedral coordination environment and mainly coupled with Ce by 
W-O-Ce structures on the surface, which agreed well with the HAADF- 
STEM results. The aforementioned W coordination mode in the 
Ce1W0.24Sn2Ox catalyst stayed almost unchanged after the hydrothermal 
aging treatment according to the EXAFS results of Ce1W0.24Sn2Ox-800/ 
900/1000HA catalysts (Fig. 7a and Table S3), and the stability of surface 
W species was further confirmed by in situ Raman spectra (Fig. 7b). The 
adsorption of NH3 is an indispensable step for the NH3-SCR reaction, 
which usually occurred on the acid sites origining from W––O species for 
CeW-based catalysts [24]. In this study, two high-frequency modes in 
the wavenumber range of 900− 1100 cm− 1 relating to the stretching 
vibration of terminal W––O species on the surface were observed for the 
fresh Ce1W0.24Sn2Ox catalyst (Fig. 7b). After being hydrothermally aged 
at 800/900 ◦C for 16 h, the Raman peaks related to W species for 
Ce1W0.24Sn2Ox catalysts showed little change. 

3.4. Redox ability and acidity 

The redox ability and acidity of catalysts were investigated by the H2- 
TPR and NH3-TPD methods, respectively. As shown in Fig. 8a, the two 
broad peaks with low intensity centered at 489 and 797 ◦C for the CeO2 
sample were due to the reduction of ceria at the surface and in the bulk 
phase, respectively [43]. After W addition, the reduction peak of surface 
ceria was centered at 524 ◦C. Besides, three new peaks centered at 670, 
750 and 874 ◦C can be attributed to the overlapped reduction peaks of 
Ce and W ions in the bulk phase [44]. For the Ce1W0.24Sn2Ox catalyst, 
the broad peak in the range of 150− 450 ◦C with maximum at 242 ◦C was 
assigned to the surface reduction of Sn4+/Sn2+ and Ce4+/Ce3+ [45]. The 
superimposed reduction peaks at 450− 750 ◦C were mainly attributed to 
the reduction of Sn4+/Sn2+, Sn2+/Sn0 and Ce4+/Ce3+ in the bulk phase 
[45]. With the increase in the hydrothermal aging temperature, the 
reduction peaks of the bulk phase shifted slightly towards higher tem-
perature (Fig. 8b), which was related to the decreased mobility of lattice 
oxygen. However, the reduction peaks of surface species at 150− 450 ◦C 

Fig. 6. Elemental composition and distribution. (a) The surface and bulk molar ratio of W/(Ce+W+Sn) for Ce1W0.24Sn2Ox catalysts calculated from XPS and XRF 
results, respectively. (b-e) HAADF-STEM images of SnO2 particles in Ce1W0.24Sn2Ox catalyst. (f) HAADF image of SnO2 particles in Ce1W0.24Sn2Ox catalyst at higher 
magnification. 
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shifted towards lower temperature (Fig. 8b inset), indicating that the 
surface species of Ce1W0.24Sn2Ox were more reducible after the hydro-
thermal aging treatment. This can be related to the strong synergetic 
effects of surface Ce-W-Sn species due to the enrichment of Ce-W species 
on the surface of the SnO2 phase. As verified by the NH3-TPD results, the 
introduction of Sn into the Ce1W0.24Ox catalyst modified the surface 
with abundant acid sites (Fig. 9a). Although a loss of acid sites took place 
after the hydrothermal aging treatment, the amounts of acid sites, when 
normalized to the surface area, did not show any significant change 
(Fig. 9b), indicating the outstanding stability of acid sites for 
Ce1W0.24Sn2Ox catalysts. Therefore, the addition of Sn benefits the 
preservation of redox and acid properties of the Ce1W0.24Sn2Ox catalyst, 
which is consistent with results for the V2O5/TiSnO2 catalyst [31]. 

3.5. Theoretical calculations 

According to the HR-TEM results (Fig. S9), the main exposed crystal 
plane of SnO2 was (110) in the Ce1W0.24Sn2Ox catalyst. Thus, the for-
mation energy of CeOx, WOx, and CeWOx species on the SnO2 (110) 
surface (Ef

CeOx/WOx/CeWOx
)was calculated (Fig. 10a), which is defined as 

[46] 

Ef
CeOx/WOx/CeWOx

= ECeOx/WOx/CeWOx − loaded SnO2 − ESnO2 − ECe/W −
x
2

EO2 (4)  

where ECeOx/WOx/CeWOx − loaded SnO2 , ESnO2 , ECe/W and EO2 are the energies of 
CeOx, WOx, or CeWOx species supported on the substrate, the SnO2 
surface, the bulk Ce/W metal, and the gas-phase O2, respectively. The 
negative formation energy represents the stabilization of CeOx, WOx, 
and CeWOx species on SnO2 surfaces. The formation energy was -4.83, 

Fig. 7. Local structure of W species. (a) Comparison of W L3-edge FT-EXAFS oscillations of W foil, WO3 and Ce1W0.24Sn2Ox catalysts between the experimental and 
the fit curves. (b) In situ Raman spectra relating to W species of fresh and hydrothermally aged Ce1W0.24Sn2Ox catalysts at 300 ◦C. 

Fig. 8. Characterization of redox ability. (a) H2-TPR profiles of fresh Ce1W0.24Sn2Ox, Ce1W0.24Ox and CeO2 catalysts. (b) H2-TPR profiles of hydrothermally aged 
Ce1W0.24Sn2Ox catalysts. 

Fig. 9. Characterization of acidic property. (a) NH3-TPD profiles of Ce1W0.24Ox and Ce1W0.24Sn2Ox catalysts. (b) NH3 desorption amounts of Ce1W0.24Ox and 
Ce1W0.24Sn2Ox catalysts normalized by surface area. 
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-8.15, and -13.78 eV for WOx, CeOx, and CeWOx on SnO2, respectively, 
suggesting that CeWOx complex species are the most stable structure on 
the SnO2 surface. 

The surface energies of SnO2 and CeOx/WOx/CeWOx-loaded SnO2 
(ES

SnO2
andES

CeOx/WOx/CeWOx − loaded SnO2
) were calculated to determine the 

effect of surface CeOx, WOx, and CeWOx species on structural stabili-
zation (Fig. 10b). ES

SnO2
andES

CeOx/WOx/CeWOx − loaded SnO2 
are respectively 

defined as [47] 

ES
SnO2

=
1

2A

[
ESlab

SnO2
− nEBulk

SnO2

]
(5)  

ES
CeOx/WOx/CeWOx − loaded SnO2

=
1

2A

[
ESlab

CeOx/WOx/CeWOx − loaded SnO2
− nEBulk

SnO2
− ECe/W

−
x
2

EO2

]

(6)  

where A is the surface area of the slab, and ESlab
SnO2

, EBulk
SnO2

, 
ESlab

CeOx/WOx/CeWOx − loaded SnO2
, ECe/W and EO2 are the energies of the SnO2 

surface, the bulk SnO2, the CeOx, WOx, or CeWOx species supported on 
the SnO2 surface, the bulk Ce/W metal, and the gas-phase O2, respec-
tively. The surface energy of the SnO2 (110) crystal plane is predicted to 
be 0.11 eV Å− 2, which is respectively decreased to 0.04, 0.01, and 0.01 
eV Å− 2 when there are WOx, CeOx, or CeWOx species on the surfaces, 
indicating that the loading of WOx, CeOx, and CeWOx species signifi-
cantly enhances the structural stabilization. 

4. Discussion 

High temperature is detrimental to catalyst performance. After being 
heated at elevated temperatures, the amount of active sites on metal 
oxides can undergo significant loss mainly due to the migration and 
coalescence of particles (sintering) or through transport of monoatomic 
or molecular species between individual particles (Ostwald ripening) 
[48]. To develop stable catalysts, strategies such as increasing the 
metal-support interaction energy by using specific oxides as carriers, 
doping with suitable components, and encapsulation of individual 
colloidal nanoparticles in porous inorganic shells have attracted great 
attention [41,49,50]. However, the improvement of sintering resistance 
and the preservation of active catalytic sites has still remained a big 
challenge, especially for the fabrication of multicomponent catalysts. 

CeO2 undergoes relatively large changes in oxygen non- 
stoichiometry at temperatures below 1330 ◦C, which makes it possible 
to realize cycling between Ce3+/Ce4+ to serve as redox sites for the NH3- 
SCR reaction. However, pure CeO2 is inactive (Fig. 1a), and only when 
closely coupled with other acidic elements (such as W in this work), can 

the CeO2-based catalysts achieve superior DeNOx efficiency. According 
to previous reports [23,24], the appropriate coupling and high disper-
sion of Ce-W species contributed to the highly efficient deNOx capability 
of CeW-based catalysts. However, this situation mainly related to cata-
lysts prepared at moderate temperatures such as 500 ◦C. Upon calcina-
tion or thermal shock at higher temperature, thermal sintering and 
solid-solid reaction would occur. In order to ensure the comparability 
of Ce1W0.24Ox and Ce1W0.24Sn2Ox catalysts, the Ce1W0.24Ox catalyst 
prepared in this work was calcined at 800 ◦C. According to the XRD 
results, besides the c-CeO2 phase, the Ce4W9O33 crystal phase was also 
detected for the fresh Ce1W0.24Ox catalyst (Fig. 3a), suggesting that 
solid-solid reaction between CeO2 and WOx occurred during the calci-
nation treatment. After being hydrothermally aged at 900 ◦C, solid 
phase reaction between Ce4W9O33 and CeO2 occurred, which acceler-
ated the sintering of the Ce1W0.24Ox catalyst and resulted in the release 
of more active oxygen species. Additionally, the phases c-CeO2, 
Ce4W9O33 and Ce2(WO4)3 all sintered severely with the increase in 
temperature. As a result, lots of Ce-W dual sites were encapsulated 
within the stable bulk phase and lost their catalytic activity (Fig. 1c). 
With the introduction of SnO2 into the Ce1W0.24Ox catalyst, the crys-
tallization and solid-solid reaction between Ce and W was significantly 
inhibited, and the obtained Ce1W0.24Sn2Ox catalyst showed excellent 
SCR performance even after extremely harsh aging treatment at 1000 ◦C 
(Fig. 1b). Such remarkable enhancement of thermal stability for this 
ternary Ce1W0.24Sn2Ox catalyst was due to the preservation of nanoscale 
SnO2-related particles and their protective effects on the highly 
dispersed Ce-W active sites. 

Although surface shrinkage also occurred for Ce1W0.24Sn2Ox catalyst 
after hydrothermal-aging (Fig. 2), the tungsten species not only main-
tained its highly dispersed state, but also coupled with Ce species to 
result in the formation of highly efficient Ce-O-W catalytic sites during 
aging treatment, thus contributing to the retention of NH3-SCR activity 
even after being hydrothermally aged at 1000 ◦C. During the thermal 
decomposition process of the Ce1W0.24Sn2Ox precursor, part of the Ce 
atoms became incorporated into the SnO2 lattice according to the 
Rietveld structure refinement (Table S1), which resulted in the forma-
tion of a Ce-doped SnO2 solid solution. As a result, besides rapid for-
mation of the c-CeO2 phase, considerable amounts of Ce atoms were in 
close contact with the t-SnO2 phase, and played a vital role in sup-
pressing the sintering process of SnO2 particles for the Ce1W0.24Sn2Ox 
catalyst. By further comparing the formation energies of CeOx, WOx and 
CeWOx on the SnO2 (110) surface (Fig. 10a), it can be concluded that 
CeWOx-loaded SnO2 was the most stable configuration. In other words, 
CeOx and WOx species on the surface of SnO2 tend to couple with each 
other to form CeWOx species, and thus serve as active sites for SCR re-
actions. After being hydrothermally aged at high temperature, Ce atoms 
in the t-SnO2 unit cell tend to move towards the surface. Instead of 

Fig. 10. DFT calculations. (a) The optimized geometries and the formation energies of WOx, CeOx and CeWOx species on SnO2 (110) surfaces. (b) The optimized 
geometries and the surface energies of SnO2 (110), and WOx/ CeOx/ CeWOx -loaded SnO2 (110). The blue, red, purple, and yellow circles denote W, O, Sn, and Ce 
atoms, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article). 
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transferring to the surface of c-CeO2 particles via Ostwald ripening, 
however, these Ce atoms tightly coupled with W species on the SnO2 
surface to form a stable CeWOx-loaded SnO2 structure, which was 
confirmed by HAADF and XAFS results (Figs. 6f and 7 a). Additionally, 
the high dispersion of CeWOx species on the surface of SnO2 decreased 
the surface energy to a great extent (Fig. 10b), which in turn further 
inhibited the grain growth of SnO2 particles and minimized thermal 
sintering reactions for the Ce1W0.24Sn2Ox catalyst. The improvement of 
sintering resistance and the preservation of highly dispersed Ce-W spe-
cies induced by Sn is the main reason for the enhancement of hydro-
thermal stability for the Ce1W0.24Sn2Ox catalysts. 

5. Conclusions 

In summary, Sn was introduced to Ce1W0.24Ox catalyst to develop a 
Ce1W0.24Sn2Ox ternary oxide catalyst with exceptional hydrothermal 
stability. Even after being hydrothermally aged at 1000 ◦C, the as- 
prepared Ce1W0.24Sn2Ox catalyst still removed >90 % NOx from simu-
lated diesel exhaust in the range 300− 550 ◦C. The experimental and 
theoretical methods verified that SnO2 promoted the formation of highly 
dispersed Ce-W active phase with superior thermal stability. Meanwhile, 
the Ce-W species localized on the SnO2 particles remarkably decreased 
the surface energy and prevented the occurrence of sintering process at 
high temperature. As a result, the developed Ce1W0.24Sn2Ox catalyst is 
very promising for the application on diesel vehicles. Besides, other 
metal oxide catalysts that have an affinity to SnO2 species could 
potentially be stabilized through the same strategy. Therefore, our study 
provides a new way towards developing catalysts with superior thermal 
stability. 
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