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A B S T R A C T   

A novel core-shell-shell Mn–Ti–Ce oxide catalyst (MnOx@TiO2@CeO2) was synthesized by a three-step method 
and applied for the selective catalytic reduction of NOx with ammonia (NH3-SCR). The catalyst exhibited an 
excellent low-temperature activity with NOx conversion >80% in a broad temperature range under both dry 
(120–260 ◦C) and wet (180–255 ◦C) conditions with a weight hourly space velocity (WHSV) of 240,000 mL/ 
(g⋅h). Nitrogen physisorption and X-ray photoelectron spectroscopy (XPS) results showed that the formation of 
the inner TiO2 shell significantly increased the specific surface area, surface Mn4+/Mn ratio and chemisorbed 
oxygen, which could provide more active sites and promote the oxidation of NO to NO2. Ammonia temperature- 
programmed desorption (NH3-TPD) results indicated that the formation of the outer CeO2 shell not only 
extensively increased the surface acid sites but also enhanced the acid strength, beneficial for the ammonia 
adsorption and resulting in a good water tolerance.   

1. Introduction 

The combustion of fuels in stationary and mobile units forms flue 
gases containing nitrogen oxides (NOx, mainly NO and NO2), which 
upon emission to the atmosphere induce acid rain, photochemical smog 
and haze endangering the environment and human health [1,2]. To 
mitigate such NOx emissions several technologies have in the last de-
cades been developed of which the selective catalytic reduction of NOx 
with NH3 (NH3-SCR) is the most effective and most widely used deNOx 
technology [3–6]. 

Industrially applied NH3-SCR catalysts are typically based on 
vanadia-tungsta (or molybdena) supported on titania, i.e. V2O5- 
WO3(MoO3)/TiO2 (VWT catalysts). VWT catalysts exhibit high N2 
selectivity and good thermal stability [7–9]. However, a required 
operating temperature of 300–400 ◦C makes it necessary to locate the 
catalysts upstream of any dust removal and/or desulfurization in order 
to avoid reheating of the flue gas. This makes VWT catalysts prone to 
deactivation or inhibition by impurities in the flue gas such as, e.g. SO2, 
alkali- or heavy metals. Additionally, the toxic vanadium inventory 
possesses a concern with respect to disposal of discarded catalysts 
[10–12]. 

Mn-based catalysts exhibit much higher low temperature (LT) NH3- 

SCR activity than V-based catalysts and are thus attractive low cost and 
environmentally benign alternatives to VWT catalysts [13–16]. Never-
theless, pure MnOx catalysts suffer from narrow active temperature 
window, poor N2 selectivity at higher temperatures (>200 ◦C) and high 
sensitivity to H2O and SO2. Extensive work by doping with other tran-
sition/rare earth metals (e.g., Ce, Ni, Fe and Co) [17–19], or application 
of different support materials (e.g., TiO2, Al2O3 and titania nanotubes) 
[20–23] has proven to significantly improve the N2 selectivity of pure 
MnOx catalysts [13,24,25], but the poor resistance to H2O and SO2 re-
mains a great challenge for practical applications [26]. 

Core-shell catalysts (usually written as core@shell) contain an inner 
catalytically active core with one or more outer shells [27–29]. The 
core@shell assembly can induce superior material properties compared 
to the individual shell and core materials as well as prevent migration of 
the core and protect it from poisoning [30,31]. Using this methodology, 
Sheng et al. [32] prepared a NH3-SCR MnOx@TiO2 catalyst by a 
two-step method, which exhibited high activity, high stability, excellent 
N2 selectivity as well as better SO2 and H2O resistance compared to a 
traditional supported MnOx/TiO2 catalyst. The improved SO2 resistance 
was attributed to the evenly distributed TiO2 shell preserving more 
Mn4+ active centers in MnOx@TiO2 after poisoning. Likewise, Huang 
et al. [33] have prepared a MnFeOx@TiO2 catalyst by dipping deposition 
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that exhibited higher K resistance than a MnFeOx/TiO2 catalyst pre-
pared by impregnation method, due to the protective effect of the TiO2 
shell on the core species. On the other hand, Yu et al. [34] introduced a 
novel MnOx@Eu-CeOx nanorod catalyst with multiple protective attri-
butes using a chemical precipitation method. The MnOx@Eu-CeOx 
catalyst exhibited superior SCR performance and strong SO2 tolerance 
due to enhanced surface acidity and redox properties, which also 
reduced the deposition of surface sulfates. Oppositely, Huang et al. [35] 
prepared and introduced a core-shell-shell Ce@Mn@TiOx catalyst with 
high redox capacity due to the co-existence of Ce and Mn and high 
surface acidity due to coating of the outer TiO2 shell. The high acidity 
promoted the adsorption and activation of NH3 resulting in excellent LT 
catalytic performance as well as wide working temperature window. 
Notably, the TiO2 shell also protected the active sites from competitive 
adsorption of H2O and SO2 leading to better resistance of the 
components. 

In this work, a series of MnOx nanorods and derived novel core-shell 
catalysts with TiO2 and CeO2 were prepared and systematically evalu-
ated with respect to catalytic activity and H2O resistance for LT NH3- 
SCR. Various methods of characterization were applied to investigate 
the core-shell nanostructures and the physicochemical properties of the 
catalysts in order to correlate material characteristics and catalytic 
performance. 

2. Experimental 

2.1. Catalyst preparation 

2.1.1. MnOx catalyst 
MnOx nanorods were prepared via a traditional hydrothermal 

method using the following protocol: A solution of 2.50 g (15 mmol) 
KMnO4 (≥99.0%, Sigma) and 1.00 g (5 mmol) MnSO4⋅H2O (≥99.0%, 
Sigma) in 100 mL of deionized water was stirred (500 rpm) at room 
temperature for 1 h, and then transferred to an autoclave with Teflon 
inset for thermal treatment at 140 ◦C for 12 h. After reaction, the 
autoclave was cooled to room temperature and the resulting product 
collected and washed thoroughly (6 × 250 mL) with deionized water by 
intermediate centrifugation (12,000 rpm, 10 min), dried at 100 ◦C 
overnight, and finally calcined in air at 500 ◦C for 2 h (heating rate 2 ◦C/ 
min). 

2.1.2. MnOx@TiO2 catalyst 
A core-shell MnOx@TiO2 catalyst was synthesized by a kinetics- 

controlled coating method using the synthesized MnOx nanorods [36]. 
0.176 g (~2.00 mmol) MnOx nanorods (uncalcined) was dispersed in 
100 mL abs. ethanol (≥99.8%, VWR), whereafter 0.4 mL 25 wt% aq. 
ammonia (p.a., VWR) was added to the solution followed by ultra-
sonication for 30 min. Afterwards, 0.75 mL (2.00 mmol) tetrabutyl 
titanate (97.0%, Sigma) was added dropwise to the solution and the 
mixture maintained at 45 ◦C for 24 h under continuous magnetic stirring 
(500 rpm). After cooling to room temperature, the final product was 
collected and washed thoroughly (6 × 250 mL) with deionized water by 
intermediate centrifugation (12,000 rpm, 10 min), dried at 100 ◦C 
overnight and finally calcined in air at 500 ◦C for 2 h (heating rate 
2 ◦C/min). 

2.1.3. MnOx@TiO2@CeO2 catalysts 
Core-shell-shell MnOx@TiO2@CeO2 catalysts were synthesized by a 

self-assembly method using synthesized MnOx@TiO2 catalyst. 0.179 g 
(~1.00 mmol) MnOx@TiO2 (uncalcined) was dispersed in a mixture of 
40 mL deionized water and 40 mL abs. ethanol followed by adding first 
0.108 g (0.25 mmol) Ce(NO3)3⋅6H2O (≥99.0%, Sigma) and then 0.070 g 
(0.50 mmol) hexamethylenetetramine (HMT) (≥99.0%, Sigma). After 
stirring at room temperature for 30 min, the mixture was heated to 75 ◦C 
and refluxed for 2 h with stirring (500 rpm). The resulting precipitate 
was collected and washed thoroughly (6 × 250 mL) with deionized 

water by intermediate centrifugation (12,000 rpm, 10 min), dried at 
100 ◦C overnight and finally calcined in air at 500 ◦C for 2 h (heating 
rate 2 ◦C/min). 

The prepared catalyst was denoted MnOx@TiO2@CeO2-0.25, where 
0.25 refers to the theoretical molar ratio of Ce/Mn. Three analogous 
catalysts with different Ce/Mn ratios were synthesized by the same 
method as above, and denoted MnOx@TiO2@CeO2-0.5 (Ce/Mn = 0.50), 
MnOx@TiO2@CeO2-0.75 (Ce/Mn = 0.75) and MnOx@TiO2@CeO2-1.0 
(Ce/Mn = 1.0), respectively. 

2.1.4. MnOx@CeO2 catalysts 
Core-shell MnOx@CeO2 catalysts with molar Ce/Mn ratios of 0.25, 

0.50, 0.75 and 1.0 were synthesized by the self-assembly method 
described for MnOx@TiO2@CeO2 and denoted in a similar way as 
MnOx@CeO2-0.25, MnOx@CeO2-0.5, MnOx@CeO2-0.75 and MnOx@-
CeO2-1.0, respectively. 

2.1.5. MnOx@CeO2@TiO2 catalyst 
A core-shell-shell MnOx@CeO2@TiO2-0.5 catalyst was synthesized 

from the pre-obtained MnOx@CeO2-0.5 catalyst by a kinetics-controlled 
coating method analogously to the procedure described for the prepa-
ration of MnOx@TiO2. 

2.2. Catalyst characterization 

X-ray powder diffraction (XRD) measurements were carried out on a 
Huber G670 powder diffractometer using Cu Kα radiation within a 2θ 
range of 5–85◦. 

Transmission electron microscopy (TEM) and elemental mapping by 
energy-dispersive X-ray spectroscopy (EDS) were recorded on a Tecnai 
T20 electron microscope equipped with Oxford EDS detector (X-Max 80 
T) and an acceleration voltage of 200 kV. 

Nitrogen adsorption-desorption isotherms were measured on a 
Micromeritics ASAP 2010 instrument at − 196 ◦C. Prior to each test, the 
sample was degassed at 300 ◦C for 3 h. 

X-ray fluorescence (XRF) was measured on an Epsilon 3 spectrometer 
(PANalytical B.V., Almelo). Before measurement, 0.1 g of the sample 
was mixed with 10.4 g flux (67% Li2B4O7, 33% LiBO2) and then heated 
to 1050 ◦C in a Claisse LeNeo Fusion Oven to obtain a fused bead. 

X-ray photoelectron spectroscopy (XPS) was performed ex-situ with 
a Thermo Scientific system at room temperature using Al Kα radiation 
(1484.6 eV) and a spot size of 400 μm. A flood gun was used to reduce 
sample charging effects. Data processing was done using the Avantage 
5.948 software and all binding energies were before deconvolution 
calibrated relative to the C 1s (284.8 eV). 

Thermogravimetric analysis (TGA) was conducted on a Mettler 
Toledo TGA/DSC 1 SF instrument. About 8 mg of sample was placed in a 
70 μL alumina crucible and heated from room temperature to 800 ◦C at a 
rate of 10 ◦C/min in N2 flow (20 mL/min). 

Temperature-programmed desorption of NH3 (NH3-TPD) was con-
ducted on a Micromeritics Autochem-II instrument equipped with a 
thermal conductivity detector (TCD). 100 mg of the sample was prior to 
a typical measurement treated in He flow (50 mL/min) at 300 ◦C for 1 h 
and cooled to 100 ◦C. Then the sample was exposed to 1% NH3/He (50 
mL/min) for 1 h, followed by purging with He (50 mL/min) at 100 ◦C for 
30 min to remove weakly adsorbed NH3. Finally, the sample was heated 
to 600 ◦C at a rate of 10 ◦C/min in He flow (50 mL/min) and the des-
orbed NH3 quantified with the TCD detector. 

Temperature-programmed reduction of H2 (H2-TPR) was performed 
on the same instrument as NH3-TPD. Prior to a typical measurement, 50 
mg sample was treated in He flow (50 mL/min) at 300 ◦C for 1 h and 
cooled to 50 ◦C. Then, the sample was heated to 800 ◦C at a rate of 
10 ◦C/min in 5% H2/Ar flow (50 mL/min), while H2 consumption was 
quantified with the TCD detector. 
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2.3. Catalytic activity test 

The NH3-SCR activity tests were done with 50 mg of fractionized 
catalyst (0.25–0.355 mm) in a fixed-bed quartz reactor (inner diameter 
3.74 mm) using a feed gas containing 600 ppm NO, 600 ppm NH3, 4.5 
vol% O2, 2.5 or 10 vol% H2O (when used) and N2 as the balance. The 
total gas flow rate was either 100 or 200 mL/min corresponding to a 
weight hourly space velocity (WHSV) of 120,000 or 240,000 mL/(g⋅h), 
respectively. The concentration of the effluent gases NO, NO2 and NH3 
from the reactor was continuously monitored using a 17C NH3 Analyzer 
(Thermo Electron Corporation) after reaching a steady state at each 
reaction temperature. 

The NOx conversion (X) was calculated as Eq. (1), where CNOx,in and 
CNOx,out are the inlet and outlet concentrations of gaseous NOx, including 
both NO and NO2. 

X =
CNOx ,in − CNOx ,out

CNOx ,in
× 100 % (1) 

The rate constants (k) were derived from NOx conversion measured 

under steady state and calculated as shown in Eq. (2) assuming a first- 
order reaction of NO and plug flow conditions, where F is the total 
molar flow rate (mol/s), W is the mass of catalyst (g), and X is the NOx 
conversion (%). 

k= −
F
W

ln(1 − X) (2)  

3. Results and discussion 

3.1. NH3-SCR activity of catalysts 

The NH3-SCR performance (i.e. NOx conversion) of the prepared 
MnOx@CeO2 catalysts with different Ce/Mn ratios were initially 
measured in the temperature range 50–280 ◦C (Fig. 1a). The MnOx@-
CeO2-0.5 catalyst (denoted as MnOx@CeO2 in the following) exhibited 
slightly better LT performance (<150 ◦C) than the catalysts with alter-
native Ce/Mn ratios and was therefore used a basis for the synthesis of 
the core@shell@shell catalyst MnOx@CeO2@TiO2. This double-layered 
catalyst exhibited lower LT SCR activity compared to the mono-layered 
MnOx@TiO2 catalyst, but similar activity as MnOx@CeO2 catalyst at low 
temperatures (<200 ◦C) (Fig. 1b). Oppositely, the SCR activity of the 
MnOx@CeO2@TiO2 catalyst was superior at higher temperatures 
(>225 ◦C), suggesting that the outer TiO2 shell diminished the undesired 
oxidation of NH3 to NO. 

A series of alternative MnOx@TiO2@CeO2 catalysts with different 
Ce/Mn ratios were tested next (Fig. 2). Overall, the activity trends of the 
MnOx@TiO2@CeO2 catalysts were the same as for the MnOx@CeO2 
catalysts with the catalyst having Ce/Mn ratio of 0.5, i.e. MnOx@-
TiO2@CeO2-0.5 (denoted as MnOx@TiO2@CeO2 in the following) per-
forming the best at all temperatures 50–280 ◦C. Notably, the obtained 
NOx conversion of 96% at 185 ◦C with relatively high WHSV was su-
perior performance compared to Mn-based catalysts previously reported 
in literature (Table S1), and the corresponding reaction rate constant (k) 
of MnOx@TiO2@CeO2 at 100 ◦C was accordingly also much higher than 
the alternative catalysts. At lower WHSV (60,000 and 120,000 mL/ 
(g⋅h)) most catalysts reached a plateau with full NOx conversion in a 
broad temperature range from already 100 ◦C (Fig. S1), thus making it 
difficult to distinguish their performance. Therefore, the higher WHSV 
of 240,000 mL/(g⋅h) was applied for further study and comparison. 

A more detailed analysis of the activity profiles of the MnOx@-
TiO2@CeO2 catalyst and the MnOx and MnOx@TiO2 catalysts with dry 

Fig. 1. NOx conversion of (a) MnOx@CeO2 catalysts with different Ce/Mn ra-
tios (WHSV = 120,000 mL/(g⋅h)) and (b) MnOx@TiO2, MnOx@CeO2 and 
MnOx@CeO2@TiO2 catalysts (WHSV = 240,000 mL/(g⋅h)). Reaction condi-
tions: [NO] = [NH3] = 600 ppm, [O2] = 4.5 vol%, balanced by N2. 

Fig. 2. NOx conversion of MnOx@TiO2@CeO2 catalysts with different Ce/Mn 
ratios. Reaction conditions: [NO] = [NH3] = 600 ppm, [O2] = 4.5 vol%, 
balanced by N2, WHSV = 240,000 mL/(g⋅h). 
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feed gas (Fig. 3a), revealed that the temperature window with NOx 
conversion >80% (T80) broadened gradually when MnOx was coated 
with the TiO2 shell to MnOx@TiO2 (135–250 ◦C) and with an additional 
outer shell of CeO2 to MnOx@TiO2@CeO2 (120–260 ◦C). Moreover, 
MnOx@TiO2@CeO2 showed significantly higher LT (<200 ◦C) activity 
than a commercial VWT (3 wt% V2O5-7 wt.% WO3/TiO2) catalyst. In 
addition, MnOx@TiO2@CeO2 exhibited a good stability at 185 ◦C 
(Fig. S2). Based on k values calculated by Eq. (2) for X < 50%, the 
Arrhenius plots of MnOx and MnOx-derived catalysts in the temperature 
range 50–100 ◦C and the commercial VWT catalyst in the temperature 
range 115–185 ◦C (Fig. S3) showed also that MnOx@TiO2@CeO2 had 
the lowest apparent activation energy (Ea) of 53.6 kJ/mol conducive for 
the NH3-SCR reaction. 

In the presence of water in the gas feed (2.5 vol%), the catalytic 
activity of the pure MnOx catalyst was significantly inhibited by the 
water vapor whereas the core-shell catalysts showed much better H2O 
tolerance. Especially MnOx@TiO2@CeO2 maintained a high NOx con-
version with T80 in the temperature range 180–255 ◦C (Fig. 3b). Simi-
larly, the MnOx@TiO2@CeO2 catalyst was also much less effected when 
exposed to a feed gas with a higher water concentration (10 vol%) for 2 

h at 185 ◦C (Fig. 4). Importantly, the catalyst recovered also significantly 
more of its original activity (86%) after 1 h of re-exposure to dry feed gas 
in comparison to the MnOx (38%) and MnOx@TiO2 (72%) catalysts. 
Hence, overall the encapsulated MnOx core with an inner shell of TiO2 
and an outer shell of CeO2 improved both the NH3-SCR activity as well as 
water resistance. 

3.2. Characterization of catalysts 

3.2.1. Structure, morphology and porosity 
XRD was used to determine the phase compositions of MnOx and the 

derived core-shell catalysts (Fig. 5). Only characteristic peaks of crys-
talline MnO2 (JCPDS PDF 72–1982) were detected in the diffraction 
patterns of MnOx and MnOx@TiO2, indicating a high dispersion of TiO2 
in the latter catalyst which was further confirmed by the elemental 
mapping (Fig. S4). For MnOx@TiO2@CeO2 new diffraction peaks 
appeared corresponding to CeO2 (JCPDS PDF 65–5923) and analogous 

Fig. 3. NOx conversion of MnOx, MnOx@TiO2, MnOx@CeO2, MnOx@CeO2@-
TiO2, MnOx@TiO2@CeO2 and commercial VWT catalyst (3 wt% V2O5-7 wt.% 
WO3/TiO2) (a) without water and (b) with water in the feed gas. Reaction 
conditions: [NO] = [NH3] = 600 ppm, [O2] = 4.5 vol%, [H2O] = 2.5 vol% 
(when used), balanced by N2, WHSV = 240,000 mL/(g⋅h). 

Fig. 4. Water resistance tests of MnOx, MnOx@TiO2 and MnOx@TiO2@CeO2 at 
185 ◦C. Reaction conditions: [NO] = [NH3] = 600 ppm, [O2] = 4.5 vol%, 
[H2O] = 10 vol% (when used), balanced by N2, WHSV = 240,000 mL/(g⋅h). 

Fig. 5. XRD patterns of MnOx and derived core-shell catalysts.  
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CeO2 peaks were also present in MnOx@CeO2, while the crystalline 
MnO2 phase in both catalysts were less obvious which was also the case 
after successive coating with TiO2 in MnOx@CeO2@TiO2. 

The morphologies of MnOx, MnOx@TiO2 and MnOx@TiO2@CeO2 
were examined by TEM (Fig. 6). The TEM images revealed that MnOx 
had regular nanorod structure (Fig. 6a–c) with lattice fringes of 0.49 nm 
corresponding to the (200) crystal plane of MnO2 (JCPDS PDF 72–1982). 
In addition, the kinetics-controlled coating process generated core-shell 
MnOx@TiO2 having MnOx nanorods enclosed with TiO2 nanoparticles 
(Fig. 6d–f) with distinctive lattice fringes of 0.33 nm matching the (110) 
crystal plane of TiO2 (JCPDS PDF 48–1278). In the case of MnOx@-
TiO2@CeO2, the TEM images (Fig. 6g–h) further confirmed that the 
MnOx@TiO2@CeO2 maintained a core-shell structure with outer lattice 
fringes of 0.27 nm ascribed to the (200) plane of CeO2 (JCPDS PDF 
65–5923) and inner fringes of the (110) plane of TiO2, indicating 
deposition of a CeO2 layer on the outer surface of MnOx@TiO2. The 
spatial distribution of elements in MnOx@TiO2@CeO2 was also 
measured by elemental mapping using EDS (Fig. 7), which confirmed 
that Ce species were mainly located in the outer layer of the material, 
while Ti species dominated in the middle layer and Mn species in the 
interior of the catalyst, thus verifying a core-shell-shell structure of 

MnOx@TiO2@CeO2. 
Nitrogen adsorption/desorption isotherms of MnOx, MnOx@CeO2, 

MnOx@CeO2@TiO2, MnOx@TiO2 and MnOx@TiO2@CeO2 (Fig. S5) 
were typical type-IV isotherms with H3 hysteresis loops (IUPAC classi-
fication) demonstrating mesoporous structures. The specific surface 
areas, pore volumes and pore sizes of the catalysts are summarized in 
Table 1. Compared to the MnOx nanorods, MnOx@TiO2 displayed a 
much higher specific surface area as well as pore volume likely due to 
high dispersion of TiO2 on the surface of the nanorods in accordance 
with the result of XRD, while only marginally differences were found for 
MnOx@CeO2. After coating with additional layers of CeO2 or TiO2, the 
specific surface of both catalysts decreased slightly, however, MnOx@-
TiO2@CeO2 retained a relatively higher specific surface area (64.3 m2/ 
g) than MnOx@CeO2@TiO2 (49.5 m2/g). The higher specific surface is 
expected to provide more active sites, which likely played an important 
role for its better NH3-SCR performance. 

3.2.2. Composition 
To determine surface chemical compositions and elemental states 

were XPS measurements carried out with MnOx, MnOx@TiO2 and 
MnOx@TiO2@CeO2. The Mn 2p spectra (Fig. 8a) had two main peaks 

Fig. 6. TEM images of (a–c) MnOx nanorods, (d–f) MnOx@TiO2 and (g–i) MnOx@TiO2@CeO2 catalysts.  
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around 644 and 654 eV attributed to Mn 2p3/2 and Mn 2p1/2 [37,38], 
where the former peak could be deconvoluted into separate peaks of 
Mn3+ (642.7 eV) and Mn4+ (645.8 eV) [39]. The relative atomic ratio of 
Mn4+ compared to Mn3+ was calculated from integrated peak areas as 
Mn4+/(Mn4+ + Mn3+) to be 15.2, 28.1 and 28.6% for MnOx, MnOx@-
TiO2 and MnOx@TiO2@CeO2, respectively (Table 2), thus indicating 
that the coating of TiO2 resulted in a significant increase of Mn4+ on the 
MnOx@TiO2 and MnOx@TiO2@CeO2 catalysts. The generation of more 
surface Mn4+ could be due to strong interaction occurring through the 
interface between the MnOx and TiO2 layers, which facilitates charge 
transfer between Mn and Ti as demonstrated previously in the literature 
[35,40–42]. The higher Mn4+ ratios were likely propitious to their LT 
NH3-SCR performance as also demonstrated previously for other 

Mn-based catalysts [37,43]. Notably, as expected the Mn 2p signals 
obtained with MnOx@TiO2 and MnOx@TiO2@CeO2 were also less 
intense indicating a lower Mn concentration in the outer surface of the 
core-shell materials. In line with this, XRF analyses of the two core-shell 
catalysts showed higher Mn/Ti and Mn/Ce bulk atomic ratios than the 
corresponding atomic surface ratios determined by XPS. Overall, the 
results corroborated that Ce was mainly located in the outer layer, Ti in 
the middle layer and Mn in the interior of the MnOx@TiO2@CeO2 
catalyst, which matched very well with the TEM EDS results. 

The O 1s XPS spectra of the three catalysts were also recorded 
(Fig. 8b) and could be deconvoluted into two peaks Oα (529.7 eV) and Oβ 
(531.8 eV) assigned to lattice oxygen and chemisorbed oxygen, 
respectively [44–46]. The ratio of Oβ was calculated by the integral areas 
of Oβ/(Oβ + Oα) (Table 2) and showed that MnOx@TiO2 and MnOx@-
TiO2@CeO2 had much higher Oβ ratio than MnOx. In general, electro-
philic Oβ with high mobility is more reactive and more easily exchanged 
with gas oxygen or oxygen molecules adsorbed on a catalyst surface in 
comparison to Oα [47–49], thus suggesting that the higher Oβ concen-
tration likely also contributed to the improved catalytic performance 
found for MnOx@TiO2 and MnOx@TiO2@CeO2 in the NH3-SCR 
reaction. 

3.2.3. Acidity and redox properties 
H2-TPR experiments were conducted with the MnOx, MnOx@TiO2 

and MnOx@TiO2@CeO2 catalysts (Fig. 9) to probe the redox properties 

Fig. 7. TEM EDS elemental mapping images of MnOx@TiO2@CeO2 catalyst.  

Table 1 
Specific surface area, pore volume and average pore size of catalysts.a  

Catalyst Surface area 
(m2/g) 

Pore volume 
(cm3/g) 

Average pore size 
(nm) 

MnOx 45.0 0.12 10.98 
MnOx@CeO2 50.4 0.09 7.37 
MnOx@CeO2@TiO2 49.5 0.10 8.44 
MnOx@TiO2 67.2 0.14 8.58 
MnOx@TiO2@CeO2 64.3 0.13 8.27  

a Determined by N2 adsorption/desorption. 
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of MnOx, which according to literature is reduced stepwise (i.e., MnO2 → 
Mn2O3 → Mn3O4 → MnO) between 150 and 500 ◦C [37,50,51]. Pristine 
MnOx only had one broad and strong reduction band centered at 343 ◦C, 
which probably comprised overlapping peaks of the different reduction 
steps. Such excessive number of redox sites on the catalyst might have 
facilitated the unselective oxidation of NH3 and poor SCR performance 
experienced at higher temperatures of 200–300 ◦C. Oppositely, both 
MnOx@TiO2 and MnOx@TiO2@CeO2 exhibited three distinct reduction 
peaks around 290, 340 and 480 ◦C attributed to the sequential reduction 
steps. Notably, the additional CeO2 coating had minor influence on the 

redox property as both peak intensities and positions remained rather 
similar for the core-shell catalysts. 

Catalyst surface acidity also plays an important role for the perfor-
mance in NH3-SCR [52,53] and the acidities of MnOx, MnOx@TiO2 and 
MnOx@TiO2@CeO2 were therefore further evaluated by NH3-TPD 
(Fig. 10). MnOx exhibited a broad peak in the range of 100–200 ◦C 
attributed to weak acid sites, while an intense peak >525 ◦C likely 
originated from decomposition of the metal oxide as shown by sup-
porting TG analysis (inset in Fig. 10). For MnOx@TiO2 and MnOx@-
TiO2@CeO2 additional broad peaks appearing at 200–300 ◦C suggested 
that the coating shells induced more medium acid sites especially for the 
latter double-layered catalyst. Moreover, new peaks around 500 ◦C for 
the latter catalysts attributed to the release of oxygen from the decom-
position of MnO2 to Mn2O3 [54,55], indicated that these catalysts con-
tained more surface Mn4+ than MnOx in accordance with the results 
from the Mn 2p XPS. Thus, overall the abundant acid sites in MnOx@-
TiO2@CeO2 contributed not only to improve the LT SCR activity of the 
catalyst, but it also beneficially affected its water resistance by allevi-
ating the inhibiting effect of water due to competitive adsorption with 
NH3 on acid sites [56–58]. 

4. Conclusions 

The syntheses of highly active and durable LT NH3-SCR catalysts is 
imperative for NOx control in industrial processes. In this regard, the 
rational design of core-shell catalysts has attracted significant attention 
due to their unique structure properties. In this work, MnOx nanorod and 
derived core-shell catalysts with TiO2 and CeO2 were prepared, char-
acterized and their performance for LT NH3-SCR studied under different 
conditions. The core-shell-shell MnOx@TiO2@CeO2 catalyst displayed 

Fig. 8. XPS spectra of (a) Mn 2p and (b) O 1s of MnOx, MnOx@TiO2 and 
MnOx@TiO2@CeO2. 

Table 2 
Composition of MnOx, MnOx@TiO2, and MnOx@TiO2@CeO2 catalysts.  

Catalyst Atomic concentration (%) Relative atomic ratio (%) 

XRF XPS 

Mn Ti Ce Mn Ti Ce O Mn4+ Mn3+ Oα Oβ 

MnOx 100.0 0.0 0.0 31.3 0.0 0.0 63.6 15.2 84.8 64.1 35.9 
MnOx@TiO2 87.9 12.1 0.0 15.0 15.5 0.0 61.4 28.1 71.9 41.9 58.1 
MnOx@TiO2@CeO2 59.2 7.9 32.9 11.8 7.6 10.7 69.9 28.6 71.4 44.8 55.3  

Fig. 9. H2-TPR profiles of MnOx, MnOx@TiO2 and MnOx@TiO2@-
CeO2 catalysts. 
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excellent LT activity with NOx conversion >80% in the temperature 
range 120–260 ◦C with dry feed gas and 180–255 ◦C with humid feed 
gas (2.5 vol% H2O) using high WHSV of 240,000 mL/(g⋅h). Notably, the 
NOx conversion remained also relatively high with more water in the 
feed gas (10 vol% H2O), whereas water inhibition was much more 
pronounced with MnOx nanorod and MnOx@TiO2 catalysts. 

The XRD and TEM results provided clear evidence of the successful 
synthesis of the core-shell-shell MnOx@TiO2@CeO2 catalyst. The highly 
dispersed TiO2 nanoparticles formed an inner surface shell around the 
MnOx nanorods, while CeO2 nanoparticles formed the outer surface 
shell. BET results showed that the specific surface area of the catalyst 
increased significantly due to the presence of the evenly distributed TiO2 
shell. The high surface area could enhance the accessibility of the active 
sites, leading to improved catalytic activity. In addition, the XPS results 
revealed that the TiO2 shell also markedly increased the surface Mn4+

ratio and chemisorbed oxygen, which was likely due to the strong 
interaction occurring through the interface between the TiO2 shell and 
MnOx nanorods. Mn4+ is demonstrated to be the main active species 
responsible for the oxidation of NO to NO2, and the presence of chem-
isorbed oxygen could facilitate this reaction, thus promoting the LT NH3- 
SCR activity. Furthermore, the NH3-TPD results indicated that the outer 
CeO2 shell significantly increased the acid density of MnOx@TiO2@-
CeO2, which was beneficial for NH3 adsorption. NH3 adsorption is a 
crucial step for the SCR reaction to proceed. The increased acid density 
could also alleviate the competitive adsorption between NH3 and water, 
contributing to the enhanced water tolerance, which is essential for the 
durability of the catalyst under practical operating conditions. 

Overall, the inner TiO2 and outer CeO2 shells have been shown to 
play important roles in improving the specific surface area, surface Mn4+

ratio, chemisorbed oxygen and acid density, leading to excellent LT 
activity and good water tolerance. The work demonstrates that rational 
core-shell catalyst design can lead to high LT performance as well as 
improved durability of Mn-based NH3-SCR catalysts. 
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