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The effect of dopants (Fe, Al) on the low-temperature activity and SO2 
tolerance in solvothermally synthesized MnOx NH3-SCR catalysts 
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Centre for Catalysis and Sustainable Chemistry, Department of Chemistry, Technical University of Denmark, 2800 Kgs. Lyngby, Denmark   
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A B S T R A C T   

Fe-doped MnOx catalyst prepared by a preferred solvothermal method displayed noticeably better low- 
temperature (LT) NH3-SCR performance and water stability than an analogously prepared Al-doped MnOx 
catalyst. The SCR activity of both catalysts decreased markedly when exposed to SO2, but the resultant MnFeOx-S 
catalyst retained higher LT activity than MnAlOx-S and recovered significantly more of its original activity after 
thermal regeneration (400 ◦C). Comprehensive characterization confirmed that the deactivation of the catalysts 
was governed by formation of stable metal sulfates, which only decomposed to a minor extent upon thermal 
treatment although Al doping lowered the thermal stability of the adsorbed sulfur species. Additionally, Fe 
doping was found to facilitate electron transfer between Mn and Fe ions and weaken the interaction between 
active sites and deposited sulfates during the heating procedure, which promoted re-oxidation of Mn2+ to 
catalytically active Mn3+/Mn4+. Altogether, the altered redox properties resulted in improved LT SCR perfor-
mance, enhanced water stability, higher SO2 tolerance and superior regeneration of the MnFeOx catalyst.   

1. Introduction 

Nitrogen oxides (NOx) are major atmospheric pollutants inducing a 
series of environmental problems like acid rain, photochemical smog, 
and ozone layer depletion [1]. Selective catalytic reduction of NOx with 
NH3 (NH3-SCR) is considered the most effective approach for NOx 
removal from stationary sources such as power- and incineration plants 
[2,3]. Traditionally V2O5-WO3/TiO2 (VWTi) catalysts are used for such 
installations, but recently low temperature (LT) NH3-SCR catalysts have 
attracted considerable attention as these allow installing the SCR unit 
after flue gas desulfurization and dust removal units without the need 
for costly flue-gas reheating [4,5]. Particularly, environmentally benign 
Mn-based catalysts with excellent LT activity have been extensively 
studied as promising alternatives to VWTi catalysts. However, pure 
MnOx catalysts suffer from a narrow active temperature window, un-
desirable NH3 oxidation at relatively low temperature (>200 ◦C) and 
high sensitivity to water and SO2 [6,7]. To overcome these drawbacks 
efforts have instead focused on modified catalysts containing MnOx 
doped with other elements [8–10], MnOx supported on other metal 
oxide supports [11,12], and Mn-containing materials with novel struc-
tures [13–16]. 

Fe is one of the most studied elements to modify MnOx catalysts. 

Zhao et al. [17] doped different proportions of Fe species into Mn 
metal–organic frameworks (MOFs) and obtained upon different thermal 
treatments a series of MnOx, Mn4FeOx, MnFeOx and MnFe4Ox catalysts. 
MnFeOx was found to have not only a large specific surface area but also 
good reduction ability and abundant oxygen vacancies, which all 
contributed to improved LT NH3-SCR performance. In addition, the 
catalyst also showed better water resistance which the authors attrib-
uted to the significantly enhanced charge transfer between Fe and Mn 
species (Mn4+ + Fe2+ → Mn3+ + Fe3+, Mn3+ + Fe2+→ Mn2+ + Fe3+). 
Moreover, Wei et al. [18] reported a novel mesoporous nanostructured 
Mn0.5Fe2.5O4 spinel catalyst with tailored redox properties. Its superior 
SCR catalytic activity was attributed mainly to appropriate redox 
properties derived from the unique structure with regularly dispersed 
active sites as well as preferentially exposed (220) crystal plane. Li et al. 
[19] further synthesized a series of MnFeOx nanorods with different Fe/ 
Mn molar ratios, where MnFe0.1Ox showed the highest LT SCR perfor-
mance as well as improved stability and resistance to water and SO2. The 
concentration of surface chemisorbed oxygen and acid sites increased in 
the catalyst by the addition of Fe, and, more importantly, electronic 
transfer between Mn and Fe ions led to higher activity for oxidation of 
NO to NO2. Hence, clearly the modification of Mn-based catalysts with 
Fe can benefit from both electronic and structural synergies. 
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Due to high thermal stability and acidic surface properties, alumina 
(Al2O3) is often used as a support to improve the catalytic activity of Mn- 
based catalysts. Jin et al. [20] supported Mn-Ce oxides on TiO2 and 
Al2O3 and observed that Mn-Ce/Al2O3 exhibited a relatively higher SCR 
activity than Mn-Ce/TiO2 above 150 ◦C due to more Brønsted acid sites. 
The higher acid density promoted adsorption and oxidation of NO to 
NO2, and the consecutive reaction between NO2/NO2-containing species 
and adsorbed NH3 led to higher NO conversion. Furthermore, Yao et al. 
[21] found MnOx/γ-Al2O3 to exhibit the best LT NH3-SCR performance, 
both in absence or presence of water and SO2, when the influence of 
various supports on the catalytic performance of MnOx was examined. 
This confirmed that Al2O3 also increased the SO2 tolerance of MnOx 
catalysts, and Fan et al. [22] explained this by facilitated decomposition 
of NH4HSO4 and lower thermal stability of adsorbed SO2 species when 
Al2O3 was introduced into MnOx. The abovementioned studies corrob-
orate that introduction of Fe- and Al species to MnOx catalysts increase 
SCR activity as well as the water and sulfur tolerance, but the promotion 
mechanisms remain more elusive. Additionally, a more direct compar-
ison of the different promoting effects between Fe and Al has not been 
reported. 

In this work, the impacts of water and SO2 on the LT NH3-SCR per-
formance of MnFeOx catalysts synthesized by solvothermal method 
(MnFeOx-H) and citric acid method (MnFeOx-CA) are evaluated. 
MnFeOx-H were shown to have the best tolerance for both water and 
SO2. Subsequently, Al-doped MnAlOx-H catalysts were also prepared 
and systematically examined to elucidate the effects of Fe and Al on the 
SCR performance, SO2 resistance and catalyst regeneration. Appropriate 
characterization methods were further used to determine the impacts of 
the two metals on the poisoning and regeneration mechanism of the 
MnOx catalysts. 

2. Materials and methods 

2.1. Catalyst preparation 

MnFeOx-H catalysts were prepared via a solvothermal method. In a 
typical procedure, an appropriate amount of manganese(III) acetyla-
cetonate (≥99.0%, Sigma) and iron(III) acetylacetonate (≥97.0%, 
Sigma) (total amount of Mn and Fe was fixed at 2 mmol) were dissolved 
in a solution of 15 mL glycerol (≥98.0%, VWR) and 60 mL isopropanol 
(≥99.8%, VWR) at room temperature and stirred (500 rpm) for 30 min 
followed by ultrasonic treatment for 30 min. Then, the obtained mixture 
was transferred to a 200 mL sealed Teflon autoclave and maintained at 
180 ◦C for 12 h. After cooling to room temperature, the product was 
collected and washed with deionized water (5 × 250 mL) and absolute 
ethanol (VWR) (2 × 100 mL) with intermediate centrifugation (12,000 
rpm, 5 min) between each washing step. Finally, the product was dried 
at 100 ◦C overnight and calcined at 400 ◦C for 2 h in air with a heating 
rate of 2 ◦C/min. The obtained catalyst was denoted as MnFeOx-H (x:y), 
where x:y refers to the molar ratio of Mn:Fe. 

MnAlOx-H catalysts were synthesized using the same solvothermal 
method as above with aluminum acetylacetonate (≥99.0%, Sigma) 
instead of iron(III) acetylacetonate, and denoted as MnAlOx-H (x:y) with 
x:y referring to the molar ratio of Mn:Al. Likewise, pure MnOx-H and 
FeOx-H were also prepared by the same method without adding iron(III) 
acetylacetonate and manganese(III) acetylacetonate, respectively. 

For comparison, MnFeOx-CA (3:1) catalyst with the same elemental 
composition as MnFeOx-H (3:1) was prepared according to a reported 
citric acid method [23]. The details are described in the Supporting 
Information. 

Sulfur poisoned catalysts were obtained by pre-treating 100 mg of 
fractionized catalyst (45–60 mesh, 250–355 μm) in a fixed-bed quartz 
reactor with a gas flow of 100 ppm SO2 + 4.5 vol% O2/N2 (100 mL/min) 
at 150 ◦C for 6 h (catalyst labeled with -S, e.g. MnFeOx-S) to simulate the 
situation where only metal sulfates were present. Afterwards, the 
poisoned catalysts were treated at 400 ◦C for 2 h in static air, which is a 

normally used thermal regeneration method [22,24,25]. The obtained 
catalysts are labeled with -R, e.g. MnFeOx-R. 

2.2. Catalyst characterization 

Transmission electron microscopy (TEM) was performed on a Tecnai 
T20 microscope equipped with an acceleration voltage of 200 kV. TEM 
samples were prepared by dispersing powder samples in ethanol with 
the aid of ultrasonic treatment for 5 min, followed by depositing droplets 
of the suspension on Lacey Carbon Films on 300 Mesh Copper Grids. 

Elemental composition of samples was determined by scanning 
electron microscope (SEM) on a AFEG 250 Analytical ESEM equipped 
with an energy dispersive X-ray spectrometer (EDS) quanta 200FEG 
Oxford X-Max. 

X-ray powder diffraction (XRD) was recorded on a Huber G670 
powder diffractometer using Cu Kα radiation (λ = 1.5406 Å) within a 2θ 
range of 25–85◦. 

Nitrogen physisorption measurements were performed on a Micro-
meritics ASAP 2010 instrument at − 196 ◦C after the sample was 
degassed at 110 ◦C for 24 h. 

Thermogravimetric analysis (TGA) was done on a Mettler Toledo 
TGA/DSC 1 SF instrument from room temperature to 800 ◦C with a 
heating rate of 10 ◦C/min in N2 flow (20 mL/min). 

X-ray photoelectron spectroscopy (XPS) was carried out on a Thermo 
Scientific system at room temperature using Al Kα radiation (1484.6 eV) 
and a spot size of 400 μm equipped with a flood gun to reduce sample 
charging effects. All data were calibrated relative to the C 1s (284.8 eV). 

Temperature-programmed reduction with H2 (H2-TPR) and 
temperature-programmed desorption of NH3 (NH3-TPD) were conduct-
ed on a Micromeritics Autochem-II instrument equipped with a thermal 
conductivity detector (TCD). Prior to H2-TPR measurement, 50 mg 
sample was pre-treated in He flow (50 mL/min) at 200 ◦C for 3 h fol-
lowed by cooling to 50 ◦C. Then, TCD signal was recorded from 50 to 
800 ◦C at a rate of 10 ◦C/min in 5% H2/Ar flow (50 mL/min). In a typical 
NH3-TPD measurement the sample was pre-treated at 200 ◦C for 3 h and 
cooled to 100 ◦C, where after it 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, TCD signal was recorded from 50 
to 600 ◦C at a rate of 10 ◦C/min in He flow (50 mL/min). 

In-situ electron paramagnetic resonance (EPR) measurements were 
conducted using a Bruker X-band EMX EPR spectrometer equipped with 
a ST4102 cavity. The spectra were typically measured at a microwave 
frequency of 9.46 GHz with a modulation frequency of 100 kHz, mod-
ulation amplitude of 5.2 G and a time constant of 40.96 ms in the field 
range of 50 to 550 mT. Approximately 15 mg fractionized catalyst 
(45–60 mesh, 250–355 μm) was placed in an open-ended quartz tube 
and pretreated with 10 vol% O2/He (200 mL/min) at 250 ◦C for 1 h 
followed by cooling to 200 ◦C under He (200 mL/min) before each 
measurement. After decreasing the temperature to 200 ◦C, the sample 
was exposed to different gas flows (200 mL/min), i.e. 1000 ppm NO +
1000 ppm NH3/He for reduction, 1000 ppm NO + 10 vol% O2/He for 
oxidation, 1000 ppm NO + 1000 ppm NH3 + 10 vol% O2/He for NH3- 
SCR. EPR spectra were recorded every 1.6 min during the entire 
procedure. 

2.3. Catalyst performance evaluation 

NH3-SCR activity measurements were generally performed with 50 
or 100 mg of fractionized catalyst (45–60 mesh, 250–355 μm) 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, 25 ppm SO2 (when used), 2.5 
vol% or 10 vol% H2O (when used) with N2 as balance at a fixed total gas 
flow rate of 200 mL/min (STP), corresponding to a weight hourly space 
velocity (WHSV) of 240,000 or 120,000 mL/g•h, respectively. However, 
for the determination of reaction kinetics (rate constant, k) 10 mg of 
fractionized catalyst (45–60 mesh, 250–355 μm) was used instead with a 
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high WHSV of 1,200,000 mL/g•h (STP) in the range of 60–100 ◦C, 
where the NOx conversion was below 25%. Catalytic oxidation of NO 
and NH3 were also measured in the same reactor setup using a feed gas 
containing 600 ppm NO or NH3 and 4.75 vol% O2 with N2 as balance 
(WHSV 240,000 mL/g•h). Prior to measurement, each sample was 
pretreated at 200 ◦C for 30 min under 5 vol% O2/N2, followed by cooling 
to the starting temperature. This allowed to remove surface adsorbed 
impurities (like water), making the measurements fully reproducible. 

The concentrations of the effluent gases NO, NO2 and NH3 from the 
reactor were in all experiments continuously monitored using a 17C NH3 
Analyzer (Thermo Electron Corporation) and recorded after reaching a 
steady state at each temperature (approx. 40 min). Meanwhile, N2O at 
the outlet was measured by an Antaris IGS flue gas analyzer (Thermo 
Scientific, USA). The NOx conversion (X), N2 selectivity, NO to NO2 
conversion and NH3 conversion were calculated as Eqs. (1)–(4), where 
[NOx]in, [NO2]in, [NO]in and [NH3]in were the inlet concentrations of 
gaseous NOx (including both NO and NO2), NO2, NO and NH3, respec-
tively. Likewise, [NOx]out, [NO2]out, [NH3]out and [N2O]out were the 
outlet concentrations of gaseous NOx, NO2, NH3 and N2O. The rate 
constant k (mL/g•s) was calculated as shown in Eq. (5) assuming a first- 
order reaction of NO and plug flow conditions, where F was the total 
flow rate (mL/s) at STP, W was the mass of catalyst (g), and X was the 
fractional NOx conversion. 

X(%) =
[NOx]in − [NOx]out

[NOx]in
× 100% (1)  

N2 selectivity (%) =
[NOx]in − [NOx]out + [NH3]in − [NH3]out − 2[N2O]out

[NOx]in − [NOx]out + [NH3]in − [NH3]out

× 100%
(2)  

NO to NO2 conversion (%) =
[NO2]out − [NO2]in

[NO]in
× 100% (3)  

NH3 conversion (%) =
[NH3]in − [NH3]out

[NH3]in
× 100% (4)  

k = −
F
W

ln(1 − X) (5)  

3. Results and discussion 

3.1. Catalyst performance 

The performance of MnFeOx-H catalysts with different Mn/Fe ratios 
was initially evaluated (Fig. S1a). MnFeOx-H (3:1) having the same Mn/ 
Fe ratio as previously reported optimal for a supported TiO2 catalysts 
[26] was found to exhibit the highest SCR activity among all the 
MnFeOx-H catalysts as well as pure MnOx-H and FeOx-H. Furthermore, 
the MnFeOx-H (3:1) catalyst showed both improved water and SO2 
tolerance compared to the MnFeOx-CA (3:1) catalyst prepared by citric 
acid method (Fig. S2). TEM images of MnFeOx-H (3:1) revealed that the 
catalyst had a hybrid structure comprised of nanoparticles and nano-
tubes (Fig. S3a), whereas MnFeOx-CA (3:1) consisted of only nano-
particles (Fig. S3b). Taking advantage of the hybrid structure, the 
influence of Al on the performance of MnAlOx-H catalysts with different 
Mn/Al ratios was next evaluated. Here, MnAlOx-H (2:1) with a similar 
hybrid structure (Fig. S3c) displayed higher LT NOx conversion 
(<200 ◦C) than all the MnAlOx-H catalysts as well as pure MnOx-H 
(Fig. S1b), but its activity was lower than MnFeOx-H (3:1) at all studied 
WHSVs (Fig. S4, MnFeOx-H (3:1) and MnAlOx-H (2:1) denoted briefly as 
MnFeOx and MnAlOx, respectively). Notably, MnFeOx exhibited a 
broader temperature window and much higher rate constant value 
compared to those reported in literature (Table S1). In addition, both 
MnFeOx and MnAlOx exhibited a much higher N2 selectivity than pure 

MnOx (Fig. S5) with the latter showing the highest selectivity. This 
indicated clearly that both the loading of Fe and Al enhanced the N2 
selectivity of the MnOx catalyst. In general, the MnFeOx catalyst (≥ 90% 
NO conversion at 100–250 ◦C) had superior SCR performance (Fig. 1a) 
compared to the MnAlOx catalyst (≥ 90% NO conversion at 
150–250 ◦C). 

The oxidation of NO to NO2 has been reported to be beneficial for LT 
SCR by promoting “fast SCR” [10,27,28], and for this reason the NO 
oxidation ability of MnFeOx and MnAlOx were measured. As shown in 
Fig. 1b, MnFeOx yielded a higher NO oxidation rate than MnAlOx which 
could be responsible for the enhanced LT activity found in the SCR re-
action (see above). On the other hand, NH3 can also be unselectively 
oxidized to N2 and N2O especially at high temperatures, leading to a 
decrease of NOx conversion and N2 selectivity [29]. To check for this, the 
NH3 oxidation activity was evaluated for the two catalysts (Fig. 1c). For 
both catalysts, the NH3 conversion increased with temperature reaching 
around 68% (MnAlOx) and 89% (MnFeOx) at 200 ◦C, thus corroborating 
that undesired oxidation was an important factor for the observed 
decrease of SCR catalytic activity above 200 ◦C and the lower N2 
selectivity of MnFeOx compared to that of MnAlOx (Fig. S5). 

Kinetic experiments were further carried out with the two catalysts 
at relatively high WHSV (1,200,000 mL/g•h) in the temperature range 
of 60–100 ◦C (NOx conversions < 25%). Arrhenius plots based on the 
first-order rate constants of the two catalysts are shown in Fig. 1d along 
with the corresponding apparent activation energies (Ea) and pre- 
exponential factors (A). MnFeOx exhibited the highest reaction rate 
despite the higher Ea (53.6 ± 1.5 kJ/mol) compared to MnAlOx (41.4 ±
2.3 kJ/mol). This is reasonable because the A value was found to be two 
orders of magnitude larger for MnFeOx than for MnAlOx, thus indicating 
a much higher reaction probability of the former catalyst due to a higher 
density of catalytically active sites. 

3.2. Effects of H2O and SO2 on catalyst performance 

In practical applications, flue gas often contains a significant mois-
ture content and the performance of MnFeOx and MnAlOx was therefore 
assessed at 185 ◦C with the presence of 10 vol% H2O in the feed gas 
(Fig. S6a). Before the introduction of H2O, the two catalysts exhibited 
stable activity with NO conversion levels of 95 and 91%, respectively. 
Upon H2O exposure the conversions declined within the first 2 h before 
stabilizing at 55 and 37%, respectively, indicating greater water toler-
ance of MnFeOx. However, after removing H2O from the feed gas both 
catalysts recovered almost completely their initial activity, thus 
demonstrating that the water-induced inhibition was reversible. 
Conversely, the N2 selectivity of both catalysts increased after intro-
ducing H2O to the feed gas (Fig. S6b), suggesting that H2O had a strong 
inhibition on N2O formation during the LT SCR reaction, consistent with 
previous studies [7,30]. 

SO2 is another important component in real flue gas. To assess the 
SO2 tolerance of the MnFeOx and MnAlOx catalysts, an initial test was 
conducted by continuously introducing SO2 (25 ppm) into the feed gas 
at 185 ◦C (Fig S7). The results confirmed that both catalysts exhibited a 
significant reduction in NOx conversion over time, and thus limited 
tolerance to SO2 as also found for other Mn-based catalysts [6,7]. 
However, MnFeOx displayed a slower deactivation rate compared to 
MnAlOx, suggesting a higher SO2 tolerance of the former catalyst. 

The primary cause of irreversible deactivation of Mn-based SCR 
catalysts has been shown to be the formation of metal sulfates (mainly 
MnSO4), exhibiting limited thermal decomposition within the operating 
temperature range [24,31]. To clarify the impact of these sulfates on the 
performance of the Fe/Al-doped MnOx catalysts, an activity evaluation 
and comparison was performed among fresh MnFeOx and MnAlOx cat-
alysts, the respective S-poisoned catalysts obtained through pretreat-
ment with SO2, and thermally regenerated catalysts (Fig. 2a-c). The NOx 
conversion with both S-poisoned catalysts decreased significantly at low 
temperatures, but MnFeOx-S maintained a much higher activity than 
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Fig. 1. (a) NOx conversion, (b) NO to NO2 conversion, and (c) NH3 conversion 
of MnFeOx and MnAlOx as well as (d) Arrhenius plots based on the reaction rate 
constants of MnFeOx and MnAlOx between 60 and 100 ◦C. Reaction conditions: 
[NO] = 600 ppm (a and b), [NH3] = 600 ppm (a and c), [O2] = 4.5 vol%, 
balanced by N2, WHSV = 240,000 mL/g⋅h (a-c) and 1,200,000 mL/g•h (d). 

Fig. 2. NOx conversion during NH3-SCR of fresh (Fresh), poisoned (S) and 
thermally regenerated (R) (a) MnFeOx and (b) MnAlOx catalyst. (c) Comparison 
of the NOx conversions of the different catalysts at 200 ◦C. Reaction conditions: 
[NO] = [NH3] = 600 ppm, [O2] = 4.5 vol%, balanced by N2, WHSV = 240,000 
mL/(g⋅h). 
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MnAlOx-S at ≥ 150 ◦C yielding higher NOx conversion, e.g. 34% 
(MnFeOx-S) and 17% (MnAlOx-S) at 200 ◦C. After thermal regeneration, 
the activity of MnFeOx-R was well recovered and even higher than the 
fresh sample at 300 ◦C (likely due to less unselective NH3 oxidation). 
Oppositely, the activity of MnAlOx-R restored only to a lesser extent 
confirming that MnFeOx exhibited both stronger SO2 resistance and 
better thermal recoverability than MnAlOx. 

3.3. Composition and morphology of catalysts 

To reveal the factors contributing to the different performance ob-
tained for the MnFeOx and MnAlOx catalysts, a series of characterization 
experiments were carried out. The composition of catalysts obtained 
from SEM-EDS mapping (Figs. S8 and S9) and listed in Table 1 showed 
that the atomic ratios of Fe/Mn (0.37) and Al/Mn (0.53) in the fresh 
samples were close to the theoretical values of 0.33 and 0.50, respec-
tively. Moreover, no obvious difference in sulfur concentration among 
the S-poisoned and thermally regenerated catalysts was observed, but 
the surface atomic ratios of Fe/Mn and Al/Mn calculated from XPS 
(Table 2, see Section 3.4) were much higher than those found by SEM- 
EDS analysis. In combination with XRD analysis of MnFeOx and MnA-
lOx (Fig. 3) where peaks corresponding to Fe2O3 and Al2O3, but not 
MnOx species, were observed, this suggested that Fe and Al mainly 
aggregated on the surface and that their doping improved the dispersion 
of MnOx species. Moreover, after sulfur poisoning the XRD diffraction 
peaks of Fe2O3 and Al2O3 were much weakened. However, for MnAlOx-R 
the Al2O3 peaks reappeared after regeneration indicating that species of 
weakly adsorbed SO2 on Al2O3 decomposed during the thermal treat-
ment [22]. This also matched well with the XPS results where the Al/Mn 
ratio was found to increase after thermal regeneration (Table 2). Also, 
the large relative difference of surface sulfur concentration before and 
after thermal regeneration (19%) indicated formation of less stable 
surface sulfur species on MnAlOx-S. 

TGA measurements were performed to examine the generated sulfur 
species on the S-poisoned and thermally regenerated catalysts in more 
detail (Fig. 3c). The weight losses of all catalysts could be assigned to 
desorption of physically adsorbed water and impurities (step I, <
200 ◦C), loss of weakly adsorbed surface sulfur species (step II, 
200–400 ◦C) and release of O2 from metal oxides and decomposition of 
more stable metal sulfates, e.g. manganese sulfate and iron sulfate (step 
III, > 400 ◦C) [22,25,32,33]. For the MnFeOx-S catalyst the weight loss 
in step II and step III were 3.3 and 9.7% respectively, while they were 
4.7 and 9.8% for the MnAlOx-S catalyst. After thermal regeneration at 
400 ◦C, the weight loss of MnFeOx-R and MnAlOx-R in step II were 3.0 
and 4.0%, respectively, thus revealing a relatively larger weight loss 
between poisoned/regenerated catalysts for MnAlOx (0.7%) than for 
MnFeOx (0.3%). This suggested formation of more weakly adsorbed 
surface sulfur species (mainly Al2(SO4)3) in the former catalyst system, 
which is in line with other studies where introduction of Al2O3 to MnOx 
has been found to reduce the thermal stability of adsorbed sulfur species 
[22]. On the other hand, the weight losses in step III for the regenerated 
catalysts were higher (MnFeOx-R: 10.9%, MnAlOx-R: 10.1%) than that 
of the poisoned samples, which may be due to the release of oxygen from 

higher valence state metal oxides formed during the thermal regenera-
tion process. 

The specific surface area and porosity of the different MnFeOx and 
MnAlOx catalysts were further analyzed by N2 physisorption (Fig. S10), 
which showed that all catalysts exhibited type IV isotherms with H3 type 
hysteresis indicative of mesoporous structures. The surface area and 
pore volume of the fresh catalysts were reduced to less than half after 
sulfur poisoning, while the average pore size increased slightly 
(Table 1). This indicated coverage of the surface by metal sulfates and 
possible blockage of small pores, which could be important factors for 
the deactivation as larger surface area usually corresponds to more 
active sites and higher catalytic activity. However, as fresh MnAlOx had 
a larger surface area than fresh MnFeOx but lower LT SCR activity, other 
factors than the surface area contributed to the activity difference be-
tween the catalyst systems. 

3.4. Surface elemental states in catalysts 

XPS analyses were performed with the different MnFeOx and MnAlOx 
catalysts to determine surface chemical compositions and elemental 
states. The Mn 2p XPS spectra of the fresh catalysts (Figs. 4a and b) 
revealed three peaks corresponding to Mn2+ (640.5 eV), Mn3+

(641.6–641.7 eV) and Mn4+ (643.1–643.5 eV), while the S-poisoned and 
thermally regenerated catalysts gave peaks assigned to Mn2+

(639.9–640.4 eV), Mn3+ (641.6–642.2 eV) and Mn4+ (643.9–644.3 eV), 
respectively [34]. The two latter peaks were shifted to higher binding 
energies, which could be due to the stronger electron-withdrawing effect 
of sulfate species compared to that of oxide ions, thus making the 
binding energies of neighboring Mn3+ and Mn4+ species shift to higher 
energies [35,36]. After thermal regeneration, all peaks in MnFeOx-R 
were moved to lower binding energies while those from MnAlOx-R 
remained almost unchanged, thus indicating that a weakened combi-
nation between Mn and SO4

2- occurred mainly in the MnFeOx-R catalyst 
after the heating. 

The relative atomic ratios of Mn4+, Mn3+ and Mn2+ in all catalysts 
were calculated from the integrated peak areas (Table 2). The Mn4+

ratio in fresh MnFeOx (31.5%) was higher than that in fresh MnAlOx 
(28.2%), possibly explaining the catalyst’s higher NO oxidation activity 
as Mn4+ has been reported to favor the oxidation of NO to NO2 [8,37]. 
After SO2 poisoning, the Mn4+ ratios in both catalysts decreased mark-
edly and was only partly recovered by thermal regeneration (likely re- 
oxidation of Mn2+ to Mn4+). Oppositely, the Mn2+ ratios in MnFeOx-S 
(18.8%) and MnFeOx-R (8.4%) were lower than those in MnAlOx-S 
(23.3%) and MnAlOx-R (20.0%), especially after regeneration, which 
could be ascribed to re-oxidation of Mn2+ through redox cycles between 
Mn4+/Mn3+/Mn2+ and Fe3+/Fe2+ [17,19]. Previous studies have 
demonstrated that Mn species in higher oxidation states are conducive 
to redox reactions over Mn-based catalysts [9,38], and the higher frac-
tions of Mn4+ and Mn3+ in MnFeOx-S and MnFeOx-R may therefore play 
an important role for their higher relative LT SCR activity. 

In the Fe 2p XPS spectra of MnFeOx, MnFeOx-S and MnFeOx-R 
(Fig. 4c), two main peaks assigned to Fe 2p3/2 (710 eV) and Fe 2p1/2 
(724 eV) [39,40] could be deconvoluted into Fe3+ and Fe2+ [23] and 

Table 1 
Composition and pore structure of catalysts.  

Catalyst Element conc. (wt%)a  Atomic ratioa  Surface area (m2/g)b Pore volume (cm3/g)b Average pore size (nm)b 

Mn Fe Al  S  Fe/Mn Al/Mn  

MnFeOx  54.8  20.8  –   –   0.37  –   132.0  0.20  6.08 
MnFeOx-S  45.7  17.8  –   4.3   0.38  –   62.6  0.11  7.06 
MnFeOx-R  42.9  16.7  –   4.4   0.38  –   54.8  0.10  7.18 
MnAlOx  48.5  –  12.6   –   –  0.53   163.5  0.30  7.45 
MnAlOx-S  49.3  –  9.9   3.8   –  0.41   64.0  0.16  10.10 
MnAlOx-R  47.2  –  11.3   4.1   –  0.49   75.2  0.18  9.33  

a Determined by SEM-EDS mapping. b Determined by N2 physisorption. 
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their relative atomic ratio calculated (Table 2). The Fe3+ ratio decreased 
significantly after poisoning (38.5 to 19.4%) due to reduction by SO2. 
However, upon thermal regeneration the Fe3+ ratio increased again to 
some extent (23.1%), possibly due to the abovementioned redox re-
actions between Mn- and Fe species. Moreover, the Fe3+ peak was 
shifted to higher binding energy after poisoning but to lower energy 
after thermal regeneration, indicating that the bonding between SO4

2- 

and Fe3+ was weakened by the thermal regeneration process. The 
change of chemical environment of Fe3+ was in accordance with the 
change found for Mn, confirming that heating promoted the electron 
transfer between Mn and Fe which weakened the interactions of both 
Mn and Fe3+ with SO4

2-. 
Likewise, in the O 1s XPS spectra of the SO2 poisoned and regener-

ated catalysts (Fig. 4d) three peaks could be assigned to lattice oxygen 
Oα (529.0–529.4 eV), surface chemisorbed oxygen Oβ (530.0–530.9 eV), 
and physisorbed water Oγ (531.2–532.2 eV) associated to the surface 
metal sulfates, respectively [41]. It has been reported that Oβ plays a 
more important role than Oα and Oγ for the SCR activity of Mn catalysts 
due to its higher mobility [37,42,43]. In line with this, the Oβ ratios for 
MnFeOx-S (32.6%) and MnFeOx-R (40.7%) were much higher than that 
of MnAlOx-S (27.0%) and MnAlOx-R (32.0%), leading to the better 
catalytic activity shown in Fig. 2. 

3.5. Redox properties of catalysts 

H2-TPR was performed to reveal redox properties of the different 
MnFeOx and MnAlOx catalysts, as lower reduction temperatures of 
catalytically active species correlate with stronger ability to oxidize NO 
to NO2 and better LT NH3-SCR [44,45]. For the fresh MnFeOx catalyst 
(Fig. 5a), a peak centered at 273 ◦C was attributed to the reduction of 
MnO2 to Mn2O3 whereas two other peaks at 399 ◦C and 586 ◦C were 
ascribed to overlapping reduction of Fe2O3 to Fe3O4/Mn2O3 to MnO and 
the reduction of Fe3O4 to FeO, respectively [9,39,44,46]. In MnFeOx-S, a 
strong peak appeared at 495 ◦C and the intensity of the second reduction 
peak increased significantly due to the coupled reduction of Mn3+ and 
SO4

2- [47,48]. In addition, the first peak shifted to a higher temperature 
(370 ◦C) indicating the strong metal-sulfate interaction between Mn and 
SO4

2- and lower redox ability of the MnFeOx-S catalyst. After heat 
treatment, all peaks shifted to lower temperatures suggesting that the 
redox ability of MnFeOx-R was restored to some extent and confirmed 
that Mn/Fe and SO4

2- interactions were weakened in accordance with the 
XPS results (see above). For all the catalysts were the reduction peaks 
fitted (Fig. S11) and the peak positions (Peak I: MnO2 to Mn2O3, Peak II: 
Mn2O3 to MnO) as well as the H2 consumptions calculated by the peak 
areas listed in Table S2. The H2 consumption (Peak I + II) of MnFeOx-R 
was much higher than that of MnFeOx-S, indicating more reducible Mn 
sites in the latter catalyst. 

In the H2-TPR profile of the fresh MnAlOx catalyst (Fig. 5b), two 
reduction peaks ascribed to Mn4+/Mn3+ (291 ◦C) and Mn3+/Mn2+

(444 ◦C) were also seen. In the same way, sulfur poisoning had similar 
effects on the redox property of MnAlOx-S, i.e. both peaks were shifted to 
higher temperatures and the intensity of the second peak increased 

significantly due to the overlapped reduction of Mn3+ and SO4
2-. Simi-

larly, the first reduction peak was shifted to slightly lower temperature 
for the MnAlOx-R catalyst after regeneration, but to a much smaller 
extent than that of MnFeOx-R. In addition, the difference of H2 con-
sumption between MnAlOx-S and MnAlOx-R was much smaller than that 
between MnFeOx-S and MnFeOx-R (Table S2), indicating a lower 
recoverability of reducible Mn sites over MnAlOx compared to MnFeOx. 
Overall, the MnAlOx catalysts were generally reduced at higher tem-
peratures than the corresponding MnFeOx catalysts, and this lower 
reducibility was likely a main reason why the MnAlOx catalysts 
exhibited inferior SCR performance in comparison to the MnFeOx 
catalysts. 

3.6. Acidity of catalysts 

NH3-TPD measurements were carried out on the different MnFeOx 
and MnAlOx catalysts (Fig. S12) to investigate their acid properties, as 
both the density and strength of acid sites are important for the SCR 
reaction [34,49]. NH3 adsorbed on weak acid sites can generally be 
activated at lower temperature and therefore be beneficial for LT SCR, 
while NH3 adsorbed on medium and strong acid sites contributes only at 
relatively high temperatures [22]. MnFeOx (Fig. S12a) exhibited in the 
temperature range 100–350 ◦C one desorption peak at 162 ◦C attributed 
to NH3 adsorbed on weak acid sites (0.33 mmoL/g). After SO2 poisoning, 
the amount of adsorbed NH3 was significantly increased and a new peak 
at 285 ◦C ascribed to medium-strong acid sites appeared for MnFeOx-S 
[50], which could be due to abundant Brønsted acid sites resulting from 
the formation of SO4

2− after poisoning [48,51,52]. This confirmed that 
the poisoning resulted in both higher acid density (1.29 mmoL/g) and 
acid site strength. After thermal regeneration, the density of the 
medium-strong acid sites was lowered in MnFeOx-R due to partial 
decomposition of the surface sulfates, but the NH3 adsorption and acid 
density (0.78 mmoL/g) remained much higher than that of the fresh 
catalyst. 

The MnAlOx catalysts exhibited similar NH3-TPD peaks and trends as 
MnFeOx between fresh, poisoned and regenerated catalysts (Fig. S12b) 
resulting in acid sites densities of MnAlOx (0.49 mmoL/g), MnAlOx-S 
(1.32 mmoL/g) and MnAlOx-R (1.18 mmoL/g), respectively. Consid-
ering the SCR activity results (Fig. 2) where the Fe-doped catalysts 
exhibited better LT performance than the Al-doped catalysts, it is 
therefore clear that the surface acidity was not a main factor contrib-
uting to the observed activity difference. 

3.7. In-situ EPR of catalysts 

The difference in redox ability of the MnFeOx and MnAlOx catalysts 
was above corroborated to be a main factor responsible for the different 
catalytic behavior of the catalysts. To provide further insight on the 
redox abilities in-situ EPR measurements was performed on the catalysts 
during exposure to various feed gases, i.e. NH3/NO, O2/NO and NH3/ 
NO/O2 at 200 ◦C. MnFeOx showed after pretreatment (O2/He at 250 ◦C 
for 1 h followed by cooling to 200 ◦C in He) a small EPR signal at g⊥ =

Table 2 
Surface composition and elemental atomic ratios in catalysts.  

Catalyst Surface composition (atomic %) and atomic ratioa  Relative atomic ratio (%)a,b 

Mn Fe Al O S Fe/Mn Al/Mn  Mn2+ Mn3+ Mn4+ Fe2+ Fe3+ Oα Oβ Oγ 

MnFeOx  24.6  13.2  –  62.2  –  0.54  –   3.4  65.1  31.5  61.5  38.5  57.5  42.5  – 
MnFeOx-S  20.6  12.1  –  64.5  2.7  0.59  –   18.8  64.0  17.2  80.6  19.4  22.2  32.6  45.2 
MnFeOx-R  20.9  10.2  –  66.4  2.5  0.49  –   8.4  70.5  21.1  76.9  23.1  19.5  40.7  39.8 
MnAlOx  20.8  –  15.5  63.8  –  –  0.75   5.2  66.6  28.2  –  –  56.5  43.5  – 
MnAlOx-S  15.3  –  14.3  66.2  4.2  –  0.94   23.3  58.6  18.1  –  –  25.0  27.0  48.0 
MnAlOx-R  16.3  –  17.6  62.6  3.4  –  1.08   20.0  57.3  22.7  –  –  23.6  32.0  44.4  

a Determined by XPS. b Calculated as Mn2+/(Mn4+
+ Mn3+

+ Mn2+), Mn3+/(Mn4+
+ Mn3+

+ Mn2+), Mn4+/(Mn4+
+ Mn3+

+ Mn2+), Fe3+/(Fe3+
+ Fe2+), Fe2+/ 

(Fe3+ + Fe2+), Oα/(Oα + Oβ + Oγ), Oβ/(Oα + Oβ + Oγ) and Oγ/(Oα + Oβ + Oγ), respectively. 
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Fig. 3. XRD patterns of fresh, poisoned (S) and thermally regenerated (R) (a) 
MnFeOx and (b) MnAlOx catalysts along with reference materials. (c) TG pro-
files of poisoned (S) and thermally regenerated (R) MnFeOx and MnA-
lOx catalysts. 

Fig. 4. (a) and (b) Mn 2p, (c) Fe 2p, and (d) O 1s XPS spectra of fresh, poisoned 
(S) and thermally regenerated (R) MnFeOx and MnAlOx catalysts. 
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2.000 ascribed to Mn2+ (Fig. 6a) [53], and the signal increased signifi-
cantly after exposure to a reducing gas flow of NH3/NO due to the 
reduction of Mn4+/Mn3+ to Mn2+. Oppositely, the signal decreased after 
exposure to an oxidation gas flow of O2/NO where Mn2+ was re-oxidized 
to Mn4+/Mn3+, and when exposed to a full SCR gas flow of NH3/NO/O2 
the EPR signal remained close to this oxidation curve. Thus, it is evident 
that a redox cycle between Mn4+/Mn3+/Mn2+ existed during the SCR 
process and the MnOx surface sites were mainly at high chemical states, 
i.e. Mn4+/Mn3+. The SO2 poisoned catalyst MnFeOx-S underwent 
similar redox changes as MnFeOx (Fig. 6b), but the signal intensity after 
exposure to NH3/NO was much lower than for MnFeOx, which was 
probably a consequence of the formed surface sulfates. Moreover, the 
difference in EPR intensity between the reduced/oxidized state was 
much smaller than for MnFeOx indicating a weaker redox ability of the 
MnOx species in MnFeOx-S as also found by H2-TPR (see Section 3.5). In 
contrast, the difference in EPR intensity between the reduced/oxidized 
state of the regenerated catalyst MnFeOx-R was much larger than for 
MnFeOx-S, and the EPR intensity of the catalyst was also higher in NH3/ 
NO than in the full SCR feed, due to the stronger reducing environment 
of NH3/NO (Fig. 6c). The latter difference was not observed with 
MnFeOx-S, suggesting that the redox ability of MnOx species on the 
catalyst was improved after regeneration in agreement with the H2-TPR 
result. 

For the MnAlOx catalyst only a weak EPR signal (g⊥ = 2.009) 
assigned to Mn2+ was detected even when exposed to NH3/NO 

(Fig. S13a), suggesting that Mn4+ was predominantly reduced to Mn3+

(EPR-silent) and only to a minor extent to Mn2+ when exposed to NH3/ 
NO. This observation agreed well with the H2-TPR measurements 
(Section 3.5) where the Mn3+ to Mn2+ reduction peak of MnAlOx was 
less intense and shifted to higher temperature than that of MnFeOx. For 
the SO2 poisoned (MnAlOx-S) and regenerated (MnAlOx-R) catalysts, the 
signal of Mn2+ species was also detected under different gas atmo-
spheres (Figs. S13b and c), but no significant difference in EPR intensity 
was observed, thus verifying that the Al-doped MnOx catalysts indeed 
had a poorer redox ability than the corresponding Fe-doped catalysts. 

3.8. Mechanisms of SO2 poisoning and regeneration of catalysts 

The formation of NH4HSO4 and metal sulfates are generally the two 
main contributors for SO2 poisoning of SCR catalysts [54,55]. For MnOx 
catalysts with excellent LT activity, the introduction of additives can 
increase the poisoning resistance towards SO2 and extend the catalyst 
lifetime [6,7]. This is primarily attributed to a lowering of the number of 
active sites, mainly MnO2, resulting from the formation of MnSO4 which 
only decomposes at high temperature (> 800 ◦C). Conversely, formed 
NH4HSO4 can be decomposed at much lower temperature (< 300 ◦C). 

When MnFeOx and MnAlOx were pretreated with SO2 containing gas 
(100 ppm SO2 + 4.5 vol% O2, 150 ◦C, 6 h) both catalysts were almost 
completely deactivated, corresponding to a saturation of the active sites 
(especially MnOx) with sulfates. As a result, the surface area of both 
catalysts decreased significantly and only the MnAlOx catalyst regained 
some of its original surface area by thermal regeneration. According to 
TG and XPS analysis more weakly adsorbed sulfates (mainly Al2(SO4)3) 
were formed on the surface of the MnAlOx catalyst, which upon 
decomposition contributed to the increased surface area of the MnAlOx- 
R catalyst, which in turn might be beneficial for the slightly increased 
activity of the MnAlOx-R catalyst at 150 ◦C. However, despite its smaller 
surface area the MnFeOx-R catalyst exhibited a much higher activity 
than MnAlOx-R, thus corroborating other properties than the surface 
area led to its higher recoverability. 

Fresh MnAlOx catalyst had more acid sites (0.49 mmoL/g) than 
MnFeOx (0.33 mmoL/g), indicating Al doping generated more acid sites 
than Fe doping. After SO2 poisoning, medium-strong acid sites increased 
prominently on both catalysts, which could be ascribed to the formation 
of SO4

2− on the catalyst surface resulting in the increased Brønsted acid 
sites, in accordance with other studies [48,51,52]. In general, the NH3- 
SCR process involves the initial adsorption of NH3 on acid sites, followed 
by activation through redox sites [56]. Furthermore, in LT SCR re-
actions, the Langmuir-Hinshelwood mechanism has been reported to 
have a predominant role, necessitating the adsorption of both NH3 and 
NO onto the catalyst surface [6,57]. Consequently, the formation of 
metal sulfates not only hinders the activation of adsorbed NH3 but also 
interferes with the adsorption of gaseous NO, resulting in the decreased 
LT SCR activity observed in both catalysts (see Fig. 2). In contrast, 
Brønsted acid sites have been demonstrated to be active in medium-
–high-temperature NH3-SCR reaction (> 200 ◦C) [58], in which Eley- 
Rideal mechanism plays a dominant role without the need for NO 
adsorption on the catalyst surface, accounting for the high activity of 
both SO2 poisoning catalysts at elevated temperatures (> 300 ◦C). After 
regeneration, a substantial number of acid sites remained on the catalyst 
surfaces due to the remaining metal sulfates. Despite this, it was evident 
that surface acidity was not the primary factor inducing the difference in 
recoverability. 

Beside the activation of adsorbed NH3, it is widely recognized that 
redox sites are predominantly derived from Mn sites within Mn-based 
oxide catalysts [59]. The swift interconversions between Mn4+, Mn3+

and Mn2+ sites constitute efficient redox cycles, which in turn expedite 
the oxidation of NO to NO2 thus promoting fast SCR [32]. After 
poisoning, the Mn4+ ratios in both MnFeOx and MnAlOx declined 
significantly, primarily due to the reduction of Mn4+ by SO2. Concur-
rently, the Oβ ratios on both catalysts also decreased upon poisoning. 

Fig. 5. H2-TPR profiles of (a) MnFeOx and (b) MnAlOx catalysts.  
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Both Mn4+ and Oβ sites are known to play critical roles in the oxidation 
of NO to NO2 [60]. Therefore, the reduction in Mn4+ and Oβ ratios could 
be an important contributing factor to the diminished LT activity 
observed in the SO2 poisoned catalysts. However, the results from H2- 
TPR indicated that the Mn sites on the MnFeOx-S catalyst were more 
reducible compared to those on MnAlOx-S. Additionally, Mn redox sites 
were found to be more abundant in MnFeOx-S. Hence, the stronger redox 
ability and more Mn redox sites appeared to be the principal factors 
accounting for the better LT SCR activity observed in MnFeOx-S (see 
Fig. 2). 

After regeneration, the Oβ ratios in both MnFeOx-R and MnAlOx-R 
increased, with MnFeOx-R displaying a higher Oβ ratio. Moreover, 
MnFeOx-R exhibited a greater proportion of high-valence Mn sites 
(Mn4++Mn3+), which are known to be active sites in the SCR reaction 
[32]. The higher Oβ and Mn4++Mn3+ ratios in MnFeOx-R may be 
attributed to electron transfer between Fe species and Mn species 
[17,19], which also served to weaken the interaction between Mn/Fe 
species with SO4

2-, as evidenced by the shift in binding energy observed 
in Mn 2p and Fe 2p XPS signals. This finding was further supported by 
H2-TPR and in-situ EPR, which revealed a higher content of reducible Mn 
species in MnFeOx-R. Consequently, more active Mn species and surface- 
active oxygen were recovered in the Fe-doped MnOx catalyst compared 
to the Al-doped counterpart through thermal regeneration. This led to 
the superior thermal regenerability of the Fe-doped MnOx catalyst. In 
summary, the mechanisms for the SO2 poisoning and the regeneration of 
the Fe- or Al-doped MnOx catalysts can be proposed as depicted in Fig. 7. 

4. Conclusions 

MnOx catalysts with Fe- and Al-doping (MnFeOx and MnAlOx) were 
synthesized by a preferred solvothermal method and their NH3-SCR 
performance, SO2 resistance and regeneration were systematically 
studied. MnFeOx was found to provide better LT SCR activity than 
MnAlOx yielding > 90% NOx conversion at 100–250 ◦C (WHSV of 
240,000 mL/g•h), while MnAlOx obtained similar conversion only at 
temperatures of 150–250 ◦C. Furthermore, MnFeOx displayed enhanced 
tolerance to water, maintaining a NOx conversion of 55% in the presence 
of 10 vol% H2O at 185 ◦C, whereas MnAlOx exhibited a lower conversion 
of 37% under the same conditions. XPS analysis revealed that MnFeOx 
had a higher Mn4+ ratio than MnAlOx, which probably promoted LT SCR 
by preferential oxidation of NO to NO2. In addition, H2-TPR and in-situ 
EPR results corroborated that MnOx species in MnFeOx were more 
reducible than in MnAlOx, likely due to redox reaction occurring be-
tween Mn- and Fe ions, and this further contributed to improved LT SCR 
performance of the catalyst. 

The MnFeOx catalyst exhibited also improved SO2 resistance and 
thermal regeneration compared to MnAlOx. TGA in combination with 
SEM-EDS mapping showed that stable sulfates formed on the SO2- 
poisoned catalysts MnFeOx-S and MnAlOx-S was a major cause of 
deactivation. However, XPS, H2-TPR and in-situ EPR analysis revealed 
that MnFeOx-S, and especially the thermally regenerated catalyst 
MnFeOx-R, had higher ratios of Mn4+ and Mn3+, more surface chem-
isorbed oxygen (Oβ) and more favorable redox property than the anal-
ogous MnAlOx catalysts due to the electron transfer between Mn and Fe, 
which weakened the interactions between active sites and SO4

2- and 
promoted the re-oxidation of Mn2+ to Mn3+/Mn4+. It overall contrib-
uted to making the MnFeOx catalyst less affected by sulfur poisoning. 

In perspective, the study shed new light on improving SO2 tolerance 
of MnOx catalysts by doping MnOx catalysts with elements that can 
weaken the interaction between Mn and sulfates through an appropriate 
treatment such as thermal regeneration. 
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