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ABSTRACT

Manganese (Mn)-based mixed oxides are considered the most efficient catalysts for low-temperature
ammonia selective catalytic reduction of nitrogen oxides (NOx) (NH3-SCR of NOy). Water resistance
and sulfur tolerance, especially the SO, tolerance of Mn-based catalysts, are the main obstacles prevent-
ing their practical application. Therefore, in this study, a series of cobalt (Co)-doped MnFeOy ternary
mixed oxides catalysts with a hierarchically ordered structure (Hierc-MnFe;_sCos0x, & = 0.2, 0.4 and
0.6) were developed and applied for NH3-SCR of NOy at low temperature. Compared with Hierc-
MnFeO,, Hierc-MnFe,_sCosO4 catalyst exhibited enhanced low-temperature activity and a broadened
temperature window (NO, conversion above 80% was between 90 and 343 °C over Hierc-
MnFeg sC0o40x), as well as better H,O resistance and SO, tolerance. The enhanced low-temperature activ-
ity was attributed to a larger amount of active oxygen species, a higher proportion of Mn**, Fe3* and Co3*
content, and the improvement of surface acidity, which can facilitate the adsorption and activation of NO
and NHs. Additionally, the Hierc-MnFeq sC0p 40y catalyst exhibited superior soot tolerance due to its spe-
cial hierarchically ordered architecture. In situ diffuse reflectance infrared Fourier transform spec-
troscopy (DRIFTS) revealed that the Co-modified Hierc-MnFe;_sCos0x ternary oxide catalyst could
efficiently protect nitrate species on Hierc-MnFeygC0040x from the poisoning effect of SO,, thereby
boosting its SO, tolerance. This study provides a good candidate for low-temperature deNOy application
with enhanced SO, and soot tolerance.

© 2021 Elsevier Inc. All rights reserved.

1. Introduction

and selectivity and low cost [4,6-9]. Vanadium/titanium-based
catalysts have been used successfully in practical applications for

Nitrogen oxides (NOy, x =1, 2) as one of the main atmospheric
pollutants discharged from vehicle and industrial sources, which
can lead to acid rain, haze, and photochemical smog [1-5]. The
NH; selective catalytic reduction (NH3-SCR) of NOy is a well-
established method for elimination of NO, due to its high activity
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many decades. However, they still have some disadvantages, such
as narrow operating temperature (300-400 °C), lower activity at
low temperature, and overoxidation of ammonia to nitrous oxide
(N20) at high temperature [3,10-14]. Due to the high operating
temperature, the SCR unit is placed upstream of the electrofiltra-
tion and devulcanization units, which leads to the rapid deactiva-
tion of catalysts due to the presence of H,O and SO,. To prevent
or minimize their adverse impacts, it is possible to place deNOy cat-
alysts downstream of the electrofilter and devulcanizer. However,
the flue gas temperature will be too low to reach the working tem-
perature window of the vanadium/titanium-based catalyst [15]. In
addition, small amounts of particulate matter, such as soot, may
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still exist in flue gas and can cover the active sites of the deNOy cat-
alysts. Therefore, it is necessary to design and prepare vanadium-
free deNOy catalysts with excellent low-temperature (< 250 °C)
activity and strong resistance to HO/SO, and particulate matter.
Currently, numerous vanadium-free transition metal or mixed
metal oxide catalysts have been shown to be active for NH3-SCR
of NOy [16-19]. Manganese (Mn)-based catalysts have been inves-
tigated intensively due to their superior low-temperature perfor-
mance [15,20-25]. However, pure Mn oxides (MnOy) are readily
poisoned by SO, and H;O. In recent years, an increasing number
of studies have shown that bimetallic Mn-Fe catalysts have fairly
good performance in NH3-SCR, but their low-temperature activity,
especially their H,0/SO, tolerance, is still unsatisfactory
[15,22,26,27]. Recent studies have demonstrated that MnOy prop-
erly doped with cobalt oxide (CoOy) displays excellent catalytic
performance and SO, tolerance, which are attributed to the syner-
gistic effect of Co and Mn [28-31]. Additionally, the particle size of
particulate matter (> 25 nm) is often greater than that of the pores
of conventional deNOy catalysts; thus, the surface-active sites can
be covered readily, resulting in performance degradation.
Materials with hierarchically ordered structure, such as three-
dimensional hierarchically ordered macroporous metal oxide cata-
lysts with uniform large pore diameter (> 50 nm), have attracted a
considerable amount of interest in environmental catalysis [32-
35]. In this study, a series of Co-modified MnFeO, with hierarchi-
cally ordered structure (Hierc-MnFe;_sCos0y, 6 = 0.2, 0.4 and 0.6)
were developed to overcome the various obstacles (including weak
tolerance of H,0, SO, and soot) preventing the practical application
of Mn-based mixed metal oxides for low-temperature NH3-SCR of
NO,. Various techniques were adopted to investigate the effects of
Co addition on the catalytic performance of the Hierc-MnFe;.
5C0s0x catalyst. Our results demonstrated that the Hierc-
MnFeg 6C0g.40x catalysts have superior low-temperature activity,
which can be attributed to its higher surface Mn** (and Fe3*,
Co>") concentration, larger ratio of surface chemical adsorption
oxygen species, and greater acid amount. The SO,/H,0/soot toler-
ance and the reaction mechanism over the Hierc-MnFeg C0g 404
catalyst were also studied in detail. The Co-modified ternary oxide
catalysts with hierarchically ordered structure developed in this
work provide a good example for researchers in this field to design
and synthesize high-performance low-temperature deNOy cata-
lysts with improved H,0, SO, and soot tolerance for practical appli-
cations. An illustration of the synthesis of the hierarchically
ordered Hierc-MnFe;_sCos0x (8 = 0.2, 0.4 and 0.6) catalyst and its
application in the NH3-SCR of NOy is displayed in Scheme 1.

2. Experimental
2.1. Catalyst preparation

2.1.1. Synthesis of Hierc-MnFe;.sCo;0x (6 = 0.2, 0.4 and 0.6)

All reagents were analytical grade and used as received without
further purification. Homogeneously dispersed polymer nano-
spheres (polymethyl methacrylate, PMMA) were synthesized
according to a method described elsewhere [36]. In a typical syn-
thesis of Hierc-MnFeq sC0g 40y, 2.0 g (0.1538 mmol) of F127 surfac-
tant (from Sigma-Aldrich, 99%) and 4.0 g (19.0349 mmol) of citric
acid monohydrate (from Aladdin, 99.5%) as mixture were added to
an ethylene glycol (from Xilong Scientific, 99%) and methanol
(from Xilong Scientific, 99.5%) solution (40 vol%) and stirred for
2 h to form a uniform precursor solution. Then 50 mmol Mn
(NO3),; (50 wt%, from Macklin), 30 mmol Fe(NOs3)s-9H,0 (from
Xilong Scientific, 98.5%), and 20 mmol Co(NOs),-6H,0 (from Xilong
Scientific, 98.5%) were dissolved in the solution to obtain a trans-
parent solution under vigorous stirring at 35 °C for 5 h. The total
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metal concentration for each precursor solution was 2 mol L.
The PMMA nanospheres were soaked for 6 h in the above solution;
after the PMMA template was fully impregnated, vacuum filtration
was carried out to remove the excessive metal precursor solution.
The precipitates were dried at 50 °C in a vacuum oven for 48 h and
first calcined at 310 °Cin N, for 4 h, and then calcined in a tube fur-
nace at a rising rate of 1 °C min~! to 550 °C in air and held for 5 h to
remove the PMMA hard template and the F127 soft template.
Afterwards the desired Hierc-MnFeysC0p40x was obtained.
According to the same procedure, Hierc-MnFe;_sCosO4 catalysts
with various Co content were prepared, and the molar ratio Mn:
Fe:Co was fixed at 1:1-8 :5 (& = 0.2, 0.4 and 0.6). Pure Hierc-
MnO,, Hierc-FeOy, Hierc-CoOx and Hierc-MnFeO, were also syn-
thesized using the same method.

2.1.2. Synthesis of Con-MnFeC0¢ 40, catalysts

For comparison, an MnFeq gCog 40 catalyst without a hierarchi-
cal ordered structure was also prepared by the conventional
method (denoted as Con-MnFepgC0040x). Typically, proper
amounts of Mn(NOs),, Fe(NO3)3-9H,0, and Co(NOs3),-6H,0 precur-
sors were mechanically mixed to form a homogeneous solution;
then the complexing agent was dried and calcined, and the proce-
dures used were the same as above.

2.2. Catalyst characterization

Various characterization techniques were adopted to measure
the physicochemical performance of Hierc-MnFe;_sCos0x (5 = 0.2,
0.4 and 0.6) and related catalysts. Field-emission scanning electron
microscopy (SEM) images, transmission electron microscopy
(TEM) images, and elemental mapping images were obtained using
a JEOL 3000F TEM working at 300 kV equipped with an energy-
dispersive spectroscopy (EDS) detector. X-ray diffraction (XRD)
patterns were recorded on a Bruker AXS D8Focus diffractometer
that operated at 40 kV and 30 mA with a Cu target and Ko-ray irra-
diation (% = 1.54178 A). Scans were collected in the 260 range from
10° to 80° with a step of 2° min~! to analyze the phase structure.
Nitrogen adsorption-desorption analysis was carried out at 77 K
on a Micromeritics ASAP2020 instrument. The specific surface
areas of the samples were calculated using the Brunauer-Emmet
t-Teller (BET) method. The pore size distributions of the samples
were calculated according to the Barrett-Joyner-Halenda (BJH)
method. The average pore sizes of the samples were obtained from
the peak positions of the distribution curves. X-ray photoelectron
spectroscopy (XPS) was performed on a PHI 5000 Versa Probe high
performance electron spectrometer using monochromatic alu-
minum Ko radiation (1486.6 eV) at an accelerating power of
15 kW. Before the measurement, the sample (50 mg) was treated
in an O, flow of 20 mL min~! at 200 °C for 1 h; then the sample
was outgassed at room temperature in a UHV chamber
(1.0 x 10~° Torr). The sample charging effects were compensated
for by calibrating all binding energies (BE) with the adventitious
C 1s peak at 284.5 eV. The BE values of Fe 2p, Mn 2p, Co 2p and
0 1s were calibrated against the C 1s signal (BE = 284.5 eV) of con-
taminant carbon. Temperature-programmed reduction by hydro-
gen (H,-TPR) was carried out on a FINESORB 3010C instrument
in a 30 mL min~! 10% H,-Ar gas flow, with the temperature
increased from room temperature to 950 °C at 10 °C min~! after
pretreatmen at 300 °C for 30 min in flowing N,. Generally, 50 mg
of catalyst was used for this test. Temperature-programmed des-
orption of NH3 (NH3-TPD) was carried out via a Micromeritics ASAP
2920. After the samples were pretreated in pure Ar at 400 °C for
1 h, the adsorption of NH3 was conducted at 50 °C for 1 h, followed
by purging with Ar. Finally, the samples were heated from 50 to
500 °C with a ramping rate of 10 °C min~'. The reaction mecha-
nism was studied by in situ DRIFT measurement on a Fourier trans-
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Scheme 1. Illustration of the hierarchically ordered Hierc-MnFe;_sCos0x (8 = 0.2, 0.4 and 0.6) catalyst: synthesis and application in NH3-SCR of NO,.

form infrared spectrometer (Bruker Tensor 27) equipped with a
Pike DRIFT cell (DiffusIR) and a mercury cadmium telluride
(MCT) detector cooled by liquid nitrogen. For each test, the sam-
ples were pretreated for 60 min in a N, flow at 400 °C and cooled
to target temperature under N, flow. All DRIFT spectra were
recorded by accumulating 64 scans, at a resolution of 4 cm™!, as
a function of time. Gas flow was controlled by a gas mass controller
(Sevenstar, China) and the gas feeds used for the experiment were
a mixture of 500 ppm of NH3/N,, 500 ppm of NO + 5% 0,/N, and
100 ppm of SO, + 5% 0,/N, when used.

2.3. Catalytic and kinetic tests

The deNO, performance of the as-prepared catalysts was evalu-
ated on a fixed-bed tubular quartz system (ID = 6 mm). The feed
gas mixture contained 500 ppm of NO, 500 ppm of NHs, 5% of
0,, 5% of H,0 (when used), 100 ppm of SO, (when used), and N,
as balance gas with a total flow rate of 100 mL min~}, and the

weight hourly space velocity (WHSV) was set at 60,000 mL gc.t

h~'. Prior to the measurement of activity, 100 mg of catalyst was
swept using a flow of 100 mL min~! N, at 300 °C for 1 h to remove
the physisorbed H,0; then the background infrared (IR) spectrum
of the reactor effluent was recorded under nitrogen at room tem-
perature. Thereafter, the IR spectra of the effluent of the reactor
simulated feed were recorded for half an hour. Catalytic activity
performance measurements were conducted by heating the fixed
bed at a rate of 3 °C min~!. The composition and concentration
of the outlet gas were continually monitored by Fourier transform
infrared (FT-IR) spectroscopy using a Nicolet Antaris IGS-Gas Ana-
lyzer (Thermo Fisher Scientific, Waltham, MA) equipped with a 2-
m length gas cell.

The conversion of NOy and selectivity for N, were calculated
according to the equations
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Xno, = (1 7M> x 100%, (1)
[ xlinlet
- 2[N,0] 0
Nyselectivity = (] _ 2" Joutlet
[Nox]inlet - [Nox}outlet + [NH3]in1et - [NH3}outlet

x 100%,
(2)

where Xyo, is the conversion of NOy at a certain temperature (%),
[NOy] = [NO] + [NO;], and [NOxlinter and [NOx]outler are the inlet
and outlet gas concentrations of NOy, respectively.

The kinetic performance of Hierc-MnFegCog40x and related
catalysts was evaluated by calculating the apparent activation
energy (E,) and turnover frequency (TOF) for NOy conversion.
The NH3-SCR kinetic measurements over different as-prepared cat-
alysts were conducted in a quartz reactor. To that end, a sample of
25 mg of the catalyst and 75 mg of inert quartz sand (40-60 mesh)
were packed in a quartz tube (ID 6 mm). The reaction gases con-
tained 500 ppm of NO, 500 ppm of NH3, 5% O, and N, as balance
gas, with a total flow rate of 400 mL min~!; the WHSV was fixed
at 960,000 mL gt h~'; and the NO, conversion rate was kept at
less than 10%. Low conversion of NOy and the absence of mass
and heat transfer limitations ensure the reaction in the kinetic
region. (The influences of mass transport limitation and heat trans-
fer were excluded by calculating the Weisz—Prater criterion and
the Mears criterion, respectively [37-39]. The detailed calculations
are shown in the Supporting Information.) The normalized reaction
rate, Ryo,(mol gt s~1), was calculated using the formula

_ Xno,V
Mea,

3)

RNOX

where V is the gas flow rate (mol s~!) of NOy and mc,. is the mass
weight of the sample. The apparent activation energy (E,, in K]
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mol~!) can be obtained from the Arrhenius plots of the reaction
rate. In addition, the turnover frequency (TOF) value (based on
active species, such as Mn, Fe and Co) per second was used to com-
pare the intrinsic catalytic activity of the catalysts [40]. The calcula-
tion equations are

TOF — vxXno,

: 4)
Vin x (Mn-+Fe-+Co)—surf. (
where v is the flow rate of NO, (m? s™1); V., is the gas molar con-
stant (m® mol™'); and N e co)_swr. iS the total mole number of
atoms on the surfaces of catalysts (mol), which is estimated from
the N, adsorption/desorption and XPS data,

N(Mn+Fe+C0)—surf,

i 5)

T(Mn+Fe+Co)—surf. =

(6)

where N re+co)—surt. iS the number of atoms on the surfaces of cat-
alysts and N, is the Avogadro constant (6.02x10%3 mol 1).
The calculation formulas for Nin.re+co)—surs. ar€

N(Mn+Fe+Co)—surf. = NMn—surf. + NFe—surf. + NCo—surf.a

m- SBET = SMn—surf‘ + SFe—surf, + SCo—surf. + SO—surf.

= NMn—surf. . SMn—single + NFe—surf‘ . SFe—single

(7)

where m (g) is the mass of catalysts used for XPS analysis (50 mg);
Sger (m? g 1) is the surface area of catalysts (Table S2 in the Sup-
porting Information); and SMn—single (mz)v SFe—single (mz)v 5Co—singlev
and So_single (M?) are the surface areas of single atoms, which were
estimated by the hemispheric surface area (27r?). The atomic radii
employed for Mn, Fe, Co and O are as follows:

fvn=1.24x 107" m, ree =1.289 x 107'° m,
feo=1253x10""" m, and ro =64 x 107" m.

+NCo—surf. : SCo—single + NO—surfA . SO—single:

The relationship between Nyy_surf., Nre_surf. and Nco_surf, Was cal-
culated based on the XPS analysis results; relevant values are listed
in Table S3.

The evaluation of the soot resistance capacity was also under-
taken in the same quartz reactor. Commercially obtained Printex-
U (diameter ~25 nm, purchased from Degussa) was chosen as
model particulate matter (soot). Typically, the as-prepared catalyst
(100 mg) and soot (10 mg) were mixed at a weight ratio of 10:1
with a spatula to duplicate the loose contact condition. The
detailed reaction measurement procedures were similar to those
described above.

3. Results and discussion
3.1. Catalytic performance

The performance of Hierc-MnFeO,, Hierc-MnFegCog 40y, and
three pure metal oxide catalyst for deNOy is displayed in Fig. 1a.
The pure Hierc-FeO, catalyst exhibited the worst deNOy perfor-
mance, as only 40% NOy conversion was achieved at 300 °C. The
deNOy activity was also poor in the presence of Hierc-CoOy, yield-
ing 63% NO, conversion at around 310 °C. Intriguingly, Hierc-CoOy
showed a second peak in its activity curves (centered at 310 °C),
which is consistent with previous studies suggesting that this cat-
alyst follows different reaction mechanisms in different tempera-
ture windows [41,42]. However, Hierc-MnO, showed better
activity than Hierc-FeOy and Hierc-CoOy, achieving above 80%
NO, conversion over a narrow temperature window from 175 to
275 °C. The Hierc-MnFeOy catalyst exhibited better low-
temperature activity with a wider temperature window than
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Hierc-MnO,. Remarkably, the NO, conversion was greatly
improved after the doping of Co into Hierc-MnFeOy. The Hierc-
MnFeq sC0g 40y, in particular, with an Fe/Co molar ratio of 6 to 4,
showed the best deNOy activity, especially low-temperature activ-
ity, in which its 100% NOy conversion was as low as 150 °C and its
temperature window (NO, conversion > 80%) ranged from 90 to
343 °C. With increasing cobalt species doping amount, the activity
decreased but was still higher than that of Hierc-MnFeO,
(Fig. 1b). There is an optimal amount of cobalt doping for
Hierc-MnFe;_sCosOy ternary oxide catalysts, and excessive Co dop-
ing was not conducive to enhance its NH5-SCR activity. It should be
noted that hierarchically ordered Hierc-MnFeqgCog 404 exhibited
enhanced performance compared with conventional MnFeg gCog 4-
O, without an ordered hierarchical structure (Fig. S1), which could
be ascribed to the ordered porous structure that could promote the
transportation of the reactants and products.

To achieve the fully significant effects of cobalt in the Hierc-
MnFeqsC0p40x catalyst, separate NO oxidation (500 ppm of
NO + 5% of 0,) and NH3 oxidation (500 ppm of NHs + 5% of O,)
reactions were performed. As shown in Fig. 1c, the concentration
of NO, concentration over Hierc-MnFe( gCog 40 Was evidently far
higher than that over Hierc-MnFeOy in the whole temperature
range. It has been reported that if the SCR catalysts could produce
a fraction of NO, in situ from NO oxidation at low temperature, the
low-temperature SCR activity would be increased via the “fast SCR”
process in Eq. (8) [43].

2NO + 2NO, + 4NH; = 4N, + 6H,0. (8)

NO, is a better oxidizing agent than O,; NO, reacts directly with
the reduced site, resulting in a higher rate for the fast SCR reaction
at low temperatures [44-46].

In the actual SCR reaction, the surface reaction between nitrate
species and NH3 adsorbed species is dominant in the SCR reaction;
therefore, Hierc-MnFe( gCog 404 has a higher NO oxidation ability,
which accounts for its better low-temperature NH3-SCR activity
than that of Hierc-MnFeOy. Moreover, the processes of NH3 activa-
tion and oxidation are vital for the NH3-SCR reaction, and the rel-
evant results of NH3 oxidation are shown in Fig. 1d, where the
NH; oxidation activity over Hierc-MnFeqC0 40« is much lower
than that over Hierc-MnFeO,. For the Hierc-MnFegCo( 40y cata-
lyst, the NH3 oxidation started at ~225 °C, but approximately total
conversion (~96%) of NH3 could be accomplished at the same tem-
perature over the Hierc-MnFeOy catalyst. This indicates that the
introduction of cobalt into Hierc-MnFeOy can effectively suppress
NH; oxidation, which accounted for its superior catalytic activity
and excellent N, selectivity. Meanwhile, as the other important
indicators of catalytic performance, as shown in Fig. S2a, N, selec-
tivity was provided, suggesting that the introduction of cobalt
could also suppress the side reactions in the NH3-SCR process.
Hierc-MnFe(sCo 40 had higher N, selectivity than the Hierc-
MnFeOy catalyst, and its N, selectivity was about 80% even when
the reaction temperature reached 300 °C. The N, selectivity for
Hierc-MnFeOx was only 70% at 300 °C. Furthermore, Hierc-
MnFey 6C0040x Was more conducive to the reaction of ammonia
in the NH3-SCR process (Fig. S2b). The conversion of NO to NO-,
N,O, and N, is shown in Fig. S3, and the results were consistent
with the better N, selectivity over the Hierc-MnFeg C0g 40y cata-
lyst. The above results suggested that Co doping had a major effect
in enhancing the performance of the Hierc-MnFe( gC00 40y catalyst
in the NH3-SCR reaction. Further study of the catalytic stability
over Hierc-MnFepgC0040x at 165 °C revealed, as shown in
Fig. S4a, a decrease of only 4% conversion throughout the continu-
ous 20 h of testing. It should be noted that when the heating steps
in the testing method are changed (first, the temperature increased
to 450 °C, and then decreased to room temperature, and ultimately
increased to 450 °C again), a smooth curve is also obtained. This
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Fig. 1. (a) NOy conversion as a function of temperature in the NH3-SCR reaction over Hierc-MnFe(sC00 404 and related catalysts; (b) NOy conversion as a function of
temperature in the NH3-SCR reaction over Hierc-MnFeq gCog;0x, Hierc-MnFe( sC0 40« and Hierc-MnFeq 4C00 60y catalysts; (c) The separate NO oxidation reactions results
over Hierc-MnFe sCop 40« and Hierc-MnFeOy catalysts; (d) The separate NH3 oxidation reactions results over Hierc-MnFe ¢Cog 40x and Hierc-MnFeOy catalysts; (e) Arrhenius
curves of NH3-SCR over various catalysts; (f) Effect of H,0/SO, on NOy conversion over Hierc-MnFe( sC040x and Hierc-MnFeOy catalysts at 180 °C.

clearly indicated that the catalyst did not change with temperature
(Fig. S4b). The above two experimental results indicated that
Hierc-MnFeq Cog 40« had excellent thermal stability.

The apparent E, of a catalytic reaction is an important parameter
to assess an industrial catalyst [47,48]. Therefore, the reaction kinet-
ics of the as-prepared samples for SCR of NO, with NH3 were studied
before the heat and mass transfer limits were excluded (confirmed
by the Weisz-Prater criterion and the Mears criterion calculation;
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see the Supporting Information). The Arrhenius curves and activity
curves at high space velocity are shown in Fig. 1e and Fig. S5, respec-
tively. The E, and TOF values are listed in Table S1. These results indi-
cated that mono-metal oxides and MnFeOy catalysts had a higher E,
value than that of the ternary MnFe; ;Cos04 catalysts, while the
Hierc-MnFeq gCog 4O catalyst had the lowest E, value, indicating
that the addition of Co into Hierc-MnFeOy effectively reduced the
E. and enhanced the deNO, performance. Also, the higher TOF values



Y. Li, S. Yang, H. Peng et al.

of Hierc-MnFe C0y40x than that of Hierc-MnFeO, further confirm
the excellent low-temperature deNOy efficiency of the former.

In practical applications, the flue gases often include small
amounts of H,0 and SO,, which result in poisoning and deactiva-
tion of deNOy catalysts. Accordingly, investigating the effect of
H,0/S0, is critical in the use of deNOy catalysts. The influence of
H,0 and SO, on Hierc-MnFe( gCo 404 and Hierc-MnFeO, was eval-
uated at 180 °C. The results, displayed in Fig. 1f, revealed that the
activity decreased slowly after 5 vol% H,O was introduced over
Hierc-MnFe( gCog 404, which can be attributed to the comparative
adsorption of NHs and H,O [49,50]. It was also noticed that
Hierc-MnFeOy had a large sharp decrease in activity compared
with Hierc-MnFepC0040«. Additionally, the NO, conversion
returned to about 98% soon after the H,O was removed, suggesting
the strong H,O tolerance of Hierc-MnFe( gCoq 40«. Furthermore, the
evaluation of the effect of the co-presence of SO, and H,O revealed
that the catalyst activity apparently decreased over the Hierc-
MnFeOy catalyst, noticeably, the NO, conversion declined from
98% to 76%. However, the decline was slight over Hierc-
MnFe6C00.40x, in which the NOy conversion only declined from
99% to 88%. The deactivation over Hierc-MnFegC0q40x and
Hierc-MnFeOy was mainly attributed to the deposition of sulfate
species, such as NH4HSO,4, (NH4),SO4, and metal sulfates [12].
When the addition of H,O and SO, were turned off, the NO, con-
version over Hierc-MnFeOy and Hierc-MnFeg ¢Cog 40« could be par-
tially recovered to 82% and 93%, respectively. The above results
indicated that the H,0O tolerance, and especially the SO, tolerance
of the catalyst could be enhanced significantly by the doping of
the cobalt into the MnFeOy catalyst. The resistance to water vapor
and sulfur dioxide tests were further performed at lower tempera-
ture (120 °C), as shown in Fig. S6, adding cobalt into Hierc-MnFeOy
could effectively retard the sulfur poisoning, however, the perfor-
mance of resistance to SO, needs to be further improved at 120 °C.

Since the soot emitted from flue gases can cover the active sites
of the deNO, catalyst, the soot resistance performance was tested
using a commercial soot nanoparticle as a model (~25 nm). The
results presented in Fig. 2 clearly showed a sharp decrease in
deNOy activity over the mixture of the carbon and the Con-
MnFe sC0.40x catalyst without a hierarchically ordered structure
prepared by the conventional method. However, the NO, conver-
sion-temperature curve from 150 to 250 °C over Hierc-
MnFe(6C00.40x was almost coincident even though the soot was
added to the catalyst. These results revealed that the Hierc-
MnFe6C00.40x had excellent soot resistance compared with Con-
MnFe 6C00.40x due to its special hierarchically ordered structure,
which might prevent the impact of the carbon covering the
surface-active sites with carbon. Noticeably, after soot was intro-
duced, the deNOy activity at high temperature was enhanced for
both Con-MnFegsCo0p40x and Hierc-MnFeygC0g40x. Additional
experiments were conducted to investigate the cause of the
enhanced activity. As shown in Fig. S7, in the absence of NHs, the
concentration of NO, decreased gradually and reached a minimum
at about 400 °C, and simultaneously, the concentration of CO,
increased and reached a maximum at about 400 °C. As the temper-
ature increased further, the concentration of NOy increased and
ultimately reached a plateau, while the concentration of CO,
declined and eventually became completely undetectable. Thus,
the overall chemical reaction equation could be written as

3C +4NO + 0, = 2N, + 3C0, 9)

Additionally, as shown in Fig. S8, in the absence of NH3 and O,
the conversion of NOy was gradually increased at 300-650 °C,
while the conversion of NOy increased rapidly with the increasing
temperature, ultimately 97% NO, conversion was achieved at
800 °C. It is worth noting that the CO, concentration increased con-
currently. Also, a blank test was performed to elucidate the proba-
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bility of NOy decomposition at high reaction temperature, and it
was found that the NO, could not be decomposed even as the tem-
perature increased to 850 °C. Therefore, the general chemical reac-
tion equation was determined to be

2C+4NO = 2N, + 2CO,. (10)

The above results demonstrated that the soot particles could act
as a reductant to reduce NOy over Hierc-MnFeq gCog 40 and even-
tually led to the improvement of the high-temperature deNO, per-
formance. Remarkably, from another perspective, in this work, it
was possible to remove NOy and soot simultaneously.

3.2. Scanning electron microscopy and transmission electron
microscopy analysis of the catalysts

The morphology and hierarchically ordered structure of Hierc-
MnFeq6C00.40x and the related catalysts were confirmed by scan-
ning electron microscopy (SEM). The image shown in Fig. S9 indi-
cated that the as-synthesized PMMA nanospheres with particle
size about 210 nm had been successfully prepared and thus they
were used as a hard template to synthesize the hierarchically
ordered catalysts. The representative SEM images of the catalysts
displayed in Fig. 3 revealed that all the as-prepared catalysts exhib-
ited a high-quality hierarchically ordered structure with a macro-
pore size of 110-140 nm. The macropores were connected by
small windows in a highly ordered way. These results suggested
that the hierarchically ordered structure was achieved by PMMA
microspheres as the hard template. Noticeably, compared with
the initial particle size (210 nm) of PMMA nanospheres, the diam-
eter of these macropores decreased to 110-140 nm owing to the
melting of PMMA and the aggregation of the generated metal oxi-
des during the calcination process [51,52]. Additionally, the SEM
images of Con-MnFeygC0g40x presented in Fig. S10 clearly show
that it did not have any macropores. Due to the special hierarchi-
cally ordered structure of Hierc-MnFeqsC0g 40y, the soot particu-
lates can reach to the macropores, and they had a good
connection with the active sites, ultimately leading to clearly
enhanced soot resistance performance.

Transmission electron microscopy (TEM) was performed to
examine the morphology and structure of a typical sample (Hierc-
MnFeg gCoo 40x; Fig. 4a-b). It is evident from the TEM image that
the Hierc-MnFej Cog 40y catalyst has a uniform high quality hierar-
chically ordered structure, which is consistent with the SEM analy-
sis. The high angle annular dark-field scanning TEM (HAADF-STEM)
image and the corresponding elemental energy-dispersive X-ray
spectroscopy (EDS) mapping images of the Hierc-MnFeqgCog 40y
catalyst presented in Fig. 4c-f indicated that Mn, Fe and Co were
uniformly dispersed in the hierarchically ordered catalyst.

3.3. Crystal and textural structure of catalysts

X-ray diffraction (XRD) patterns of the as-prepared catalysts are
displayed in Fig. 5 and Fig. S11. All the Bragg diffraction peaks in the
20 range of 10°-80° could be well indexed. The pure Hierc-FeOy
showed a typical hexagonal crystalline structure (PDF#33-0664),
while Hierc-CoOy, showed a cubic Cos04 crystalline structure
(PDF#43-1003). For pure Hierc-MnOy, two crystal phases, namely
Mns;04 and Mn,0Os, could be observed. Regarding the Hierc-
MnFeOy catalyst, both the Fe,O3; and Mn,05 crystal phases could
be detected. However, in addition to a normal Mn304 crystal phase,
a special crystal phase, specifically CoFe,04, was found in Hierc-
MnFe;_sCos0x(8=0.2,0.4 and 0.6) catalysts. This means that a strong
interaction occurred in Co and Fe species, which might be one of the
reasons for the enhanced activity after cobalt was added into
MnFeO, oxides.
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The textural properties are one of the main factors affecting the
catalytic activity. Thus, the textural properties were measured by
the N, adsorption/desorption technique. As shown in Fig. 6A, all
the catalysts exhibited a typical type IV isotherm with an H3 hys-
teresis loop, indicating the formation of mesopores [53], and the
average mesopore sizes estimated according to the BJH pore sizes
of the samples (Fig. 6B) were in the range 8-11 nm. The specific sur-
face area, pore volume, and pore diameter are listed in Table S2. The
specific surface area of Hierc-MnFe;_sCos;0x catalysts (6 = 0.2, 0.4
and 0.6) is lower than that of monometal oxides, implying that their
surface area was not the decisive effect on activity.

3.4. X-ray photoelectron spectroscopy of catalysts

XPS analysis was performed to determine the surface composi-
tion and valence state of the metal species. The Mn 2p, Fe 2p, Co 2p
and O 1s spectra are displayed in Fig. 7. For Fe-containing catalysts,
the main peak, corresponding to Fe 2p3,, (~711 eV), can be fitted
into two characteristic peaks, namely the peaks located at binding
energies (BEs) of 710.6 and 712.7 eV, which could be assigned to
Fe?* and Fe3*, respectively [54]. It has been reported that Fe3* spe-
cies have better catalytic performance than Fe?* species, which is
advantageous for adsorbing NH3 and promoting the reduction of
NOy [55]. Based on the data in Table S3, it could be concluded that
the Fe3* ratio increased after cobalt was doped into Hierc-MnFeO,.
Using the peak-fitting deconvolution technique, the Mn 2p3), spec-
tra located at BE ~ 642 eV could be fitted into three characteristic
peaks, specifically at BE ~ 640.7, 642.2 and 643.9 eV, which are
ascribed to Mn?*, Mn*" and Mn**, respectively [25]. Additionally,
the Co 2p spectra of six Co-containing catalysts are shown. The
peak of Co 2psp; at a BE of ~781 eV could be separated into two
peaks (780.5 and 781.8 eV), which are assigned to the Co>* and
Co?* species, respectively [56]. According to the data in Table S3,
the atomic proportion of Mn*"/Mng in Hierc-MnFeg gCog 40 is
32%, which is much higher than that in Hierc-MnFeOy (20%). It is
widely established that the abundant Mn** species are advanta-
geous to the low-temperature redox ability on Mn-based catalysts.
Mn** ions usually play an irreplaceable part in the oxidation of NO,
which could enhance the low-temperature NH; SCR performance
via the “fast SCR” process on the basis of the general reaction
shown in Eq.(8) [57,58]. Moreover, Hierc-MnFey¢C0040x had a
higher ratio of Co®*/Co than Hierc-MnFey5C00-0, and Hierc-
MnFeg 4C00.60x, and the main forms of Co were different, Co mainly
existed in the form Co?* (CoFe,0,) in the bulk based on XRD
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results; however, it mainly existed in the form with +3 valence
on the surface of the catalyst. According to the above results, it is
reasonable to assume that Co>* species play a key role in the
improvement of the deNOy performance, as they could bring excess
surface oxygen and enhance gas molecular adsorption [59,60]. The
O 1s spectra of all the catalysts can be divided into two different O
species, namely O, and Og. Based on previous studies, the peaks at
the low BE of ~530 eV (Og) and high BE of ~532 eV (O,) were
assigned to the lattice oxygen and the surface-active oxygen spe-
cies, respectively [61,62]. The ratio of Oy/(O,, + Op) increased after
cobalt was added into Hierc-MnFeO,, which was obtained from the
peak areas and the proportions of O, and Og. It is generally
accepted that the surface-active O species are more beneficial than
the lattice O species. The existence of more surface-adsorbed active
oxygen species was beneficial to oxidation of NO to NO, and
adsorption of NH3 due to its high mobility [63]. Common knowl-
edge holds that the adsorption of NHj; is the first process in the
deNOy reaction. Ultimately, the improvement of NO oxidation
and NHs adsorption over Hierc-MnFe;_;Co;0x catalysts should be
one of the main reasons for the increase of the catalytic activity.
Based on the above results, a redox cycle for the NH3-SCR reaction
at low temperatures over the novel Hierc-MnFe;_sCosO4 catalysts
can be proposed, as shown in Fig. 8 (where M and N represent
two different metal elements). During the NH3-SCR reaction, O,
can obtain an electron from M"" (where M"'represents Fe®*,
Co?*, Mn?* and Mn>*) to form O~ and M™V*. Also, NO can transfer
an electron to M™* to form NO* and M™*. The activation of NO
and O, might be expressed as shown in Eqs. (11) and (12)

%oz + MY = 0y + MTTVT (11)
NO +M™ D — M™ 4 NOy, (12)
and NO, is formed as depicted in Eq. (13) [17,22]

O;ds + NO:ds — NO;. (13)

3.5. H, temperature-programmed reduction and NH; temperature-
programmed desorption analysis of catalysts

To investigate the reducibility of Hierc-MnFegC0040x and
related catalysts, temperature-programmed reduction by hydro-
gen (H,-TPR) tests were performed, as shown in Fig. 9a. According
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Fig. 3. SEM images of Hierc-MnFe( gCoy,0x (a), Hierc-MnFe( C00 40x (b, c), Hierc-MnFeg 4Co0 60 (d), Hierc-MnFeOx (e, f), Hierc-FeOy (g, h), Hierc-MnOy (i, j), and Hierc-CoOx

(k 1),

to previous studies, the H, consumption peaks located at 200-
300 °C are assigned to the reduction of Fe3—Fe*~9* Co3*—Co?",
Mn**—Mn?*" and Mn®**—Mn?*, and the ones at 300-800 °C are
ascribed to the reduction of Co?*—Co® and Fe(*~®*_Fe® [64,65].
It is obvious that the reduction peak located at 585 °C shifted to
the lower temperature (from 585 to 482 °C). According to this phe-
nomenon, it can be inferred that the reduction capacity of FeOy
could be effectively promoted when cobalt was incorporated into
Hierc-MnFeO,, which accounted for the enhanced low-
temperature activity over the Hierc-MnFeq gCog 40y catalyst.

It is generally believed that NH; can be adsorbed and activated
by the acid sites of the deNOy catalysts. Thus, the acidity of Hierc-
MnFepsC0040x and related catalysts were investigated using
temperature-programmed desorption of NH; (NH3-TPD) (Fig. 9b).
Based on earlier studies, the desorption peak below 200 °C can
be ascribed to NH3 adsorbed onto the weak acid sites, and the des-
orption peak between 200 and 500 °C can be attributed to the
medium-strong acid sites [18]. It is obvious that the desorption
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peak areas of all the pure metal oxides catalysts were small, but
the desorption peak area related to Hierc-MnFeygC0q40x was
much larger than that of Hierc-MnFeO,, especially the peak for
medium-strong acid sites. Hierc-MnFeg sCog 404 had the maximum
acid amount. In general, the effect of adding Co on the acidic prop-
erties of the Hierc-MnFeOy catalyst was evident. The acid amount
could increase after Co was doped into Hierc-MnFeOy, which might
promote NHs adsorption and ultimately resulted in better low-
temperature NH3-SCR performance.

3.6. In situ diffuse-reflectance infrared Fourier transform spectroscopy
over Hierc-MnFey ¢C00.40x and Hierc-MnFeO, catalysts

3.6.1. Adsorption of NH3 and co-adsorption of NO + O,

To fully understand the effect of Co addition on the reaction
mechanism, in situ diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) tests were conducted over the optimal sam-
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Fig. 4. TEM images (a, b), HAADF-STEM image (c), and elemental mapping images (d-f) of the Hierc-MnFe( ¢Co( 40 ternary metal oxide catalyst.
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Fig. 5. XRD patterns of Hierc-MnFe( gCo, 0, Hierc-MnFe( C0g 40y, Hierc-MnFe 4-
Cop60x and Hierc-MnFeOy catalysts.

ple (Hierc-MnFeysC00.40x) and its counterpart sample (Hierc-
MnFeOy). Fig. S12 displays the in situ DRIFT spectra of NH3 adsorp-
tion on Hierc-MnFeygC0040x and Hierc-MnFeO, at 200 °C. As
shown in Fig. S12 A, two weak bands related to coordinated NH;
species (1302 cm™!) and NH; coordinated with Lewis acid sites
(1560 cm~!, NH3-L) could be observed in 11 min, and the band
intensity slowly increased with treatment time. [66]. As for the
typical Hierc-MnFeq sC00 40y catalyst (Fig. S12B), it was found that
more surface acid sites existed than on Hierc-MnFeO,, the stronger
band assigned to the NH; bounded to Brensted acid sites (NH3-B,
1402 cm™') could be detected in 5 min [67]. In addition, a band
at 1538 cm™! attributed to —NH, species appeared [30], suggesting
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that Hierc-MnFeygC0p40x has stronger oxidation performance
than Hierc-MnFeOy and a better NH3 activation process occurred
on the surface of the Hierc-MnFepgC0g40x. The relationship
between the absorption band area and time is presented in
Fig. S12E (the areas are the sum of all the absorption band marked
in the figure). Compared with Fig. S12A, the absorption band area
shown in Fig. S12B was bigger, implying that the surface of
Hierc-MnFeqgCog 404 could absorb more NH5 species than that of
Hierc-MnFeOy, in accordance with the results of NH3-TPD.

The co-adsorption of NO + O, over the Hierc-MnFeOy and Hierc-
MnFeq 6C00 404 catalysts are shown in Figs. S12C and S12D. For the
Hierc-MnFeO, catalyst, as presented in Fig. S12C, the bands at
1545 cm™! can be ascribed to monodentate nitrate [16], and the
band at 1234 cm™! can be assigned to bridging nitrate [17]. After
the proper amount of Co was doped, as depicted in Fig. S12D, the
bands located at 1581 and 1290 cm~! could be assigned respec-
tively to bidentate nitrate and monodentate nitrate [65,68]. It is
worth noting that the adsorption peak intensity of Hierc-
MnFeq sC0g 40x was much higher than that of Hierc-MnFeO,, which
suggested that the Hierc-MnFeggCoo404 catalyst has better
adsorption ability for NO species than Hierc-MnFeOy catalyst. Pre-
vious studies have confirmed that adsorbed NO,-species plays a
significant role not only in the reaction with NHs (thus giving rise
to N, formation) but also in promoting the rate of the reoxidation
step of the catalyst redox cycle [69-74]. Summarizing the above
results, we can infer that the doping of Co species could effectively
promote the adsorption behavior of NH; and NOy species on the
surface of Hierc-MnFeggCog 404, Which might be in favor of the
NH;3-SCR reaction at low temperature.

3.6.2. Reaction between flue gas NO + O, and preadsorbed NH3 species
To study the deNO, mechanism of the Hierc-MnFe( gCog 404 cat-
alyst, a series of in situ DRIFTS tests were conducted to investigate
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the adsorption and reaction behavior of the reactants and identify
the crucial intermediates. First, the reaction between the pread-
sorbed NHj3 species and the flue gases (NO + O;) over the Hierc-

Fig. 10,
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more new bands emerged when the pretreatment time was pro-
longed. The bands appearing at 1201 and 1611 cm™! were detected
in the spectrum of the Hierc-MnFey¢Cog 40y surface after 1 h of
NH3 adsorption, which were ascribed to NHs coordinated with
Lewis acid sites (NH3-L) [56,68]; the bands at 1695 and
1643 cm~! could be attributed to the symmetric adsorption of
the NH3 bond at the Brgnsted acid sites [18,75]. Then, following
the introduction of flue gas (NO + 0,), after N, purging, the bands
at 1695, 1643, and 1611 cm™! disappeared immediately. However,
the band intensity at 1201 cm™! decreased and vanished com-
pletely 15 min later, and some new bands, corresponding to biden-
tate nitrates (1005 cm™') [49], monodentate nitrate species (1294
and 1459 cm™!) [66,76], and bridging nitrate (1576 cm™!)
appeared in 20 min and the band intensity increased steadily
due to the accumulation of the reaction products [66], which sug-
gested that NH; could be adsorbed and activated by the acid sites
and engaged in the reaction with nitrate species, indicating that
the deNOy reaction over Hierc-MnFe(C0p40x might follow the
Langmuir-Hinshelwood (L-H) mechanism.

3.6.3. Reaction between flue gas NH3 and preadsorbed NO + O, species

The DRIFTS spectra of Hierc-MnFeygC0p40x in a flue of NH;
after being pre-exposed to an NO + O, atmosphere and then purged
with N at 200 °C are displayed in Fig. 11a. Exposure of Hierc-
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MnFeq sC0p 404 to NO + O, for 1 h resulted in the appearance of
bands ascribed to monodentate nitrate (1299 cm™!') [66], linear
nitrites (1482 cm™!), and bidentate nitrate (1581 cm™!) [49,65].
After the flue gas NH3 was introduced into the IR cell, the intensity
of the IR bands assigned to the N-containing species was gradually
reduced. Moreover, with increasing reaction time, the band at
1482 cm™! shifted to 1472 cm™!, and no bands of NH; species were
observed in the spectrum. This might be because the adsorbed NH3
was covered by the large number of adsorbed NO, species, which
implied that, similarly, the L-H mechanism might have occurred.

The above findings suggested that NHs-SCR over the Hierc-
MnFeq gC00 404 catalyst might follow the L-H mechanism, accord-
ing to the following equations (where * represents surface active
sites):

0,(8) + 2% — 20 — x, (14)

NHs(g) + * — NH; — xcoordinated NH3, NHs; — L, NH4 + —B,
(15)
NH3_*+0—*—)*—NH2+*—0H7 (16)

NO(g) + O — x — x — NO, monodentate nitrate, linear nitrites,
bridging nitrates, (17)
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* —NH, + * — NO, — N, + H,0 + O — « + «L — H mechanism.
(18)

A schematic diagram of the proposed reaction mechanism is
depicted in Fig. 11b.

3.6.4. Reaction between SO, + O, and the preadsorbed NO + O,

To determine the reason for the better SO, tolerance perfor-
mance of Hierc-MnFeggC0o 404 at low temperature than that of
Hierc-MnFeO,, in situ DRIFTS analyses were conducted. As por-
trayed in Fig. 12, NO + O, species were preadsorbed on Hierc-
MnFegC0040x and Hierc-MnFeOy for 1.5 h, then the flue gas
(SO, + 0,) was introduced at 120 °C. For the Hierc-MnFeOy catalyst
(Fig. 12A), the spectrum revealed adsorption peaks at 1565 and
1258 cm™!, which have been attributed to bidentate nitrates and
monodentate nitrate species [77], respectively. About 10 min later,
these nitrate species almost vanished completely, and some new
bands appeared at 1425, 1140 and 1036 cm ™. The band centered
at 1425 cm™! is assigned to the surface sulfate species [78]. The
peaks at 1140 and 1036 cm™' correspond to the SO~ species
[79]. The trapping reaction can be represented as

S0,(g) + 0" — SO (ads), (19)
SO,(g) + M — 0 — M — SOs, (20)
SO5(ads) + M — 0 — M — SO,. (1)

The aforementioned findings indicated that abundant sulfate
species were formed on the Hierc-MnFeOy catalyst within sites
exposed to SO, for 90 min, which led to the deactivation of the cat-
alyst. However, for the Hierc-MnFe sCoq 40 catalyst (Fig. 12B), the
phenomenon showed some differences, and although sulfate spe-
cies (1436 and 1063 cm™!) could also be detected on the Hierc-
MnFeC0040x catalyst [17,79], bridging nitrate (1581 and
1610 cm™!) and monodentate nitrate (1299 cm™!) always existed
throughout the reaction [65,66,78], thus, these residual nitrate
species could continue to participate in subsequent NH3-SCR reac-
tions. Importantly, the bridged nitrite, as a key transition state of
the NO species, could still be present on the surface of the Hierc-
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MnFeq 6C00.40x catalyst during the reaction, due to its low stability,
the formation, transformation, and decomposition of bridged
nitrite accelerates the SCR reaction at low temperature [23,80].
These results suggested that the doping of Co could efficiently pro-
tect nitrate species from the poisoning effect of SO,. As a result, the
activity of the Hierc-MnFegCog 40y catalyst could be maintained
for a relatively longer time when exposed to SO,, which could be
attributed to the synergistic effect of the Co modification.

4. Conclusions

In summary, Co-doped MnFeOy ternary oxides with a hierarchi-
cally ordered structure (Hierc-MnFe;_sCo50x, & = 0.2, 0.4 and 0.6)
were prepared via a simple hard-template method. The Hierc-
MnFe;_sCos;0x catalysts displayed boosted low-temperature activ-
ity for selective catalytic reduction of NO, with NHs. The NO, con-
version exceeded 80% between 90 and 343 °C and the active
temperature window was evidently broadened over the Hierc-
MnFeqC0040x catalyst. After analysis by various techniques, the
superior performance of NH3-SCR reaction on the Co-modified
Hierc-MnFeOy could be attributed to the larger number of active
oxygen species and the higher ratios of Mn*", Fe** and Co>" con-
tent, as well as the improvement of the surface acidity. Addition-
ally, the Hierc-MnFeygCop40x catalyst exhibited better soot
tolerance due to its special hierarchically ordered architecture.
Most importantly, Hierc-MnFeygC0040x displayed remarkable
SO, tolerance compared with the unmodified Hierc-MnFeOy cata-
lyst. The in situ DRIFTS confirmed that the L-H mechanism might
occur in the reaction and the doping of Co species could effectively
promote the adsorption behavior of NH3; and NOy species on the
surface of Hierc-MnFe(gCog 404, which might be in favor of the
NH;3-SCR reaction at low temperature. Moreover, the addition of
Co could efficiently protect nitrate species on the Hierc-
MnFeq 6C00.40x from the poisoning effect of SO,, which accounted
for its better SO, tolerance. Therefore, the Hierc-MnFe;_sCosOx
ternary oxides developed in this work provide a guidance for
researchers to design high performance Mn-based low-
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temperature catalysts for NH3-SCR of NO, with enhanced H,O0,
soot, and SO, tolerance.
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