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Selective catalytic reduction (SCR) has been widely used to remove NOy from automobile exhaust and industrial
production. Fe-based catalysts with low cost, high activity, and excellent SCR performance have become an
active research topic in recent years. The latest research progress of NOy removal by the NH3-SCR method using
Fe-based catalysts is summarized. The effects of synergistic interaction between Fe and other elements are
analyzed in terms of the redox performance, surface acidity, and catalytic activity of catalysts. In addition, the
effects of catalyst morphology and structure on SCR performance are analyzed. Finally, according to the research

results of Fe-based catalysts in the laboratory, some practical application problems are considered.

1. Introduction

Living standards have been improving with the continuous devel-
opment of science and technology. However, the corresponding envi-
ronmental pollution is becoming more serious. Specifically, the flue gas
emitted from industrial production and automobile exhausts has been
causing serious atmospheric pollution. Industrial and automotive
emissions include carbon monoxide (CO), nitrogen oxides (NOy), hy-
drocarbons (CyHy), sulfur oxides (mainly SO2), and particulate matter
(PM) [1,2]. As one of the main sources of air pollution, NOy can irritate
the lungs, making it harder to fight respiratory diseases such as common
colds. At the same time, NOy, mainly nitric oxide (NO) and nitrogen
dioxide (NOy), are important substances that form photochemical smog
and acid rain [3,4]. Therefore, reducing NOy emissions is of great sig-
nificance to the environment.

In recent years, methods commonly used to remove NOy include a
selective catalytic reduction (SCR), and NOy storage and reduction
(NSR). The main reducing agents used to remove NOy by the SCR
method are Hy, CxHy, and urea (NH3) [5-7]. NH3 selective catalytic
reduction (NH3-SCR) technology is the most promising for the

purification of NOy from diesel engines and industrial pollution emis-
sions [8]. The main method is to pass NH3 or urea aqueous solution as a
reducing agent into the pipeline to react with the polluted NOy gas to
generate non-polluting Ny and H30, thereby reducing toxic emissions.
Since the 1970s, NHgs-selective catalytic reduction of NOy (NH3-SCR) has
been widely used in NOy emission control due to its high efficiency and
excellent selectivity [9-11]. The currently commercialized NH3-SCR
catalyst is V205-WO3(Mo0O3)/TiO2, which has high NOy activity at
300-400 °C [8,12]. However, these catalysts are prone to form nitrous
oxide (N20) and produce vanadium poisoning at high temperatures and
have the disadvantages of poor low-temperature activity, high operating
temperature, and narrow operating temperature window [13-18].
Therefore, the current research direction is mainly to develop
low-temperature high-activity, low-cost, and environmentally-friendly
SCR catalysts [11,19,20].

Due to the unsaturation of the Fe d electron orbital and the coupling
effect of Fe>™ and Fe?", it is easy to transfer electrons and promote the
NH;3-SCR reaction at low temperatures. Thus, Fe has excellent redox
ability. In addition, owing to abundant reserves, low cost, non-toxicity,
and environmental friendliness, Fe is widely used in SCR catalysts
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[21-25]. In general, Fe-based metal oxide catalysts have lower costs and
stronger thermal stability than noble metal catalysts. Therefore, in the
research of NH3-SCR catalysts in the laboratory, a lot of research on
Fe-based catalysts has been carried out. However, it is still challenging
to work with Fe-based catalysts under real conditions because of their
insufficient low-temperature activity, NH3 oxidation at high tempera-
tures, and many side reactions. Thus, they need to be modified to
improve low-temperature catalytic activity, surface acidity, and selec-
tivity [26-28].

This paper reviews the research progress of Fe-based catalysts for
NOyx removal by NH3-SCR in recent years and summarizes the modifi-
cation of Fe-based catalysts by metal and non-metal elements, including
the adjustment of the redox characteristics, surface acidity, and catalytic
performance of Fe-based catalysts through inter-element synergy, as
well as the effects of morphological structure on the NH3-SCR activity of
Fe-based catalysts (Fig. 1). Finally, the existing problems and future
development directions of Fe-based catalysts are systematically
reviewed.

2. Reaction mechanism of Fe-based transition metal oxide
catalysts

At present, the reaction mechanism of the catalyst is mainly carried
out by in-situ diffuse reflectance infrared spectroscopy (DRIFT). The
structural change of the sample is characterized under the condition of
being in situ, and then the dynamic change of the adsorbed species on
the surface of the catalyst during the catalytic reaction is studied, and
the intermediate signal during the catalytic process is observed. The
reaction mechanism of Fe-based catalysts was studied by in situ DRIFT
to more intuitively explore the adsorption, activation and reaction of the
catalyst surface during the reaction process. In addition, scholars
generally believe that the SCR reaction on transition metal oxide cata-
lysts has two mechanisms, namely the Langmuir-Hinshelwood (L-H) and
the Eley-Rideal (E-R) mechanisms [33,34]. Based on these mechanisms,
extensive research has been conducted to analyze their advantages and
disadvantages. Generally speaking, NOx is removed by the NH3-SCR
method, and two NOx and NHg gasses are mainly involved in the re-
actions. As shown in Fig. 2(a), in a typical L-H mechanism, the active

Fe-based oxide
catalyst by NH;-

Fig. 1. Modification methods of iron-based catalysts [29-32].
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sites on the catalyst surface can simultaneously adsorb NHy and NOy
species, and then the two adsorption states can directly react to generate
NH4NOy, which is then decomposed into No and HyO on the catalyst
surface. As shown in Fig. 2(b), in the E-R mechanism, the catalyst only
adsorbs NHj species, that is, the active sites on the catalyst surface only
adsorb NHy species, and the adsorbed NHy species can directly react
with gaseous NOy species to generate NH4NOy, which is subsequently
decomposed into N3 and H20. The activation energy required for the
adsorbed species to participate in the SCR reaction is low, and the
reduction reaction is easy to occur at low temperatures. The active sites
of the catalyst continuously complete the redox cycle in SCR reaction. In
addition, two reaction mechanisms often coexist in SCR reaction on the
catalyst, and in-depth study of the reaction mechanism can better
optimize the catalyst modification.

At 200 °C, FepoMn gTiOy catalyst mainly follows the L-H mecha-
nism. Lewis acid and Brgnsted acid on the catalyst surface can adsorb
NOy and NHg, and the adsorption state of monondonts nitrate species
and NHJ on the B acid site are always in reaction [35]. The NH3-SCR
reaction of Cug g2Fep 2Wo.02TiOx catalyst at 130 °C or 240 °C mainly
follows the Eley-Rideal mechanism, and the adsorbed nitrate species are
stable and not easy to participate in the reaction [36]. Whether the type
of catalyst is the key factor leading to the difference in the reaction
mechanism of the catalyst. y-FeyOg catalyst is an E-R reaction mecha-
nism, and SCR reaction mainly occurs between Lewis acid site and
gaseous NOy. After Mo is added, L-H mechanism and E-R mechanism
coexist [37]. The reaction mechanism of Mn(0.4)/TiO; catalyst studied
by Wu et al. is E-R reaction mechanism. However, when Fe was added to
the catalyst, the bidentate nitrate adsorbed on the surface of Fe(0.1)-Mn
(0.4)/TiO catalyst was converted to monocentate nitrate, which could
react with NHJ ions [38]. The results showed that the reaction mecha-
nism of the catalyst changed to the coexistence of L-H mechanism and
E-R mechanism. In addition, the same mechanism can also affect the
catalytic activity of catalysts. Both MnOy-FeOx nanoparticles and
MnO,-FeOy nanoneedles follow the E-R mechanism and L-H mechanism
simultaneously. However, their catalytic effects are completely
different. Because of the strong adsorption capacity of Lewis and
Brgnsted acid sites on the surface of nanoneedles, the adsorbed species
can participate in the reaction more easily [39].

Since the pollutants emitted by automobiles and factories are often
accompanied by toxic substances such as SO, alkali and heavy metals,
when the catalyst adsorbs the reaction gas, the toxic substances will
compete with the reaction gas for adsorption, resulting in decreased SCR
activity of the catalyst. Some studies say that NOy and SO, will produce
competitive adsorption at the active site [40]. When the catalyst is E-R
reaction mechanism, the side effects of competitive adsorption are
significantly reduced [30]. Therefore, the reduction of competitive
adsorption of toxic substances and reactive species is an effective
method to improve the activity of SCR catalysts. Changing the reaction
mechanism of the catalyst by element modification can often effectively
suppress the deactivation of the catalyst’s active sites, thereby
increasing the service life of the catalyst. Therefore, further analysis of
the effects of element modification on the reaction mechanism of
Fe-based catalysts has far-reaching significance.

3. Effects of element modification on Fe-based oxide catalysts
3.1. Synergy between metal oxides and Fe-based oxide catalyst

Fe-based catalysts have excellent high-temperature activity and hy-
drothermal stability and are more promising for practical applications
than other metal oxide catalysts. However, pure Fe,O3 catalyst has low
activity and a narrow temperature window, with the highest NO con-
version efficiency of only 48% at 330 °C Fig. 3) [41]. After the NO
conversion rate of Fe;O3 reaches the maximum value at 330 °C, it shows
a downward trend with further temperature increase. The key lies in the
low-temperature redox performance and insufficient acid sites of single
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Fig. 2. (a) Langmuir-Hinshelwood and (b) Eley-Rideal reaction mechanisms of catalysts.
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Fig. 3. NO conversion of pure Fe;O3 [41].

iron oxide, the narrow temperature window, and the easy non-selective
oxidation of NHs at high temperatures (Eqs. 1-(3). Therefore, other
metals are often used to modify the redox properties and surface acidity
of Fe-based catalysts to obtain catalysts with better de-NOy activity. The
elements commonly used to improve the de-NOy performance of
Fe-based catalysts are Mn, W, Ce, Ti, V, Zr, and other metals.

4NH;3+40,—2N,0-+6H,0 €h)

4NH3+50,—-4NO+6H,0 2)

4NH34-60,—4N0,+6H,0 3)

3.1.1. Synergy between mno, and FeOy

Among transition metals, Mn has various valence states and excellent
redox properties because of the easy transfer of electrons in the d orbitals
[42-44]. In addition, the Mn-based catalyst has excellent de-NOy per-
formance at low temperatures, but the N selectivity and SO resistance
at high temperatures are low, and the strong interaction with Fe can
effectively improve its shortcomings and the low-temperature activity of
the Fe-based catalyst. This is discussed below and summarized in Table 1
for the NH3-SCR catalytic performance of different Fe-Mn catalysts.

The physical and chemical characteristics of Fe-Mn catalysts are
different under different preparation methods, resulting in different SCR
activities among Fe-Mn catalysts. The NOy conversion rate of the Mn-Fe
catalyst prepared by co-precipitation method exceeds 80% at
150-200 °C [45]. The NOy conversion rate of three-dimensional ordered
microporous (3DOM) Fe;_Mns—Oy catalyst prepared by the colloidal
crystal template method was over 80% at 302-485 °C [46]. The high
conversion of the catalyst is attributed to the synergism between Fe and
Mn, which enhances the electron transfer rate of the catalyst and pro-
motes the redox cycle (Feg++Mn3+©Mn4++Fe2+). So far, some low-cost
natural minerals rich in iron can also be used as raw materials to prepare
Fe-based catalysts. The NOy conversion rate of 3% Mn-siderite (FeCO3)
catalyst is higher than 90% at 180-300 °C [47]. The interaction between
Mn and Fe in a 3% Mn-siderite catalyst also inhibited the agglomeration
of MnO;. NO conversion of Fe-Mn catalysts prepared from natural
manganese-rich limonite is higher than 90% in the temperature range of
130-300 °C [48]. We noticed that these natural minerals, which are
widely found on the Earth’s surface and have low cost, have excellent
activity in NH3-SCR reaction for NOy removal, and can be used as
catalyst raw materials in the future.
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Table 1
NH;3-SCR activities of different Fe-Mn catalysts.

Reaction Refs.
conditions

Catalyst Temperature NOx

window conversion

Mn-Fe 150-200 °C >80% 500 ppm NHj3, 500 [45]
ppm NO, 5% O,

30,000 h ~ !, 100

ml/min

1000 ppm NH3, [46]
1000 ppm NO, 3%

Og,

50 ml/min

500 ppm NH3, 500  [47]
ppm NO, 3% O,

10,000h %, 1.5L/

min

1000 ppm NHg, [48]
1000 ppm NO, 3%

0,, 72,000 h ~ 1,

300 ml/min

500 ppm NHg, 500 [49]
ppm NO, 5% O,

24,000 mLg 'h!,

800 ml/min

400 ppm NH3, 400  [50]
ppm NO, 4% Oo,

50,000 h ~ !

500 ppm NH3, 500  [51]
ppm NO, 3% O,

1500 ml/min

500 ppm NH3, 500  [52]
ppm NO, 5% O,

60,000 mLg 'h™t,

200 ml/min

3DOM 302-485 °C >80%
Fe; _Mn3z—Oy

3%Mn-(FeCO3) 180-300 °C >90%

H300 Fe-Mn

130-300 °C >90%

20%Mn-10%Fe/
TiO2(SD)

80-150 °C >95%

Feo.3Mno g/TiO2 200-250 °C >97%

8Fe-8Mn/Al,03 90-210 °C >92.6%

Mn;FegasAlg750x  80-250 °C >88%

Interestingly, Fe and Mn elements can also produce strong in-
teractions when used as active components of catalysts and loaded on
different supports. The NO conversion rate of Mn-Fe/TiO, (SD) catalyst
prepared with TiOy as the support is greater than 95% at 80-150 °C
[49]. The NO conversion rate of Fe-MnOx/TiO; catalyst synthesized by
sol-gel method is about 97% at 200-250 °C [50]. The presence of Fe can
increase the BET surface area and promotes the morphological trans-
formation of MnOy from crystalline to amorphous. It is widely used as
catalyst support due to the excellent acidity of the Al,O3 surface. The
8Fe-8Mn/Al,03 catalyst has a NO conversion rate of over 92.6% in the
temperature range of 90-210 °C. [51]. It is attributed to the interaction
between Fe and Mn that promotes the formation of Fe3*. A new
Mn;Feg 25Aly 750 catalyst by calcination of MnjFeg25Alg75—NO3
layered double hydroxide (LDH) precursor, and the NOy conversion rate
was higher than 88% at 80-250 °C [52]. The addition of Fe promoted
the mobility of adsorbed oxygen on the surface.

However, it was found that the appropriate addition of the Mn could
produce a good interaction with the Fe, thus promoting the SCR activity
of the catalyst. However, it is not known exactly how Mn promotes Fe.
Therefore, Ren et al. used density functional theory (DFT) to study the
mechanism of NOy removal by the SCR method on Mn-doped y-Fe;O3
catalyst and the effects of Mn doping on the SCR process [53]. It turns
out that the Fe-O bond is longer than the Mn-O bond, which means that
there is an electron transfer from the Mn cation to the Fe cation. In
addition, Fe is more electronegative than Mn, so the doping of Mn will
bring more valence electrons and be attracted to Fe, increasing the
surface free electrons and thus changing the surface redox capacity.

In general, Mn has excellent SCR activity at low temperatures, but
the catalytic activity and Ny selectivity are often insufficient at high
temperatures, and the operating temperature window is narrow, while
the Fe element is the opposite. Therefore, the combination of Mn and Fe
leads to the interaction between Mn and Fe, which effectively improves
the low-temperature SCR activity and Ny selectivity of metal oxide
catalysts, which is mainly attributed to the effective electronic synergy
between Mn and Fe ions (Fe>™+Mn3*<Mn* +Fe?t), improving the
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redox properties of the catalyst. At the same time, the transformation of
MnOy and FeOy from crystalline to amorphous state is promoted, and
their dispersion on the catalyst surface is improved. All these factors
together contribute to the excellent SCR performance of the catalyst.

3.1.2. Synergy between WO, and FeOy

Tungsten oxide (WO3) is commonly used as an activity modifier for
the NH3-SCR catalysts, owing to its inherent thermal stability, high
surface activity, and excellent high-temperature SCR activity [36,54,
55]. After adding tungsten to other phases, the dispersion and stability
of the active phase can be improved, the surface activity can be
increased, the redox performance can be adjusted, and the NH3-SCR
activity can be enhanced. Therefore, W is commonly used to modify the
Fe element to enhance its dispersion and improve its acid site strength,
thereby promoting the SCR activity of the catalyst. The NH3-SCR per-
formance of different Fe-W catalysts is listed in Table 2.

It has been reported that 10% WO3/Fe,03 [56] and 5% WO3/Fe,03
[57] catalysts prepared by the same preparation method also have
different SCR activities due to the different interactions between WOy
and FeOy in the prepared W-Fe catalysts. The NOx conversion rate of
10% WO3/Fep03 catalyst is more than 90% at 275-425 °C. The NOx
conversion rate of 5% WO3/Fe,03 catalyst exceeds 80% at 300-450 °C.
Same point is that they all found that there is a strong interaction be-
tween WOy and FepOs: (1) High dispersion of WOy on the surface of
Fes0g3; (2) The redox performance of the catalyst is improved; 3) It is
helpful to increase the number and intensity of acidic sites. However, the
difference is that the presence of WO3 on 10% WO3/Fe303 catalyst [56]
inhibits the crystallization of the Fe;O3 phase and helps to improve the
specific surface area of FepOs. In addition, both catalysts are E-R reac-
tion mechanisms, but the interaction between the two elements in the
5% WOs3/Fey0s catalyst [57] mainly enhanced the strength of Lewis acid
sites on the catalyst, rather than simultaneously enhancing the strength
of Lewis and Brgnsted acid sites. This may be the stronger adsorption
and activation of NH3 by Lewis acid sites in the E-R mechanism of the
W-Fe catalyst. The 30% WO3/Fe;O3 catalyst achieved a NOy removal
rate close to 100% at 225-500 °C [29]. As shown in Fig. 4, the doping of
WOg3 can effectively inhibit the growth of Fe;O3 particles, but also leads
to particle agglomeration. Although the SCR activity of the Fe-W catalyst
is excellent, scholars have not pointed out the active center of the Fe-W
catalyst, possibly because the particles are irregular and have different
shapes, which is difficult to locate from the atomic perspective. Zhang

Table 2
NH;3-SCR activities of different Fe-W catalysts.
Catalyst Temperature NOx Reaction conditions Refs.
window conversion
10% WO3/ 275-425 °C >90% 500 ppm NHs, 500 [56]
Fe,03 ppm NO,
5% O, 100,000 h ~
%, 300 cm®/min
5% WO3/ 300-450 °C >80% 500 ppm NHj3;, 500 [57]
Fey03 ppm NO,
5% O, 50,000 h ~ !,
500 ml/min
30% WO3/ 225-500 °C ~100% 600 ppm NH3, 600 [29]
Fe,03 ppm NO,
5% Oy, 60,000 h ~ 1,
400 ml/min
0.05 ML 300-550 °C >90% 600 ppm NH3;, 600 [58]
WO3/ ppm NO,
Fe 03 3% Oy, 72,000 h ~ !,
600 ml/min
5 W/Fe;03- 225-350 °C >80% 600 ppm NH3, 600 [59]
AO-400 ppm NO,
5% Oy, 50,000 h ~ !,
1000 ml/min
FW-GR/FW- 225-500 °C >90% 600 ppm NH3, 600 [60]
SG ppm NO,

5% Og, 60,000 h ~ !
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(a)-2 Fex0s

(a)-1 Fe;0s

20 nm
Fig. 4. TEM images of (a) pure Fe,O3 and (b) 0.3W-Fe catalysts [29].

et al. chose to reduce the active component of the catalyst to a mono-
layer thick entity to eliminate the particle shape effect, prepared a
sub-monolayer WOs catalyst supported by Fe;O3, and determined the
nature of the active center at the nanoscale [58]. The NOy conversion
rate of 0.05 monolayer (ML)WO3/Fe303 catalyst is higher than 90% at
300-550 °C. The normalized SCR rate increased linearly with the square
root of WO3 coverage, and the amount of WO3 in these catalysts was
different, but the turnover number (TON) molar NO analysis results of
0.01, 0.03, and 0.05 ML WO3/Fe;03 were the same. This fact confirms
that the active site is located at the interface between the WOj3
sub-monolayer and the carrier. The precise location of the active site can
effectively reduce the waste of the W element. This is because the Fe-W
catalysts have high SCR activity and wide temperature window at high
temperatures, but low SCR activity. The magnetic 5 W/Fe203-A0-400
catalyst has a NOy conversion rate of more than 80% at 225-350 °C,
showing competitive low-temperature activity [59]. In addition to the

100

80+

60

NO conversion (%)

| —=—FW-GR
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| ——FW-SG

| ——FW-ME
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. 1 v ] ] ] |
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interaction between W and Fe species, it is also found that tungsten
doping can promote the collapse resistance of FepO3-AO pore structure,
prevent y-FeoO3 from irreversibly turning into a-Fe;O3 during annealing
at 400 °C, and effectively prevent the agglomeration and growth of
Fe,03 particles.

It is worth noting that the effects of preparation methods on the SCR
activity of the Fe-W catalysts are summarized above. However, different
reaction conditions in the preparation process will have a corresponding
influence on the Fe-W catalyst, so it is of more reference value to reduce
the uncertainty of variable factors and obtain the SCR activity of the Fe-
W catalyst by different preparation methods. A series of Fe-tungsten
(FW) composite oxide catalysts using different preparation methods,
including the grinding (FW-GR), initial impregnation (FW-IM), sol-gel
(FW-SG) and microemulsion methods (FW-ME) [60]. FW-GR and
FW-SG catalysts achieved NOy conversion rates above 90% at
225-500 °C (Fig. 5a). The denitrification performance of FW catalysts
was mainly attributed to the presence of Fe> and FeWOy, species on the
surface, and more oxygen and FeWO, species were observed on the
surface of FW-GR and FW-SG. In addition, in the actual working con-
ditions of the NH3-SCR catalyst, the temperature is an uncontrollable
factor and has a large fluctuation, which will affect the surface acidity
and defects of the catalyst. Therefore, it is necessary to study the effects
of annealing temperature on the Fe-W catalyst. The surface defects and
acidity of FW catalyst prepared by anhydrous grinding method were
analyzed by changing the calcination temperature [61]. Fig. 5(b) shows
the NH3-SCR activity of Fe-W catalysts at different temperatures. The
FW-400 °C catalyst has NOy conversion rate of 90% at 213 °C and has
the strongest low-temperature activity. The FW-500 °C catalyst exhibits
an excellent Tgy operating window in the 220-500 °C temperature
range. With the increase in calcination temperature, the Tgg operating
window of the FW catalyst gradually narrowed. It is attributed to the
decrease of BET surface area at high calcination temperature, corre-
sponding to the reduced catalytic performance.

Based on the above analysis, the synergistic effects between W and Fe
elements are mainly reflected in several aspects: (1) Increase the
dispersion of transition metal oxides on the catalyst surface, making
WOy and FeOy amorphous. (2) As a modifier, the W element can increase
the surface acidity of the catalyst and have more acid sites and acid
content. (3) The electron transfer between Fe and W facilitates the for-
mation of Fe-O-W bonds, and can also properly adjust the redox capacity
of the catalyst, thereby effectively inhibiting the non-selective oxidation
of NH3.

Temperature (°C)

Fig. 5. NO and NOy conversion of different FW catalysts: (a) NO; (b) NOy at different temperatures [60,61].
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3.1.3. Synergy between CeO, and FeO,

Ce element has excellent redox ability, good oxygen storage, and
release ability, which can enhance the activation of chemisorbed NH3
and the oxidation of NO during the NH3-SCR process [62-64]. At the
same time, the synergistic effect of environmentally friendly Ce-based
oxide catalysts with other transition metal oxides can also effectively
improve their redox capacity, thereby enhancing the NHs-SCR activity
of the catalysts [65]. The NH3-SCR performance of different Fe-Ce cat-
alysts is shown in Table 3.

For pure CeOj, the addition of Fe;O3 could improve the redox ca-
pacity of the catalyst, but the enhancement of redox capacity did not
improve the SCR activity of the catalyst, which was attributed to the lack
of acidic sites on the surface [66]. Therefore, when CeOy and FeOy are
selected as the active groups of catalysts, oxides with good acidity (such
as Al,O3 or TiO») are usually selected as catalyst support to improve the
SCR activity of catalysts. Using Al,O3 as catalyst support, Ce;Feg ss
catalyst with a NOy conversion rate exceeding 90% at 200-300 °C [67].
The excellent SCR activity was attributed to the replacement of Ce**
(0.097 nm) by Fe3+(0.064 nm) with a smaller ion radius in the synthesis
process of the catalyst to form Ce-Fe solid solution. The NO conversion
rate of the 3FeOx-8Ce0,/TiO; catalyst exceeds 98% in the 230-350 °C
temperature range [68]. The interaction between Fe and Ce can promote
the redox cycle on the catalyst (Ce*"+Fe?*«Ce>*+Fe3"). In addition,
Ce doping increased the adsorption of NHs on the Lewis acid site of the
catalyst and decreased the activation energy of the reaction. The NO
conversion rate of Fe(0.2)-Ce(0.4)-Ti catalyst exceeded 94% in the
240-360 °C temperature range [69]. The synergistic effects of Fe and Ce
species enhance the reverse process of redox equilibrium (Ce*+Fe?*
©Ce® +Fe®") and promote the formation of oxygen vacancies. In
addition, in the presence of 200 ppm SO, the NO conversion rate of Fe
(0.2)-Ce(0.4)-Ti catalyst still exceeds 92% within 25 h.

Ce-Fe catalyst has excellent SO, resistance, but we do not know the
effect of the SO, presence on the active site of the Ce-Fe catalyst. The
resistance of Ce-Fe/TiO,/Al;03 wire mesh honeycomb catalyst (Ce-Fe/
WMH) at different concentration of SO, (100, 500, 1000 ppm) was

Table 3
NH;3-SCR activities of different Fe-Ce catalysts.

Catalyst Temperature NOx Reaction conditions Refs.

window conversion

CeOy-Fe,03 300 °C 74.68% 500 ppm NH3, 500 [66]
ppm NO, 5% O,
75,000 h ~ 1, 1.25
L/min
Cey-Feg 35/ 200-300 °C >90% 0.05% NHs, 0.05% (671
Al,05 NO, 3% O,
6000 h ~ !, 100 ml/
min
3Fe0,-8Ce0,/  230-350 °C >98% 1000 ppm NHs, [68]
TiO, 1000 ppm NO,
6% Oy, 30,000 h ~ !
500 ppm NH3, 500 [69]
ppm NO, 5% O,
90,000 h ~ 1, 100
ml/min
1000 ppm NHs, [70]
1000 ppm NO,
3% 0,,10,000 h ~ 1,
2000 ml/min
6Fe5(S04)s/ 300-450 °C >90% 500 ppm NHj, 500 [71]
CeOy ppm NO, 5% O,
118,000 h ~ 1, 300
ml/min
600 ppm NH3, 600 [72]
ppm NO, 5% Oo,
60,000 h ~ !, 200
ml/min
0.05% NHs, 0.05% [73]
NO, 5% Oa,
100 ml/min

Fe(0.2)-Ce
(0.4)-Ti

240-360 °C >94%

Ce-Fe/WMH

250 °C 97.6%

Fe-S-Ce 275-425 °C ~100%

Fe-HT 250-450 °C 100%
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tested at 250 °C [70]. As seen in Fig. 6(a), Ce-Fe/WMH catalyst showed
good resistance to SOz poisoning within 100 h tested. The decrease in
NOy conversion during the first 50 min is the preferential adsorption of
SO;, to the Ce site, leading to the formation of sulfated cerium oxide on
the catalyst surface. After 50 min, CeOs sulfation reached a stable state,
and the NOy decline trend slowed down. Interestingly, the incorporation
of SO into the Ce-Fe catalyst may lead to the formation of sulfate,
resulting in a synergistic effect and improved SO5 resistance of the Ce-Fe
catalyst. Therefore, it is of great practical significance to directly sulfate
the Ce-Fe catalyst to obtain the corresponding sulfate and analyze its
influence on the surface acidity and redox performance of the Ce-Fe
catalyst. The NOy conversion rate of the 6FeSCe catalyst was greater
than 90% between 300 °C and 450 °C [71]. After adding SO», the SCR
activity of the 6FeSCe catalyst decreased very little, showing excellent
sulfur resistance. There is a strong interaction between Fe, S, and Ce, so
that electrons can be transferred from S to Ce** and Fe3", leading to an
increase in the Ce3* to Fe?" ratio. Fe-S-Ce catalyst has a good SO
resistance and the NOy conversion rate is close to 100% at 275-425 °C.
[72]. There is interfacial interaction between Fe, cerium oxide, and
sulfate to form Ce(SO4)3 species on the Fe-S-Ce catalyst, which can
effectively improve the surface acidity of the catalyst. Although the
sulfation of the Fe-Ce catalyst effectively improved its SO, resistance
and N selectivity, the SCR activity at low temperature decreased
compared with other non-sulfated Fe-Ce catalysts, and the temperature
window shifted to the high-temperature region. Therefore, the presence
of sulfate has a strong influence on the SCR activity of the Ce-Fe catalyst.
It is of great value to further explore the influence of different prepa-
ration methods on the SCR activity of the Fe-S-Ce catalyst. Ce-Fe-Ox
catalysts containing sulfate by the sol-gel (Fe-SG), hydrothermal
(Fe-HT), co-precipitation (Fe-10), and solid-phase grinding synthesis
methods (Fe-SSGS) [73]. As shown in Fig. 6(b), the Fe-HT catalyst has
significantly higher NOy conversion than other catalysts and exhibits
100% NOy conversion at temperatures ranging from 250 °C to 450 °C.
Appropriate sulfate species can promote the synergistic effect of Fe and
Ce and improve the redox performance.

Due to extensive studies on the anti-SO, properties of Ce-Fe catalysts,
the presence of Ce3(SO4)3 species on the Ce-Fe catalysts may be attrib-
uted to the preference of SO, for adsorption to the Ce site. However, we
do not know the adsorption process and decomposition process of sul-
fate on the catalyst surface. Therefore, to better develop the Ce-Fe
catalyst, it is necessary to understand the adsorption mechanism of
SO, on the Ce-Fe catalyst. The sulfur resistance of Ce-doped y-FepO3
catalysts through quantum chemistry and density functional theory
(DFT) and revealed the adsorption process of sulfur oxides on the
catalyst surface and the decomposition process of surface sulfate [74].
The adsorption effect of Ce on SO, is much greater than Fe. The orbital
coupling between Ce and SO, molecules occurs, and a large number of
electrons enter the new bonding orbital. Thus, the addition of Ce can
adsorb SO, molecules near the Ce cation, thus exposing more Fe active
sites to air. In addition, the adsorption of SO, on the surface of the
catalyst will form ammonium sulfate, and the doping of Ce will intro-
duce more valence electrons, which will reduce the energy required for
N—H bond breaking, and further reduce the activation energy required
for sulfate decomposition.

In general, the synergy between Ce and Fe species is mainly reflected
in the electron transfer capacity between Ce and Fe, which promotes the
redox cycle (Ce3"+Fe®*eCe*t+Fe?™), and then improves the redox
capacity of the catalyst, which is consistent with the characteristics of
the Ce-based catalyst. In addition, the interaction between Ce and Fe can
inhibit the crystallization of CeOx and FeOy, improve the dispersion of
metal oxides on the catalyst surface, adsorb more active species, and
accelerate the NH3-SCR reaction. The presence of Ce can effectively
improve the SO, resistance and N selectivity of the catalyst.

3.1.4. Synergy between VO, and FeOy
V-based catalysts have been widely used in commercial NH3-SCR for
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Fig. 6. NOy conversion of different catalysts: (a) Effect of SO, on NOy conversion of Ce-Fe/WMH catalyst; (b) NOx conversion of Fe-SSGS, Fe-10, Fe-HT, and Fe-SG

catalysts [70,73].

a long time, but some studies in recent years have found that it is being
transferred to the low-temperature field [75]. Generally, V2Os can be
combined with other catalyst metal oxides, which can provide good
Brgnsted/Lewis acid sites and redox properties, and the interaction with
other metal oxides can also improve the thermal stability and dispersion
of the catalyst [76-78]. In recent years, the interaction between FeOy
and VOy has been explored and used to promote the activity of SCR
catalysts. The NH3-SCR performance of different Fe-V catalysts is shown
in Table 4.

It is well known that SCR performance and SO, resistance are often
not superior when some low-cost natural minerals are used as catalyst
raw materials. It is a good method to adjust the surface acidity and SO,
resistance of catalysts by calcination and HoSO4 modification. A new
mineral-derived catalyst (MDC) from vanadium titanomagnetite (VTM)
and vanadium titanomagnetite sinter (VTMS) by calcination and sulfuric
acid erosion modification [79]. After calcination, NOy conversion on the
VTM catalyst increased by 20-30%. The denitrification efficiency of the
catalyst was also improved after sulfuric acid modification. Both
VTM-A-5 and VTMS-A-5 catalysts showed about 90% NOy conversion at
350 °C. The formation of sulfate species and the presence of
Fe*t/Fe?*and V>*/v*" pairs in the catalyst effectively enhance the
Brgnsted acid site and redox performance of the catalyst. The SCR ac-
tivity of the Fe-V catalyst can be improved by calcination and HySO4
modification. However, the NOyx conversion rate is far from enough in
the actual production process, so it is of great significance to improve the
SCR activity of the Fe-V catalyst by new preparation methods. The NOy
conversion rate of Fej 75V 2505 catalyst prepared by urea homogeneous

Table 4
NH3-SCR activities of different Fe-V catalysts.
Catalyst Temperature NOy Reaction conditions Refs.
window conversion
VTM-A-5/ 350 °C ~90% 300 ppm NH3, 300 [79]
VTMS-A-5 ppm NO, 6% O,

17,143 ml-.g ~ 'h7},
1000 ml/min

Fe.75V0.2505 175-400 °C >90% 500 ppm NH3, 500 [80]
ppm NO, 5% O,
50,000 h ~ 1,
200 ml/min

Fe;-V1/TiO, 220-420 °C >90% 0.05% NH3, 0.05% [81]
NO, 5% O, 100,000
mlg ~'h7?,
500 ml/min

Fep1Vo.1TiOx 225-450 °C >90% 500 ppm NHj3, 500 [82]
ppm NO, 5% Oo,
200,000 h ~ 1,
500 ml/min

precipitation method is over 90% between 175 and 400 °C[80]. The
incorporation of V results in the formation of amorphous FeVO4 and
Fey03, amorphous phases with smaller particle sizes and higher oxygen
mobility. The electron induction effect between Fe and V causes charge
transfer from Fe to V, resulting in improved redox properties. In recent
years, the research on TiOp-supported Fe-V catalyst is increasing,
because it is conducive to the dispersion of FeOy and VOy active sub-
stances. The NOy conversion rate of the Fe;-V;/TiO5 catalyst reached
more than 90% at 220-420 °C [81]. The corresponding characteristic
peaks of FeOx and VO were not detected in the crystal phase structure of
Fe-V oxide, and only the corresponding FeVO4 peak was detected. The
NOy conversion rate of Feg 1V 1 TiOx catalyst is more than 90% between
225 and 450 °C [82]. FeVO4 and Fey03 species coexist and are highly
dispersed on the TiO, surface, which enhances the electron transfer
between Fe and V, resulting in charge imbalance.

For a long time, commercial V-based catalysts have been widely used
for NOy removal by the NH3-SCR method. However, when used in diesel
engine NOy purification systems, the thermal stability at high temper-
atures and the resistance to SO, at low temperatures are relatively poor.
The addition of Fe can effectively inhibit the volatilization of V05 and
improve the resistance to SOy. Therefore, it is of great significance to
study the influence of Fe doping on the SCR performance of commercial
V-based catalysts. With the increase of Fe;O3 content on the surface of
Fey03-V205-WO3/TiO, catalyst, the ratio of V4*/V>" decreases, and the
oxidation rate of vanadium species SO increases [83]. Three different
catalysts by mechanically mixing V,05-WO3/TiO; and Fe;Os, including
VW/Ti+Fe(N) by nano-replication, VW/Ti+Fe(P) by precipitation and
VW/Ti+Fe(C) by using commercial Fe;O3 for comparison [84]. Fig. 7
shows the catalytic performance of VW/Ti and VW/Ti+Fe flowing with
time at 275 °C in the presence of 600 ppm SO;. Compared with the
VW/Ti catalyst, the physical mixture of the VW/Ti+Fe catalyst showed
better catalytic stability in the long-time reaction. As a greenhouse gas,
N0 has a single-molecule warming potential 298 times that of CO». It
has been reported that the modification of V-based catalysts by Fe,O3
particles can significantly increase the strongly adsorbed NH3 and NHy
components, which are involved in the reduction of N,O formed at high
temperatures, possibly due to the presence of FeyOs-induced tetrahe-
drally coordination polymeric vanadates and surface V-O-Fe substances.
[85]. They further found that the level of NO formation increased with
the amount of V505 [86].

Therefore, it is clear that the combination of FeOyx and VOy on the Fe-
V catalysts can form FeVOy species, which can effectively improve the
redox performance of the catalyst and provide more Brgnsted/Lewis
acid sites. In addition, the interaction between V and Fe species en-
hances the electron transfer ability between them, which is beneficial to
obtain more Fe®*, which in turn improves the NOy conversion and Ny
selectivity of the catalyst.
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Fig. 7. NOy conversion of VW/Ti and VW/Ti + Fe catalysts reacted at 275 °C
for 10 h [84].

3.1.5. Synergy between TiOy and FeOy

As a semiconductor, TiO5 can efficiently transfer electrons from TiOy
to other metal elements and is considered to be a good additive [87,88].
Meanwhile, TiO,, as a typical material with sufficient surface acidity,
has been widely used in the development of commercial and novel
catalyst supports. In addition, the introduction of Ti into other metals
can modulate the interaction between metals and promote the adsorp-
tion of NOyx and NHjs, leading to charge imbalance, which in turn pro-
motes the redox performance of the catalyst and improves surface
acidity [89-91]. Table 5 shows the NH3-SCR performance of different
Fe-Ti catalysts.

The NOy conversion rate of the y-Feg 95Tig 050, catalyst exceeded
90% between 250 and 400 °C [92]. It is found that the doping of Ti can
reduce the grain diameter of the y-Fe;O3 catalyst and refine the grain.
v-Feo.95Tig.050,, catalyst showed uniform spherical particle morphology,
relatively independent between particles without adhesion, and pore
connectivity was good. To further analyze the influence of the presence
of Ti** on the electronic structure of y-FesO3 and the changes in the
redox behavior and acidity of the catalyst, doped Ti** into y-Fe,03, and
found that Ti*" occupied the octahedral vacancy, replacing part of the
octahedral iron site, and the interaction between high Ti*" ions and 0%~
[101]. Thus, the entropy of spinel is reduced and the stability of y-Fe,O3
is effectively improved. The NOy conversion rate of the FegTi; O catalyst
is more than 80% at 150-350 °C [93]. It was found that Ti*t promoted
the formation of Fe-O-Ti species, which improved the redox properties
of Fe,03, and Ti** doping enhanced the surface acidity of the catalyst.

In recent years, by optimizing the surface structure and morphology
of TiO,y, the BET surface area of the catalyst was improved and an
effective mass transfer channel was formed, to adsorb and activate more
reactive gasses. The NOy conversion rate of the Fe/TNT (titanium di-
oxide nanotubes) catalyst is greater than 80% between 200 and 350 °C
[94]. TiOz in the Fe/TNT catalyst is transformed into an amorphous
tubular structure of HyTi3O;. At present, direct preparation of FeTi
catalyst by the template method is also effective. Template modification
can also effectively regulate the physical and chemical properties and
structure of the FeTi catalyst. FeTi(f), FeTi(c) and FeTi(p) catalysts were
synthesized using an additive polymer of polypropylene glycol (F127),
cetyltrimethylammonium bromide (CTAB) and polyethylene glycol
(PEG) as templates, respectively [95]. As shown in Fig. 8, the SCR per-
formance of FeTi catalyst prepared by the template method is much
better than pure FeTi catalyst, and the NOy conversion rate of the FeTi(c)
catalyst exceeds 90% between 180 and 360 °C. This is because the

Molecular Catalysis 541 (2023) 113113

Table 5
NH;3-SCR activities of different Fe-Ti catalysts.

Reaction Refs.
conditions

Catalyst Temperature NOx

window conversion

250-400 °C >90% 0.1% NHg, 0.1% [92]
NO, 3.5% Oq,

30,000 h ~ 1,

3000 ml/min

500 ppm NHj3, [93]
500 ppm NO,

5% O,

60,000 h ~ 1,

100 ml/min

1000 ppm NHg, [94]
900 ppm NO,

100 ppm NOg,

10% O, 50,000

h-1

500 ppm NH3, [95]
500 ppm NO,

6.5% O, 12,000

h =1, 400 ml/

min

500 ppm NHg, [96]
500 ppm NO,

5% O, 75,000

ml-g = 'h~1, 200
ml/min

800 ppm NHj3, [97]
800 ppm NO,

3% 0O, 80,000

Rl

500 ppm NHg, [98]
500 ppm NO,

5% O, 38,000

Rl

650 ppm NH3, [99]
650 ppm NO,

6% O,

15,000 h ~ 1,

100 ml/min

0.1% NHs, 0.1%  [100]
NO, 3.5% O,

30,000h ~ 1,2

L/min

y-Feq.95Ti0.050;

FegTi; Oy 150-350 °C >80%

Fe/TNT 200-350 °C >80%

FeTi(c) 180-360 °C >90%

Fe/Ti@Si 275-400 °C >80%

FeTiSO4-2.0 300-500 °C >90%

Fe-Ti-MMT 350-420 °C ~100%

Tip.1Smg 075F€0.0850x  150-300 °C >90%

7.5%Ti-FexMgy0, 225-400 °C 100%

1004 B FeTiCo)

~ | EFeTi()

S P FcTi(p)

= 801 EZ&ZFeTi

Q ]

87

5 604 ] 7
2
o ’ Y
S 404 g ;;
@) /

Z

SANNANANNANNNNNY
AAALELRR RN RN RN R
—\\.\\\\\\\\\\\\\\‘\‘\\

“ANNEERNNANNN N

ANNNANRNNNNS

EESSSSEEE

NANNNNN
NN

N

204

TNNNNNY
AR
AR AN NNNNN

R .

&\\\\\\\mw \

ANANANN NSRS

NN

N
N

%
20 150 180 210 240 270 300 330 360 390

Temperature (°C)

o b
S

Fig. 8. NOx conversion of FeTi catalysts [95].

smallest particle of FeTi(c) is only 12 nm, which has a large specific
surface area. The morphology and structure of TiO, was modified and
synthesized Fe/Ti@Si catalysts with higher specific surface area,
amorphous structure along mesoporous channels, and more acidic sites
than Fe/TiO, [96]. Thin layer of TiO, is easier to absorb electrons from
the supported FepO3; than the bulk TiOp, which promotes the
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enhancement of Fe-O-Ti interface interaction, leading to the redox
performance improvement of the catalyst and acidity enhancement.

To ensure the surface acidity of the FeTi catalyst, a modified FeTi
catalyst with sulfate species was proposed. The new FeTiSOx-2.0 catalyst
showed a NOy conversion rate of over 90% at 300-500 °C [97]. The
linked hydroxyl group of the sulfate material and the Ti*" on the surface
can effectively form the Brgnsted acid site. The formation of Fe-O-Ti and
Fe-O-S species can also significantly enhance the acidic site of the
catalyst. It is well known that the SCR activity of catalysts can be seri-
ously affected by alkali/heavy metal poisoning in addition to better SO,
resistance. In fact, because of the coexistence of alkali and heavy metals
in practical applications, the lifetime of catalysts is severely inhibited.
To solve this problem, synthesized a Fe-Ti-montmorillonite (MMT)
catalyst, which had almost 100% NO conversion rate at the 350-420 °C
temperature window [98]. After alkali/heavy metal co-poisoning, the
inactivation rate of NO conversion was about 10%, showing excellent
alkali and heavy metal resistance. As seen in Fig. 9, the Fe-Ti-MMT
catalyst shows an obvious stratified structure, which is attributed to
the natural form of MMT. After alkali/heavy metal co-poisoning, several
particles are observed on the layer surface, which are K and Pb sub-
stances partially deposited on the surface of the Fe-Ti-MMT catalyst. The
incorporation of Ti can effectively inhibit the attack of the Fe active site
by K or Pb, and maintain a high reduction capacity to the poisoned
Fe-Ti-MMT catalyst.

At present, the modification of Fe polyoxide based on TiO, has been
widely studied. As an excellent additive, titanium can widely improve
the redox properties and surface acidity of Fe-based catalysts. The NOx
conversion rate of titanium-modified Tip 1Smg g75Feo.g250x catalyst was
over 90% at 150-300 °C [99]. The 7.5% Ti-Fe,MgyO, catalyst can ach-
ieve 100% NOy conversion at 225-400 °C [100]. The doping of Ti plays
the following roles: (1) To provide more acidic sites; (2) Improved BET
surface area of catalyst; (3) TiOx and FeOx exist as an amorphous phase
in the catalyst to form a good solid solution; (4) It changes the electron
cloud density of other elements and affects the interactions between
different species. Therefore, the introduction of Ti helps to broaden the
temperature range of the NH3-SCR reaction.

3.1.6. Synergy between ZrO, and FeOy
ZrO, is a good semiconducting transition metal oxide with excellent

Fig. 9. SEM images of (a) Fe-MMT-E, (b) Fe-MMT, (c) Fe-Ti-MMT, and (d) K/
Pb-Fe-Ti-MMT catalysts [98].
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hydrothermal stability at high temperatures [102]. The addition of ZrO,
as a promoter to other metal oxides can effectively adjust the surface
acidity of the catalyst and reduce the concentration of basic sites,
thereby improving the resistance of the catalyst to SOz poisoning [103,
104]. Through the strong interaction between ZrO; and other metal
oxides, ZrO; can also enhance the redox performance and oxygen stor-
age capacity of catalysts, inhibit the crystallization of metal oxides and
improve their dispersion [105,106]. The NH3-SCR performance of
different Fe-Zr catalysts is listed in Table 6.

The synergistic effects between Fe and Zr are due to the ionic radius
of Zr** in ZrO5 (0.086 nm) being larger than Fe3* in Fe503 (0.069 nm)
[112]. Some Zr** ions may be replaced by Fe3* to form Fey03-Zr0, solid
solution in a lattice position. In addition, the synergistic effect also
promoted the redox reaction (Fe>*+Zr¥t«Fe?t1+7r*"). Some studies
have suggested that the enhanced SCR performance of the Fe-Zr catalyst
caused by the introduction of SOz may be due to the enhanced acidity of
sulfated ZrO, support. Compared with the Fe/Zr catalyst, the activity of
the Fe/(SZr) sulfated iron-based catalyst was significantly increased at
250-500 °C and the NOy conversion rate reached more than 90% at
300-450 °C [107]. The presence of sulfate, FexO3, and SO?{ species on
the Fe/(SZr) catalyst provides more acid sites. The NOy conversion rate
of the FeySZr catalyst reached more than 90% at 350-450 °C [108]. Fe3*t
has a strong adsorption capacity of NOy and NH3 species at medium-low
temperatures, but the increase of Fe>! at high temperatures will pro-
mote the oxidation of NHs. The addition of SO~ will reduce the redox
activity of the catalyst, resulting in the reduction of SCR activity at
medium and low temperatures, but will inhibit the oxidation of NH3 at
high temperatures. Thus, the appropriate ratio of redox sites (Fe**) and
acid sites (SO ) yields high SCR activity. ZrO, is also used as an addi-
tive to improve the catalytic activity of catalysts based on their acidity.
The Zr-modified ferric samarium oxide catalyst showed that the addition
of Zr increased the weak acid site but decreased the medium acid site
[99]. The NOy conversion rate of the novel Fe3* and Zr*t co-doped
CeTiOy catalyst was higher than 80% between 250 and 400 °C [109].
The co-doping of Fe>* and Zr** can inhibit the agglomeration of Fe and
the grain size growth of the catalyst, and improve the redox capacity and
surface acidity of the catalyst. In addition, the co-doping of Fe>* and
Zr** inhibited grain growth during the secondary calcination process.

In recent years, metallic columnar montmorillonite (PILM) has been
widely studied as an acid carrier with a high specific surface area and
adjustable rich surface acidity. The interaction of ZrO, and Fe;Oj3 in Zr-
Fe polymer-supported sandwich montmorillonite (Zr-Fe-PILM) inhibits
the crystallinity of ZrO, and Fe203, and increases the BET surface area of
the catalyst [113,114]. The same results also appeared on the ZrO,--
supported sulfated FeyOs catalyst (FeS/Zr) [110]. No o-FeyOs or
Fey(S04)3 diffraction reflections were observed because of the ZrO,
presence. However, the BET specific surface area of pure ZrO; support is
only 4.53 m?/g, which has a great influence on the SCR activity of the

Table 6
NH3-SCR activities of different Fe-Zr catalysts.
Catalyst Temperature NOx Reaction conditions Refs.
window conversion
Fe/(SZr) 300-450 °C >90% 500 ppm NH3, 500 ppm [107]
NO, 3% O,
47,000 h ~ !, 300 ml/min
Fe,SZr 350-450 °C >90% 500 ppm NH3, 500 ppm [108]
NO, 3% O,
FZCT 250-400 °C >80% 500 ppm NHs, 500 ppm  [109]
NO, 5% O,
60,000 h ~ !, 200 ml/min
FeS/Zr 350-450 °C >80% 500 ppm NH3, 500 ppm [110]
NO, 3% O,
47,000 h ~ !, 300 ml/min
3%Fe/ 400-550 °C 80-85% 100 ppm NHg, 100 ppm  [111]
WO3- NO, 12% 05, 5% COo,
ZrOy 10% H»0, 2 L/min
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catalyst. Therefore, as a carrier with high stability and excellent surface
acidity, ZrO, is often doped with other elements to effectively improve
the physical and chemical properties of the ZrO, carrier. The 3wt%
Fe/WO3-ZrO, catalyst achieved 80-85% NOyx conversion in the
400-550 °C temperature range [111]. Due to the strong interaction
between Fe-ZrO,, Fe would preferentially interact with the free Zr*" site
to generate more Lewis sites. In addition, the key function of Fe is to
convert Lewis acid sites into reaction sites.

In conclusion, the strong interaction between Zr and Fe will not only
improve the redox performance of the catalyst but also enhance the
number and strength of catalyst acid sites, thereby enhancing the
adsorption capacity of the Fe-Zr catalyst for NH3 and NOy species. At the
same time, the presence of ZrO, can also effectively inhibit the crys-
tallization of Fe3O3 and improve its dispersion on the catalyst. All these
factors contribute to the high NH3-SCR activity of the Fe-Zr catalysts.

3.1.7. Synergy between other metal oxides and Fe oxides

In recent years, to improve the SCR activity of Fe-based catalysts,
some other metals (Ho, Mg, Co, Al, Nb, Mo, etc.) have also been widely
used for doping. It is generally believed that the unique interaction
between different elements often produces different effects on the
catalyst. The NH3-SCR performance characteristics of Fe-based catalysts
modified with different elements are listed in Table 7.

As a rare earth metal, Ho has incomplete 4f and empty 5d orbitals.
The surface of Ho,O3 has different Lewis acid sites (Ho®") [128]. The
NOy conversion rate of Feg sHog 1Mng 4/TiO; catalyst is higher than 85%
at 60-200 °C [115]. The doped Ho503 can improve the dispersion of the
FeyO3 phase to the greatest extent and maintain the amorphous phase,
and generate new Lewis acid sites. In addition, the effects of SO on the
SCR activity of Feg sHog 1Mng 4/TiO5 catalysts at low temperatures were
investigated [129]. After the introduction of SO, the SCR activity of the
catalyst decreased sharply, mainly due to the deposition of ammonium
sulfate and ammonium bisulfate on the catalyst surface and the forma-
tion of MnSO4. After thermal reduction and regeneration of the catalyst,
it was found that the catalytic activity of the catalyst could not be fully
recovered. It was found that MnSO4 could not be reduced completely,
and some S element still existed in the catalyst. On the other hand, the
catalyst particles agglomerate, and (NH4)2SO4 sediment clogs the pore
structure.

As an alkaline earth metal, Mg tends to reduce the interaction be-
tween elements at low temperatures, thus inhibiting the activity of NH3-
SCR. However, it has also been found that although the addition of Mg
has some adverse effects on the physical and chemical characteristics of
the catalyst, Mg can interact with other metal oxides to form solid so-
lutions, thus promoting the SCR activity and stability of the catalyst
[130]. The NOy conversion rate of the FeygMg( 20, catalyst exceeded
90% between 250 and 350 °C [116]. Mg can refine the y-Fe,O3 micro-
crystals and produce strong interaction with iron oxide to form a solid
solution, and also make the specific surface area of y-Fe,O3 increases
sharply. In addition, the lower the calcination temperature was, the
better SCR activity was [131]. Different calcination temperatures can
affect the interaction between different species by changing the electron
cloud density and electron affinity potential. The lower the calcination
temperature, the better the synergistic interaction between Fe, Mg, and
0.

Co has variable valence, and its oxide has excellent oxygen storage
capacity. Co-doping can effectively increase the amount of catalyst acid,
resulting in a large number of Brgnsted acid sites, which is conducive to
NHj adsorption [132]. The NO conversion rate of the Co-FeOx catalyst is
close to 100% at 170-290 °C [117]. The Co doping into a-Fe;O3 leads to
the formation of CoFeyO4 crystal, and increases the relative amount of
Fe3" and surface oxygen in the Co-FeOy catalyst. So far, carbon-based
materials have been widely studied due to their high BET surface area
and adsorption capacity. NO conversion of Co-FexO3/AC catalyst is
about 90% between 200 °C and 240 °C [118]. CoOx can be uniformly
dispersed on the catalyst surface or exist as an amorphous oxide on the
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Table 7
NH;3-SCR activities of iron-based catalysts modified with different elements.

Reaction Refs.

conditions

Catalyst Temperature

window

NOx
conversion

FegsHoo1Mngs/  60-200 °C >85% [115]

TiO,

0.08% NHg,
0.08% NO, 5% Oo,
20,000 h ~ ', 100
ml/min

0.1% NHs, 0.1%
NO, 3.5% Oo,
30,000k~ %, 2L/
min

500 ppm NH3,
500 ppm NO, 3%
05, 42,000 h ~ 1,
200 ml/min

500 ppm NH3,
500 ppm NO,

5% O3, 100 ml/
min

500 ppm NH3,
500 ppm NO, 3%
05,330,000~ 1,
1500 ml/min

500 ppm NHj3,
500 ppm NO, 6%
0,, 12,000~ 1,
400 ml/min

800 mg-m ~ 3
NH3, 800 mg-m ~
3 NO, 6% O,, 300
ml/min

500 ppm NH3,
500 ppm NO,

5% Oo, 30,000 h ~
1

Feg gMgo.20, 250-350 °C >90% [116]

Co-FeOy 170-290 °C ~100% [117]

Co-Fe,03/AC 200-240 °C ~90% [118]

2Fe4Co-MCT 150-250 °C ~90% [119]

2Fe4Co-MCT 125-250 °C ~100% [120]

Fej 2Alp gOx 250-350 °C >80% [121]

Fe-Mn/Ce;Al, 75-250 °C >90% [122]

Nbsg 3FeOx 250-400 °C ~100% 500 ppm NH3,
500 ppm NO,
5.3% O3, 50,000
h™1,

300 ml/min

500 ppm NH3,
500 ppm NO,
5% O, 250,000 h
~ 1,500 ml/min
0.05% NHs,
0.05% NO,

5% O, 60,000 h ~
1

[123]

FeNbg 404-C 250-400 °C >90% [124,

125]

Feg.04Smg 060x 175-325°C >95% [126]

Fe4Mo,04 250-450 °C >90% 500 ppm NH3,

500 ppm NO,
5% O, 50,000 h ~
1

[127]

500 ml/min
0.1% NHs, 0.1%
NO,

3.5% O3, 30,000
h~ 1, 2 L/min

Mo-Fe;03 300-400 °C >90% [37]

surface. To further understand the synergistic effects between Fe and Co,
based on Fe and Co elements, the improvement of Hgo removal and SO,
resistance of catalysts by Fe and Co co-doping was also studied. The
2Fe4Co-MCT catalyst showed a better performance in removing NO and
HgO at the same time, and the NOy conversion rate was about 90% at
150-250 °C [119]. The introduction of Fe species enhanced the SCR
activity, and the introduction of Co species enhanced Hg® oxidation. The
synergistic effects of Fe and Co species played an important role in the
simultaneous removal of NO and Hg’. The NO conversion rate of the
2Fe4Co-MCT catalyst was close to 100% at 125-250 °C [120]. After
adding 200 ppm SO, the SCR activity of the 2Fe4Co-MCT catalyst could
remain above 96% after about 7 h. Fe and Co co-doping can effectively
reduce the adsorption of SO; and prevent the diffusion of SO, into the
inner layer of the catalyst.

Al,03 has good mechanical properties and thermal stability. At the
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same time, as a catalyst modifier, it can improve the dispersion of metal
oxides and provide rich acidic sites to enhance the adsorption ability of
the catalyst to NH3 species [133,134]. The NO conversion rate of the
Fe; 2Alp 8Oy catalyst was higher than 80% at 250-350 °C [121].
Compared with AlOy and FeOy, Fe; 5Alj gOx has a better NO conversion
rate. This was attributed to the synergistic interaction and uniform
distribution between Fe and Al, which increased the moderately acidic
sites on the catalyst. Li et al. also noticed that Al doping made Fe species
have better dispersion on the catalyst surface, and could effectively in-
crease the number and strength of acidic sites on the catalyst surface
[122].

Niobium oxide itself has a high acid strength. The introduction of Nb
can enhance the surface acidity of the catalyst and improve the disper-
sion of metal oxides [135]. The Nbsp3FeOx catalyst showed a NOy
conversion rate of nearly 100% at 250-400 °C [123]. The presence of
the Nb element leads to the appearance of a new phase, FeNbO,, and the
lattice parameters of the Fe;O3 phase are reduced due to the replace-
ment of Fe ions (0.0645 nm) by smaller Nb ions (0.064 nm). The NOx
conversion rate of the FeNbg 404-C catalyst exceeded 90% at 250-400 °C
[124,125]. The strong interaction between Fe and Nb promotes the
formation of the y-Fe;O3 active phase. This interaction provides more
active sites for the FeNbg 404-C catalyst.

Smy03 is a kind of rare earth metal oxide with good thermal stability,
sufficient redox properties and oxygen storage/release capacity. The
addition of Sm species can significantly increase the acidic sites of the
catalyst, effectively enhance the adsorption of oxygen on the catalyst
surface, and promote the oxidation of NO [136]. The NOy conversion
rate of the Fep94Smg 06Oy catalyst is greater than 95% at 175-325 °C
[126]. The synergistic interaction between Fe and Sm improves the
electron distribution of Fe and Sm atoms, leading to the reverse process
of redox reactions (Fe®"+Sm?* & Fe?t+Sm®™), which favors the oxida-
tion of NO and NHj. In addition, the number of weak and medium strong
acid sites on the catalyst surface was significantly increased by the
appropriate amount of Sm doping.

In recent years, Mo has been widely used as a catalyst for the NHs-
SCR catalysts. The interaction between Mo and Fe can enhance the
surface acidity and the number of active sites [137]. The NO conversion
rate of the Fe4sMo;0y catalyst was greater than 90% at 250-450 °C
[127]. There is a synergistic effect between Fe and Mo species, which
can reduce the crystal size of Fe;O3 and increase the surface acidity of
the catalyst. Mo is widely used in SCR reactions because of its typical
arsenic resistance. Arsenic preferentially combines with active iron sites
on y-FepOs3 catalyst and significantly consumes the surface Lew-
is/Brgnsted acid sites, resulting in the inhibition of the reaction of co-
ordination ammonia and gaseous NOx on y-Fe2Os3 [37]. The introduction
of Mo can effectively prevent the binding of active iron sites to gaseous
arsenic. In addition, the interaction between Mo and Fe destroys the
crystal structure of MoO3 and Fe;Os magnetite phase, forming the
amorphous -O-Mo-O-Fe-O- structure.

In summary, it was found that the interaction between other metal
oxides and FeOy can effectively improve the redox characteristics and
surface acidity of the catalyst, thereby better adsorbing NHy and NOy
species, improving the NHs-SCR activity of the catalyst. The addition of
some metal oxides can also improve the dispersion and stability of FeOy
on the catalyst surface.

3.1.8. Synergy between multi-component Fe-based oxide catalysts

The synergistic effects between the three elements can better
improve the redox properties, surface acidity, BET surface area, surface
dispersion, and SO resistance of the catalyst [138-140]. On the one
hand, a double redox cycle may be formed between the three elements,
accelerating electron transfer and promoting the generation of oxygen
vacancies. On the other hand, each element plays a different role in
improving the performance of the catalyst, thereby improving the per-
formance of the catalyst in all aspects. The NH3-SCR performance
characteristics of the multicomponent Fe-based catalysts are listed in
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Table 8
NH;3-SCR activity of multicomponent Fe-based catalysts.

Reaction Refs.

conditions

Catalyst Temperature

window

NOx
conversion

Feo.3Mng sZro.2 200-360 °C 100% 500 ppm [141]
NHs, 500
ppm NO,

4% O,
35,000 h " 1,
500 ml/min
500 ppm
NH3, 500
ppm NO,
4% Oy,
35,000 h "1,
500 ml/min
0.1% NHs,
0.1% NO,
3% O,
30,000~ 1,
860 ml/min
0.05% NHg,
0.05% NO,
3% Og,
10,000 h ~ 1,
1.5 L/min
500 ppm
NH3, 500
ppm NO,
11% O,
36,000 h " 1,
300 ml/min
500 ppm
NH3, 500
ppm NO,

5% 0o,
80,000 h ~ 1,
1 L/min
450 ppm
NHs, 450
ppm NO,
2.5% O,
20,000 h ~ !
0.1% NHs,
0.1% NO,
3% Oy,
30,000~ 1,
3000 ml/
min

500 ppm
NH3, 500
ppm NO,

4% O,
24,000 h ~ !
500 ppm
NHs, 500
ppm NO,

3% O,
47,000 h "1,
300 ml/min

FMZ-(400, 500, 600 °C) 170-360 °C 100% [142]

Ce(12.5)-FeMNOy 90-135 °C >97% [143]

3%Mn1%Ce-siderite 180-300 °C >90% [47]

Mn-Fe-Ce 175-300 °C >80% [144]

MnFeW/Ti 140-250 °C >80% [40]

Fe-W-Ce 210-500 °C >90% [145]

Feg 65Ce0.05Ti0.300,-MH  150-400 °C >90% [146]

FeNbTi 200-270 °C >80% [147]

FeS/(TiiZry) 300-500 °C >90% [110]

Table 8.

Due to the excellent activity of Fe-based catalysts at medium and
high temperatures and insufficient activity at low temperatures, the
most common method is to use Mn element doping to improve the SCR
activity of Fe-based catalysts at low temperatures. Therefore, based on
the Fe-Mn catalyst, adding other elements to enhance the physical and
chemical characteristics of the catalyst has been widely studied. The NO
conversion rate of the Fey 3Mng 5Zry 5 catalyst was 100% between 200
and 360 °C. The Fej 3sMng 5Zrg o catalyst has excellent texture capacity,
and a BET-specific surface area of 309 m?/g, which can provide more
active sites [141]. In addition, the interaction of Fe, Mn and Zr, which
leads to the increase of Zr-O coordination bond length, and the
improvement of surface acidity and alkalinity, which promotes the
electron transfer on the catalyst surface. The Fe-Mn-Zr catalyst prepared
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by changing the calcination temperature (T = 400, 500, 600, 700, 800
°C) can achieve 100% NO removal efficiency in the range of 170-360 °C
when calcined at 400-600 °C [142]. The low calcination temperature is
beneficial to the high dispersion of FeOx and MnOy on the surface of
ZrO,. Moreover, due to the good thermal stability of ZrO, itself, the
interaction between ZrO, and MnOy, and FeOx also leads to the change
of the acidity of the catalyst surface, which ultimately affects the
adsorption performance of the catalyst surface to the active substances.

In recent years, to improve the SCR activity and SO, resistance of Fe-
Mn catalysts, CeO as a low-content modifier has been widely used in
catalytic applications. The Ce(12.5)-FeMnOy catalyst had a NOx con-
version rate of more than 97% between 90 °C and 135 °C [143]. By
partially blocking the adsorption site, ceria changes the local surface
structure of the catalyst and changes the amount of oxygen adsorbed on
the surface. The NOy conversion rate of the 3%Mn1%Ce-siderite catalyst
is greater than 90% between 180 and 300 °C [47]. Mn and Ce co-doping
can increase BET surface area and surface acidity of siderite. The elec-
tron transfer and interaction of Fe, Mn and Ce elements improved the
SCR activity of the catalyst. As shown in Fig. 10, the SCR activity of
Fe-Mn-Ce catalyst is much higher than pure Ce and Mn-Ce samples
[144]. The interaction between them promotes the generation of more
oxygen vacancies and improves the surface acidity and reducibility of
the catalyst.

The synergistic interaction between Fe and W, the redox properties
and surface acidity of the catalyst can be effectively improved. There-
fore, the development of new multi-element catalysts based on Fe-W
catalysts has obvious advantages. The NOy conversion rate of the
MnFeW/Ti catalyst was higher than 80% between 140 and 250 °C [40].
Mn, Fe, and W interact with each other and have their effects. As the
main active species, Mn exhibits strong acid and redox properties. Fe
species can promote the dispersion of MnOy species and provide more
acidic sites for reactant adsorption and activation. The W species can
change the surface structure of the MnFeW/Ti catalyst and form
Mn-O-W and Fe-O-W bonds, leading to the dispersion of surfactant and
easy transport of electrons and oxygen. The NOyx conversion rate of the
Feg.5-W-Ce catalyst is greater than 90% between 210 and 500 °C [145].
The synergistic effects of Fe, W, and Ce effectively inhibit the crystalli-
zation of metal oxides. The SCR performance of multi-element catalysts
can also be improved by changing the preparation method. The
Feg.65Ce0.05Tip.300,-MH catalyst by microwave hydrothermal
co-precipitation, which showed higher SCR activity than Feg ¢5Ceo.05.
Tig.300; in the low-temperature range of 125-175 °C [146]. Microwave
hydrothermal treatment can enhance the interaction between Fe, Ce,
and Ti, accelerate the microcrystalline rate of Fe, Ce and Ti mixed oxide

100
—— e
1 —=—Mn-Ce
804 —#&—Mn-Fe-Ce

40+

NO Conversion (94)

20

e

T
200
Temperature (°C)

T T T T
100 150 250 300

Fig. 10. NO conversion of Ce, Mn-Ce, and Fe-Mn-Ce catalysts [144].
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catalyst precursor, and increase the pore size and pore volume of the
catalyst.

In practical industrial applications, catalysts are often accompanied
by a large amount of SOy, which will lead to the poisoning of the active
site of catalysts and deactivation. Therefore, green and environmentally
friendly catalysts attract a large number of researchers at home and
abroad. The catalyst is often accompanied by a large amount of SO3 in
practical industrial applications, the active site of the catalyst will be
poisoned and deactivated. Therefore, the research how to realize green
and environmentally friendly catalysis has attracted a large number of
scientists. Fig. 11(a) shows environmentally-friendly FeNbTi catalysts
with different Nb doping [147]. The catalytic activity of the FeNbTi
catalyst prepared by Nb (0.03, 0.05) doping is better than the FeTi and
NbTi catalysts. The high activity may be due to the maximum synergistic
effects among Nb, Fe, and Ti species, which will promote the high
dispersion of NbyOs and FepOs3 in the FeNbTi catalyst. As seen in Fig. 11
(b), adding different concentrations of SO, from 100 ppm to 400 ppm
had negligible effects on the FeNb(0.05)Ti catalyst, and the NO con-
version rate exceeded 90% at 250 °C. However, the activity of the FeTi
catalyst has been decreasing, and the higher the concentration of SO,
the lower the activity of the catalyst. This shows that the FeTi catalyst
modified by niobium has strong resistance to SO, poisoning. The NOy
conversion rate of the FeS/(TijZrs4) catalyst is greater than 90% at
300-500 °C, and the NOy conversion rate of FeS/(Ti;Zry) is greater than
96% after feeding SO, at 300 °C, which lasts for 14 h in the presence of
SO, showing excellent SO, resistance [110].

In conclusion, based on the multi-element doped composite oxide
catalysts, rational doping can tune the synergy between metal ions and
promote electron transfer between different elements, thereby effec-
tively improving the redox properties and surface acidity of the catalyst.
In addition, the synergistic effects between different elements help to
improve the SO, and HO tolerance of the catalyst, which can effectively
suppress the deactivation of the active sites on the catalyst surface,
opening a new path for the development of catalysts with high SCR
activity and high SO tolerance for practical industrial applications.

3.2. Nonmetallic elements-modified Fe-based catalyst

It is generally believed that the improvement of catalyst acidity is
beneficial to the adsorption of NH3 to improve the SCR activity of the
catalyst, and the modification of SCR catalysts with phosphates, sulfates,
and heteropolyacids is an effective method to improve the surface
acidity [148-150]. The NH3-SCR performance characteristics of
different non-metal-modified Fe-based catalysts are listed in Table 9.

3.2.1. Effects of heteropoly acid modification on Fe-based oxide catalysts

The versatility of heteropoly acid compounds as catalysts has
attracted extensive attention. Heteropoly acids are highly stable and
easy to synthesize. They are often used as acid catalysts and oxidation
catalysts and have been proven to be of great value in basic research and
practical applications [159-161]. In addition, heteropoly acid has
excellent surface acidity and redox properties, and its addition can
change the molecular properties of the catalyst, enhance the electron
transfer at the metal-oxide interface in the catalyst, and the strength and
site density of the acid, thereby promoting the SCR activity of the
catalyst [162-164].

Keggin-structured phosphotungstic acid (HsPW12049, HPW) and
phosphorus tungstate are typical heteropoly compounds, which have
been widely used to modify NH3-SCR catalysts. A new HPW-modified
annular FeyOs catalyst with NOy conversion higher than 90% at
250-500 °C [151].The synergistic interaction between Fe species and
HPW polyanion can increase the surface acidity and acid sites, and
improve the thermal stability of HPW polyanion. The NOy conversion
rate of tungsten-phosphate (TPA) modified Fe;O3 nanocycles (TPA/-
Fe,03) is above 92% in 230-500 °C [152]. There is some interaction
between the terminal oxygen of TPA and Fe3* of Fe;03, which leads to
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Fig. 11. (a) SCR activity on FeTi, NbTi and FeNbTi catalysts with different Nb doping; (b) Effects of different SO, concentrations on FeTi and FeNb(0.05)Ti cat-

alysts [147].

Table 9
NH;3-SCR activities of Fe-based catalysts modified with different non-metallic elements.

Catalyst Temperature window NOy conversion Reaction conditions Refs.

MCG-HPW/Fe;03 NRs 250-500 °C >90% 1100 ppm NHj3, 1000 ppm NO, [151]
6% O, 13,200 h ~ 1, 100 ml/min

TPA/Fe;03 230-500 °C >92% 1100 ppm NH3, 1000 ppm NO, [152]
6% O3, 13,200 h ~ !, 100 ml/min

HPW/Fe,03-500 200-400 °C >90% 500 ppm NHs, 500 ppm NO, 5% O, [30]
30,000 cm®g'h~1, 100 ml/min

HPW/Fe;03-350-0.5 240-460 °C ~100% 500 ppm NHg, 500 ppm NO, [153]
5% Oy, 14,400 h ~ !

SO%’/Fe(OH)g 250-450 °C >80% 0.06% NH3, 0.06% NO, 5% O, [154]
60,000 h ~ !, 400 ml/min

Ce/Fe-Zr-0.3S 250-450 °C >80% 0.08% NHj3, 0.08% NO, 5% O, [155]
60,000 h ~ !, 400 ml/min

Sulfated CeFe 250-450 °C >80% 1000 ppm NH3, 1000 ppm NO, [156]
4% O,, 45,000 h ~ !, 300 ml/min

FTP1.5 200-400 °C >80% 500 ppm NH3, 500 ppm NO, [1571
3% O, 60,000 h ~ !

Fep 3Cep.7 240-390 °C >95% 500 ppm NH3, 500 ppm NO, 5% O, [31]
60,000 h ~ !, 150 ml/min

Feo.2Wo.2Ti (Up.03) 1240-420 °C >95% 500 ppm NHs, 500 ppm NO, [158]

5% Oy, 25,000 h ~ !

the enhancement of acid strength and redox performance of the TPA/-
FeyO3 catalyst, which is similar to the previous modification of HPW.
The NOy conversion rate of HPW/Fe;03-500 is higher than 85% at
250-500 °C in the presence of SO3 and H20 [30]. During the calcination
of HPW/Fe303, the ferrous cation on magnetite is oxidized by O3 to form
the edge of maghemite. The iron oxide in HPW/Fe;03-500 mainly exists
in the form of Fe3O4 The graft of HPW prevents the outward migration
of ferrous ions and inhibits the recrystallization of Fe;O3. The modifi-
cation of HPW can greatly improve the resistance of catalysts to SO,.
However, the effects of HPW modification on the NH3-SCR reaction of
Fe;03 catalysts in the presence of SO5 and the corresponding resistance
mechanism of SO, are still unclear. The NOy conversion rate of the
HPW/Fe;03-350-0.5 catalyst is close to 100% at 240-460 °C [153].
When 100 ppm SO, was added, the HPW/Fe;03-350-0.5 catalytic ac-
tivity decreased from 100% to 70.3% in 1 h, and then gradually
recovered to close to 100% in the following 5 h. On the contrary, the
catalytic activity of the FeoO3-350 catalyst decreased significantly when
SO, was introduced, and the conversion rate of NO decreased to 40%
within 6 h. The SCR reaction is mainly attributed to Feo03-350 catalyst
through the L-H mechanism. In the presence of SOz, SO; and NO will
compete and adsorb on the active site, thus blocking the active site and
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destroying the redox cycle of Fe®>*/Fe?" and inhibiting the L-H reaction
pathway. The HPW/Fe203-350-0.5 catalyst followed the E-R mecha-
nism, effectively inhibited the adsorption and oxidation of NO/SO5, and
thus effectively improved the resistance of SO5.

3.2.2. Effects of sulfuric acid modification on Fe-based oxide catalysts

Sulfuric acid-modified metal oxide catalysts have been extensively
studied in recent years [165-167]. In particular, the modification of
sulfuric acid often increases the strength and number of Brgnsted/Lewis
acid sites on the catalyst, adsorbs more NHj species, and inhibits the
oxidation of NH3, showing excellent NH3-SCR catalytic activity and
H30+S0; resistance [165,166]. In addition, the catalysts modified by
sulfuric acid also show good redox performance and improve the
low-temperature activity of the catalysts [167].

The NOy conversion rate of the SO%’/Fe(OH)g catalyst is over 80% at
250-450 °C, and it has good resistance to HyO+SO [154]. The func-
tionalization of sulfuric acid can inhibit the growth of Fey,O3 grains.
SO3~ and Fe*" can combine to form a sulfate complex, leading to an
increase in the number and strength of acidic sites on the surface. Due to
the improvement of SCR performance of FeOy catalyst by sulfuric acid
modification, the research on multi-element catalysts based on sulfuric
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acid modification has been increasing. The NOy removal rate of the
Ce/Fe-Zr-0.3S catalyst was higher than 80% at 250-450 °C [155]. Sul-
furic acid treatment of Ce/Fe-Zr can increase surface acidity and pro-
duce more active sites, and increase the interaction between the
elements and thus induce a synergistic interaction between acidity and
redox on the catalyst. To further understand the synergistic interaction
between sulfuric acid modification and multi-element catalyst and
electron transfer, sulfate-modified mesoporous Fe-doped CeO- catalyst,
and the NOy conversion rate exceeded 80% at 250-450 °C [156]. The
organic-like sulfuric acid base group bound to Fe-O-Ce material results
in strong electronic interaction between Fe®*-0-Ge** and the sulfuric
acid base group, which changes the acidity and redox properties of the
catalyst. In addition, the presence of metal sulfate species perturbs the
electron interactions and redox cycles of Fe and Ce, breaking the
Fe-O-Ce bonds.

3.2.3. Modifications by other non-metal elements

As far as we know, some other non-metallic elements modified multi-
component catalysts can also change the physical and chemical prop-
erties of the main active components to effectively improve the SCR
activity of the catalyst. For example, phosphorus-containing compounds
in typical toxic flue gas emissions, often combine with catalyst active
sites during the release process, resulting in catalyst deactivation [168].
However, due to the acidity of phosphorus itself, phosphorus poisoning
may increase the acidity of the catalyst surface, thereby promoting the
SCR reaction of the catalyst.

Compared with the FeTiOy catalyst, the addition of phosphorus
decreased the SCR activity at low temperatures but enhanced the SCR
activity at high temperatures [157]. Phosphorus interacts with Ti and Fe
atoms to form P-O-Fe and P-O-Ti structures, which block Lewis acid
sites. However, the presence of phosphate also provides additional
Brgnsted acid sites (P-O-NHJ), which opens a new reaction pathway for
them to participate in high-temperature reactions. To more intuitively
solve the interface existing in the active site after phosphorus doping,
the NOy conversion of the new Fe-doped CePO4 (Fe( 3Ceq 7) catalyst was
greater than 95% between 240 and 390 °C [31]. Phosphate in the Fey.
Ce; x catalyst is the active site for effective adsorption and activation of
NHj3 species. The NOy conversion rate of the urea-modified Feg sWo 2Ti
(Uog.03) catalyst was over 95% at 240-420 °C [158]. The addition of urea
not only increases the dispersion of Fe and W but also decreases the
crystallinity of titanium. In addition, the presence of urea also signifi-
cantly increased the acid adsorption site, reducibility, and adsorption
oxygen concentration of the catalyst.

In summary, although the modification of non-metallic elements will
block the active site of the catalyst and lead to the reduction of SCR
activity, it can also produce synergistic interaction with FeOy, or pro-
mote the synergistic interaction among multiple elements, to effectively
improve the redox characteristics and surface acidity of the catalyst.
This modification may change the reaction pathway of the catalyst and
the active sites involved in the reaction, leading to further improvements
in the SCR activity and SO, resistance. Therefore, this work on the
modification of non-metallic elements also provides a new avenue for
the development of future NH3-SCR catalysts.

4. Effects of unique morphology on Fe-based catalysts

In the process of SCR reaction, the gas involved in the reaction needs
to diffuse to the surface of the inner pore of the catalyst, adsorb and
activate, and then the product gas involved in the reaction is diffused
and discharged from the pores. Therefore, some porous or macro-porous
structures can effectively reduce the diffusion resistance of gas in the
catalyst and provide more active sites due to their high BET surface area,
thus reducing the activation energy required for the reaction, acceler-
ating the mass transfer and diffusion of gas, and thus effectively
improving the SCR activity of the catalyst [169-171]. Table 10 shows
the NH3-SCR performance of Fe-based catalysts with different
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Table 10
NH;3-SCR activities of Fe-based catalysts with different morphology.

Reaction Refs.

conditions

Catalyst Temperature

window

NOx
conversion

3DOM
Ceg.7Fep 2Tip.102

281-425 °C 100% 1000 ppm NHg,
1000 ppm NO,
3% 05, 100,000
h 1,100 ml/
min

500 ppm NHs,
500 ppm NO,
5% O, 60,000
mlg ~'h7l,
100 ml/min
500 ppm NHjg,
500 ppm NO,
5% O, 30,000
Rt

600 ppm NH3,
600 ppm NO,
5% O, 108,000
Rl

500 ppm NHj,
500 ppm NO,
5% O, 40,000
h 1,200 ml/
min

550 ppm NH3,
550 ppm NO,
5% O, 20,000
Rt

0.1% NHs,
0.1% NO,

4% O, 30,000
h~ 1,2 L/min
500 ppm NH3,
500 ppm NO,
5% O, 36,000
h~ 1,600 cm®/
min

500 ppm NHj,
500 ppm NO,
5% O, 30,600
h~ 1,100 ml/
min

[172]

3DOM Feg V1.0 220-412°C >80% [173]

Ce@Ce-Fe 295-480 °C >80% [174]

MnFeO,@TiO» 180-400 °C >90% [175]

FMTs 150-360 °C >90% [176]

Fe,03@MnO,@CNTs 120-300 °C >90% [177]

Fe,03-2S 225-325°C 100% [178]

MnO,-FeOy 120-240 °C 100% [39]

MnFeCo-LDO 50-400 °C >86% [179]

morphology.

4.1. Effect of 3DOM structure on Fe-based oxide catalysts

In recent years, three-dimensional ordered macroporous (3DOM)
structures have been widely used for NOy removal by the NH3-SCR
method. Due to its periodic ordered and interconnected macroporous
structure, it can provide mass transfer channels for the reaction gas to
enter the internal active sites, and has a high specific surface area and
more active sites, which is beneficial to the SCR reaction [180-182]. In
addition, soot, as a typical emission particulate matter, has low com-
bustion efficiency on the catalyst surface due to its size being larger than
25 nm. Therefore, the macro-porous structure of 3DOM facilitates the
transfer and diffusion of PM in the inner pores.

A novel 3DOM Ceg 7Feq 2Tig 102 catalyst has a 100% NOy conversion
between 281 and 425 °C, and the maximum CO5 concentration of soot
(PM) combustion is at 385 °C [172]. The double redox cycle among the
three elements (Fe3*+Ce3toFe? +Ce*t, Fed 4 TiltoFe? +Ti*) and
the synergistic effect of Fe, Ti, and Ce promote the high catalytic per-
formance of the catalyst. In addition, as shown in Fig. 12(a), the 3DOM
structure has an ordered and interconnected macropore structure, which
is conducive to providing more channels for adsorption and reaction
species and facilitating their transfer and diffusion on the inner pore,
and PM can also enter the inner pore (Fig. 12(b)). As seen in Fig. 13, the
NOy conversion rate of the traditional Feg ¢V ¢ catalyst in the absence of
soot is greater than 80% at 244-394 °C and the NOy conversion rate of
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Fig. 12. SEM image of (a) 3DOM CegsFeo2Tip102, material; (b) 3DOM
Ceg 7Feq 2Tip 102 catalyst mixed with soot [172].
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Fig. 13. NOy conversion as a function of temperature after exposure of catalyst
loosely mixed with model soot particles [173].

the 3DOM-Feg oV o catalyst is more than 80% at 220-412 °C [173]. In
the presence of soot, the NOyx conversion rate of the traditional Feg ¢V1 o
catalyst decreases, and the activity of the 3DOM-Feg (V1 ¢ catalyst de-
creases slightly. The NOyx conversion rate is greater than 80% at
230-420 °C. The high SCR activity of 3DOM materials can be attributed
to the dust trapped in the large pores of 3DOM, which weakens or in-
hibits the dust coverage effects on the catalyst surface, and finally ex-
poses more active sites.

4.2. Effect of core-shell structure on Fe-based oxide catalysts

Due to its unique structural characteristics, the core-shell structure
wraps a layer of metal oxide on the active components of the core,
thereby improving the stability and dispersion of the core. In addition,

5,1/mm
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the two different properties of the inner and outer layers complement
their respective deficiencies, which is an important research direction in
which the morphology determines the catalyst activity in recent years.

The Ce@Ce-Fe Prussian blue analog had a NOy conversion rate of
more than 80% between 295 °C and 480 °C [174]. As shown in Fig. 14
(a), the Ce@Ce-Fe catalyst has a typical biconical structure with uniform
size and structure and the same particle size. The selected-area electron
diffraction (SAED) patterns in Fig. 14(b) have three diffraction rings
indicating that Ce@Ce-Fe is polymorphic. The well-defined pore with
uniform diameter in Ce@Ce-Fe (Fig. 14(c)) confirms its mesoporous
structure, which facilitates the dispersion of active components and the
exposure of more active sites. Therefore, the unique morphological and
mesoporous structure features provide a larger specific surface area and
more active sites for the adsorption and activation of reactive gasses. So
far, it has been found that the core-shell structure can also effectively
prevent other pollutants (SO, K, etc.) in the exhaust gas from contacting
the active site and causing the deactivation of the catalyst. A core-shell
MnFeO,@TiO catalyst with a NOx conversion rate of more than 90% at
180-400 °C and showed excellent K tolerance [175]. The interaction
between Mn, Fe, and Ti in the core-shell structure was found to be
strong, and the MnFeOx@TiO; catalyst showed excellent surface acidity.
On the other hand, the core-shell structure of the MnFeO,@TiO catalyst
can improve its reducibility and contribute to redox cycling in SCR re-
actions. As seen in Fig. 15, Mn and Fe species are mainly covered by TiO,
shells, while K species are attached to their outer surfaces. Therefore, the
existence of the core-shell structure of the MnFeO,@TiO catalyst can
effectively protect the active species of catalyst from K poisoning, and
inhibit the aggregation phenomenon of the catalyst due to K poisoning.
Li et al. prepared a MnOx@Fe303 core-shell catalyst (FMTs) by loading
metal oxides on titanium dioxide nanotubes (TNT) [176]. The excellent
performance of core-shell FMTs is mainly attributed to the interfacial
confinement characteristics of Fe;O3 and the proper regulation of the
structure of TNTs on the strong component interaction and oxidation
performance of MnOy. It is also found that the Fe;O3 shell can limit the
sulfurization of MnOy particles by SO,. Moreover, the nano-domain
limiting effect of TiO2 nanotubes can regulate the oxidation ability of
metal oxides to a certain extent.

In recent years, the improved SCR activity and SO, resistance of Fe-
based catalysts by monolayer core-shell structure proved the feasibility
of the core-shell structure. Researchers were inspired to prepare Fe-
based catalysts with the multi-shell structure to obtain high SCR activ-
ity and SO, resistance. A multi-shell FeoO3@MnOx@CNTs catalyst with
NOy conversion greater than 90% at 120-300 °C[177]. The results show
that the Fef@Mn@CNT multi-shell structure can greatly improve the SCR
activity of the catalyst and enhance the surface-reducible species. As
shown in Fig. 16, Fe species are mainly located in the outer layer of the
nanocomposite, while the Mn signal appears in the middle layer and the
C signal can only be observed inside the catalyst. This fully indicates that
the wrapped Fe;Og3 can be used as a protective layer to protect the inner
MnOy and inhibit the deactivation of SO by the catalyst. In short, the
existence of this core-shell structure can form a protective layer to block
the contact between some toxic components and active components,

Fig. 14. (a) TEM image of Ce@Ce-Fe; (b) selected-area electron-diffraction pattern (SAED); (c) typical low-magnification TEM image [174].
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Fig. 15. TEM image of (a) MnFeO,@TiO»-K. The corresponding elemental maps analysis of the MnFeO,@TiO»-K sample showing (b) Mn, (c) Fe, (d) Ti, (e) K, and (f)

Combined element distribution maps [175].
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Fig. 16. HAADF-STEM image of (a) Fef@Mn@CNTs. The corresponding elemental maps of the Fe@Mn@CNTs sample showing (b) C, (c) Mn, (e) Fe, and (f) Combined

elements distribution maps [177].

thus protecting the activity of the catalyst. This typical core-shell
structure can also effectively inhibit the aggregation of active compo-
nents and enhance the high dispersion of active components, thus pro-
moting the increase of active sites.

4.3. Influence of porous/multilayer structure on Fe-based oxide catalysts

Generally speaking, some porous or multilayer SCR catalysts can
provide a large BET surface area, lower diffusion resistance and have
more gas mass transfer channels, which is beneficial to the catalytic
performance of the catalyst. Metal-organic frames (MOFs) are typically
porous materials with layered pore systems and large BET areas [32].

MIL-100(Fe) was used as a template to prepare a new porous a-FesO3

16

nanocatalyst (Fe;O03-2S) with 100% NOy conversion at 225-325 °C
[178]. As shown in Fig. 17, Fe;O3-2S retains the original morphology
structure of the precursor, which has more tunnel structure. This
morphology has two types of mesopore, which can provide a more
specific surface area, meaning that the Fe;O3-2S catalyst has more
active sites. A novel porous nanometer needle-like MnOx—FeOx catalyst
was developed. MnOx—FeOy nanoneedles have 100% NOy conversion at
120-240 °C [39]. Compared with MnOy—FeOy nanoparticles,
MnOyx—FeOx nanoneedles have higher BET surface area, stronger acidic
sites, and higher reduction properties due to their unique porous
nanoneedle structure and uniform distribution of O, Mn, and Fe on the
surface. The layered structure has a unique two-dimensional structure
with high dispersion and more active sites. The two-dimensional
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Fig. 17. SEM images of (a) MIL-100(Fe) and (b) Fe,03-2S [178].

MnFeCo layered double hydroxide (LDO) catalyst had a NO conversion occupy and retain M2+ and M3* cationic crystal positions, respec-
rate of more than 86% between 50 and 400 °C [179]. As shown in Fig. 18 tively. In addition, Fig. 18(c-f) shows that the MnFeCo-LDO obtained by
(a), the ternary MnFeCo-LDH nanosheet has a regular shape, distribu- calcination has a uniform distribution of Mn, Fe, Co and O elements.
tion, and order, small size distribution, and retains typical LDH crystal Together, these contribute to the synergistic interaction between Mn, Fe
structure and morphology. It can be confirmed that Mn and Fe-Co and Co species, forming amorphous metal oxides, and releasing oxygen

Fig. 18. (a) SEM image of MnFeCo-LDH sample; TEM characterization images of (b) MnFeCo-LDO samples. The corresponding EDX mapping analysis of the MnFeCo-
LDO sample showing (c) Mn, (d) Fe, (e) Co, and (f) O element distribution maps [179].
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more easily at low temperatures, enhancing the reduction power of the
catalyst.

In conclusion, we found that the catalytic performance of the cata-
lysts can be improved by changing the morphology. The porous and
macro-porous structure can provide more mass transfer channels for the
reaction gas, thereby effectively promoting the contact between the
reaction gas and the catalyst surface, resulting in better activation and
adsorption. The morphology similar to the core-shell structure can
effectively prevent the binding of toxic gasses to the active sites of the
catalyst and prevent the deactivation of the catalyst. However, how to
produce this morphology on a commercial scale is also a difficult
problem, and how to maintain the stability of the morphology of cata-
lysts in practical applications with porous, macroporous, and core-shell
structures is also an important problem in the long-term use of catalysts.

5. Conclusions and outlook

Based on the above studies, Fe-based catalysts have been shown to
have high SCR activity and SO resistance, which have obvious advan-
tages for removing NOy from industrial flue gas and automobile exhaust.
Although the SCR activity of a single FeOy catalyst is not high, the redox
characteristics, surface acidity, and catalytic performance of Fe-based
catalysts are effectively regulated by the synergistic effects among ele-
ments. In this paper, the synergy between different elements and Fe, and
the effects of some unique morphology on the SCR activity of Fe-based
catalysts are reviewed. The improvement of the physicochemical prop-
erties of the catalyst by the synergy between the elements is emphasized,
and the electron transfer between the elements is promoted by designing
different preparation processes. In addition, the excellent SCR activity of
Fe-based catalysts provides a new idea for the development of Fe-based
catalysts with more practical value in the future. However, the rapid
progress of Fe-based catalysts in the laboratory cannot be used directly
as commercial catalysts, and the following issues still need to be
addressed.

(1) In the practical application of the catalyst, along with pollutants
such as SOy, HoO, alkali metals, heavy metals, and soot will be
adsorbed on the surface of the catalyst, resulting in poisoning and
deactivation of the active sites on the surface of the catalyst.
Therefore, the resistance of Fe-based catalysts to various pollut-
ants must meet basic indicators. In addition, the poisoning
mechanism of the Fe-based catalyst surface also needs to be
further analyzed.

During the operation of the diesel engine, the exhaust tempera-
ture of the exhaust gas may exceed 950 °C. If the Fe-based cata-
lyst does not have sufficient thermal stability at this temperature,
it will lead to the collapse of the catalyst structure and cause
sintering, which will affect the service life and catalytic activity of
the catalyst. In addition, severe vibrations during driving and the
impact of exhaust gas flow in the exhaust may cause the catalyst
to shatter. Therefore, the catalyst also needs to have strong me-
chanical strength and thermal stability.

For a long time, scholars have done extensive research on the
synergistic effects between different elements, and it is believed
that the synergistic effects between elements can have a huge
impact on the SCR activity of Fe-based catalysts. To better
develop SCR catalysts, we should further analyze the root causes
of the electron transport ability and adsorption ability generated
by the synergistic effects.

On account of the insufficient low-temperature activity of Fe-
based catalysts themselves, most of the studies so far have been
based on element doping to improve the low-temperature activity
of Fe-based catalysts. It was found that the catalyst’s SCR activity
was improved due to the synergistic effects between elements
after doping. Then a simple physical and chemical analysis was
carried out, and it was found that the catalyst’s redox

(2)

(3)

(€))
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performance, surface acidity, BET surface area, and dispersion
were improved, but the root cause of the increase in the catalyst’s
SCR activity was not further analyzed.

In laboratory studies, catalysts are often simply tested for per-
formance within a few hours. However, when working under real
conditions, the catalyst is often used for a long time, and the long-
term application may lead to the phenomenon of deactivation
due to the insufficient durability of the catalyst. Therefore, the
catalyst should have sufficient durability and stability.
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