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A B S T R A C T

A series of hierarchical three-dimensionally ordered macroporous Fe10-xVx binary metal oxides (3DOM-Fe10-xVx)
catalysts were designed and synthesized for selective catalytic reduction of NOx from marine diesel engine
exhaust. The physical-chemical performance of the 3DOM-Fe10-xVx catalysts were subjected by various techni-
ques and found that the 3DOM-Fe10-xVx with the Fe to V atomic ratio of 9.0/1.0 exhibited a wider active
temperature window, better soot resistance performance compared with the conventional Fe9.0V1.0 catalyst due
to its special 3DOM structure. Even when simultaneously exposed to the soot and high concentration of sulfur
dioxide reaction feeds, the 3DOM-Fe9.0V1.0 catalyst also displayed superior catalytic activity. Interestingly, we
found that the soot had a reduction activity for NOx at high reaction temperature, which can effectively extend
its active temperature window. The 3DOM-Fe10-xVx catalysts prepared in this work could be potentially a good
candidate for the cargo ships deNOx catalysts to satisfy the more stringent exhaust emission rules.

1. Introduction

Environmental issues are attracting more attention than ever before
and concern for our global environment is spreading worldwide to all
levels of society. In the past few decades, the formulation of interna-
tional regulations on the prevention and control of marine pollution
mainly concentrated on pollution of seawater and coastal environ-
ments. Recently, the focus has changed, many regulators and autho-
rities around the world are considering enacting emission control leg-
islation aimed at reducing air pollution in the shipping industry [1–6].
The diesel engine has always been the common source of power for
marine vessels for over a hundred years due to its inherent efficiency,
economy and durability [7–10]. However, the most common marine
fuels are heavy fuel oil and marine diesel oil, which are produced from
remnants of refinery crude oil [11]. As mentioned above, compared to
other fuel oils, such as those used in road and air transport vehicles,

these fuels are contaminated with aromatics, sulfur and nitrogen and
therefore are of lower quality and cost. For this reason, the combustion
of marine diesel fuels, resulting in emission of harmful compounds,
such as sulfur oxides (SOx), nitrogen oxides (NOx), unburned hydro-
carbons, and particulate matter [12–15]. Actually, most of these pol-
lutants come from various non-ideal processes in the combustion pro-
cess, such as incomplete combustion of fuel, reactions between mixed
components under high temperature and pressure, combustion of en-
gine lubricating oil and oil additives, and combustion of non-hydro-
carbon components in fuel. Among them, NOx (NO2 and NO) emissions
from ocean-going ships contribute more than 10 % of the total an-
thropogenic NOx emissions worldwide [16]. NOx react in the atmo-
sphere with H2O, O2, and other compounds, resulting in acid rain,
which can bring about major harm to historic sites or buildings and the
environment [17]. NOx can also lead to water eutrophication, resulting
in the reduction of oxygen content in water and the extinction of
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aquatic organisms. In addition, NOx gases react with volatile organic
compounds under sunlight, producing photochemical smog. Moreover,
NOx emissions can also lead to the formation of aerosol and tropo-
spheric ozone (O3) [13]. Thus, the control of the emission of NOx from
marine diesel engines has become an extremely urgent global issue.

Selective catalytic reduction (SCR), which uses NH3, urea or hy-
drocarbon as reductants to convert NO and NO2 into N2, is the most
commonly used technology to remove NOx [18–21]. Among them, NH3

is the most widely used reductant in selective catalytic reduction of
NOx. The main reactions of NH3-SCR is as follows (Eq. (1)) [22]:

+ + → +4NH 4 NO O 4N 6H O3 2 2 2 (1)

Due to their simple synthesis method, abundance of raw materials
and low price, in recent decades, composite metal oxides, such as iron-,
manganese-, and rare earth-based catalysts have been extensively stu-
died in denitrification (deNOx) technology with the aim of achieving
high deNOx activity at low reaction temperature and wide active tem-
perature window [23–26]. However, these catalysts exhibited an un-
satisfactory performance for removing of NOx and narrow active tem-
perature window in the presence of H2O and SO2 [27–29]. The
vanadium-based catalysts (V2O5 supported on TiO2, modified by WO3

or MoO3 oxide) have been commercial used since the 1970s, and they
displayed high deNOx activity, and sulfur oxides resistance [30],
however, this kind of classical formulation is facing major problems due
to its narrow active temperature window (300−400 °C), oxidation of
SO2 to SO3 and oxidation of ammonia to N2O at high reaction tem-
perature [31–33]. Moreover, the catalytic system was usually laid aside
the upstream of the desulfurization and dust remover units to avoid the
reheating of the catalyst owing to the high working temperature. As a
result, the catalyst is readily covered by soot particles or unburned fuel
from marine diesel engine exhaust, causing decreased catalytic activity
[34–36]. Furthermore, SO2 from off-gas is unfavorable for NH3-SCR. It
is widely known that SO2 can react with reaction gas to form NH4HSO4

or other stable sulfates and cover the surface of the catalyst, resulting in
loss of activity [37–40]. Consequently, it is urgent to exploit a novel low
temperature active V-based NH3-SCR catalyst with excellent resistance
to SO2/H2O and particulate matter.

In the past decades, the three-dimensionally ordered macroporous
materials (3DOM) with uniform large pore size (> 50 nm) have been
widely used as catalysts due to their unique properties, such as pro-
viding the reactant with mass transfer channels to the inner active sites
[41–44]. It has been reported that the 3DOM materials, for example,
Cu-Sn [45], La1-xKxCoO3 [46], La0.6Sr0.4MnO3 [47], and Fe-Ce-Zr [48]
exhibited high activity in some reactions. Zhao et al. [49] reported a
3DOM Aun/LaFeO3 catalyst which exhibited superior catalytic activity
in soot oxidation. Dai et al. [50] found that a partially Pt-embedded
3DOM Mn2O3 catalyst showed good toluene combustion catalytic ac-
tivity and excellent stability due to the strong metal-support interaction
between Pt NPs and the 3DOM Mn2O3.

This study, based on the above findings, aims to develop a novel
3DOM vanadium-based metal oxide catalyst and apply it for the control
of marine diesel engine exhaust. A series of hierarchical three-di-
mensionally ordered macroporous Fe10-xVx binary metal oxide catalysts
(3DOM-Fe10-xVx) were prepared using polymethyl methacrylate
(PMMA) spheres as the hard template and applied for the SCR of NOx

from marine diesel engines with NH3. Among them, the 3DOM-Fe9.0V1.0

binary metal oxide with Fe/V atomic ratio of 9.0/1.0 displayed superior
deNOx activity and high resistance to SO2/H2O and soot in simulating
the marine diesel engine exhaust. We also found that soot can act as
reductant at high reaction temperature in the SCR of NOx, where it can
increase the high-temperature activity of deNOx catalysts. The illus-
tration of the synthesis of the hierarchical 3DOM-Fe10-xVx catalysts and
their application in the SCR of NOx is presented in Scheme 1.

2. Experimental section

2.1. Synthesis of the hierarchical 3DOM-Fe10-xVx oxide catalysts

All chemicals used in this work were analytical reagent grade
without further purification. The hierarchical 3DOM-Fe10-xVx catalysts
were prepared using PMMA spheres as a hard template to form mac-
ropores and the triblock polymer F127 (from Sigma-Aldrich) as a soft
template to form mesopores, Fe(NO3)3·9H2O (from Aladdin) and
NH4VO3 (from Adamas-Beta) as the metal precursors. Well-arrayed
PMMA nanospheres with diameter of about 230 nm were synthesized
through the emulsifier-free emulsion polymerization method, and the
monodispersed PMMA nanospheres were assembled similar to the lit-
erature reported elsewhere [51]. In a typical process, 2.0 g of F127, 2.0
g of oxalic acid (from Aladdin), and 4.2 g of citric acid (from Aladdin)
as complexing agents were added to a 50 mL solution of methanol and
ethylene glycol (40 vol.%) (all from Xilong Scientific). The obtained
mixture was continuously stirred at 35 °C for 2 h, then fixed amounts of
precursors (Fe(NO3)3·9H2O, NH4VO3) were added into the above solu-
tion, and the mixture was stirred at 40 °C for 1 h and at room tem-
perature (RT) for 2 h. The PMMA nanospheres were immersed for 4 h in
the above solution. After the PMMA nanospheres were completely
wetted, the excessive metal precursor solution was filtered in a vacuum
funnel. The obtained precursor/template mixture was dried in a va-
cuum oven at 50 °C for 48 h. The calcination procedures for these
catalysts were separated as two steps: (1) the dried sample was calcined
in 100 ml min−1 N2 with a ramp of 1 °C min−1 from room temperature
to 310 °C and retained for 4 h, and then cooled to room temperature;
(2) the pretreated sample was calcined in 100 ml min-1 of air from room
temperature to 500 °C with a ramp of 1 °C min-1 and retained at 500 °C
for 5 h to remove the templates. The obtained 3DOM products with
various molar ratios of Fe/V were designated as 3DOM-Fe10-xVx. The
pure 3DOM-FeOx and 3DOM-VOx were also prepared using the same
procedures.

For comparison purposes, the Fe9.0V1.0 catalyst without macropores
was prepared by the conventional method. In typical, proper amounts
of Fe(NO3)3·9H2O and NH4VO3 precursors were mechanically mixed at
the molar ratio of Fe to V of 9:1, then the mixture was dried and cal-
cined, and the procedures were the same as that described above.

2.2. Catalyst characterization

The characterization methods are described in detail in the
Supporting Information part.

2.3. Activity test

The NH3-SCR activity of the as-prepared catalysts was tested in a
quartz reactor. The simulated feed consisted of 500 ppm of NOx, 500
ppm of NH3, 5 % O2, 5 % H2O (when used), 100 ppm of SO2 (when
used) and N2 as balance with a total flow rate of 100 mL min−1, and the
weight hourly space velocity (WHSV) was fixed at 60,000 mL gcat.-1 h-1.
The concentration of the outlet gas was detected by Fourier transform
infrared (FT-IR) spectroscopy using an Antaris IGS-Analyzer (Thermo
Fisher Scientific Inc., Waltham, MA, USA) equipped with a 2 m length
gas cell.

The conversion of NOx and selectivity for N2 were calculated using
the following equations (Eqs. (2) and (3)):
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where XNOx is the conversion of NOx, [NOx] = [NO] + [NO2],
[NOx]inlet and [NOx]outlet denote the inlet and outlet gas concentrations
of NOx, respectively.

The normalized reaction rate, rNOx (mol gcat.−1 s−1), was calculated
using the following equation: =rNO

X V
mx

NOx NOx
cat.

, where XNOx is the con-
version of NOx, VNOx is the gas flow rate (mol s−1) of NOx, and mcat. is
the mass weight of the catalyst.

The NH3-SCR kinetic measurements over different samples were
tested in a quartz reactor using 25 mg of sample and 75 mg of inert
quartz sand (40–60 mesh). The reaction gases consisted of 500 ppm of
NOx, 500 ppm of NH3, 5 % O2 and N2 as balance gas with a total flow
rate of 400 mL min−1, the WHSV was set at 960,000 mL gcat.-1 h-1, and
the calculated activity was adopted below 15 %, in which the internal
and external diffusion limitations were eliminated.

The soot resistance performances were also tested in a quartz re-
actor. The commercially obtained carbon nanoparticles (25-nm dia-
meter, Degussa) were selected as the model of soot. Exactly, 100 mg of
catalyst was mixed with 10 mg of soot via a spatula to duplicate the
loose contact condition. The detailed reaction procedures were similar
to the above descriptions.

3. Results and discussion

3.1. Scanning and transmission electron microscopy analysis of catalysts

The morphology and ordered macroporous structure of the as-pre-
pared catalysts were examined by scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). The data presented in Fig.
S1 show that the as-synthesized PMMA nanospheres with diameter
approximately 230 nm were well-arrayed and tightly packed each
other. The SEM images of the catalysts are presented in Fig. 1(a–r). All
the 3DOM catalysts assumed a high-quality macroporous structure,
with an ambient skeleton comprised of regularly arranged windows,
and the size of these macropores was about 150 nm. These features
implied that the highly ordered macroporous structure was generated
by using the packed PMMA nanospheres as hard template. However,
compared to the average diameter of the PMMA microspheres (ca. 230
nm), the diameter of these macropores decreased owing to the

shrinking of the PMMA nanospheres during the calcination period
[52,53]. In addition, all the 3DOM samples had uniform pore size and
wall thickness, with macropores connected by small windows. Ac-
cording to the results presented in Fig. 1(a–i), the 3DOM-Fe10-xVx

binary metal oxide catalysts displayed a perfect 3DOM morphology
similar to that of the pure 3DOM-FeOx (Fig. 1(j–l)) and 3DOM-VOx

(Fig. 1(m–o)), indicating that the mixture of vanadium and iron did not
create a dramatic shift in the 3DOM architecture. For comarison, the
Fe9.0V1.0 prepared through the conventional method was also subjected
SEM characterization (Fig. 1 p–r), and without any macropores could be
observed.

The transmission electron microscopy (TEM) images showed in
Fig. 2a and b revealed the ordered texture of the 3DOM-Fe9.0V1.0 cat-
alyst with macropores and identically sized walls interconnected
through windows. These findings are consistent with the SEM ob-
servations (Fig. 1d–f). Additionally, the high angle annular dark field
(HAADF) image and the corresponding energy-dispersive X-ray spec-
troscopy (EDS) mappings of the 3DOM-Fe9.0V1.0 catalyst displayed in
Fig. 2c–f demonstrated that the Fe, V and O species were homo-
geneously dispersed over the catalyst. Other 3DOM-Fe10-xVx catalysts
also showed a perfect 3DOM structure (Fig. S2).

3.2. X-ray diffraction analysis of the catalysts

Powder X-ray diffraction (XRD) was performed to confirm the
crystal structure of these as-prepared catalysts. The XRD patterns of the
3DOM-Fe9.5V0.5, 3DOM-Fe9.0V1.0, 3DOM-Fe8.5V1.5, 3DOM-FeOx, and
3DOM-VOx catalysts as well as that of the conventional Fe9.0V1.0 binary
oxide catalysts are shown in Fig. 3. The pure 3DOM-FeOx obeyed ty-
pical diffraction patterns for an hexagonal crystalline structure, while
the 3DOM-VOx presented an orthorhombic crystalline structure. The
peaks at 2θ = 33.15° (104), 35.61° (110), and 54.09° (116) could be
attributed to hematite Fe2O3 (PDF#33-0664), and the peaks at 2θ =
20.26° (001), 26.12° (110), and 31.00° (301) could be assigned to V2O5

(PDF # 41-1426). Compared with the hexagonal hematite and orthor-
hombic V2O5 peaks, a broad and weak diffraction peak was observed in
all three 3DOM-Fe10-xVx catalysts at 2θ in the range of 25° to 40°. For
3DOM-Fe9.0V1.0 and 3DOM-Fe8.5V1.5, it was difficult to identify their
crystal phase due to their poor crystallinity. Nevertheless, a weak

Scheme 1. Illustration of the hierarchical 3DOM-Fe10-xVx catalysts synthesis and application in the selective catalytic reduction (SCR) of NOx with ammonia.
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diffraction peaks assigned to hematite Fe2O3 could be observed on the
3DOM-Fe9.5V0.5 due to its high Fe content ratio, but no formation of
VOx was observed on the 3DOM-Fe10-xVx catalysts. These findings

indicated that FeOx and VOx likely formed the binary metal oxides in
the 3DOM-Fe10-xVx catalysts. On the other hand, the Fe9.0V1.0 catalyst
prepared by the conventional method possessed higher crystallinity,

Fig. 1. SEM images of 3DOM-Fe9.5V0.5 (a–c), 3DOM-Fe9.0V1.0 (d–f), 3DOM-Fe8.5V1.5 (g–i), 3DOM-FeOx (j–l), 3DOM-VOx (m–o), Fe9.0V1.0Ox (p–r).
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exhibited characteristic diffraction peaks attributed to hematite Fe2O3

that could be surveyed, but the crystal phase of VOx still could not be
detected, the reason for this was that the V content ratio was far smaller
than that of Fe. In addition, the results of UV–vis diffuse reflectance
spectroscopy (DRS) analysis are present in Fig. S3. A negative band at

746 nm over 3DOM-FeOx and Fe9.0V1.0 spectra indicated the presence
of large Fe2O3 particles, which were also detected in previous studies
[23]. However, the negative band at 746 nm was not detected in the
spectra of the 3DOM-Fe10-xVx catalysts, implying that iron was pre-
sented in a highly dispersive state without crystallized large iron oxide

Fig. 2. TEM images (a, b), High-angle annular dark field image (c) and EDS mappings (d–f) of the 3DOM-Fe9.0V1.0 binary metal oxide catalyst.
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particles in these catalysts [23,25], which was in good line with the
XRD results.

3.3. Nitrogen physisorption analysis

The porous structures of the 3DOM-Fe10-xVx and related catalysts
were further characterized by nitrogen physisorption experiments and
the results are shown in Fig. 4. These 3DOM samples displayed a typical
type IV isotherm with a H3 hysteresis loop, indicating the formation of
mesopores [54]. The triblock co-polymer F127 led to the formation of
the mesoporous structures in the macropore walls in the 3DOM cata-
lysts. The hysteresis loop of the 3DOM-Fe10-xVx were much larger than
that of pure 3DOM-FeOx and 3DOM-VOx, indicating more mesopores
were formed, resulting in the high Brunauer–Emmett–Teller (BET)
surface area of the 3DOM-Fe10-xVx. As presented in Table 1, the specific
surface area of the pure 3DOM-FeOx was only 17 m−2 g-1, which was
lower than that of the 3DOM-Fe10-xVx, indicating that VOx addition
could clearly increase the specific surface area of the 3DOM Fe-based
catalysts. In addition, the surface area of the 3DOM-Fe9.0V1.0 was evi-
dently larger than that of the Fe9.0V1.0, which thereby could expose
more active sites [55].

3.4. Raman spectroscopy and X-ray photoelectron spectroscopy analysis of
catalysts

Raman spectroscopy technology was adopted to further study the
structure phases of these catalysts, with the results displayed in Fig. S4.
The spectra of pure 3DOM-FeOx exhibited the characteristic bands of
the hematite Fe2O3 at 215 and 279 cm−1 [25], while the spectra of pure
3DOM-VOx showed some bands centered at 283, 405, 524, 693, 993
cm-1 that were assigned to the typical crystalline V2O5 [56]. These re-
sults were consistent with the data from the XRD analysis. With the
introduction of vanadium into the hematite Fe2O3, several distinct
bands at 808, 880, 900, 930 cm-1 were appeared, which could be at-
tributed to the FeVO4 species [25,56].

X-ray photoelectron spectroscopy (XPS) technology was conducted
to thoroughly investigate the elemental oxidation state, surface com-
position of the as-prepared catalysts with the results shown in Fig. 5 and
Table 2. For Fe-containing catalysts, two main peaks of Fe 2p3/2 and Fe
2p1/2 were observed at 710.9–724.8 eV, and a satellite peak occurred at
∼719.4 eV, indicating the presence of Fe3+ and absence of Fe2+ in the
samples, which well agreed with previous research [57,58]. Peak de-
convolution was performed on the Fe 2p3/2 and Fe 2p1/2, and the Fe
2p3/2 could be separated into three peaks. The peaks that occurred at
∼710.0 and ∼711.0 eV corresponded to Fe3+ and the peak located at
∼713.0 eV could be assigned to Fe3+ bonded with the hydroxyl groups
[59]. As depicted in Fig. S5(A), with the introduction of vanadium
species, the peaks about Fe 2p were shifted to the higher binding en-
ergies (BEs), indicating the presence of an electron inductive effect
between the iron and vanadium species. On the other hand, for vana-
dium-containing catalysts, two apparent peaks located at about 525.1
and 517.3 eV were designed to the V 2p1/2 and V 2p3/2, respectively.
The pure 3DOM-VOx had the highest bonding energy, which corre-
sponded to V5+. Using the peak-fitting deconvolution technology, the V
2p3/2 could be fitted into two characteristic peaks for 3DOM-Fe10-xVx,
namely the peaks located at ∼517.0 and ∼516.0 eV, which corre-
sponded to V5+ and V4+, respectively [60,61]. Simultaneously, the
peaks of V 2p over FeVOx catalysts shifted to lower BEs when the va-
nadium species were doped into the Fe2O3 (Fig. S5(B)), which can also
testify the occurrence of electron cloud accumulation and electron in-
ductive effect around vanadium with charge transferred from iron to
vanadium. At the same time, the lower electron density of Fe species
resulted in strong oxidative performance, which contributed to improve
NO oxidized to NO2 and increase the low-temperature activity for NH3-
SCR of NOx [62]. The O 1s spectra of these as-synthesized samples, are
presented in Fig. 5(C). The peaks at 529.3–530.2 eV (labeled as Oβ)
were ascribed as the lattice oxygen species; the peaks at 531.8–532.4 eV
can be assigned to the chemisorbed labile oxygen (labeled as Oα), such
as O− and O2

2-, owning to the hydroxyl species (OH−) or the oxygen
vacancies [63]. Additionally, the peaks above 533.0 eV corresponded to
the adsorbed molecular water (labeled as Oγ) [64]. It is commonly
known that Oα species are more available than that of Oβ species be-
cause of the higher mobility of the former. As shown in Table 2, the

Fig. 3. XRD patterns of the 3DOM-Fe9.5V0.5, 3DOM-Fe9.0V1.0, 3DOM-Fe8.5V1.5,
3DOM-FeOx, 3DOM-VOx and conventional Fe9.0V1.0 catalysts.

Fig. 4. N2 adsorption/desorption isotherms of the 3DOM-Fe9.5V0.5, 3DOM-
Fe9.0V1.0, 3DOM-Fe8.5V1.5, 3DOM-FeOx, 3DOM-VOx and conventional Fe9.0V1.0

catalysts.

Table 1
Texture structure of the 3DOM-Fe9.0V1.0 and related catalysts.

Catalysts SBET (m2 g−1) a Pore volume (cm3 g−1) b Dmeso (nm) c

3DOM-Fe9.5V0.5 47 0.156 10.1
3DOM-Fe9.0V1.0 49 0.146 8.2
3DOM-Fe8.5V1.5 47 0.120 7.7
Fe9.0V1.0 30 0.134 10.4
3DOM-FeOx 17 0.080 7.3
3DOM-VOx 22 0.182 8.1

a Calculated by the BET method.
b Calculated by Barrett-Joyner-Halenda (BJH) method.
c Mesopore size obtained from the peak of the pore size distribution curve

below 50 nm.
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3DOM-Fe9.0V1.0 had the highest Oα ratio among all the as-prepared
samples, indicating the highest oxidative ability in the oxidation of NO
to NO2, which was beneficial to the low-temperature NH3-SCR of NOx

[26,62].

3.5. Hydrogen temperature-programmed reduction and NH3 temperature-
programed desorption analysis of catalysts

Hydrogen temperature-programmed reduction (H2-TPR) analysis
was employed to study the reducibility of the as-prepared 3DOM-Fe10-
xVx and related catalysts, and the obtained profiles are displayed in
Fig. 6. For the pure 3DOM-FeOx, the reduction peak located at 346 °C
(designated as PI) was assigned to the Fe3+ species reduced to the Fe(3-
δ)+ (Fe3O4 like species). The reduction temperature between 400 and
700 °C was associated Fe(3-δ)+ further reduced to Fe2+ and Fe0 [62].

However, the reduction temperature of PI was arised to higher tem-
perature regions with the increase of the content of vanadium for the
3DOM-Fe10-xVx. The above findings indicated that the addition of V
species could increase the redox ability as a result of the strong inter-
action between iron and vanadium.

The acidity of the as-prepared catalysts is another influencing factor

Fig. 5. XPS spectra of 3DOM-Fe9.0V1.0 and related catalysts: Fe2p (A), V2p (B) and O1 s (C).

Table 2
The surface components of 3DOM-Fe9.0V1.0 and related catalysts obtained by
XPS analysis.

Catalysts Atomic Concentration (mol.%) Atomic Ratio (%)

Fe V O Fe/V V5+/V4+ Oα/(Oα+Oβ+Oγ)

3DOM-Fe9.5V0.5 32.7 2.2 65.1 14.8 4.3 31
3DOM-Fe9.0V1.0 30.6 3.9 65.5 7.8 9.2 40
3DOM-Fe8.5V1.5 25.1 4.8 70.1 5.2 10.9 29
Fe9.0V1.0 22.7 2.6 74.7 8.7 – 28
3DOM-FeOx 7.6 – 92.4 – – 36
3DOM-VOx – 9.9 90.1 – – 32

Fig. 6. H2-TPR patterns of the 3DOM-Fe9.5V0.5, 3DOM-Fe9.0V1.0, 3DOM-
Fe8.5V1.5, 3DOM-FeOx, 3DOM-VOx and conventional Fe9.0V1.0 catalysts.
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for NH3-SCR of NOx. To explore the effects of the addition of vanadium
on the acid properties, NH3 temperature-programed desorption (NH3-
TPD) analysis was implemented to compare the acidity of the 3DOM-
FeOx, 3DOM-VOx and 3DOM-Fe9.0V1.0 catalysts. As presented in Fig. 7,
the desorption peak below 200 °C could be assigned to the NH3 ad-
sorbed at weakly acid sites, while the peak between 200 and 500 °C can
be ascribed to the medium strong acid sites [64]. The analysis clearly
revealed that 3DOM-Fe9.0V1.0 had the maximum desorption peak area,
indicating the maximum acid amount. Additionally, the results revealed
that the acidity could be evidently boosted after the introduction of
vanadium, which might have affected the ammonia adsorption and
activation and ultimately improving its catalytic performance.

3.6. NH3-SCR catalytic performances

3.6.1. NH3-SCR performance at ideal conditions
The activities of NH3-SCR of NOx over the as-prepared catalysts are

displayed in Fig. 8. Pure 3DOM-FeOx exhibited poor NH3-SCR activity,
as only 46 % NOx conversion was achieved at around 300 °C. It was
different that the 3DOM-Fe10-xVx exhibited superior activity and N2

selectivity (Fig. S6) than pure 3DOM-FeOx due to the addition of va-
nadium. Among them, 3DOM-Fe9.0V1.0 displayed the best low tem-
perature activity and the widest active reaction temperature window.
An 80 % NOx conversion was obtained between 220−412 °C, and the

N2 selectivity was nearly 95 %. Despite the decrease of the NOx con-
versions at low temperature and the narrowed active temperature
window, the other two 3DOM-Fe10-xVx catalysts were still better than
pure 3DOM-FeOx and 3DOM-VOx. Moreover, the conventional Fe9.0V1.0

also had a decent NH3-SCR performance, achieving 80 % NOx conver-
sion between 244−394 °C, which was still inferior to 3DOM-Fe10-xVx.
The above results indicated that moderate addition of vanadium en-
hanced the NH3-SCR activity, and a synergistic effect was observed
between iron and vanadium.

The apparent activation energy (Ea) is a critical factor in assessing
the role of a catalyst in the catalytic reaction as well as its efficiency.
Thus, the reaction kinetics of the 3DOM-Fe9.0V1.0 and related catalysts
for NH3-SCR of NOx were also investigated. The Arrhenius plots are
presented in Fig. 9, and the Ea values calculated from the slope are
listed in Table 3. These results revealed that pure 3DOM-FeOx had the
highest Ea value of 126.1 kJ mol−1. Also, with the doping of vanadium,
the Ea markedly declined. Thus, the 3DOM-Fe9.0V1.0 catalyst exhibited
the lowest Ea and the fastest reaction rate at 250 °C corresponded to its
best NH3-SCR activity.

3.6.2. Soot resistance performance
The analysis of the soot resistance performance, shown in Fig. 10,

clearly revealed that the mixture of soot and catalysts significantly
decreased the low-temperature reaction activity of the conventional
Fe9.0V1.0 and also narrowed its active temperature window. In the
presence of soot, a 61 % conversion of NOx was obtained at 262 °C,
whereas the NOx conversion was 92 % in the absence of soot. However,
adding soot to catalyst led to a slight drop in the low-temperature re-
action activity over 3DOM-Fe9.0V1.0, achieving an 80 % conversion of
NOx between 230 and 420 °C. The TEM images presented in Fig. S7
showed the soot and soot particles trapped in the macropores of the

Fig. 7. NH3-TPD profiles of the 3DOM-Fe9.0V1.0 catalyst and related catalysts.

Fig. 8. NOx conversion as a function of temperature in the NH3-SCR reaction
over 3DOM-Fe9.0V1.0 and related catalysts. Reaction conditions: [NOx] = [NH3]
=500 ppm, [O2] =5 vol.%, N2 as balance, total flow rate 100 mL min−1, and
WHSV = 60,000 mL gcat.−1 h−1.

Fig. 9. Arrhenius plots of the NH3-SCR over 3DOM-Fe9.5V0.5 (a), 3DOM-
Fe9.0V1.0 (b), 3DOM-Fe8.5V1.5 (c), conventional Fe9.0V1.0 (d), 3DOM-FeOx (e)
and 3DOM-VOx (f) catalysts. Reaction conditions: [NOx] = [NH3] =500 ppm,
[O2] =5 vol.%, N2 as balance, total flow rate 400 mL min−1, and WHSV =
960,000 mL gcat.−1 h−1, the NOx conversion used was below 15 %.

Table 3
The activation energy (Ea) and reaction rates at 250 °C over various catalysts.

Catalysts Ea Rate at 250 °C
(kJ/mol) (mol g cat.

−1 s-1)

3DOM-Fe9.5V0.5 44.1 2.2 × 10−3

3DOM-Fe9.0V1.0 40.0 2.5 × 10−3

3DOM-Fe8.5V1.5 45.9 2.1 × 10−3

Fe9.0V1.0 53.8 1.8 × 10−3

3DOM-FeOx 126.1 9.7 × 10−4

3DOM-VOx 42.5 9.2 × 10−4
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3DOM, indicating that soot could enter the macropores in 3DOM-
Fe9.0V1.0 during the measurement for the NH3-SCR activity. The above
results revealed that the 3DOM-Fe9.0V1.0 catalyst had better soot re-
sistance performance than conventional Fe9.0V1.0 due to its special
3DOM architecture, which could weaken or restrain the effect of the
soot cover on the surface of catalysts and eventually exposed more
active sites. The NH3 and CO2 concentration at different temperature
during the NH3-SCR test was displayed in Fig. S8. These data revealed
that, as the reaction proceeded, NH3 was slowly consumed until it ul-
timately reacted completely, but the CO2 concentration increased gra-
dually due to the oxidation of soot particles. In addition, when the
3DOM-Fe9.0V1.0 was used as the catalyst at the same reaction tem-
perature, the CO2 concentration was higher, indicating that 3DOM-
Fe9.0V1.0 was more effective for the oxidation of soot particles. Note-
worthy, after adding soot, the high-temperature reaction activity was
improved on the 3DOM-Fe9.0V1.0 and conventional Fe9.0V1.0 catalysts.
In order to determine the reason for this improvement, a reaction
imitating NH3-SCR but without NH3 was performed. As shown in Fig.
S9, the NOx concentration declined gradually in the temperature range
of 470−540 °C, the CO2 concentration rose simultaneously and reached
a maximum at 550 °C, near the temperature at which the NOx con-
centration reached a minimum. With the further rise of the tempera-
ture, the NOx concentration increased and eventually reached stability,
meanwhile, the CO2 concentration fell and ultimately decreased to
zero. The concentration-temperature curves related to NOx and CO2

were shaped like a “V” and an inverted “V”, respectively, and the two
curves were almost symmetrical.

In addition, another reaction imitating NH3-SCR was also conducted
without NH3 and O2. As shown in Fig. S10, the NOx conversion slowly
increased between 500−580 °C, while the NOx conversion quickly rose
with further increase of the temperature, an 82 % NOx conversion was
obtained at 620 °C. With further increase of the temperature to 694 °C,
the NOx conversion fell slightly but was still above 75 %. A blank ex-
periment was conducted to eliminate the possibility of decomposition
of NOx at high temperature. The results indicated that soot particles
could react with NOx at high temperature and enhanced the reduction
of NOx, resulting in the enhancement of the high-temperature reaction
performances.

3.6.3. Effects of H2O and SO2

Since marine diesel engine exhaust contains H2O and SO2, which
often exert deleterious influence on the NH3-SCR NOx. Understanding
the resistance to H2O/SO2 is of great significance to design high

performances of NH3-SCR catalysts. The impact of H2O and SO2 on the
performances of the 3DOM-Fe9.0V1.0 catalyst was tested at 300 °C. The
results presented in Fig. 11 showed that the NOx conversion dropped
slightly after 5 % H2O was added into the feed gases, the comparative
adsorption between NH3 and H2O could interpret the reduction of ac-
tivity [65]. However, the NOx conversion could recover soon after H2O
was removed, demonstrating the strong H2O resistance of 3DOM-
Fe9.0V1.0. Subsequently, 5 % H2O and 100 ppm of SO2 were simulta-
neously introduced into the feed gas, and the results demonstrated that
the NOx conversion decreased to some extent from 98 to 95 %, but still
retained its high activity. The deactivation of 3DOM-Fe9.0V1.0 was
primarily due to the deposition of NH4HSO4 on the catalyst surface and
the weakening or destruction of Brønsted acid sites [20,66]. The NOx

conversion was restored to the initial state when turned off H2O and
SO2.

To further simulate the real conditions of marine diesel engines, the
NH3-SCR was evaluated under more stringent conditions. The 3DOM-
Fe9.0V1.0 catalyst loosely mixed with model soot particles was pre-
treated with 1,000 ppm SO2 (50 ml mL−1) at 300 °C for 2 h and then
evaluated for NH3-SCR with 5 % H2O. As shown in Fig. 12(b), the low-
temperature activity decreased, whereas the high-temperature activity
was improved, an 80 % NOx conversion was achieved at 240−446 °C.
On the other hand, the evaluation of the performance of 3DOM-
Fe9.0V1.0 pretreated in 1,000 ppm SO2 (50 ml mL−1) at 300 °C for 2 h in
NH3-SCR with 5 % H2O (Fig. 12(c)), revealed that the NOx conversion
was markedly decreased, suggesting the improved high-temperature
activity, which was attributed to the presence of soot rather than the
pretreatment with SO2.

The above results revealed that the 3DOM-Fe9.0V1.0 catalyst had
strong tolerance to H2O as well as satisfactory tolerance to soot/SO2

even under harsh conditions.

3.7. In situ diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) studies

3.7.1. Reactions between NO + O2 and adsorbed NH3 species
The 3DOM-Fe9.0V1.0 catalyst was pretreated with 500 ppm of NH3

for 1 h at 150 °C and then purged with N2. Then, 500 ppm of NO + 5 %
O2 was introduced into an infrared (IR) cell and the spectra were re-
corded as a function of time. As shown in Fig. S11, the spectra had
bands at 1,232 and 1,604 cm−1 which were assigned to coordinated
NH3 bound to Lewis acid sites (NH3-L) [25,67], and the bands at 1,420
and 1,673 cm−1 were attributed to ionic NH4

+ bound to Brønsted acid

Fig. 10. NOx conversion as a function of temperature upon exposure of cata-
lysts loosely mixed with model soot particles. Reaction conditions: [NOx] =
[NH3] =500 ppm, [O2] =5 vol.%, mcat. : msoot = 10 : 1, N2 as balance, total
flow rate 100 mL min−1, and WHSV = 60,000 mL gcat.−1 h−1.

Fig. 11. Effect of H2O and SO2 on the NOx conversion over the 3DOM-Fe9.0V1.0

catalyst at 300 °C. Reaction conditions: [NOx] = [NH3] =500 ppm, [O2] =5
vol.%, [SO2] = 100 ppm (when used), [H2O] =5 vol.% (when used), N2 as
balance, total flow rate 100 mL min−1, and WHSV = 60,000 mL gcat.−1 h−1.
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sites (NH4
+ -B) [31,64,68]. After NO+ O2 was introduced into the pre-

adsorbed catalyst, the intensity of the band at 1,673 cm−1 remained
stable, a new band corresponding to monodentate nitrite (1,545 cm−1)
was observed in 35 min and the intensity was gradually reinforced due
to the overlapping of the generated nitrite [62,69]. However, the in-
tensity of the bands at 1,232, 1,420, and 1,604 cm−1 was gradually
decreased and they almost vanished completely in 45 min, implying
that the NH3 species bonded with Brønsted and Lewis acid sites could
participate in reaction with nitrate species, following Langmuir-Hin-
shelwood (L-H) mechanism at this temperature. Moreover, the negative
peak located at 2,043 cm-1 (2ν (V]O)) was changed into a positive
peak due to the regeneration of V5+]O surface sites [31]. In order to
explore the reaction mechanism at higher temperature, Fig. S12 dis-
played the reaction between pre-adsorbed NH3 and NO + O2 over
3DOM-Fe9.0V1.0 sample at 250 °C, as shown in Fig. S12, even more
interesting was the fact that the adsorption behavior and reaction
process was almost the same as that at 150 °C. Some distinct bands were
observed after NH3 treatment for 1 h, the bands at 1,604, 1,227 and
1,132 cm−1 were ascribed to coordinated NH3 bound to Lewis acid sites
(NH3-L) [31,70,71], whereas the band at 1,420 cm-1 was the char-
acteristic bands for NH4

+ formed by the interaction of NH3 with
Brønsted sites [31]. After NO + O2 was introduced into the pre-ad-
sorbed catalyst, the intensity of all the band decreased and disappeared
completely in 5 min, bidentate nitrate (1,296 and 1,517 cm−1) was
formed and the intensities were increased with the extension of pro-
cessing time [72,73]. The result above indicated that the reaction at
relative high temperature might follow the L-H mechanism.

3.7.2. Reactions between NH3 and adsorbed NO + O2 species
The mixed gas was also introduced in the reverse order to in-

vestigate the reactivity of the adsorbed NOx species over the 3DOM-
Fe9.0V1.0 catalyst. Specifically, the sample was first treated with 500
ppm of NO + 5 % O2 for 1 h followed by N2 purging for 30 min at 150
°C and then treated in 500 ppm of NH3/N2. As shown in Fig. S13, after
NO + O2 adsorption, the adsorbed species including the adsorbed NO2

(1,605 cm−1) [62], monodentate nitrate (1,546 cm−1), linear nitrites
(1,482 cm−1) [65] could be observed. Switching over the gas to NH3

led to the gradual decline of the intensity of the band at 1,605 cm−1,
while the intensity of the bands at 1,546 and 1,482 cm -1 continuously

decreased and disappeared after 3 min of NH3 treatment. In addition,
several new bands were detected in 3 min, including the bands at 1,420
and 1,665 cm-1 that were ascribed to ionic NH4

+ bound to Brønsted
acid sites [25], and the band at 1,232 cm-1 that was ascribed to the
coordinated NH3 species bounded to the Lewis acid sites. These ex-
perimental results indicated that NH3 species could react with the ad-
sorbed NOx species on the surface of the 3DOM-Fe9.0V1.0 catalyst, ac-
cording to the L-H mechanism at this temperature. Meanwhile, the
reaction between pre-adsorbed NH3 and NO + O2 over 3DOM-Fe9.0V1.0

sample at 250 °C was also carried out, as shown in Fig. S14, after NO +
O2 adsorption, the 3DOM-Fe9.0V1.0 catalyst surface was covered with N-
containing species, the bands at 1,581, 1,501, 1,296, 1,033 cm-1 were
assigned to chelating bidentate nitrates, linear nitrites, bidentate ni-
trates, monodentate nitrates, respectively [64,65,72]. Switching the gas
to NH3 led to the decrease of the intensities of all bands attributed to N-
containing species, the bands at 1,581 and 1,296 cm-1 vanished when
the introduction of NH3 reached at 15 and 3 min, respectively. Ad-
ditionally, the band at 1,501 cm-1 shifted to 1,482 cm−1 with the ex-
tension of time. There were no IR signals attributed to NH3 species
could be detected during the whole test process, that was principally
because the adsorption of NOx was stronger than that of NH3, therefore,
the pre-adsorbed NO + O2 restrained the adsorption of NH3. The above
results implied that gaseous NH3 molecules could slowly react with the
N-containing species on the surface of 3DOM-Fe9.0V1.0 sample, which
hinted that an Eley-Rideal (E-R) mechanism might also exist in the
reaction at 250 °C.

4. Conclusions

In summary, for the first time, a series of 3DOM-Fe10-xVx binary
metal oxide catalysts with different Fe/V ratios were successfully pre-
pared using PMMA nanospheres as hard template for removing NOx

from marine diesel engine exhaust. The 3DOM-Fe10-xVx binary metal
oxide samples possessed high-quality 3DOM architecture, and exhibited
better low-temperature activity than pure 3DOM-FeOx, 3DOM-VOx and
the conventional Fe10-xVx catalyst without macropores. Among them,
the 3DOM-Fe9.0V1.0 showed excellent NH3-SCR performance with a
wide active temperature window, achieving a NOx conversion higher
than 80 % between 220−412 °C. The VOx modification effectively in-
creased the surface adsorbed oxygen species, as well as the total acid
amount over the 3DOM-Fe9.0V1.0 catalyst. Interestingly, we found that
the soot had a reduction activity for NOx at high reaction temperature,
which can effectively extend the active temperature window. The L-H
reaction pathway was determined to be the reaction mechanism at 150
°C and 250 °C, and E-R mechanism also existed in the reaction at 250 °C
from the results of the in situ DRIFTS analysis. Additionally, the 3DOM-
Fe9.0V1.0 catalyst exhibited high resistance to SO2/H2O as well as sa-
tisfactory soot tolerance (even when exposed to 1,000 ppm SO2) due to
its special 3DOM architecture, imparting a greater potential for re-
moving NOx from marine diesel engine exhaust in practical applica-
tions.

Author contributions section

Honggen Peng: designing the experimental and supervising this
project. Yonglong Li and Wenming Liu: performing the experiments.
Ran Yan, Jian Liang, Tao Dong, Yangyang Mi: contributing to data
analysis and performing partial characterization. Peng Wu, Zheng
Wang and Taicheng An: giving many constructive suggestion and dis-
cussion when writing and revising this draft. All authors contributed to
data analysis and the writing of the manuscript.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to

Fig. 12. The NH3-SCR over the 3DOM-Fe9.0V1.0 under the simulation conditions
of marine diesel engine exhaust. The 3DOM-Fe9.0V1.0 was evaluated for NH3-
SCR without any pretreatment (a); 3DOM-Fe9.0V1.0 loosely mixed with model
soot particles pretreated with 1,000 ppm SO2 for 2 h at 300 °C, then evaluated
for NH3-SCR with 5 % H2O (b); 3DOM-Fe9.0V1.0 pretreated with 1,000 ppm SO2

for 2 h at 300 °C, then evaluated for NH3-SCR with 5 % H2O (c). Reaction
conditions: [NOx] = [NH3] =500 ppm, [O2] =5 vol.%, mcat. : msoot = 10 : 1
(when used), [H2O] =5 vol.% (when used), N2 as balance and WHSV= 60,000
mL gcat.−1 h−1.

Y. Li, et al. Applied Catalysis B: Environmental 268 (2020) 118455

10



influence the work reported in this paper.

Acknowledgements

This work was supported by the National Key R&D Program of
China (2016YFC0205900), the National Natural Science Foundation of
China (21976078, 21773106, 21503106 and 21566022), the Natural
Science Foundation of Jiangxi Province (20171BCB23016,
20171BAB203024 and 20181BCD4004), and the Foundation of State
Key Laboratory of High-efficiency Utilization of Coal & Green Chemical
Engineering (Grant No. 2018-K04), all of which are greatly acknowl-
edged by the authors.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.apcatb.2019.118455.

References

[1] C. Sys, T. Vanelslander, M. Adriaenssens, I. Van Rillaer, International emission
regulation in sea transport: economic feasibility and impact, Transport. Res. Part D-
Transport. Environ. 45 (2016) 139–151.

[2] S. Yang, X. Pan, Z. Han, D. Zhao, B. Liu, D. Zheng, Z. Yan, Removal of NOx and SO2

from simulated ship emissions using wet scrubbing based on seawater electrolysis
technology, Chem. Eng. J. 331 (2018) 8–15.

[3] L.P. Perera, B. Mo, Emission control based energy efficiency measures in ship op-
erations, Appl. Ocean Res. 60 (2016) 29–46.

[4] N. Rehmatulla, J. Calleya, T. Smith, The implementation of technical energy effi-
ciency and CO2 emission reduction measures in shipping, Ocean Eng. 139 (2017)
184–197.

[5] H.E. Lindstad, G.S. Eskeland, Environmental regulations in shipping: policies
leaning towards globalization of scrubbers deserve scrutiny, Transport. Res. Part D-
Transport. Environ. 47 (2016) 67–76.

[6] I. Boscarato, N. Hickey, J. Kašpar, M.V. Prati, A. Mariani, Green shipping: marine
engine pollution abatement using a combined catalyst/seawater scrubber system, 1.
Effect Catal., J. Catal. 328 (2015) 248–257.

[7] G.C. Dhal, S. Dey, D. Mohan, R. Prasad, Simultaneous abatement of diesel soot and
NOx emissions by effective catalysts at low temperature: an overview, Catal. Rev.-
Sci. Eng. 60 (2018) 437–496.

[8] J.A. Pagán Rubio, F. Vera-García, J. Hernandez Grau, J. Muñoz Cámara,
D. Albaladejo Hernandez, Marine diesel engine failure simulator based on ther-
modynamic model, Appl. Therm. Eng. 144 (2018) 982–995.

[9] L. Wei, C. Yao, Q. Wang, W. Pan, G. Han, Combustion and emission characteristics
of a turbocharged diesel engine using high premixed ratio of methanol and diesel
fuel, Fuel 140 (2015) 156–163.

[10] Y. Çelebi, H. Aydın, An overview on the light alcohol fuels in diesel engines, Fuel
236 (2019) 890–911.

[11] S. Zhou, J. Zhou, Y. Zhu, Chemical composition and size distribution of particulate
matters from marine diesel engines with different fuel oils, Fuel 235 (2019)
972–983.

[12] P. Kasibhatla, K. Capaldo, P. Fischbeck, J.J. Corbett, S.N. Pandis, Effects of ship
emissions on sulphur cycling and radiative climate forcing over the ocean, Nature
400 (1999) 743–746.

[13] Y. Sun, E. Zwolińska, A.G. Chmielewski, Abatement technologies for high con-
centrations of NOx and SO2 removal from exhaust gases: a review, Crit. Rev.
Environ. Sci. Technol. 46 (2016) 119–142.

[14] S. Kureti, W. Weisweiler, K. Hizbullah, Simultaneous conversion of nitrogen oxides
and soot into nitrogen and carbon dioxide over iron containing oxide catalysts in
diesel exhaust gas, Appl. Catal. B-Environ. 43 (2003) 281–291.

[15] C. Davies, K. Thompson, A. Cooper, S. Golunski, S.H. Taylor, M. Bogarra Macias,
O. Doustdar, A. Tsolakis, Simultaneous removal of NOx and soot particulate from
diesel exhaust by in-situ catalytic generation and utilisation of N2O, Appl. Catal. B-
Environ. 239 (2018) 10–15.

[16] J.J. Corbett, P.S. Fischbeck, S.N. Pandis, Global nitrogen and sulfur inventories for
oceangoing ships, J. Geophys. Res.-Atmos. 104 (1999) 3457–3470.

[17] F. Liu, Y. Yu, H. He, Environmentally-benign catalysts for the selective catalytic
reduction of NOx from diesel engines: structure-activity relationship and reaction
mechanism aspects, Chem. Commun. 50 (2014) 8445–8463.

[18] L. Zhang, L. Li, Y. Cao, X. Yao, C. Ge, F. Gao, Y. Deng, C. Tang, L. Dong, Getting
insight into the influence of SO2 on TiO2/CeO2 for the selective catalytic reduction
of NO by NH3, Appl. Catal. B-Environ. 165 (2015) 589–598.

[19] S. Ding, F. Liu, X. Shi, H. He, Promotional effect of Nb additive on the activity and
hydrothermal stability for the selective catalytic reduction of NO with NH3 over
CeZrOx catalyst, Appl. Catal. B-Environ. 180 (2016) 766–774.

[20] L. Xu, C. Wang, H. Chang, Q. Wu, T. Zhang, J. Li, New insight into SO2 poisoning
and regeneration of CeO2-WO3/TiO2 and V2O5-WO3/TiO2 catalysts for low-tem-
perature NH3-SCR, Environ. Sci. Technol. 52 (2018) 7064–7071.

[21] L. Han, S. Cai, M. Gao, J. Hasegawa, P. Wang, J. Zhang, L. Shi, D. Zhang, Selective
catalytic reduction of NOx with NH3 by using novel catalysts: state of the art and

future prospects, Chem. Rev. 119 (2019) 10916–10976.
[22] A. Marberger, D. Ferri, M. Elsener, O. Kröcher, The significance of Lewis acid sites

for the selective catalytic reduction of nitric oxide on vanadium-based catalysts,
Angew. Chem., Int. Ed. 55 (2016) 11989–11994.

[23] F. Liu, H. He, C. Zhang, Z. Feng, L. Zheng, Y. Xie, T. Hu, Selective catalytic re-
duction of NO with NH3 over iron titanate catalyst: catalytic performance and
characterization, Appl. Catal. B-Environ. 96 (2010) 408–420.

[24] L.J. France, Q. Yang, W. Li, Z. Chen, J. Guang, D. Guo, L. Wang, X. Li, Ceria
modified FeMnOx-enhanced performance and sulphur resistance for low-tempera-
ture SCR of NOx, Appl. Catal. B-Environ. 206 (2017) 203–215.

[25] J. Mu, X. Li, W. Sun, S. Fan, X. Wang, L. Wang, M. Qin, G. Gan, Z. Yin, D. Zhang,
Inductive effect boosting catalytic performance of advanced Fe1-xVxOδ catalysts in
low-temperature NH3 selective catalytic reduction: insight into the structure, in-
teraction, and mechanisms, ACS Catal. 8 (2018) 6760–6774.

[26] H. Chang, X. Chen, J. Li, L. Ma, C. Wang, C. Liu, J.W. Schwank, J. Hao,
Improvement of activity and SO2 tolerance of Sn-modified MnOx-CeO2 catalysts for
NH3-SCR at low temperatures, Environ. Sci. Technol. 47 (2013) 5294–5301.

[27] M. Casapu, O. Kröcher, M. Elsener, Screening of doped MnOx-CeO2 catalysts for
low-temperature NO-SCR, Appl. Catal. B: Environ. 88 (2009) 413–419.

[28] W. Sjoerd Kijlstra, Deactivation by SO2 of MnOx/Al2O3 catalysts used for the se-
lective catalytic reduction of NO with NH3 at low temperatures, Appl. Catal. B-
Environ. 16 (1998) 327–337.

[29] H. Chang, J. Li, X. Chen, L. Ma, S. Yang, J.W. Schwank, J. Hao, Effect of Sn on
MnOx-CeO2 catalyst for SCR of NOx by ammonia: enhancement of activity and re-
markable resistance to SO2, Catal. Commun. 27 (2012) 54–57.

[30] M. Zhu, J. Lai, U. Tumuluri, Z. Wu, I.E. Wachs, Nature of active sites and surface
intermediates during SCR of NO with NH3 by supported V2O5–WO3/TiO2 catalysts,
J. Am. Chem. Soc. 139 (2017) 15624–15627.

[31] T.H. Vuong, J. Radnik, J. Rabeah, U. Bentrup, M. Schneider, H. Atia, U. Armbruster,
W. Grünert, A. Brückner, Efficient VOx/Ce1-xTixO2 catalysts for low-temperature
NH3-SCR: reaction mechanism and active sites assessed by in situ/operando spec-
troscopy, ACS Catal. 7 (2017) 1693–1705.

[32] K. Guo, G. Fan, D. Gu, S. Yu, K. Ma, A. Liu, W. Tan, J. Wang, X. Du, W. Zou, C. Tang,
L. Dong, Pore size expansion accelerates ammonium bisulfate decomposition for
improved sulfur resistance in low-temperature NH3-SCR, ACS Appl. Mater.
Interfaces 11 (2019) 4900–4907.

[33] T. Zhang, H. Chang, K. Li, Y. Peng, X. Li, J. Li, Different exposed facets VOx /CeO2

catalysts for the selective catalytic reduction of NO with NH3, Chem. Eng. J. 349
(2018) 184–191.

[34] Q. Li, S. Chen, Z. Liu, Q. Liu, Combined effect of KCl and SO2 on the selective
catalytic reduction of NO by NH3 over V2O5/TiO2 catalyst, Appl. Catal. B- Environ.
164 (2015) 475–482.

[35] Y. Yang, J. Liu, B. Zhang, Y. Zhao, X. Chen, F. Shen, Experimental and theoretical
studies of mercury oxidation over CeO2-WO3/TiO2 catalysts in coal-fired flue gas,
Chem. Eng. J. 317 (2017) 758–765.

[36] Y. Yang, J. Liu, F. Liu, Z. Wang, J. Ding, H. Huang, Reaction mechanism for NH3-
SCR of NOx over CuMn2O4 catalyst, Chem. Eng. J. 361 (2019) 578–587.

[37] H.H. Phil, M.P. Reddy, P.A. Kumar, L.K. Ju, J.S. Hyo, SO2 resistant antimony pro-
moted V2O5/TiO2 catalyst for NH3-SCR of NOx at low temperatures, Appl. Catal. B-
Environ. 78 (2008) 301–308.

[38] Z. Zhu, H. Niu, Z. Liu, S. Liu, Decomposition and reactivity of NH4HSO4 on V2O5/
AC catalysts used for NO reduction with ammonia, J. Catal. 195 (2000) 268–278.

[39] L. Song, J. Chao, Y. Fang, H. He, J. Li, W. Qiu, G. Zhang, Promotion of ceria for
decomposition of ammonia bisulfate over V2O5-MoO3/TiO2 catalyst for selective
catalytic reduction, Chem. Eng. J. 303 (2016) 275–281.

[40] D. Ye, R. Qu, H. Song, X. Gao, Z. Luo, M. Ni, K. Cen, New insights into the various
decomposition and reactivity behaviors of NH4HSO4 with NO on V2O5/TiO2 cata-
lyst surfaces, Chem. Eng. J. 283 (2016) 846–854.

[41] X. Yu, L. Wang, M. Chen, X. Fan, Z. Zhao, K. Cheng, Y. Chen, Z. Sojka, Y. Wei, J. Liu,
Enhanced activity and sulfur resistance for soot combustion on three-dimensionally
ordered macroporous-mesoporous MnxCe1-xOδ/SiO2 catalysts, Appl. Catal. B-
Environ. 254 (2019) 246–259.

[42] H. Arandiyan, H. Dai, K. Ji, H. Sun, J. Li, Pt nanoparticles embedded in colloidal
crystal template derived 3D ordered macroporous Ce0.6Zr0.3Y0.1O2: highly efficient
catalysts for methane combustion, ACS Catal. 5 (2015) 1781–1793.

[43] S. Xie, J. Deng, S. Zang, H. Yang, G. Guo, H. Arandiyan, H. Dai, Au–Pd/3DOM
Co3O4: highly active and stable nanocatalysts for toluene oxidation, J. Catal. 322
(2015) 38–48.

[44] S. Xie, H. Dai, J. Deng, H. Yang, W. Han, H. Arandiyan, G. Guo, Preparation and
high catalytic performance of Au/3DOM Mn2O3 for the oxidation of carbon mon-
oxide and toluene, J. Hazard. Mater. 279 (2014) 392–401.

[45] C. Rao, R. Liu, X. Feng, J. Shen, H. Peng, X. Xu, X. Fang, J. Liu, X. Wang, Three-
dimensionally ordered macroporous SnO2-based solid solution catalysts for effec-
tive soot oxidation, Chin. J. Catal. 39 (2018) 1683–1694.

[46] J. Xu, J. Liu, Z. Zhao, C. Xu, J. Zheng, A. Duan, G. Jiang, Easy synthesis of three-
dimensionally ordered macroporous La1-xKxCoO3 catalysts and their high activities
for the catalytic combustion of soot, J. Catal. 282 (2011) 1–12.

[47] H. Arandiyan, H. Dai, J. Deng, Y. Liu, B. Bai, Y. Wang, X. Li, S. Xie, J. Li, Three-
dimensionally ordered macroporous La0.6Sr0.4MnO3 with high surface areas: active
catalysts for the combustion of methane, J. Catal. 307 (2013) 327–339.

[48] Y. Cheng, W. Song, J. Liu, H. Zheng, Z. Zhao, C. Xu, Y. Wei, E.J.M. Hensen,
Simultaneous NOx and particulate matter removal from diesel exhaust by hier-
archical Fe-doped Ce-Zr oxide, ACS Catal. 7 (2017) 3883–3892.

[49] Y. Wei, J. Liu, Z. Zhao, Y. Chen, C. Xu, A. Duan, G. Jiang, H. He, Highly active
catalysts of gold nanoparticles supported on three-dimensionally ordered macro-
porous LaFeO3 for soot oxidation, Angew. Chem., Int. Ed. 50 (2011) 2326–2329.

Y. Li, et al. Applied Catalysis B: Environmental 268 (2020) 118455

11

https://doi.org/10.1016/j.apcatb.2019.118455
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0005
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0005
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0005
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0010
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0010
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0010
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0015
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0015
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0020
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0020
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0020
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0025
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0025
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0025
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0030
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0030
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0030
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0035
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0035
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0035
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0040
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0040
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0040
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0045
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0045
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0045
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0050
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0050
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0055
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0055
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0055
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0060
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0060
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0060
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0065
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0065
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0065
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0070
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0070
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0070
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0075
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0075
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0075
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0075
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0080
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0080
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0085
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0085
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0085
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0090
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0090
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0090
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0095
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0095
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0095
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0100
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0100
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0100
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0105
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0105
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0105
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0110
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0110
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0110
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0115
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0115
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0115
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0120
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0120
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0120
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0125
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0125
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0125
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0125
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0130
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0130
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0130
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0135
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0135
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0140
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0140
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0140
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0145
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0145
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0145
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0150
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0150
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0150
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0155
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0155
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0155
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0155
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0160
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0160
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0160
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0160
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0165
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0165
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0165
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0170
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0170
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0170
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0175
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0175
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0175
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0180
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0180
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0185
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0185
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0185
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0190
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0190
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0195
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0195
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0195
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0200
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0200
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0200
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0205
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0205
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0205
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0205
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0210
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0210
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0210
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0215
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0215
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0215
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0220
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0220
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0220
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0225
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0225
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0225
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0230
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0230
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0230
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0235
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0235
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0235
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0240
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0240
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0240
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0245
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0245
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0245


[50] W. Pei, Y. Liu, J. Deng, K. Zhang, Z. Hou, X. Zhao, H. Dai, Partially embedding Pt
nanoparticles in the skeleton of 3DOM Mn2O3: an effective strategy for enhancing
catalytic stability in toluene combustion, Appl. Catal. B: Environ. 256 (2019)
117814.

[51] Y. Wei, Z. Zhao, T. Li, J. Liu, A. Duan, G. Jiang, The novel catalysts of truncated
polyhedron Pt nanoparticles supported on three-dimensionally ordered macro-
porous oxides (Mn, Fe, Co, Ni, Cu) with nanoporous walls for soot combustion,
Appl. Catal. B- Environ. 146 (2014) 57–70.

[52] B. Jin, Y. Wei, Z. Zhao, J. Liu, X. Yu, Y. Li, J. Li, Synthesis of three-dimensionally
ordered macroporous Al–Ce mixed oxide catalysts with high catalytic activity and
stability for diesel soot combustion, Catal. Today 258 (2015) 487–497.

[53] Y. Zhang, J. Deng, H. Zhang, Y. Liu, H. Dai, Three-dimensionally ordered macro-
porous Pr6O11 and Tb4O7 with mesoporous walls: preparation, characterization,
and catalytic activity for CO oxidation, Catal. Today 245 (2015) 28–36.

[54] F. Yu, X. Xu, H. Peng, H. Yu, Y. Dai, W. Liu, J. Ying, Q. Sun, X. Wang, Porous NiO
nano-sheet as an active and stable catalyst for CH4 deep oxidation, Appl. Catal. A-
Gen. 507 (2015) 109–118.

[55] Z. Liu, J. Zhu, J. Li, L. Ma, S.I. Woo, Novel Mn–Ce–Ti mixed-oxide catalyst for the
selective catalytic reduction of NOx with NH3, ACS Appl. Mater. Interfaces 6 (2014)
14500–14508.

[56] K. Routray, W. Zhou, C.J. Kiely, I.E. Wachs, Catalysis science of methanol oxidation
over Iron vanadate catalysts: nature of the catalytic active sites, ACS Catal. 1 (2010)
54–66.

[57] W. Chen, Z. Zhang, W. Bao, Y. Lai, J. Li, Y. Gan, J. Wang, Hierarchical mesoporous
γ-Fe2O3/carbon nanocomposites derived from metal organic frameworks as a
cathode electrocatalyst for rechargeable Li-O2 batteries, Electrochim. Acta 134
(2014) 293–301.

[58] N. Li, J. Zhang, Y. Tian, J. Zhao, J. Zhang, W. Zuo, Precisely controlled fabrication
of magnetic 3D γ-Fe2O3@ZnO core-shell photocatalyst with enhanced activity: ci-
profloxacin degradation and mechanism insight, Chem. Eng. J. 308 (2017)
377–385.

[59] K. Zhu, H. Xu, C. Chen, X. Ren, A. Alsaedi, T. Hayat, Encapsulation of Fe0-domi-
nated Fe3O4/Fe0/Fe3C nanoparticles into carbonized polydopamine nanospheres
for catalytic degradation of tetracycline via persulfate activation, Chem. Eng. J. 372
(2019) 304–311.

[60] F. Liu, H. He, Z. Lian, W. Shan, L. Xie, K. Asakura, W. Yang, H. Deng, Highly dis-
persed iron vanadate catalyst supported on TiO2 for the selective catalytic reduction
of NOx with NH3, J. Catal. 307 (2013) 340–351.

[61] J. Yang, Q. Yang, J. Sun, Q. Liu, D. Zhao, W. Gao, L. Liu, Effects of mercury oxi-
dation on V2O5–WO3/TiO2 catalyst properties in NH3-SCR process, Catal. Commun.
59 (2015) 78–82.

[62] F. Liu, H. He, Structure−activity relationship of Iron titanate catalysts in the se-
lective catalytic reduction of NOx with NH3, J. Phys. Chem. C 114 (2010)
16929–16936.

[63] L. Zhao, C. Li, S. Li, Y. Wang, J. Zhang, T. Wang, G. Zeng, Simultaneous removal of
elemental mercury and NO in simulated flue gas over V2O5/ZrO2-CeO2 catalyst,
Appl. Catal. B- Environ. 198 (2016) 420–430.

[64] S. Ma, X. Zhao, Y. Li, T. Zhang, F. Yuan, X. Niu, Y. Zhu, Effect of W on the acidity
and redox performance of the Cu0.02Fe0.2WaTiOx (a = 0.01, 0.02, 0.03) catalysts for
NH3-SCR of NO, Appl. Catal. B- Environ. 248 (2019) 226–238.

[65] X. Yao, L. Chen, J. Cao, Y. Chen, M. Tian, F. Yang, J. Sun, C. Tang, L. Dong,
Enhancing the deNOx performance of MnOx/CeO2-ZrO2 nanorod catalyst for low-
temperature NH3-SCR by TiO2 modification, Chem. Eng. J. 369 (2019) 46–56.

[66] J. Li, Y. Peng, H. Chang, X. Li, J.C. Crittenden, J. Hao, Chemical poison and re-
generation of SCR catalysts for NOx removal from stationary sources, Front.
Environ. Sci. Eng. 10 (2016) 413–427.

[67] S. Zhan, H. Zhang, Y. Zhang, Q. Shi, Y. Li, X. Li, Efficient NH3-SCR removal of NOx

with highly ordered mesoporous WO3(χ)-CeO2 at low temperatures, Appl. Catal. B-
Environ. 203 (2017) 199–209.

[68] J. Liu, G. Li, Y. Zhang, X. Liu, Y. Wang, Y. Li, Novel Ce-W-Sb mixed oxide catalyst
for selective catalytic reduction of NOx with NH3, Appl. Surf. Sci. 401 (2017) 7–16.

[69] L. Chen, J. Li, M. Ge, DRIFT study on cerium−tungsten/titiania catalyst for se-
lective catalytic reduction of NOx with NH3, Environ. Sci. Technol. 44 (2010)
9590–9596.

[70] X. Zhao, L. Huang, H. Li, H. Hu, X. Hu, L. Shi, D. Zhang, Promotional effects of
zirconium doped CeVO4 for the low-temperature selective catalytic reduction of
NOx with NH3, Appl. Catal. B- Environ. 183 (2016) 269–281.

[71] Z. Liu, X. Feng, Z. Zhou, Y. Feng, J. Li, Ce-Sn binary oxide catalyst for the selective
catalytic reduction of NOx by NH3, Appl. Surf. Sci. 428 (2018) 526–533.

[72] D. Meng, W. Zhan, Y. Guo, Y. Guo, L. Wang, G. Lu, A highly effective catalyst of Sm-
MnOx for the NH3-SCR of NOx at low temperature: promotional role of Sm and its
catalytic performance, ACS Catal. 5 (2015) 5973–5983.

[73] X. Li, J. Li, Y. Peng, H. Chang, T. Zhang, S. Zhao, W. Si, J. Hao, Mechanism of
arsenic poisoning on SCR catalyst of CeW/Ti and its novel efficient regeneration
method with hydrogen, Appl. Catal. B- Environ. 184 (2016) 246–257.

Y. Li, et al. Applied Catalysis B: Environmental 268 (2020) 118455

12

http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0250
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0250
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0250
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0250
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0255
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0255
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0255
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0255
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0260
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0260
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0260
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0265
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0265
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0265
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0270
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0270
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0270
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0275
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0275
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0275
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0280
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0280
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0280
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0285
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0285
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0285
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0285
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0290
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0290
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0290
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0290
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0295
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0295
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0295
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0295
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0300
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0300
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0300
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0305
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0305
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0305
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0310
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0310
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0310
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0315
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0315
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0315
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0320
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0320
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0320
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0325
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0325
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0325
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0330
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0330
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0330
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0335
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0335
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0335
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0340
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0340
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0345
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0345
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0345
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0350
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0350
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0350
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0355
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0355
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0360
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0360
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0360
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0365
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0365
http://refhub.elsevier.com/S0926-3373(19)31201-9/sbref0365

	Hierarchical three-dimensionally ordered macroporous Fe-V binary metal oxide catalyst for low temperature selective catalytic reduction of NOx from marine diesel engine exhaust
	Introduction
	Experimental section
	Synthesis of the hierarchical 3DOM-Fe10-xVx oxide catalysts
	Catalyst characterization
	Activity test

	Results and discussion
	Scanning and transmission electron microscopy analysis of catalysts
	X-ray diffraction analysis of the catalysts
	Nitrogen physisorption analysis
	Raman spectroscopy and X-ray photoelectron spectroscopy analysis of catalysts
	Hydrogen temperature-programmed reduction and NH3 temperature-programed desorption analysis of catalysts
	NH3-SCR catalytic performances
	NH3-SCR performance at ideal conditions
	Soot resistance performance
	Effects of H2O and SO2

	In situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) studies
	Reactions between NO + O2 and adsorbed NH3 species
	Reactions between NH3 and adsorbed NO + O2 species


	Conclusions
	Author contributions section
	mk:H1_21
	Acknowledgements
	Supplementary data
	References




