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Abstract: The physicochemical properties of active components play a key role in enhancing catalytic
performance. In multi-component catalysts, different components offer a wide range of structural pos-
sibilities and catalytic potential. However, determining the role of specific components in enhancing
efficiency may be blurry. This study synthetized a range of catalysts with various metal compositions
on their external surfaces to investigate their catalytic activity on NH3-SCR. The V/CeMn/Ti catalysts
exhibited exceptional catalytic efficiency and strong tolerance to SO2 during the SCR process. In the
system, Mn and Ce facilitated electron transfer during the catalytic removal of NOx. As an assisting
agent, increased the number of active species and acidic sites, playing a crucial role in oxidizing NO
to NO2 and facilitating the denitrogenation reaction process at low temperatures. Further studies
showed that the three ingredients exhibited unique adsorbent behaviors on the reacting gases, which
provided different catalytic possibilities. This work modeled the particular catalysis of V and Ce (Mn)
species, respectively, and offers experimental instruction for improving the activity and excellent
tolerance to SO2 by controlling active ingredients.

Keywords: low-temperature NH3-SCR of NO; In-situ DRIFTS; Redox property; surface acidity;
vanadia-based catalysts

1. Introduction

NH3-SCR is the most prevalent technology for effectively removing NOx [1,2]. Cur-
rently, several types of catalysts are widely used for the removal of NOx, including ion-
exchanged zeolite catalysts, V-based catalysts, and other oxide catalysts [3,4]. V-based
catalysts are widely used for their superior SO2 resistance [5–7]. V2O5-WO3(MoO3)/TiO2
catalysts are commonly used for commercial applications. However, such catalysts are
unsuited for low-temperature flue gases in industries such as those of glass and steel, as
they have weak low-temperature NH3-SCR activity and a confined operating temperature
window [1,5,8,9]. While high V-loads can effectively enhance catalytic activity at low tem-
peratures, they are also linked to several issues, including enhanced oxidation of SO2 to
SO3, a narrow operating temperature window, poor alkali resistance, low N2 selectivity,
and toxicity of V [1,6]. Therefore, the development of new V-based catalysts with a low
vanadium loading and outstanding activity at low temperatures is important.

Anatase TiO2 was extensively used in commercial V-based catalysts for many years
because of its outstanding tolerance to SO2 and its ability to improve the dispersion of
vanadium-based materials [1,6]. Modifying the supports can effectively enhance the low-
temperature activity and SO2 durability of V-based catalysts [7]. A loaded V2O5/Ce1−xTixO2
catalyst exhibited better NOx conversion and SO2 resistance than those of V2O5/TiO2 or
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V2O5/CeO2 at low temperatures after CeO2 was doped into TiO2, which was attributed to
the improved surface dispersion of vanadium-based substances and higher reducibility [8].
According to the above results, V-oxides loaded on TiO2-containing mixed oxides consis-
tently exhibited higher reactivity and excellent SO2 resistance in comparison with those
loaded on pure Ti oxides. Additionally, mixed oxide loading may impact the surface active
components. Therefore, further exploration of catalysts for low-temperature NH3-SCR reac-
tions is necessary. Manganese-doped or loaded mixed oxides appear to be among the most
prominent material candidates for reducing the temperature required for the NH3-SCR
reaction [10–12]. The redox cycle of superficial Mn3+/Mn4+ or Mn2+/Mn3+ in manganese
oxides (MnOx) is known for its high catalytic activity. Mn3+/Mn4+ or Mn2+/Mn3+ in
manganese oxides (MnOx) is known for its high catalytic activity. It has been shown that
Mn-Ce/TiO2 [13], MnOx/CeO2/AC [14], Mn-Ce-V/AC [15], and MnOx/SAPO-34 [16]
have outstanding low-temperature NH3-SCR activity. For example, Yang et al. [17] investi-
gated a MnOx-CeO2 catalyst synthesized through co-precipitation, which achieved a NO
conversion of 95% at 150 ◦C. Huang and colleagues discovered that 10 wt% MnOx loaded
on multi-walled carbon nanotubes (MWCNTs) in the range of 180–240 ◦C exhibited the
best NO conversion [18]. However, the above debate was mainly concerned with activating
NH3 and NO on the surface catalysts, but the functions of the different active ingredients
in complicated catalytic systems remain unclear. Inspired by the above studies, by using
graded impregnation to load V, Ce, and Mn on a TiO2 support, it is possible to extend the
operating temperature window of the catalysts, improve the activity of NH3-SCR at low
temperatures, and increase the resistance to H2O/SO2. This multicomponent approach
not only optimizes the chemico-physical properties but also influences the adsorption
and conversion of reactive gases via different pathways [19,20]. However, the roles of the
components in the NH3-SCR reaction within such a complex system are intricate. Hence,
it is essential and worthwhile to elucidate the roles of various ingredients in complicated
catalytic systems.

In this study, a stepwise co-impregnation method was used to synthesize a series of
catalysts with different exposed active components. The graded catalysts were character-
ized to investigate the effects of exposure to different active components on the NH3-SCR
performance. Finally, we propose a possible mechanism for the enhancement of the SCR
performance of V/MnCe/Ti catalysts. This study provides a guide to the experimental
investigation of the catalytic potential of multi-composite V-based catalysts by elucidating
the functions of various active species in catalysis.

2. Results and Discussion
2.1. Catalytic Performance

Figure 1a displays the results for the activity of various catalysts. The NO conversion
decreased in the sequence of CeMn/V/Ti > V/CeMn/Ti > VCeMn/Ti at temperatures
between 100 and 175 ◦C. This suggested that at low temperatures, the Ce (Mn) exposed
on the outer surface of the catalysts was the dominant active species. Nevertheless, as
the reaction temperature increased, the NO conversion was increased with respect to that
of V/CeMn/Ti, and there was >90% NO conversion over a broad temperature range of
175–325 ◦C. With the further increase in the reaction temperature, the NO conversion
slightly decreased because of the partial oxidation of NH3 [20]. Moreover, the NO conver-
sion of the V/CeMn/Ti catalyst was higher than that of the CeMn/V/Ti and VCeMn/Ti
catalysts at 175–325 ◦C, which indicated the synergistic effect between V and Ce (Mn). In
summary, the V/CeMn/Ti catalysts had better NO conversion over the entire tempera-
ture range, which may have been associated with the good dispersion and reducibility
of the active species of V exposed on the outer surface of the catalyst at medium and
high temperatures.
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Figure 1. Catalytic performance of the catalysts. (a) NO conversion; (b) N2 selectivity (condition:
NO = NH3 = 500 ppm, O2 = 5 vol%).

The N2 selectivity results of the catalysts are displayed in Figure 1b. Compared
with other previously reported high-activity catalysts, the V/CeMn/Ti, CeMn/V/Ti, and
VCeMn/Ti catalysts exhibited high N2 selectivity over the entire range of testing tempera-
tures, and for the CeMn/V/Ti and VCeMn/Ti samples, the N2 selectivity decreased from
100% to 80% from 150 to 325 ◦C, which may have been the result of the increase in the
test temperature increases, while the NH3 adsorbed on the CeMn/V/Ti and VCeMn/Ti
catalysts was more easily oxidized by O2, leading to the production of N2O. Interestingly,
the N2 selectivity of the V/CeMn/Ti catalyst was maintained at 100% throughout the tested
temperature range. N2O is one of the byproducts produced in the over-oxidation of NH3 at
high temperatures. The above results indicate that the N2 selectivity was improved and the
non-selective oxidation of NH3 was significantly suppressed when V was exposed to the
outer surface of the catalysts.

H2O and SO2 Tolerance Tests

The catalysts’ resistance to H2O and SO2 was tested at 225 ◦C, as illustrated in Figure 2.
The introduction of 5 vol.% H2O into the reaction system slightly reduced the activities
of the V/CeMn/Ti and CeMn/V/Ti catalysts. The reduction could be explained by the
competitive absorption of NH3 and H2O [21]. When the H2O was removed, the NOx
conversion was restored, suggesting that the impact of H2O was reversible. However,
the slight increase in NOx conversion for the VCeMn/Ti catalysts suggested that they
were more effective in reducing NOx with NH3 in the presence of H2O. This is crucial
for practical applications. The introduction of 50 ppm SO2 caused a decline in the NOx
conversion of all catalysts, which may have been due to the reaction of SO2 with certain
metal sites in the catalysts to form metal sulphates, which disrupted the redox SCR pathway
of the catalysts, resulting in their irreversible inactivation [3,22]. If active sites are covered
by surface metal sulfates or accumulated NH4HSO4 and become inactive, the catalyst
lacks sufficient active sites [19]. The introduction of H2O + SO2 simultaneously for 2 h
led to a significant decrease in NO conversion for all catalysts, which was attributed to
the following: Firstly, there was a competitive adsorption of SO2 and excess H2O (5 vol%,
50,000 ppm) with NH3 and NO; secondly, SO2 + H2O could react directly with the reducing
NH3 gas to produce ammonium bisulfate (NH4HSO4), which tended to inhibit the activity
of the sites or be deposited on the surface of the catalysts. The NOx conversion of all
catalysts did not return to the original values when SO2 and H2O were removed, indicating
that the impact of SO2 + H2O on the catalysts was irreversible. The V/CeMn/Ti catalyst
had superior tolerance for SO2 + H2O compared to that of the CeMn/V/Ti and VCeMn/Ti
catalysts, which may have been because V covered the outside surface of the activated Ce
(Mn) to prevent SO2 from interacting with the active compounds.
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2.2. Structure and Morphology

The crystal structure of the catalysts was the subject of X-ray diffraction measurements,
as shown in Figure 3. It was evident that the catalysts had similar 2θ diffraction locations
but with various diffraction strengths. The diffraction peaks of 2θ at 25.2◦, 37.6◦, 48.2◦,
52.9◦, 55.3◦, 62.6◦, 68.7◦, 70.4◦, and 75.1◦ corresponded to the (101), (004), (200), (105),
(211), (204), (116), (220), and (215) anatase TiO2 facets, respectively [21]; the diffraction
peaks of 2θ at 27.5◦corresponded to the rutile TiO2, and the diffraction peaks of the three
catalysts at 2θ = 28.5◦ were the typical diffraction peaks of MnO2. The Scherrer equation
was used to calculate the particle size of MnO2, and the particle sizes of MnO2 in the
VCeMn/Ti, CeMn/V/Ti, and V/CeMn/Ti catalysts were 13.1472, 13.1480, and 13.1483 nm.
The VCeMn/Ti catalyst had the smallest particle size, which indicated that the particles
were reduced and the relative surface area was increased, which was in accordance with
the conclusions from BET (Figure S1). No distinct diffraction peaks corresponding to
the oxides of V and Ce were observed in the catalysts, which suggested that the doped
metal oxides were present in an altitudinally dispersed state, which facilitated mutual
contact with the activated ingredients and was conducive to strong reactions between the
metal oxides [23]. SEM was used to observe the morphology of the catalysts, as shown in
Figure S2. The morphologies of the three catalysts were similar, consisting of nanoparticles
of varying sizes [23]. The results showed that the morphology of the catalysts was not
affected by the order in which the active ingredients were loaded. The relevant BET
surface areas and pore size distributions are summarized in Table 1; the catalysts exhibited
“IV” adsorption–desorption isotherms with H3-type hysteresis loops, and their pore sizes
were predominantly distributed between 2 and 50 nm, suggesting that the catalysts were
formed from mesoporous structures [24,25]. The BET surface area declined in the order of
V/CeMn/Ti ≈ CeMn/V/Ti > VCeMn/Ti, and the specific surface area of the catalysts that
were synthetized through step-impregnation was larger than that of the catalysts that were
synthetized through one-step impregnation. This could be attributed to the aggregation
of MnO2 on the VCeMn/Ti catalyst during its preparation, leading to a reduction in its
specific surface area (Figure S1).
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Figure 3. Catalysts’ XRD patterns.

Table 1. Textural properties of all catalysts.

Samples BET
(m2 · g−1)

Pore Volume
(cm3 · g−1)

Pore Size
(nm)

V/CeMn/Ti 52 0.17 11.29
CeMn/V/Ti 51 0.13 11.00
VCeMn/Ti 38 0.15 10.12

2.3. Raman Analysis

The structural characteristics of V and Ce were studied with Raman spectroscopy. As
shown in Figure 4, the weakly adsorbed peak at about 168 cm−1 was attributed to the B1g
mode of anatase TiO2 [26,27]. No TiO2 peaks were detected for the VCeMn/Ti catalysts
because of the presence of more of the MnO2 crystal phase on the surface, resulting in
a weakening of its peak intensity. The results were consistent with those of XRD, and a
prominent peak was centered at 450 cm−1, which suggested that CeO2 was present in
the form of microcrystals [28,29], though this was undetectable in the XRD analysis. The
peaks at 230 and 685 cm−1 were attributed to oxygen vacancies because of the presence
of Ce3+ [29,30]. Oxygen vacancies enhance oxygen uptake and improve the efficiency
of conversion between Ce3+ and Ce4+ [30]. Moreover, the strongest peak strengths were
found for the V/CeMn/Ti catalysts, suggesting the presence of more oxygen vacancies
that would promote NO oxidation and further facilitate the NH3-SCR reaction [31]. The
peak at 1005 cm−1 was attributed to the monomeric V species. The peak at 960 cm−1

was attributed to the polymeric V species; according to the literature [32], the polymeric
state of vanadium exhibits significantly higher activity than that of its monomeric state.
Interestingly, the band at 960 cm–1 was the strongest for the V/CeMn/Ti catalyst, indicating
that the V/CeMn/Ti catalyst had the best SCR performance, which was consistent with the
results for the activity.
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Figure 4. Raman spectroscopy of the catalysts.

2.4. Acidic Site Distribution (NH3-TPD)

A catalyst’s surface acidity can influence the adsorption of NH3 and further impact
the catalytic reaction. Figure 5a displays the NH3-TPD results. All catalysts were fitted
into four desorption peaks in the range of 100–700 ◦C. The four peaks were the physical
adsorption peak (at 100–150 ◦C; corresponding peak I) and the peaks of NH3 desorp-
tion on weak acids (Aw: 150–350 ◦C; corresponding peak II), medium-strong acids (Am:
400–550 ◦C; corresponding peak III), and strong acids (As: 550–700 ◦C; corresponding
peak IV) [33,34]. Previous studies have reported [35,36] that NH4

+ ions adsorbed at weak
acid sites have lower thermal stability than that of NH3 adsorbed at strong acid sites. The
peaks of desorption at lower temperatures were caused by the desorption of NH3 from the
weak acid sites, and the peaks at higher temperatures were due to the desorption of NH3
from strong acid sites. Figure 5b displays the number of distinct acid sites. The analysis
of the peak areas showed that the VCeMn/Ti catalyst had the smallest amount of acid
compared to the other catalysts. However, the V/CeMn/Ti catalysts had a greater amount
of acid—especially weak acids—than the CeMn/V/Ti and VCeMn/Ti catalysts. Therefore,
the acidity of the catalyst was increased when the active component V was exposed to the
outer surface of the catalyst.
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2.5. The Oxidation–Reduction Properties of the Catalysts

The O2-TPD of the catalysts is shown in Figure 6a. Three O2 desorption peaks were
observed in the range of 100–400 ◦C, and they were attributed to physically adsorbed
oxygen (Op, around 200 ◦C), chemically adsorbed oxygen (Oc, around 250 ◦C), and lattice
oxygen (surface lattice oxygen Os), respectively. The V/CeMn/Ti catalyst had the smallest
adsorption capacity for Os, indicating that it had more oxygen vacancies, which led to
more chemisorbed oxygen and was consistent with it having more Oc, which helped to
upgrade its catalytic properties. The desorption peaks of the VCeMn/Ti catalyst were
weaker, suggesting that it had a poorer capacity for storing oxygen. The area of the Oc
peaks of the V/CeMn/Ti catalyst was much larger than those of the CeMn/V/Ti and
VCeMn/Ti catalysts, which indicated that the oxygen storage capacity of the V/CeMn/Ti
catalysts was much larger than that of the CeMn/V/Ti and VCeMn/Ti catalysts, and the
exposure of active V species to the outer surface of the catalysts significantly increased the
oxygen storage capacity, which was consistent with the Raman results.
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The reductive characteristics of the catalysts were determined through H2-TPR ex-
periments, as shown in Figure 6b. The catalysts had two large reduction peaks; the initial
broad peak at 200 ◦C–400 ◦C was attributed to MnO2→Mn2O3→Mn3O4, and the second
broad peak at 450 ◦C–550 ◦C was attributed to Mn3O4→MnO [37–39]. The reduction peak
onset temperature of the V/CeMn/Ti catalyst was lower than those of the CeMn/V/Ti
and VCeMn/Ti catalysts. This suggested that the VO-V species in the polymeric state
improved the interactions between Mn and Ce, which made the active substances easier to
reduce and greatly improved the surface oxygen mobility, thus improving the catalyst’s
low-temperature activity [40]. There have been reports that this synergistic effect can lead
to changes in the electron structures of the catalyst surface, as well as the generation of
many oxygen vacancies, which facilitate the diffusion of surface oxygen into the bulk phase.
These features contributed to the performance of NH3-SCR [41,42].

2.6. XPS Analysis

X-ray photoelectron spectroscopy (XPS) was used to study the chemical state of the
surface elements of the catalysts. Figure 7 reveals the XPS spectra of Mn 2p, Ce 3d, O 1s, and
V 2p, and the percentages are shown in Table 2. Figure 7a exhibits two dominant peaks of
Mn 2p3/2 and Mn 2p1/2 at 633 eV and 665 eV. The Mn 2p3/2 spectrum was segmented into
three distinctive peaks, which were assigned to Mn2+ (~640.7 eV), Mn3+ (~641.6V), and Mn4+

(~643.6 eV) [43,44]. Table 2 shows that the ratio of Mn4+/Mn2+ was significantly higher
in V/CeMn/Ti (42.7%) than in CeMn/V/Ti (25.3%) and VCeMn/Ti (29.6%). Manganese
oxide species with a higher valence state exhibited greater redox activity on Mn-based
catalysts [44]. Furthermore, Mn4+ was shown to expedite the conversion of NO into NO2
and enhance the SCR reaction via the “fast SCR” pathway, which was in agreement with
the catalytic performance of the catalysts.
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Table 2. The XPS results for O 1s, Mn 2p, and Ce 3d were compared for the different catalysts.

Samples Mn4+/Mnn+ (%) Ce4+/(Ce4+ + Ce3+) (%) Oα (%)

V/CeMn/Ti 42.7 79 49
CeMn/V/Ti 25.3 72 35
VCeMn/Ti 29.6 60 33

As shown in Figure 7b, the Ce 3d XPS spectra of the catalysts were fitted with eight
peaks: V (882.3 eV), V′ (884.2 eV), V′′ (889.0 eV), V′′′ (899.2 eV), U (901.2 eV), U′ (903.4 eV),
U′′ (906.5 eV), and U′′′ (916.6 eV), which corresponded to four couples of spin–orbit
doubles [44,45]. The peaks marked V and U belonged to the spin–orbit fractions of Ce3 d5/2
and Ce 3d3/2, respectively. The peaks denoted by V, V′′, V′′′, U, U′′, and U′′′ were attributed
to characteristic peaks of Ce4+, whereas the peaks labeled V′ and U′ are attributed to
Ce3+ [46–48]. The Ce 3d XPS spectra indicated the coexistence of Ce3+ and Ce4+ species on
the catalysts, which were already shown to produce charge imbalances, oxygen vacancies,
and unsaturated chemical bonds on the catalysts’ exterior, which were helpful for the
formation of chemically adsorbed oxygen on the catalyst surface [44,46]. As demonstrated
in Table 2, a higher proportion of Ce4+ (79%) was observed when the active V species
were exposed to the outermost layer of the catalyst, indicating that V could boost the Mn3+

+ Ce4+↔Mn4+ + Ce3+ oxidation–reduction cycle in the catalysts that were prepared in a
stepwise manner, which corresponded to the results of O2-TPD.

Figure 7c shows the XPS spectra of O 1s. The deconvolution of the O 1s spectra
produced three distinct peaks: a peak with a bond energy of about 528.9–530.4 eV was
attributed to lattice oxygen (O2−, supplied as Oβ); a peak with a binding energy of
530.9–532.9 eV was attributed to the oxygen that was chemically adsorbed on the sur-
face (O2

2− or O−, supplied as Oα); meanwhile, a peak with a bond energy of about
529.9–535.6 eV was assigned to species of oxygen in hydroxyl groups (marked as Oγ) [49].
It was confirmed that the catalytic activity of oxygen adsorbed on a surface was better
than that of lattice oxygen due to its high migration rate, which plays an important role
in oxidation reactions [13]. As shown in Table 2, the percentage of Oα on the V/CeMn/Ti
catalyst was higher than that on the CeMn/V/Ti and VCeMn/Ti catalysts, which suggested
that the V/CeMn/Ti catalysts produced more oxygen vacancies that could promote the
properties of NH3-SCR. The V 2p XPS results are shown in Figure 7d. The active V species
in the three catalysts were predominantly in the form of V5+.

On the basis of the analysis of the above characterization results, a possible redox cycle
on the V/CeMn/Ti catalyst was proposed. As shown in Figure 8, in the primary impregnation
products of CeMn/Ti, there was a redox cycle in the form of Mn4+ + Ce3+↔Mn3+ + Ce4+.
The coexistence of Ce3+ and Ce4+ species was shown to generate charge imbalances, oxygen
vacancies, and unsaturated chemical bonds at the catalyst surface, and it facilitated the
formation of chemisorbed oxygen on the catalyst surface [44,46]. The exposure of V to the
outer surface of CeMn/Ti significantly improved the redox cycle and electron transfer, and it
promoted NO/NH3 adsorption/activation.
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2.7. In Situ DRIFTS

In this study, in situ DRIFTS was performed to illustrate the interaction of the surface
active sites of NH3 and NO intermediates on the catalysts.

2.7.1. NH3 Adsorption–Desorption

In situ DRIFTS was conducted on three catalysts to elucidate their excellent perfor-
mance. As shown in Figure 9, the peak located at ~1456 cm−1 was attributed to NH4

+ ions
adsorbed at the B-acid site. The peaks that emerged at ~1153 cm−1 and ~1293 cm−1 were
assigned to NH3 species that were absorbed at the L-acid site [50]. The peaks observed at
about ~1078 cm−1 and ~1530 cm−1 were assigned to NH2

− species that were absorbed on
the L-acid site and NH2 coordinate to the L-acid [51]. According to these results, L-acid
and B-acid coexisted in the catalysts. Upon contrasting the peak intensities of all catalysts,
it was discovered that the strongest peak intensities were those of NH4

+ and NH3 species
absorbed on the B-acid sites and L-acid sites in the V/CeMn/Ti catalyst, which implied
that the V/CeMn/Ti catalyst had the strongest acidic sites when V was exposed to the
outer surface of the catalyst, and this was consistent with the results for the activity.
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2.7.2. NO + O2 Co-Adsorption

Figure 10 displays the in situ DRIFTS spectra of the adsorbed species for the co-
adsorption of NO + O2 on the catalysts, and the presence of adsorbed NO2 species
(~1602 cm−1), bidentate nitrate (1570–1578 cm−1), and NO2

−/NO3
− (1217–1370 cm−1,

~1078 cm−1) was shown. The peaks for chelated nitrite and bridged nitrate overlapped [52].
The intensity of bidentate nitrate and monodentate nitrate initially increased and then de-
creased as the temperature increased. In contrast, the intensity of the nitrate peak increased
with the increase in the temperature, which showed that nitrite was steady at 350 ◦C. The
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V/CeMn/Ti catalyst produced more bridged nitrate and bidentate nitrate species than the
CeMn/V/Ti and VCeMn/Ti catalysts did. Thus, by combining the benefits of Ce (Mn)
species, the V/CeMn/Ti catalyst’s adsorption capacity for NO and O2 was significantly
improved, which led to a substantial quantity of nitrogen oxide being adsorbed onto the
catalyst surface.
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2.7.3. NH3 + NO + O2 Co-Adsorption

The catalysts’ reaction mechanism was investigated through in situ DRIFTS of
NH3 + NO + O2 co-adsorption. As shown in Figure 11, adsorbed NO2 species
(~1602 cm−1), bidentate nitrate (~1548 cm−1), -NH2 species formed through the coordina-
tion of NH3 to L-acid (1540 cm−1), NH4

+ ions, and monodentate nitrite
(1435 cm−1–1442 cm−1) adsorbed on B-acid sites were present. The NH3 species were
found to be adsorbed on L-acid sites at ~1212 cm−1 and ~1289 cm−1. Overlapping
peaks of NH2

− and NO2
−/NO3

− were also detected at 1352 cm−1, along with NH4NO2
at 1078 cm−1 [23,50,51,53]. The strength of NH4

+ adsorbed on the B-acid sites in the
V/CeMn/Ti catalyst increased and then decreased with the increase in the temperature,
indicating that the B-acid sites were primarily involved in the catalytic reaction of NH3-SCR
at low temperatures. The intensity of NH3 adsorbed at the L-acid site increased as the
temperature increased, which was because the NH3 from the strong L-acid was chiefly
desorbed at high temperatures and participated in the mega-temperature SCR reaction.
The NO2 peak decreased as the temperature increased and disappeared when 200 ◦C
was exceeded, indicating that NO2 primarily participated in the catalytic reaction at low
temperatures. The peak intensities of bridging nitrate (NO3

−), NH2
−, and NO2

− species
remained constant throughout the whole process, suggesting their involvement in the
catalytic reaction. The above results suggested that the active V species were exposed to
the external surface of the catalyst, inducing more acid sites, particularly B-acid sites. The
strength of NH3 adsorption on the L-acid and B-acid sites of the V/CeMn/Ti catalyst was
strongest at 150–300 ◦C. Similarly, the CeMn/V/Ti catalyst exhibited the strongest band
strength at 50–150 ◦C. Surface acidity was shown to be a crucial factor in improving the
low-temperature activity of the NH3-SCR reaction, which was in agreement with the NO
conversion rate (refer to Figure 1). The results showed that the Langmuir–Hinshelwood
(L−H) mechanism dominated the NH3-SCR reaction in the V/CeMn/Ti catalyst system.
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Based on the in situ DRIFTS analyses, a feasible L−H reaction pathway is proposed in
Figures 12 and 13:
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3. Experimental Section
3.1. Materials and Methods

V/CeMn/Ti, CeMn/V/Ti, and VCeMn/Ti catalysts were synthesized through step-
wise co-impregnation. Taking the V/CeMn/Ti catalyst as an example, firstly, TiO2 (P25)
was immersed in deionized water with completely dissolved Mn(NO3)2 (10 wt% MnO2)
and Ce(NO3), as well as 6H2O (5.0 wt% CeO2), and stirred at room temperature for 1 h.
Then, the turbid liquid was dried in an oil bath at 80 ◦C to remove the solvent and placed
in an oven at 110 ◦C for 12 h. Finally, the solid powder was calcined at 400 ◦C for 4 h to
obtain CeMn/Ti. The same method was used to load the outermost V species; 0.02 g of
NH4VO3 (1.0 wt% V2O5) and 0.045 g of H2C2O4·2H2O were dissolved in 2 mL of water
with constant stirring, and oxalic acid was added to promote the dissolution of NH4VO3.
The solution was immersed in CeMn/Ti and stirred at room temperature for 1 h. Finally,
the solid powder was calcined at 400 ◦C for 4 h to obtain a V/CeMn/Ti catalyst with
exposed V species on the outer surface. Similarly, the graded CeMn/V/Ti and VCeMn/Ti
catalysts were obtained by changing the order of the impregnants and exposing Ce Mn
species and VCeMn on the outer surfaces of the catalysts (wt%:Mn:Ce = 2:1).

3.2. Catalyst Characterization

X-ray diffraction (XRD) was performed using a DX-2700A diffractometer (Dandong
Kemait NDT Co.,Ltd , Dandong, China) under Cu–Kα radiation conditions with a voltage
of 40 kV and a current of 30 mA. The sweep range was fixed at 10◦ to 80◦ with a sweep rate
of 10◦/min. We obtained N2 adsorption–desorption isotherms and N2 pore size distribution
curves. The surface area (BET) values were calculated using the Brunauer–Emmet–Teller
formula, and the pore size distributions were determined using the Barrett–Joyner–Halenda
formula. A scanning electron microscope used to capture the SEM images was a Hitachi
S-3400N (Hitachi, Tokyo, Japan). XPS was performed using a Thermo ESCALAB 250Xi+
electron spectrometer (Thermo Fisher Scientific, Waltham, MA USA) equipped with an
–Kα X-ray source. C1s (284.8 eV) was used to correct the obtained results.

H2-TPR was conducted using a Fine-sorb-3010 chemisorption unit under the follow-
ing conditions: pretreatment at 110 ◦C for 30 min in N2 atmosphere, pre-adsorption of
7 vol% H2 in Ar equilibrium gas for 30 min at room temperature, and a programmed
temperature increase to 500 ◦C at a ramp-up rate of 10 ◦C/min. Raman spectrometry was
carried out at room temperature using a Renishaw in-via reflection spectrometer fitted with
an opto-microscope.

NH3 Program Thermal Desorption (NH3-TPD) was conducted using a Fine-sorb-3010
chemisorption unit, and the experimental parameters were the following: The pretreatment
involved exposing the sample to a N2 atmosphere at a temperature of 300 ◦C for a duration
of 60 min. Pre-adsorption was achieved by introducing an NH3 atmosphere (5 vol% NH3,
N2 as equilibrium gas) at room temperature for 60 min.

In situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was
performed using a Nicolet IS50 spectrometer (Thermo Fisher Scientific, Waltham, MA
USA) with a resolution of 4 cm−1 and 32 scans. The catalysts were first pre-treated in
an N2 atmosphere at 110 ◦C for 30 min and then cooled to room temperature to collect
the background spectra. Reaction gases were introduced, and a start-up program was
automatically programmed for the unit to heat up and record spectra under the following
reaction conditions: NH3 (500 ppm), NO + O2 (NO = 500 ppm, O2 = 5 vol%), NH3 + NO +
O2 (NH3 = 500 ppm, NO = 500 ppm, O2 = 5 vol%).

NH3-SCR activity tests were performed in a fixed-bed reactor, as were H2O and SO2
resistance tests, and the exhaust gas concentrations were recorded using an FGA10 flue gas
analyzer. Gas conditions: NO = NH3 = 500 ppm, O2 = 5 vol%, H2O = 5 vol%, SO2 = 50 ppm.
Reaction conditions: 40–60 mesh sample particles, and the N2-pretreated catalyst at 110 ◦C
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adsorbed the reaction gas for 60 min at room temperature. NOx conversion and N2 selectivity
were determined with the following equations:

NO conversion (%) =
[NO]in − [NO]out

[NO]in
× 100 % (1)

N2 selectivity (%) =

(
1 − 2[N2O]out

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

)
× 100 % (2)

The subscripts “in” and “out” indicate the inlet (before the NH3-SCR reactor) and
outlet (after the NH3-SCR reactor) gas concentrations of NO, respectively.

4. Conclusions

This study explored the effects of catalysts on NH3-SCR performance by exposing
different active ingredients. The NH3-SCR properties of the V/CeMn/Ti catalyst were
markedly better than those of the CeMn/V/Ti and VCeMn/Ti catalysts, and this catalyst
also had a wider operating temperature range. In the V/CeMn/Ti catalyst, Mn and Ce
facilitated electron transfer during the catalytic removal of NOx, while V, as an ancillary
species, oxidated NO to NO2, increasing the number of active species and acidic sites.
Furthermore, V was able to protect the active components of Mn and Ce by covering their
outer surfaces and preventing interactions with SO2. This resulted in a stronger tolerance
for H2O + SO2 while also increasing the number of surface acidic sites, adsorbed nitrites,
and nitrate-attached ammonia species, thus facilitating the SCR reaction process. In situ
DRIFTS studies showed that the V/CeMn/Ti catalyst followed the L-H mechanism.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal14020131/s1, Figure S1. (a) N2 adsorption–desorption isotherms;
(b) BJH pore size distribution curves; Figure S2. SEM images of catalysts: (a) V/CeMn/Ti;
(b) CeMn/V/Ti; (c) VCeMn/Ti.
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