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A series of Fe-V-Ti oxide catalysts were prepared by a co-precipitation method, among which the Fe0.1V0.1TiOx
catalyst showed the optimal NH3-SCR performance and excellent SO2 resistance. Fe0.1V0.1TiOx achieved > 90%
NOx conversion at 225–450 °C under a GHSV of 200,000 h−1. When introducing SO2 and H2O to the SCR
reaction for 24 h, the NOx conversion maintained a level above 93% at 250 °C. The Raman and Mössbauer
spectra showed that FeVO4 and Fe2O3 coexisted on the surface of TiO2. In Fe-V-Ti catalysts, the charge interaction between Fe2O3 and FeVO4 as well as the electronic inductive effect between Fe and V species resulted in
the improvement of SCR activity and N2 selectivity at high temperatures. The NH3-SCR process on the
Fe0.1V0.1TiOx catalyst mainly followed the Eley-Rideal (E–R) reaction mechanism with gaseous NO reacting with
adsorbed NH3 adsorbed species.
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1. Introduction

affecting the catalytic activity of FeVO4 (Casanova et al., 2015a; Wu
et al., 2015). However, there have been few studies on the reaction
pathway of the NH3-SCR process on FeVO4/TiO2. In addition, FeVO4/
TiO2 catalysts were always prepared by a two-step synthesis process, in
which FeVO4 was obtained by co-precipitation and then supported on
TiO2.
In this study, a series of Fe-V-Ti catalysts were prepared by a
homogeneous precipitation method. The catalysts had excellent NH3SCR activity and H2O and SO2 resistance. The catalytic performance
and NH3-SCR reaction mechanism was investigated in detail.

Nitrogen oxides (NOx, including NO and NO2) emitted from mobile
and stationary sources can induce a variety of environmental problems,
such as photochemical smog, acid rain and haze formation. Selective
catalytic reduction of NOx by NH3 (NH3-SCR) is widely applied for NOx
abatement from diesel engines (Bosch and Janssen, 1988; Pavulescu
et al., 1998; Fritz and Pitchon, 1997). Many metal oxide catalyst systems, such as MnOx/TiO2 (Smirniotis et al., 2001; Kim et al., 2010; Fan
et al., 2019), Cu/TiO2 (Ramis et al., 1995), V2O5/WO3-TiO2 (Wu et al.,
2013; Choo et al., 2003), FeTiOx (Liu et al., 2011a; Li et al., 2018), Ce/
TiO2 (Xu et al., 2008; Zhao et al., 2014; Gao et al., 2010), Ce-Fe-Ti
(Cheng et al., 2018), Ce-W-Ti (Shan et al., 2012; Peng et al., 2013),
WO3/TiO2 (Zhang et al., 2011), have been extensively investigated and
found to be highly effective. The industrial catalyst system for NH3-SCR
is V2O5-WO3 (MoO3)/TiO2, which contains the active component V2O5
(1–3 wt.%), chemical/structural promoter WO3 (sometimes also MoO3)
(6–10 wt.%), and TiO2 (anatase) as the support (Casanova et al., 2006;
Si et al., 2010; Busca et al., 1998; Klimczak et al., 2010; Lai and Wachs,
2018). However, there are still some problems with the application of
this system, such as narrow operating temperature window, low N2
selectivity and poor thermal stability (Chen et al., 2014; Liu et al.,
2016a). In particular, the price of W resources is soaring. In recent
years, great efforts have been applied to improve the catalytic performance and obtain more cost-effective SCR catalysts by surface modification or promoter doping (Lian et al., 2015a, b; Yang et al., 2013;
Cheng et al., 2014; Liu et al., 2014; Ma et al., 2015).
In addition, due to the relatively high sulfur content in diesel fuel
and the limited space on board, the SCR catalysts are required to have
high SO2 resistance and work efficiently under high space velocity
conditions (Granger and Parvulescu, 2011; Shan and Song, 2015).
Especially, the development of higher SO2-resistant SCR catalysts attracts great interest for NH3-SCR. Youn et al. found that the different
vanadium species determined by the pore structure of TiO2 have a
significant effect on the sulfur poisoning over V2O5/TiO2 catalysts
(Youn et al., 2018). Zhang and co-workers developed several new NH3SCR catalysts with excellent SO2 tolerance, such as Fe2O3-promoted
halloysite-supported CeO2-WO3 catalysts (Kang et al., 2019), mesoporous-TiO2@Fe2O3 core-shell composites (Han et al., 2019a), and
Fe2O3-CeO2@Al2O3 nanoarrays on Al-mesh (Han et al., 2019b). Shi
et al. synthesized CuyCe1-yW5Ox (Shi et al., 2019) and Gd-modified
MnOx (Fan et al., 2018) with good tolerance to SO2 and H2O poisoning
for the first time.
Some studies have been focused on the possible release of V during
vehicle operation, because of V2O5 volatility and abrasion of V-containing catalysts by fly ash (Schildhauer et al., 2015). Metal vanadate
was considered as potential candidates as an active phase substitute of
V2O5-based SCR catalysts (Marberger et al., 2017). The higher melting
point and Tamman temperature of the FeVO4 phase than that of V2O5
makes catalysts containing FeVO4 possess higher thermal stability
(walczak and Rychłowska-Himmel, 1994; Marberger et al., 2015).
Moreover, FeVO4 catalysts combine the advantages of vanadium species and iron species to enlarge the operating temperature window and
enhance the N2 selectivity at high temperatures (Liu et al., 2013).
Therefore, in recent years, there has been increasing interest in the
FeVO4 catalyst system.
It was reported that iron-vanadium mixed oxide catalysts had high
NH3-SCR performance (Zhang and Li, 2014). Casanova et al. showed
that stoichiometric FeVO4 obtained by precipitation and then supported
on TiO2-WO3-SiO2 had high deNOx efficiency (Casanova et al., 2015a).
When erbium was introduced into FeVO4/TiO2-WO3-SiO2, the thermal
stability was enhanced remarkably by inhibiting the TiO2 anatase-Rutile phase transformation (Casanova et al., 2015b). Combining FeVO4
with CeZrO2 to form a bi-functional material can be used for simultaneous carbon soot and NOx abatement (Casanova et al., 2018). It was
found that the pH of the co-precipitation reaction was the key factor

2. Experimental
2.1. Catalyst preparation
The Fe-V-Ti catalysts, with a Fe/V molar ratio of 1, were denoted as
FeaVaTiOx (a = 0.05, 0.1 and 0.2, ‘a’ represents the Fe/Ti and V/Ti
molar ratio). The catalysts were all prepared by a homogeneous coprecipitation method. After the dissolution of Fe(NO3)·9H2O, NH4VO3,
and Ti(SO4)2 in deionized water (oxalic acid was used to facilitate the
solution of NH4VO3), excess urea was added. The aqueous solution of
the precursors was heated to 90 °C and held there for 12 h under vigorous stirring. After filtration and washing with deionized water, the
resulting precipitate was dried at 100 °C overnight and subsequently
calcined at 500 °C for 5 h in a muffle furnace. As reference materials,
Fe2O3, FeVOx and TiO2 were obtained by the same procedure, with the
corresponding absence of NH4VO3 and Ti(SO4)2, Ti(SO4)2, Fe
(NO3)·9H2O and NH4VO3, respectively.
2.2. Activity tests and kinetic measurements
The SCR activity tests were carried out according to our previous
work (Zhu et al., 2019). The reaction conditions were controlled as
follows: 500 ppm NO, 500 ppm NH3, 5 vol.% O2, 100 ppm SO2 (when
used), 5% H2O, 500 mL/min total flow rate, and N2 balance.
The NH3-SCR kinetic experiments on the different Fe-V-Ti catalysts
were performed in a fixed-bed quartz flow reactor. The details of experiments are shown in kinetic measurements section of Supporting
Information (SI).
2.3. Characterization
The catalysts are analyzed and characterized by several methods
including ICP, N2 adsorption/desorption analysis, XPS, H2-TPR (Zhu
et al., 2019), XRD, Raman, Mӧssbauer spectroscopy, NH3-TPD and in
situ DRIFTS experiments. The details of both instruments and experiments are listed in characterization section of SI.
3. Results and discussion
3.1. NH3-SCR activity, stability, and effects of GHSV and SO2
The NOx conversion and N2 selectivity of Fe-V-Ti catalysts are
shown in Fig. 1. The Fe2O3, FeVOx and TiO2 samples showed very low
NH3-SCR activity, while the NOx conversion was enhanced significantly
for the FeaVaTiOx catalysts. When ‘a’ was 0.05, the low-temperature
activity was relatively low. However, when ‘a’ was increased to 0.2, the
high-temperature activity decreased remarkably, while the NOx conversion showed negative values, like that of FeVOx and Fe2O3, and this
was probably caused by the over-oxidation of NH3 to NO or NO2. The
optimal value for ‘a’ was 0.1, obtaining excellent catalytic activity. The
DeNOx profile of Fe0.1V0.1TiOx catalyst showed a typical volcano-type
shape, in which the NOx conversion increased with temperature up to a
maximum value at ca. 250–400 °C under a GHSV of 200,000 h−1. The
Fe0.1V0.1TiOx showed lower high-temperature activity than
Fe0.05V0.05TiOx above 375 °C, which was mainly caused by the
2
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Fig. 1. (a) NOx conversion and (b) N2 selectivity over Fe-V-Ti catalysts.
Reaction conditions: [NO] = [NH3] = 500 ppm, [O2] = 5 vol. %, 5 vol. % H2O,
N2 balance, and GHSV = 200,000 h−1.

Fig. 2. (a) NOx conversion over Fe0.1V0.1TiOx catalyst in the presence of SO2 +
H2O at 250 °C. Reaction conditions: [NO] = [NH3] = 500 ppm, [O2] = 5 vol.
%, 100 ppm SO2, 5 vol. % H2O, N2 balance, and GHSV = 200,000 h−1. (b)
Comparison of the NOx conversion over aged and fresh Fe0.1V0.1TiOx catalyst.
Reaction conditions: [NO] = [NH3] = 500 ppm, [O2] =5 vol. %, 5 vol. % H2O,
N2 balance, and GHSV = 200,000 h−1.

unselective oxidation of NH3 at high temperatures. With the increase of
‘a’, the N2 selectivity decreased correspondingly, which may be due to
the increase of V, as shown in subsequent ICP results. The optimal
Fe0.1V0.1TiOx catalyst exhibited high stability (Fig. S1) and highly resistant to large space velocity (Fig. S2), which is very important for its
practical use on diesel vehicles with limited space on-board (Shan et al.,
2012).
For practical use on diesel engines, high SO2 and H2O durability is
required for potential NH3-SCR catalysts. The influence of SO2 and H2O
on Fe0.1V0.1TiOx is shown in Fig. 2a. With the introduction of 100 ppm
SO2 and 5% H2O into the SCR atmosphere, the SCR activity decreased,
but the NOx conversion could still maintain a level above 93% at 250 °C
even after 24 h reaction. When the flow of SO2 and H2O was stopped,
the SCR activity recovered to 100%. After the SO2 + H2O durability
test, the NH3-SCR activity of the aged catalyst was tested again, as
shown in Fig. 2b. The low-temperature activity increased, which may
be due to the formed sulfate species acting as some new acid sites for
NH3 adsorption and activation (Zhu et al., 2000, 2001). The effects of
200 ppm SO2 and 5% H2O on Fe0.1V0.1TiOx were also tested (Fig. S3).
The catalyst still exhibited excellent SO2 resistance, with the NOx
conversion decreasing slowly from 97% to 91% after 24 h reaction, and
the deNOx activity was recovered to original level after the removal of
SO2 and H2O.

same as each other (84.79 vs. 87.36 m2/g), and the surface area decreased to 51.54 m2/g for the Fe0.2V0.2TiOx catalyst, which may be due
to the partial sintering of Fe0.2V0.2TiOx (TiO2 size (calculated according
to Scherrer formula) increased from 10.3 nm (Fe0.05V0.05TiOx) to
12.3 nm (Fe0.2V0.2TiOx)).
The XRD results of all the prepared samples are displayed in Fig. S4.
Fe2O3 and FeVO4 coexisted in FeVOx sample. No diffraction peaks attributed to Fe or V species were observed and only the anatase phase
was detected in FeaVaTiOx, indicating that Fe or V species were amorphous or highly dispersed in/on the catalyst.
3.3. Raman and Mӧssbauer spectroscopy results
The Raman spectra are presented in Fig. 3. The Raman spectrum of
the pristine Fe2O3 exhibited 219, 283, 399, 484, 589 and 1293 cm−1
that were characteristic of the hematite phase (Routray et al., 2011; Mu
et al., 2018; Kim and Yang, 2018). The Raman spectrum of the FeVOx
sample contained bands at 725, 825, 889, 922 and 959 cm−1 that were
characteristic of the bulk FeVO4 phase and bands at 219, 283, 399, 589
and 1293 cm−1 that were characteristic of Fe2O3, indicating that the
FeVO4 and Fe2O3 coexisted on the surface of FeVOx sample, consistent
with XRD results. For all of FeaVaTiOx catalysts, four peaks attributed to
the anatase phase TiO2 (Eg at 148 and 642 cm−1,B1gat 396 cm−1 and
A1gat 520 cm−1) could be observed, as shown in Fig. 3a (Cong et al.,
2007). With the increase of ‘a’, the intensity of TiO2 Raman peaks decreased correspondingly due to the coverage of the TiO2 surface by Fe

3.2. BET and XRD results
The physical properties of Fe-V-Ti catalysts are shown in Table S1.
After the introduction of Fe and V to the TiO2, the surface areas and
pore volume decreased due to partial blocking of the pore channels. The
BET surface areas of Fe0.05V0.05TiOx and Fe0.1V0.1TiOx were almost the
3
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Fig. 5. H2-TPR results of Fe-V-Ti catalysts.

FeaVaTiOx and FeVOx samples exhibited a doublet centered at about
0.35 mm/s, and the best fitting was obtained by four doublets, three of
which with the same relative area represent the presence of FeVO4,
while the other doublet (red line in Fig. 4) could be assigned to the
Fe2O3. The doublet (site A, blue line in Fig. 4) could be attributed to
Fe3+ in trigonal bipyramids (Fe(1)O5), and the other two doublets (sites
B and C, magenta and green line in Fig. 4) could be assigned to Fe3+ in
distorted octahedral (Fe(2)O6) (site B) and almost-regular octahedral
(Fe(3)O6) (site C), respectively (Casanova et al., 2015a; Mehner et al.,
1998). The ratio of the relative areas of the three Fe species was 1:1:1,
indicating that FeVO4 was present in FeaVaTiOx and FeVOx. However,
the Mӧssbauer spectra of FeaVaTiOx and FeVOx samples did not show
sextet of α-Fe2O3, which may be due to the superparamagnetic phenomenon (Okamoto et al., 2000; Wan et al., 2012). The results above
indicated the contemporary presence of Fe2O3 and FeVO4 in FeaVaTiOx
and FeVOx, which were in accordance with Raman results.

Fig. 3. Raman spectra (λex =632 nm) of Fe-V-Ti catalysts.

or V species, and the FeVO4 Raman signal (bands at 700-1000 cm−1)
(Routray et al., 2011) intensity increased, as indicated by the dashed
rectangle. These Raman shifts of the surface FeVO4 species could not be
well discriminated, because of the relatively strong Raman signal of the
TiO2 support. As comparison with FeVOx Raman spectra, the surface
FeVO4 phase could be further confirmed to exist on the Fe-V-Ti catalysts, as shown in Fig. 3b. The bands of surface Fe2O3 could not be
visible due to very intense signals of the TiO2 support itself.
Mӧssbauer spectroscopy is a powerful tool to identify different iron
species (Liu et al., 2015), and thus, Mӧssbauer spectroscopy was conducted to verify the formation of FeVO4. As shown in Fig. 4 and Table
S2, the Mӧssbauer spectra of Fe2O3 sample showed a sextet, due to
macrocrytalline magnetically hematite. The Mӧssbauer spectra of

3.4. H2-TPR and XPS results
H2-TPR is widely employed to investigate the redox properties of
SCR catalysts. The H2-TPR profiles of Fe-V-Ti catalysts are presented in
Fig. 5. The pure TiO2 displayed only one weak H2 consumption peak at
around 568 °C, assigned to the partial reduction of Ti4+ to Ti3+ (Wu
et al., 2015). The reduction peaks of Fe2O3 at 368 °C and 587 °C were
assigned to the reduction of Fe2O3 to Fe3O4 and the reduction of Fe3O4
to Fe0 (Zhang and Li, 2014; Liu et al., 2016b). The bulk Fe2O3 can cause
the unselective oxidation of reducing agent NH3 thus leading to the low
deNOx activity and poor N2 selectivity (Fig. 1). FeVOx showed two reduction peaks at 476 °C and 635 °C, respectively, which were assigned
to the overlap of Fe3+ to Fe2+ and V5+ to V4+, and Fe2+ to Fe0 (Wu
et al., 2015). Comparing with bulk Fe2O3, the reduction peak of FeVOx
shifted to high-temperature, which indicated that the introduction of V
to Fe2O3 to form partial FeVO4 could effectively inhibit the over-oxidation ability of bulk Fe2O3. The reduction peaks at 438 °C, 442 °C and
481 °C on Fe0.05V0.05TiOx, Fe0.1V0.1TiOx and Fe0.2V0.2TiOx, respectively,
could be interpreted as the overlap of Fe3+ to Fe2+ and V5+ to V4+
peaks. With the increase of the loading of V species, the corresponding
reduction peak shifted to higher temperature, which was mainly related
to the interaction between the FeVO4 and TiO2. Similar results have
been reported in some previous studies (Wu et al., 2015; Schimmoeller
et al., 2008). Based on the above results, compared with Fe0.2V0.2TiOx,
the reduction peak position of Fe0.1V0.1TiOx shifted to lower temperature, suggesting that the reduction process on Fe0.1V0.1TiOx was more
facile. This may be due to FeVO4 surface coalescence on Fe0.2V0.2TiOx,
in accordance with BET and activity test results. It appeared that the H2
consumption increased with the increase of the content of Fe and V. The

Fig. 4. Mössbauer spectra of the Fe-V-Ti samples at room temperature.
4
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H2 consumption on Fe0.1V0.1TiOx was significantly higher than
Fe0.05V0.05TiOx, indicating more active sites on Fe0.1V0.1TiOx. Therefore, based on the above analysis, the Fe0.1V0.1TiOx catalyst showed the
best redox properties among the FeaVaTiOx catalysts, translating to
excellent NH3-SCR activity.
The XPS results of Fe 2p, V 2p, and Ti 2p of Fe-V-Ti catalysts are
shown in Fig. 6. Two characteristic XPS bands attributed to Fe3+ 2p3/2
(710.1 eV) and Fe3+ 2p1/2 (723.9 eV) were observed on Fe2O3 (Liu
et al., 2011a), while Fe3+ 2p3/2 bands at 710.5 eV and Fe3+ 2p1/2 bands
at 724.2 eV appeared on FeVOx, which may be related to the electronic
inductive effect between Fe3+ and V5+ species (Granger and
Parvulescu, 2011), as shown in Fig. 6a. For the Fe-V-Ti catalysts, the
peaks of Fe 2p shifted toward higher binding energy, which indicated
that there was a strong electronic inductive effect of Fe and V in the
FeVO4 species and charge interaction between highly dispersed FeVO4
and Fe2O3 species (Schildhauer et al., 2015). As shown in Fig. 6b, the
binding energies of V 2p3/2 (516.7 eV) and V 2p1/2 (524.3 eV) in FeVOx
corresponded well with those of V5+ (Liu et al., 2013). Interestingly,
the binding energy of V 2p in Fe-V-Ti catalysts did not shift to lower
binding energy but shifted to higher binding energy. It may be related
to the charge interaction between FeVO4 and Fe2O3 species, which induced that the electron cloud of V species were pulled closer to Fe (Mu
et al., 2018). The coexistence of FeVO4 and Fe2O3 species enhanced the
electron transfer between Fe and V, resulting in the charge imbalance.
Previous studies verified that a strong electronic inductive effect existed
between Fe3+ and V5+ species using XANES, resulting in an increase
and decrease in the average valence of Fe3+ and V5+, respectively (Liu
et al., 2013). This result is beneficial to the improvement of SCR activity
and N2 selectivity at high temperatures. Fig. 6c displays the Ti 2p
profiles of Fe-V-Ti catalysts. The peaks at 464.2 eV and 458.4 eV are
attributed to Ti 2p1/2 and Ti 2p3/2, which are consistent with the
characteristic peaks of Ti4+ (Liu et al., 2011b). With the increase of ‘a’,
the XPS peak intensities of Ti 2p showed a gradual decrease, which was
mainly due to the Fe2O3 species or FeVO4 coverage on the TiO2 surface,
consistent with the Raman results.
The surface atom concentrations and elemental contents of Fe-V-Ti
catalysts are listed in Table 1. The bulk V/Fe molar ratio of the three
catalysts determined from ICP results was nearly 1, indicating stoichiometric FeVO4. However, the bulk V/Fe molar ratio of the prepared
FeVOx was 0.49, which may be due to the incomplete precipitation of
V. It is speculated that the complete precipitation of V could be facilitated by co-precipitation with Ti(SO4)2, because Ti(SO4)2 is easy to
hydrolyze and precipitate. The content of V in the bulk catalysts was
2.40%, 4.90%, and 7.32% for Fe0.05V0.05TiOx, Fe0.1V0.1TiOx, and
Fe0.2V0.2TiOx, respectively. The surface V/Fe ratio increased from 0.25
on Fe0.05V0.05TiOx to 0.44 on Fe0.1V0.1TiOx and Fe0.2V0.2TiOx. The
surface V/Fe ratio and bulk V content of Fe0.05V0.05TiOx was relatively
low, which resulted in low SCR activity. The high content of Fe and V in
bulk Fe0.2V0.2TiOx resulted in Fe and V species surface coalescence,
along with a decrease in the high-temperature activity and low N2 selectivity (Liu et al., 2013). Previous studies have shown that the

Fig. 6. XPS results of Fe 2p (a), V 2p (b) and Ti 2p (c) of Fe-V-Ti catalysts.
Table 1
Surface/bulk atomic concentrations of Fe-V-Ti catalysts.
Surface atomic concentration (%)a

Sample

Fe0.05V0.05TiOx
Fe0.1V0.1TiOx
Fe0.2V0.2TiOx
TiO2
Fe2O3
FeVOx
a
b

Fe

V

Ti

O

Surface V (%)

Surface V/Fe molar ratio

Bulkb Fe (%)

Bulkb V (%)

Bulk V/Fe molar ratiob

9.54
8.37
12.68
–
30.63
18.03

2.40
3.67
5.53
–
–
8.29

14.70
16.10
9.36
19.79
–
–

73.36
71.87
72.43
80.21
69.37
73.68

4.83
7.26
10.85
–
–
16.19

0.25
0.44
0.44
–
–
0.46

2.66
4.99
8.00
–
52.79
42.77

2.40
4.90
7.32
–
–
18.97

0.99
0.99
1.00
–
–
0.49

Calculated by the XPS results.
Calculated by the ICP results.
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simultaneous formation of VOx and Fe2O3 occurred after loading FeVO4
on TiO2-WO3-SiO2, and surface VOx species actually acted as active
sites on the FeVO4-based catalysts (Marberger et al., 2015; Liu et al.,
2013; Casanova et al., 2016). According to XPS and ICP results, it can
be confirmed that abundant VOx species emerge on the Fe-V-Ti catalysts
due to the high mobility of the V5+ cation and the tendency to lower
the surface free energy of the composite oxide system. However, the
surface enrichment of VOx species did not exist on the surface of FeVOx
by XPS.
3.5. TOFs and kinetic experiments
In order to further confirm Fe0.1V0.1TiOx as the best catalytic
system, the turnover frequencies (TOFs) for NO conversion on the different Fe-V-Ti catalysts were estimated based on the number of V calculated by XPS. As shown in Table S3, the changing trend of TOFs on
different Fe-V-Ti catalysts was well consistent with that of NH3-SCR
activity (Fig. 1), indicating that the V and Fe species on Fe0.1V0.1TiOx
were more active than those on other catalysts. As shown in Fig. S5, the
activation energy (Ea) decreased following the sequence
Fe0.05V0.05TiOx (73.6 kJ/mol) > FeVOx (65.8 kJ/mol) > Fe0.2V0.2TiOx
(61.1 kJ/mol) > Fe0.1V0.1TiOx (54.8 kJ/mol). Catalysts with lower Ea
exhibited higher NH3-SCR activity. The strong electronic inductive effect existed between Fe3+ and V5+ species led to more active Fe and V
species and facilitated NH3-SCR. The Fe0.1V0.1TiOx catalyst having the
most active V and Fe species exhibited the lowest Ea, implying the best
NH3-SCR performance.
3.6. The variation of NH3/NO adsorption ability and oxidation activity
The NH3/NO adsorption and activation behaviors are important for
the NH3-SCR reaction. Therefore, the NH3/NO adsorption and oxidation processes were investigated in detail by in situ DRIFTS and activity
tests, and the results are shown in Fig. 7 and Fig. S6, respectively.
As shown in Fig. 7a, infrared bands characteristic of NH3 adsorbed
species on Fe-V-Ti series catalysts were observed after NH3 adsorption
and N2 purge. The bands at 3380, 3347, 3260, and 3160 cm−1 are assigned to the NeH stretching vibration of coordinated NH3 on the Fe-VTi catalysts’ surface (Marberger et al., 2015; Zhang and Li, 2014; Ramis
et al., 1996). The bands at 1604 and 1228 cm-1 (the band at 1189 cm−1
for TiO2, the band at 1204 cm−1 for Fe2O3) are due to the NeH δas and
δs vibration modes of coordinated NH3 species on Lewis acid sites, respectively (Si et al., 2010; Ramis et al., 1996). The intensities of the
bands for these Lewis acid sites decreased with the increase of the Fe
and V content, indicating that the Lewis acid sites on Fe-V-Ti catalysts
mainly resulted from the TiO2 support. Unsupported FeVOx exhibited
the least signal intensity among the FeVO4-based in this work, indicating a weak interaction with NH3. The amount of acidity of these
catalysts was obtained by NH3-TPD, as shown in Fig. S7. The Fe2O3
catalyst had weak acidity, and the amount of acidity decreased with the
increase of ‘a’, in accordance with the DRIFTS of NH3 adsorption results. The prominent consumption bands at 3588-3733 cm−1 were assigned to the stretching vibration modes of surface acidic hydroxyls.
The negative band at 3648 cm−1 on the Fe0.1V0.1TiOx was assigned to
surface VeOH (Topsoe et al., 1995). As for the Fe0.1V0.1TiOx catalyst,
there was an obvious band at 1426 cm−1, associated with ionic NH4+
on Brønsted acid sites (VeOH) (Marberger et al., 2015; Zhang and Li,
2014; Wu et al., 2018). The consumption band at 2041 cm−1and
−
1034 cm 1 only appeared on the V-containing catalysts, which were
assigned to the consumption of surface vanadyl species 2ν (VO])
(Marberger et al., 2015; Ramis et al., 1996), while the consumption
band at 999 cm−1 assigned to Fe−OH was only observed on Fe2O3.
These results indicated that NH3 tend to adsorb on VOx species rather
than FeOx species. Overall, it should be noted that the amount of NH3
species adsorbed on Lewis acid sites was much higher than that on
Brønsted acid sites.

Fig. 7. In situ DRIFTS of NH3 adsorption (a) and NO adsorption (b) at 175 °C.

Fig. 7b shows the NOx adsorption abilities of all these catalysts.
After NO + O2 adsorption and N2 purge, the infrared bands attributed
to monodentate nitrate (1551 cm−1), bidentate nitrate (1583 cm−1),
bridging nitrate (1602 and 1219 cm−1) and cis-(N2O2)2- species
(1014 cm−1) (Chen et al., 2011; Liu et al., 2018) appeared on the Fe2O3
surface, together with the consumption band of surface hydroxyls at
3690 cm−1 and the H2O formation band at 3581 cm−1with OHe
stretching vibration mode (Liu et al., 2018). However, NOx adsorbed
species were not detected on TiO2, FeVOx and FeaVaTiOx, but excellent
NOx conversion could be obtained on FeaVaTiOx, indicating that gaseous NO or NO2 may directly participate in the NH3-SCR process, reacting with NH3 adsorbed species mainly through an Eley-Rideal (E–R)
pathway on the FeaVaTiOx catalysts.
As shown in Fig. S6a, TiO2 had low NH3 oxidation activity. With the
increase of ‘a’, NH3 oxidation activity was enhanced gradually. Fe2O3
was most active for the oxidation of NH3. FeVOx and FeaVaTiOx catalysts had low NH3 oxidation activity in the low-temperature range
(< 300 °C). The in situ DRIFTS study demonstrated that the acid sites on
FeaVaTiOx mainly resulted from TiO2, and NH3-TPD results showed that
the acidity of FeVO4 was much stronger than that of Fe2O3, and gaseous
NH3 mainly adsorbed onto VOx species and TiO2. Therefore, the adsorbed NH3 on FeaVaTiOx could be mainly activated by V5+. Previous
studies suggested that adsorbed NH3 could be over-oxidized by V5+
cations on the surface to form NH- or -N above 300 °C. Then, NH- or -N
reacted with gaseous NO to form N2O (Yang et al., 2013). The separate
oxidation activity of NH3 was negatively correlated to the N2 selectivity, because NH3 unselective oxidation resulted in the decline of
N2 selectivity. TiO2 and Fe-V-Ti series catalysts had relatively low NO
6
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Fig. 8. In situ DRIFTS of reaction between NO + O2 and pre-adsorbed NH3 species at 175 °C over Fe2O3 (a), TiO2 (b), FeVOx (c), and Fe0.1V0.1TiOx (d).

oxidation activity, and only Fe2O3 had NO oxidation activity, as shown
in Fig. S6b, in accordance with NO + O2 pre-adsorbed results (Fig. 7b),
indicating that the NH3-SCR over FeaVaTiOx possibly mainly followed
the Eley-Rideal mechanism.

However, after the introduction of NO + O2, the intensity of these
bands remained unchanged, indicating that the adsorbed NH3 did not
react with NOx. As shown in Fig. 8c, after NH3 adsorption and N2 purge,
the bands corresponding to the NH3 coordinated on Lewis acid sites
(3422, 3337, 3256, 3161, 1606 and 1227 cm-1) appeared on FeVOx. The
consumption bands at 2041 and 1033 cm-1 were also observed, assigned
to V]O. After the introduction of NO + O2, the intensity of these coordinated NH3 bands decreased slightly and the band at 1033 cm-1 recovered gradually, indicating that the adsorbed NH3 reacted with NOx.
As shown in Fig. 8d, after NH3 adsorption and N2 purge on
Fe0.1V0.1TiOx, adsorbed NH3 (the bands at 1600, 1227, 1426, 3347,
3263 and 3160 cm−1) appeared on the surface. After NO + O2/N2
passed over NH3-pre-adsorbed Fe0.1V0.1TiOx, the NH3 species coordinated on Lewis acid sites (1600 and 1227 cm−1) and NH4+ on
Brønsted acid sites (1426 cm−1) diminished gradually due to the reaction with NOx, indicating that both Lewis acid sites and Brønsted acid
sites participated in the SCR reaction. Even after 60 min reaction, the
bands corresponding to adsorbed nitrogen oxides could hardly be detected, indicating that no nitrate species accumulated on the catalyst
surface. In short summary, NOx reacted with pre-adsorbed NH3 species
and formed nitrate species on Fe2O3, while the same reaction did not
occur on TiO2. On FeVOx and Fe0.1V0.1TiOx, the adsorbed NH3 reacted
with NOx and no nitrate species were deposited on the catalyst surface.
Under the NH3-SCR reaction conditions (Fig. S9d), at the beginning
of the NH3-SCR reaction (1–3 min) on Fe0.1V0.1TiOx, no detectable infrared bands appeared, because NH3 and NO reacted to N2 and H2O
rapidly. Then the bands of NH3 species appeared and became intense,
and NH4NO3 species (1288 and 1248 cm−1) were not observed.
Therefore, it can be concluded that the NH3-SCR reaction on

3.7. NH3-SCR reaction mechanism over Fe-V-Ti catalysts
To further elucidate the NH3-SCR reaction mechanism on the Fe-VTi catalysts, in situ DRIFTS experiments of the reaction between
NO + O2 and pre-adsorbed NH3 species was carefully conducted at
175 °C over Fe2O3, FeVOx and TiO2 and the optimal Fe0.1V0.1TiOx catalyst, and the results are shown in Fig. 8. The in situ DRIFTS results of
NH3 and pre-adsorbed NOx species, as well as the reaction under
NH3+NO + O2 atmosphere, over Fe2O3, TiO2 and FeVOx and
Fe0.1V0.1TiOx catalysts are shown in Fig. S8 and Fig. S9. In situ DRIFTS
results of Fe0.05V0.05TiOx and Fe0.2V0.2TiOx are shown in Fig. S10 and
Fig. S11.
The in situ DRIFTS results of the reaction of NOx and pre-adsorbed
NH3 species on Fe-V-Ti catalysts are shown in Fig. 8. As presented in
Fig. 8a, after NH3 adsorption and N2 purge, bands at 3388, 3224, 3236,
3160, 1606, and 1204 cm−1 appeared on Fe2O3, which were assigned
to NH3 coordinated on Lewis acid sites (Fe = O). After the introduction
of NO + O2, these bands corresponding to adsorbed ammonia species
became less intense until they disappeared; meanwhile, monodentate
nitrite (1558 and 1534 cm−1) appeared. The consumption bands at
3578-3686 cm−1 recovered gradually, indicating that the coordinated
NH3 participated in the SCR reaction. After NH3 adsorption and N2
purge, NH3 coordinated on Lewis acid sites (the bands at 3374, 3267,
3161, 1606 and 1192 cm-1) appeared on TiO2, as shown in Fig. 8b.
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Fe0.1V0.1TiOx mainly proceeded through an Eley-Rideal reaction
pathway, during which the gaseous NO could directly react with active
NH3 adsorbed species. This was also the main reason for its high SO2
durability, because NOx did not need to adsorb onto the catalyst surface
competitively with nitrates or nitrites (Liu et al., 2018).
Fe0.05V0.05TiOx and Fe0.2V0.2TiOx also followed the Eley-Rideal reaction route; the in-situ DRIFTS results are shown in Fig. S10 and S11.
The SCR reaction on Fe-V-Ti catalysts can be approximately described as follows:
NH3 (g) ⇄ NH3 (ad)
NH3 (ad) +

Vsurf5+

(1)
→ -NH2 +

Vsurf4+

+H

-NH2 + NO (g) → N2 + H2O
Fesurf
Vsurf

2+

4+

Fesurf

+

Vsurf5+

→ Fesurf

+ 1/4 O2 →

2+
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Reaction (1) is the adsorption of gaseous ammonia on the acid sites
to form adsorbed ammonia species. The NH3 is activated by V5+ species, through reaction (2). Then gaseous NO reacts with -NH2 to form
N2 and H2O (reaction 3). Reactions (4), (5) and (6) represent the reoxidation of formed Fe2+ and V4+, respectively. Reaction (4) is thermodynamically favorable (Yang et al., 2013), which verifies that there
is a strong electronic inductive effect between Fe3+ and V5+ species, as
also shown in the XPS results.
4. Conclusions
In this study, a series of FeaVaTiOx catalysts (a = 0.05, 0.1 and 0.2)
were prepared by homogenous co-precipitation and tested for NH3-SCR.
Among these catalysts, a Fe0.1V0.1TiOx catalyst showed the best NH3SCR performance and excellent SO2 resistance and stability. Its high
surface area and good redox properties led to excellent SCR activity for
Fe0.1V0.1TiOx. The kinetic experiments indicated that Fe0.1V0.1TiOx had
the lowest Ea and highest TOFs, so as to exhibit the optimal SCR performance. FeVO4 and Fe2O3 species coexisted and were highly dispersed on the surface of TiO2. The XPS results showed that there is an
intense electronic inductive effect between Fe and V species. Based on a
detailed in situ DRIFTS study, it was concluded that the adsorbed NH3
could be mainly activated by V5+ species, and that NH3-SCR on
Fe0.1V0.1TiOx mainly followed the Eley-Rideal mechanism (the reaction
between gaseous NO and active adsorbed NH3 species).
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