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A B S T R A C T   

TiO2 is a famous support for selective catalytic reduction of NO with NH3 (NH3-SCR). Engineering the 
morphology and structure of TiO2 is effective to modulate the interaction with surface dispersed component, 
providing further opportunity to improve catalytic performance. In this study, we rationally construct thin- 
layered titania confined in mesoporous silica via a surface grafting strategy. It exhibits high specific surface 
area with amorphous structure along mesopore channel, and much more Brønsted acid sites are generated than 
bulk TiO2 due to defect induced oxygen-related species. After iron oxide loading, both the denitration activity 
and H2O/SO2 tolerance are greatly promoted as compared to conventional Fe/TiO2. Further characterizations 
reveal the obtained catalyst displays uniform iron oxide dispersion and intense Fe-Ti interaction, resulting in 
superior redox behavior and increased acidity. Notably, it is found the introduction of H2O exhibits a promo
tional effect on NO conversion efficiency, which can be ascribed to enhancement of NH3 adsorption capability. 
Besides, SO2 has negligible disturbance on NO/NH3 adsorption, leading to superior sulfur tolerance. The result of 
present study demonstrates vital role of surface structure engineering of TiO2 for sustainable denitration, which 
opens up a new avenue for designing well-performed and stable NH3-SCR catalysts.   

1. Introduction 

Nitrogen oxides (NOx), prominently emitted from the combustion of 
fossil fuel, is one major kind of atmospheric contaminants, and has 
caused serious environmental issues like photochemical smog, acid rain 
and greenhouse effect [1,2]. Therefore, the control of NOx has been 
increasingly concerned and under urgent demands. Among the diverse 
technologies developed to reduce NOx, selective catalytic reduction by 
NH3 (NH3-SCR) is accepted as the most effective one [3]. Currently, the 
vanadia-based catalysts, usually modified by WO3 or MoO3 on TiO2, are 
commercially used as NH3-SCR catalysts for the denitration of emission 
from stationary sources like power plant, industrial boiler, steel mill and 
process heater [4,5]. However, some weaknesses are shown by this 
catalyst system, such as narrow operation window (300− 400 ◦C) and 

low N2 selectivity at high temperature. Moreover, the high toxicity of 
vanadia to biological system make the dispose of waste catalysts a tough 
issue. Therefore, substantial attentions have been paid to develop 
environment-friendly NH3-SCR catalysts operated at low temperatures 
for stationary sources. 

Transition metal oxides like FeO x [6,7], MnOx [8,9], CuO [10,11], 
CeO2 [12,13] and Sm2O3 [14,15] are tested as promising substitution for 
vanadium-based catalyst. Among them, iron oxide is a good choice due 
to their excellent redox ability of Fe3+/Fe2+ cycle and admirable 
SO2-resistant property. On the other hand, as a typical material with 
sufficient surface acidity, TiO2 has been extensively employed as sup
port in both commercial and novel developed catalysts. It was found the 
structure and/or morphology of TiO2 can have significant influence on 
its surface properties [16–18]. As well, the nature of surface active 
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components can also be effectively tuned, which dictates the final cat
alytic performance. He et al. [19] synthesized VWTi catalysts with two 
different methods and obvious difference was exhibited. The catalyst 
fabricated by co-precipitation revealed small and poorly ordered TiO2 
particles. As a result, new O = VO3 and O = WO4 sites were formed with 
abundant defects and increased ammonia adsorption capacity were 
obtained. Smirniotis et al. [20,21] developed a novel catalyst with metal 
oxides confined in titania nanotubes (TNT) for NH3-SCR reaction. The 
surface structure and tubular morphology of TNT were claimed to be 
responsible for promoted NO conversion. These results collectively 
indicate controlling of TiO2 surface structure could be an effective way 
to improve its catalytic performance in NH3-SCR. 

In addition to activity improvement, good water and sulfur tolerance 
is also required for developing durable NH3-SCR catalysts. Water is 
usually an unavoidable component in flue gas from stationary sources, 
since it comes from the combustion of fossil fuel. In previous studies 
[22–24], it is widely observed that the introduction of water into 
NH3-SCR reaction system could result in an apparent decrease of catalyst 
denitration performance at low temperatures, since the competition 
adsorption between H2O with NH3 on catalyst surface interfered the 
successive reduction of NO. As for catalyst deactivation by SO2, it 
generally consists of three steps: SO2 adsorption, SO2 oxidation and 
deposition of sulfates [25]. It is reasonable that weakened SO2 adsorp
tion is crucial to alleviate SO2 poisoning. Kwon et al. [26] found that 
modification of VOx/TiO2 catalyst with molybdenum could reduce SO2 
adsorption through suppressing the reaction of SO2 with terminal 
V = O. As a result, improved sulfur resistance is obtained. Liu et al. [27] 
explored TiO2-SiO2 as a novel support for NH3-SCR. It was found that 
after SiO2 introduction, the Brønsted acid sites were enriched, which 
lead to inhibited SO2 adsorption and reduced accumulation of sulfates. 
As such, the Ce/TiSi catalyst showed strong resistance to SO2. Interest
ingly, it is found that apart from chemical modification, the change of 
textural structure could also have great impact on the working lifespan 
of NH3-SCR catalyst under SO2. Yu et al. [28] synthesized a novel 
MnO2-Fe2O3-CeO2-TiO2 catalyst with enormous mesoporous structure 
for low-temperature NH3-SCR. The catalyst sustained 60 h operation in 
SO2-contianing atmosphere. Quantitative result showed that ammonium 
bisulfate (ABS), which was a dominant poisoning species at low tem
peratures, did not accumulated on catalyst surface with prolonged 
operation. As such, they inferred the presence of mesopores was helpful 
for ammonium bisulfate decomposition, possibly achieving a dynamic 
balance with ABS deposition. In our recent study, we found that by 
simply increasing support pore size, ABS decomposition could be 
effectively promoted, resulting in excellent SO2 resistant catalyst [29]. 
Under the inspiration of these previous efforts, we try to integrate the 
two aspects, surface modulation and mesoporous structure engineering 
into one catalyst system. That is, coating thin-layered titania in meso
porous silica as an efficient support. To the best of our knowledge, this 
represents the first study to employ mesoporous silica confined TiO2 as a 
novel support for NH3-SCR. Iron oxide with good SO2 resistance is 
subsequently loaded onto the as prepared thin-layered titania. The 
prepared catalyst is systematically characterized to disclose the key 
factors accounting for superior catalytic performance. As well, the role 
of this unique structure in improving sulfur tolerance is also explored. 
The results obtained in the present study may enlighten the development 
of novel catalyst with excellent activity and superior SO2/H2O tolerance 
for sustainable denitration. 

2. Experiments 

2.1. Catalyst preparation 

Mesoporous silica SBA-15 was synthesized according to the previous 
literature [30]. In a typical synthesis, Pluronic P123 (5.0 g, 
Sigma-Aldrich Co., Ltd.) was used as soft template and dissolved in a 
solution containing 12 M HCl (17.02 g, Tokyo Chemical Industry Co., 

Ltd.) and deionized water (183 g) at 40 ◦C. Then, 10.5 g of Tetrae
thoxysilane (TEOS, Tokyo Chemical Industry Co., Ltd.) was added 
dropwise into the above solution. The mixture was stirred (40 ◦C, 24 h) 
and further aged (100 ◦C, 24 h). The obtained white solid was collected, 
washed by deionized water and ethanol (Wako Pure Chemical In
dustries, Ltd.) for several times and dried at 100 ◦C overnight. The 
template was then removed by calcination at 550 ◦C for 5 h. 

To realize thin-layered titania coating on mesoporous silica, the 
procedure is as follows. After evacuation treatment (200 ◦C, 2 h) to 
remove surface adsorbed water, 2.0 g SBA-15 was immersed in super 
dehydrated toluene (50 mL, Wako Pure Chemical Industries, Ltd.) with 
Ti(OC3H7)4 (Kojundo Chemical Laboratory Co., Ltd.) dissolved. The Ti/ 
Si ratio is set as 0.088, which has been confirmed as the saturation feed 
amount for one time coating of Ti precursor, the experiment data is 
shown in Figure S1. The mixture was refluxed at 120 ◦C under Ar at
mosphere for 3 h. The solid was collected by filtration, washed with 
hexane to remove the unreacted precursor. After drying at 100 ◦C, the 
sample was calcined at 450 ◦C for 4 h to solidify Ti-O-Ti network. The 
obtained sample was denoted as Ti@Si-1. The above procedure was 
repeated for 2 and 3 times to extend the coverage of titania layer on SBA- 
15, and the corresponding samples were labeled as Ti@Si-2 and Ti@Si- 
3, respectively. 

The introduction of iron oxide on mesoporous silica confined titania 
was performed by a wetness impregnation method. Calculated Fe 
(NO3)3⋅9H2O (20 wt% in terms of Fe2O3, Wako Pure Chemical In
dustries, Ltd.) was dissolved in 30 ml deionized water with 0.5 g Ti@Si 
added. The suspension was vigorously stirred for 2 h and excess water 
was evaporated at 80 ◦C under oil bath. The collected sample was 
further dried at 100 ◦C overnight. Finally, the catalyst was obtained by 
calcination at 450 ◦C for 4 h in muffle furnace and labeled as Fe/Ti@Si. 
As comparison, the catalyst by impregnating Fe(NO3)3⋅9H2O on com
mercial TiO2 was prepared and denoted as Fe/TiO2. 

2.2. Catalytic performance and poisoning resistance evaluation 

NH3-SCR performance of the prepared catalysts was evaluated in 
fixed-bed quartz reactor (8 mm internal diameter) under atmospheric 
pressure. The feed gas contained 500 ppm NO, 500 ppm NH3, 5% O2, 
and Ar in balance. The total flow rate was kept as 200 mL/min (the 
weight hourly space velocity, WHSV, was calculated to be 
75,000 mL g− 1 h− 1). Before activity test, the catalyst was pretreated in 
purified Ar stream at 200 ◦C for 1 h to remove surface impurity. Then 
the feed gas was switched on, and the catalytic activity data were 
collected at every target temperature after stabilizing for 30 min. When 
considering water effect, the reaction proceeded in same manner with 
5% vol H2O involved in feed gas using a heated bubbler. In addition, the 
sulfur and water resistance test of catalyst was carried out as followed 
procedure. The NH3-SCR reaction was performed by holding the reac
tion temperature at 225 ◦C to achieve reaction steady state. Then SO2 
(200 ppm) and water vapor (5 vol%)was subsequently introduced into 
the system. The concentration of effluent gas was continuously analyzed 
by an IS10 FT-IR spectrometer. The NO conversion and N2 selectivity 
was calculated according to the following equations: 

NO conversion(%) =
[NO]in − [NO]out

[NO]in
× 100% (1)  

N2 selectivity(%) =
[NO]in − [NO]out + [NH3]in − [NH3]out − [NO2]out − 2[N2O]out

[NO]in − [NO]out + [NH3]in − [NH3]out

× 100%
(2)  

2.3. Characterizations 

The BET surface area, total pore volume and average pore diameter 
were determined by N2 adsorption-desorption isotherms at -196 ◦C 
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using Belsorp Mini, BEL Japan. Powder X-ray diffraction (XRD) patterns 
were recorded on a Rigaku Ultima III using a Cu Kα radiation source. The 
intensity data were collected at 2θ range from 10 to 80◦. The X-ray tube 
was operated at 40kV and 40 mA. Transmission electron microscopy 
(TEM) images were acquired on a JEM-2100 instrument at an acceler
ation voltage of 200 kV. Elemental analysis was performed on an 
inductively plasma-atomic emission spectrometer (ICP-AES, Shimadzu 
ICPE-9000 spectrometer). X-ray photoelectron spectroscopy (XPS) 
measurements were conducted on a PHI 5000 Versa Probe system with a 
monochromatic Al Kα radiation (1486.6 eV, 15kW). All binding energies 
were calibrated with the adventitious C 1s (284.6 eV). Fourier transform 
infrared (FT-IR) spectra were recorded using JASCO 4100 FT-IR spec
trometer equipped with a mercury cadmium telluride (MCT) detector at 
a resolution of 4 cm− 1 with 64 scans. The sample was pressed into a self- 
supporting disk (20 nm diameter), and placed in center of IR cell to 
realize the evacuation and adsorption. Diffuse reflectance ultraviolet- 
visible light (DR-UV–vis) absorption spectra were measured with a 
JASCO V-650 spectrophotometer and converted into the absorption 
spectra using the Kubelka-Munk function. Ammonia temperature- 
programmed desorption (NH3-TPD) profiles were collected on a BEL
CAT (MicrotracBEL) instrument. The samples were pre-saturated with 
NH3 and then flushed with He to remove physisorbed NH3. The 
desorption patterns were obtained by increasing the temperature from 
100 ◦C to 600 ◦C at rate of 5 ◦C/min. Hydrogen temperature- 
programmed reduction tests were carried out with BELCAT II (Micro
tracBEL). The samples were pretreated at 200 ◦C for 2 h in Ar flow 
before the experiments. Then the TPR profiles were collected by passing 
5% H2/Ar from room temperature to 900 ◦C at rate of 5 ◦C/min. In situ 
diffuse reflection Fourier transform infrared (DRIFT) experiments were 
performed on a Nicolet Nexus 5700 FT-IR spectrometer equipped with a 

MCT detector at a resolution of 4 cm− 1 averaging 32 scans, and a diffuse 
reflectance reaction cell (HARRICK) with KBr window was used. The 
sample was pretreated at 450 ◦C for 1 h with N2 flow to eliminate sur
face contaminants, then the background was collected at various target 
temperatures during the cooling process. 

3. Results and discussion 

3.1. Structure and chemical properties of thin-layered titania confined in 
SBA-15 

Mesoporous silica SBA-15 is considered as a suitable substrate to 
obtain thin-layered titania. During Ti@Si preparation, the Ti(OC3H7)4 
precursor could react with surface hydroxyl groups (− OH) on SBA-15 
(Fig. 1a). As shown by the dash line in Fig. 1b, typical C–H stretching 
vibrations at 2800− 3000 cm− 1 are clearly observed, implying successful 
anchoring of Ti precursor on SBA-15. Meanwhile, the signal of surface 
silanol at 3744 cm− 1 almost disappears, suggesting Ti grafting is 
accomplished at the expense of silanol consumption. It is obvious under 
calcination, the − CH groups are removed. Simultaneously, a small part 
of Si− OH is recovered, which is probably induced by the reaction of 
water in air with surface Si-O-Si. Based on the fact that some isolated 
silanol groups are still present, SBA-15 surface is not considered to be 
fully covered by TiO2. It is previously reported that for amorphous silica 
that was completely evacuated, the concentration of Si and OH on the 
surface are 2.80 and 1.55 nm-2[31]. We have also measured the density 
of OH groups on SBA-15 by IR method and the value gives 1.5 nm-2 [32]. 
Based on the measured surface area of SBA-15 (812 m2/g, Table 1), the 
ratios of Si(surface)/Si(total) and OH/Si(total) are deduced to be 0.23 and 
0.12, respectively. By considering the actual Ti/Si ratio in Ti@Si-1 

Fig. 1. (a) Schematic illustration of the process of Ti grafting on SBA-15. (b) FT-IR spectra of Ti@Si samples and SBA-15. The spectra were recorded at room 
temperature after evacuation at 150 ◦C for 1 h. 
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(0.075, Table 1), we can easily calculate the Ti/OH on Ti@Si-1 to be 
0.62, indicating the first coating process roughly covers 62% surface of 
SBA-15. In order to increase the coverage, the loading is repeated. From 
Fig. 1b, we can see the Si− OH signal is dramatically reduced with 
repeated TiO2 loading, indicating the successive grafting of TiO2 layer 
on SBA-15. The detailed TiO2 loading determined from ICP measure
ment is listed in Table 1. 

To examine structural changes after TiO2 coating on SBA-15, the 
nitrogen adsorption-desorption isotherms of Ti@Si and SBA-15 are 
recorded (Fig. 2a). It is found all isotherms exhibit a comparable H1 type 

hysteresis loop, suggesting negligible disturbance of mesopores. This is 
also supported by small angle XRD result (Fig. 2b). However, the total 
volume is decreased with repeated titania loading. The results suggest 
TiO2 is introduced into the pore channel of SBA-15 but does not induce 
obvious pore blocking. Thus, it is inferred the TiO2 is confined in mes
opore as thin-layered structure. Moreover, we can see from Table 1 that 
the pore size is slightly decreased from 8.3 nm to 7.8 nm after successive 
Ti coating, which can be well interpreted as the minorly increased 
thickness of TiO2 layer. Notably, the micropore volume in SBA-15 ex
hibits a significant reduction, probably as a result of dense TiO2 coating 

Table 1 
The basic properties of Ti@Si samples.   

Ti/Si ratio TiO2 wt% SBET /m2 g− 1 Pore size/nm Total pore volume/cm3 g− 1 Micropore volume/cm3 g− 1  

Nominal Actual      

SBA-15 – – – 812 8.3 1.45 0.15 
Ti@Si-1 0.088 0.075 9.97 724 8.1 1.08 0.08 
Ti@Si-2 0.176 0.142 18.67 665 8.0 1.01 0.06 
Ti@Si-3 0.264 0.172 22.86 583 7.8 0.95 0.03  

Fig. 2. (a) N2 adsorption-desorption isotherms (b) small angle XRD and (c) XRD patterns of Ti@Si and SBA-15, HAADF-STEM and element mapping images of (d) 
Ti@Si-1 (e) Ti@Si-2 and (f) Ti@Si-3. 
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on SBA-15 surface. Since the micropores of SBA-15 is mainly originated 
from the removal of template (PEO branch in P123) penetrating into 
pore channel wall, the expansion of TiO2 layer confined in mesopore 
would certainly decrease micropore volume. By examining the actual 
value of reduced micropore volume, we can roughly calculate the 
coverage of TiO2 layer on SBA-15 for Ti@Si-3 sample approaches 75%. 

To further explore the nature of surface Ti species, wide angle XRD 
characterization is operated and the result is depicted in Fig. 2c. No 
crystalline peak is found with increased TiO2 coating except for a broad 
diffraction from SBA-15 skeleton. It confirms the TiO2 layers are stabi
lized in amorphous state on SBA-15 even with the surface loading as 
high as 22.86 wt.%. This can be viewed as a solid evidence for the for
mation of strong Ti-O-Si and short ranged Ti-O-Ti bonds. Moreover, the 
HAADF-STEM images (Fig. 2d, e, f) confirms the preservation of ordered 
mesoporous structure and no TiO2 particles are found (Figure S2). Since 
both TiO2 layer and SBA-15 substrate are amorphous structure, no 
evident phase difference is revealed. However, EDS mapping analysis 
clearly shows the homogeneous distribution of Ti element on SBA-15. 
The result further confirms titania is introduced into the pore channel 
of SBA-15 as thin-layered structure, which is in line with results from N2 
adsorption-desorption and XRD characterizations. 

Based on the information obtained above, a brief illustration of TiO2 
layers confined in SBA-15 with repeated treatment is shown in Scheme 
1.It is considered that the first layer was formed at a partial occupancy of 
SBA-15 surface, and the second treatment resulted in formation of new 
layer together with the supplement of the first layer. Similarly, with the 
assistance of the third treatment, not only the thickness but also the 
coverage of TiO2 layer obviously increases, which can be reasonably 
deduced from the reductions of pore size and micropore volume of SBA- 
15. 

Apart from geometrical structure, the electronic property is also 
studied. Fig. 3a shows the results of diffuse reflectance UV–vis spectra. 
The pattern of bulk TiO2 is listed for comparison. It can be found the 
absorption bands of Ti@Si samples show prominent distinction with 
that of TiO2. This shows the unique electron property exhibited by metal 
oxides with ultra-thin structure [33]. It is reported that for two dimen
sion semiconductor material, the band gap depends highly on the size of 
strictly limited dimension [34]. In the case here, the shift of absorption 
edge of Ti@Si to higher wavelength with repeated treatment suggests 
the gradual growth of TiO2 layer in thickness. 

The oxidation state of Ti element is explored by XPS measurement. 
Fig. 3b compares the XPS spectra of Ti 2p in Ti@Si with that of bulk 
TiO2. For bulk TiO2 which exclusively contains Ti-O-Ti structure, the 
photoelectron peaks for Ti 2p1/2 and 2p3/2 are observed at around 464.5 
and 458.7 eV, respectively. Nevertheless, the Ti 2p3/2 peak of Ti@Si-1 is 
found to shift to higher binding energy (459.8 eV). This change is 
rationally considered as the formation of amorphous titania structure on 
SiO2, which owns abundant structural defects and production of plenty 
of Si-O-Ti bond [33]. The peak intensity of Ti 2p gradually increases 

with TiO2 loading repeated, in line with the fact that more TiO2 was 
anchored on the surface from Ti@Si-1 to Ti@Si-3. Meanwhile, it is 
observed that the binding energy of Ti 2p slightly deviated to that of 
bulk TiO2, which explains the electronic state of accumulated titania 
layers has the tendency getting close to TiO2 due to more Ti-O-Ti bond is 
formed in Ti@Si-2 and Ti@Si-3 with layers stacking. Combined the re
sults of UV–vis and XPS, it could be confirmed that the electronic 
property of amorphous titania confined in SBA-15 shows much differ
ence with that of bulk TiO2, which is expected to have significant effect 
on the property of surface adsorption and the loaded active species. 

Fig. 4a gives the NH3-TPD result of Ti@Si and bulk TiO2, the quan
titative data of desorbed NH3 are summarized in Table S1. In contrast to 
the minor signal observed for bulk TiO2 with acid amount of only 
0.1275 mmol/g, the NH3 desorption curve of Ti@Si-1 exhibits signifi
cant enhancement and desorbed amount is promoted to 0.4990 mmol/g. 
With further extending of TiO2 coverage, the NH3 adsorption further 
increases for Ti@Si-2 as 0.5587 mmol/g and the highest amount of NH3 
adsorption is found for Ti@Si-3 with amount of calculated as 
0.5796 mmol/g. The result of NH3-TPD clearly show that construction 
of amorphous thin-layered TiO2 in SBA-15 is conducive to enhance 
surface acid amount, which is beneficial to promote NH3-SCR activity. 

The nature of surface adsorption species is identified by in situ FT-IR, 
and results are shown in Fig. 4b-4e. It can be clearly found that after NH3 
adsorbed on bulk TiO2 surface, IR bands at 1600 and 1155 cm− 1 due to 
NH3 vibration on Lewis acid sites gradually emerge with increasing NH3 
pressure, while the peak at 1442 cm-1 attributed to NH4

+ on Brønsted 
acid site is quite inferior even after exposed to 2000 Pa NH3, implying 
the bulk TiO2 surface is dominated by Lewis acid sites. While for Ti@Si 
samples, except for the existence of a band at 1606 m-1 representing NH3 
on Lewis acid sites, the band at 1451 cm-1 (1456 cm-1 for Ti@Si-2 and 
1446 cm-1 for Ti@Si-3) ascribed to NH4

+ on Brønsted acid sites is also 
obvious. Simultaneously, the intense negative band in OH region at ca. 
3750 cm-1 clearly emerges when NH3 is introduced to all Ti@Si samples, 
suggesting the involvement of surface OH species in NH3 adsorption. 
Moreover, the proportion of Brønsted acid sites to Lewis acid sites on 
Ti@Si shows an evident increase (Fig. 4f). The result demonstrates that 
repeated coating enhances Brønsted acidity of thin-layered titania due to 
extended coverage. It is well acknowledged that Brønsted acid site on 
oxide surface is represented by acidic − OH group on metal atom, which 
could adsorb NH3 molecule to M-O-NH4

+. With that point in mind, we 
suppose that due to numerous structure defects on layered titania, much 
more adsorbed oxygen species like surface − OH groups can be obtained, 
which can be also evidenced by O 1s XPS spectra of Ti@Si samples in 
Figure S3. As a consequence, significant Brønsted acid sites are gener
ated. The speculation proposed here also finely agreed with the 
increased binding energies of Ti atoms in Ti@Si than TiO2. Besides, the 
comparison of IR results from three Ti@Si samples show negligible 
difference in adsorption configuration, indicating the similar surface 
acid sites of amorphous thin-layered titania in SBA-15. 

Scheme 1. Illustration of the formation of thin-layered titania on SBA-15 with repeated coating.  
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3.2. NH3-SCR and anti-poisoning performance of iron oxide supported 
thin-layered titania catalysts 

TiO2 is widely used as an efficient support for NH3-SCR reaction and 
Fe/TiO2 is a notable catalyst. Hence, in the present study, iron oxide is 
chosen as an active component to deposit on Ti@Si for exploring the 
effect of support structure on NH3-SCR performance. Fig. 5a displays the 
activity result. For the reference Fe/TiO2 catalyst, it is found the NO 
conversion only acquires maximum value of 78% at 350 ◦C. Further 
temperature increment leads to activity declining, which could be 
ascribed to the over-oxidation of NH3 to nitric oxides at high tempera
tures [35]. As for Fe/Ti@Si samples, the Fe/Ti@Si-1 shows much higher 
denitration efficiency in the temperature range of 200–400 ◦C. It sug
gests the spreading of thin-layered titania along the pore channel of 
SBA-15 provides abundant titania surface and anchoring sites for Fe2O3, 
which is advantageous to enhancement of catalytic performance. 
Moreover, repeated TiO2 coating results in progressive elevation of 
catalytic activity in the whole temperature range. Apart from activity 
elevation, N2 selectivity improvement is also obtained by Fe/Ti@Si 
catalysts, where Fig. 5b presents the data. It can be clearly seen that N2 
selectivity of Fe/TiO2 obviously declines to only 84% at 400 ◦C, which is 
in consistence with its inferior performance due to NH3 oxidation. While 

for Fe/Ti@Si catalysts, they display excellent N2 selectivity (>96%) in 
entire test range, indicating the high efficiency in reducing NO by NH3 to 
harmless N2. The results can be further confirmed by N2O formation 
data in Figure S4 and finely certify the superior NH3-SCR performance 
of Fe/Ti@Si catalysts. 

Due to the complex constituents in the real flue gas, the poisoning 
resistance of catalyst is quite important for practical application. As 
such, the impact of H2O on NH3-SCR catalyst performance is accordingly 
explored. Fig. 5c presents the influence of 5 vol% H2O on the NO con
version of Fe/Ti@Si-3 catalyst. In our case, however, the existence of 
vapor surprisingly promotes the catalytic activity of Fe/Ti@Si-3 below 
300 ◦C, which exhibits much different trend with the previous reports. 
SO2 is another impurity that may deactivate NH3-SCR catalyst. To 
further explore the impact of SO2, the tolerance tests were carried out 
over Fe/Ti@Si-3 and Fe/TiO2. After achieving steady state at 225 ◦C, 
SO2 and vapor were stepwise introduced into the reaction system. As can 
be seen from Fig. 5d, the NO conversion of Fe/TiO2 dramatically 
declined from 38% to 13% when 200 ppm SO2 was injected. However, 
the introduction of 5% vapor did not show apparent influence. The 
result reveals that in comparison with water, the catalyst is more sen
sitive to sulfur oxide, which exerts an apparent negative effect on NO 
conversion. Remarkably, for Fe/Ti@Si catalyst, the NO conversion only 

Fig. 3. (a) Diffuse reflectance UV–vis and (b) Ti 2p XPS spectra of the Ti@Si.  

Fig. 4. (a) NH3-TPD, (b-e) in situ FT-IR spectra of NH3 adsorption on various samples and (f) IR peak area ratios (Brønsted acid sites/Lewis acid sites) of Ti@Si series.  
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slightly fluctuates (ca. 3%) when SO2 was introduced, indicating minor 
inhibition effect is exhibited. Furthermore, the introduction of 5 vol% 
H2O also shows an instant promotion on the catalytic performance, but 
the effect seems not persistent in presence of SO2. Thus, the distinct 
behaviors of the two catalysts working under simulated condition il
lustrates that Fe/Ti@Si catalyst with thin-layered titania encapsulated 
in mesoporous silica exhibits much superior resistance to SO2 and H2O, 
which is also better than generally reported commercial VWTi catalysts 
in the same condition [36,37]. 

3.3. Insights into the improved deNOx efficiency and superior H2O/SO2 
resistance 

To understand the reason for the distinct catalytic behaviors, the 
catalysts are further characterized. The N2-sorption results are shown in 
Figure S5 and Table 2. It could be seen that Fe/Ti@Si still maintained 
their ordered mesoporous structure as can be deduced from the pres
ervation of H1 hysteresis loop in the isotherms. In comparison with 
pristine Ti@Si, the textural parameters show an obviously decrease due 
to encapsulation of Fe oxide in the mesopore channels. Figure S6 shows 
the wide angle XRD patterns. For Fe/TiO2 sample, in addition to the 
signal from TiO2 support, X-ray diffractions attributed to α-Fe2O3 at 
2θ = 24.1◦, 33.2◦, 35.6◦ and 54.1◦ are clearly observed. The peaks for 
iron oxide are also present in Fe/Ti@Si samples. However, they exhibit 
much poor intensity, suggesting the enhanced Fe2O3 dispersion. It is 
further confirmed by TEM and EDS mapping result. As can be seen from 

Fig. 6, tiny iron oxide particles are confined in the mesopore of Ti@Si 
support, while Fe/TiO2 sample reveals the stacked bulk particles with 
size of ca.40− 50 nm. EDS mapping images (Figure S7) also show the 
homogeneous distribution of Fe species along with surface Ti in Fe/ 
Ti@Si, implying the close interaction between two components. It is 
believed that the highly available titania surface, mesopore confined 
environment and intense interface interaction are responsible for the 
improved dispersion of iron species. 

To approach the electronic interaction between iron oxide and the 
supports, XPS characterization is carried out and the result is shown in 
Fig. 7. Comparing with pure support (Fig. 3b), it is found the binding 
energy of Ti 2p for Fe/TiO2 and Fe/Ti@Si is red shifted. Moreover, the Ti 
2p signals Fe/Ti@Si catalysts exhibit a much significant deviation. The 
phenomenon indicates that the thin-layered titania can withdraw more 
electrons from supported iron oxide than bulk TiO2, implying the 
occurrence of strengthened Fe-O-Ti interface interaction. In the mean
time, for Fe/Ti@Si samples, the Fe 2p signal is correspondingly induced 
to much higher value at 711.1 eV due to more electrons transferred to 
support. The prominent difference suggests the construction of thin- 
layered titania can significantly affect the electron density of sup
ported iron oxide. 

The redox property of catalysts is an important factor for NH3-SCR. 
Fig. 8a shows the H2-TPR profiles of these Fe-based catalysts. For Fe/ 
TiO2, a multiple reduction is exhibited, which can be ascribed to 
reduction of Fe2O3 to Fe3O4, Fe3O4 to FeO and FeO to metallic Fe. For 
Fe/Ti@Si, the process varies greatly. The reduction curve of Fe/Ti@Si-1 
reveals a dominant H2 consumption peak at 437.7 ◦C, which can be 
explained as synergistic reduction due to strong interfacial interaction 
between iron oxide and the thin-layered titania. Besides, the tiny peak 
emerges at 541.8 ◦C could be attributed to the reduction of minor iron 
oxide that is not directly contacted with titania layer. It is noted that 
with increase of titania coverage, the tiny peak gradually decreases and 
finally vanishes, which is in good agreement with the attribution of this 
peak to reduction from Fe2O3 particle on SiO2. By comparing the 
reduction temperature with Fe/TiO2, it is clear that the loading of iron 

Fig. 5. (a) NH3-SCR activities and (b) N2 selectivity of Fe-based catalysts, (c) NO conversion of Fe/Ti@Si-3 in presence of water vapor, (d) Sulfur and water resistance 
tests of Fe/Ti@Si-3 and Fe/TiO2. Reaction condition: 500 ppm NH3, 500 ppm NO, 5% O2, 200 ppm SO2 and 5 vol% H2O (when used), WHSV: 75000 mL g− 1 h− 1. 

Table 2 
The textural property of various FeTi catalysts.   

SBET (m2 g− 1) Pore volume (cm3 g− 1) 

Fe/TiO2 57 0.41 
Fe/Ti@Si-1 487 0.93 
Fe/Ti@Si-2 467 0.87 
Fe/Ti@Si-3 442 0.75  
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oxide on thin-layered titania could prominently improve the redox 
property of catalysts. 

The surface acidity of FeTi catalysts is characterized by NH3-TPD and 
results are present in Fig. 8b. In all cases, the spectra show similar 

feature in 100− 450 ◦C, with a broad peak centered at 163.9 ◦C. As 
compared with the NH3-TPD curves of pure Ti@Si shownin Fig. 4a, the 
NH3 desorption on weak acid sites (100− 300 ◦C) is reduced. Never
theless, the signal of NH3 desorption from Fe/Ti@Si-1 is much higher 

Fig. 6. TEM images of (a) Fe/Ti@Si-1, (b) Fe/Ti@Si-2, (c) Fe/Ti@Si-3 and (d) Fe/TiO2.  

Fig. 7. Ti 2p and Fe 2p XPS spectra of FeTi catalysts.  

Fig. 8. (a) H2-TPR and (b) NH3-TPD curves of Fe/Ti@Si and Fe/TiO2 catalysts.  
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than Fe/TiO2, suggesting the superior surface acidity of Fe/Ti@Si 
catalyst. In addition, dramatic NH3 desorption above 500 ◦C for Fe/ 
Ti@Si samples is observed while this signal is still absent for Fe/TiO2. In 
contrast to Ti@Si, it is found the signal from high temperature desorp
tion (corresponding to strong acid sites) is more obvious than that from 
low temperature (representing weak acid sites), suggesting great vari
ation of surface acidity on Ti@Si via iron oxide modification. Moreover, 
the quantitative data of desorbed NH3 in TPD of Fe based catalysts is 
shown in Table S2. The NH3 adsorption amount on Fe/TiO2 is 
0.1263 mmol/g, while the data of iron oxide supported thin-layer titania 
sample, Fe/Ti@Si-1, shows significant enhancement to 0.4880 mmol/g. 
Furthermore, with repeating of titania coating on Ti@Si-1, the acid 
amount of Fe/Ti@Si-2 and Fe/Ti@Si-3 gradually elevates to 0.5539 and 
0.6303 mmol/g, respectively. The result indicates that the employment 
of thin-layered titania as catalyst support can effectively promote the 
surface acid property of Fe-based catalyst, which conducive to obtain 
the high NH3-SCR performance. 

Figs. 9a and 9b show the in situ DRIFT spectra of NH3 adsorption on 
Fe/TiO2 and Fe/Ti@Si-3, respectively. Fe/TiO2 exhibits NH3 adsorption 
signal at 1596 and 1187 cm− 1, attributing to δas and δs vibration modes 
of coordinated NH3 species on Lewis acid sites [38]. An additional band 
at 1447 cm− 1 could be related to the vibration of NH4

+ on Brønsted acid 
sites. As for Fe/Ti@Si-3, the bands at 1610 and 1454 cm− 1 ascribed to 
NH3 on Lewis acid sites and NH4

+ on Brønsted acid sites also appear. 
Moreover, another new band at 1579 cm− 1 which could be attributed to 
–NH2 emerges [39]. It is believed that the adsorbed NH3 species is 
activated via subtracting one hydrogen atom to –NH2. The presence of 
this band confirms improved redox ability of Fe/Ti@Si-3 for promoted 
NH3 activation, which conducive to subsequently NO reduction. It is 
noted that with temperature increasing, the adsorbed NH3 species on 
Fe/TiO2 totally desorbs at 400 ◦C, while there are still adsorbed species 
remained on Fe/Ti@Si-3 surface, demonstrating the higher thermal 
stability of adsorbed NH3. The result is in well consistence with 
NH3-TPD analysis. 

To acquire the information regarding NO-related adsorbed species, 
the in situ DRIFTS of NO + O2 adsorption are recorded and results are 

shown in Fig. 9c and 9d. For Fe/TiO2, the bands related to nitrate spe
cies in range of 1000− 2000 cm− 1 emerge on the spectra after NO + O2 
adsorption. The detailed attributions could be related to bridged nitrate 
at 1625 cm-1, chelating bidentate nitrate at 1582 and 1557 cm-1, mon
odentate nitrate at 1496 and 1295 cm− 1 [40,41]. With temperature 
elevating from 50 ◦C to 300 ◦C, intensity of the peaks corresponding to 
bidentate and monodentate nitrate species gradually weaken while the 
bridged nitrate peak increases. The opposite evolution of peak intensity 
implies transformation of bidentate and monodentate nitrates to bridged 
nitrate species, of which the latter species is considered more stable at 
higher temperatures. Further elevating the temperature to 450 ◦C results 
in desorption of most nitrate species. As for Fe/Ti@Si-3, the exposure of 
NO + O2 stream produces different nitro-related species. In addition to 
bridged nitrate at 1624 cm-1 and chelating bidentate nitrate at 
1578 cm-1, the bands at 1676 cm-1 and 1607 cm-1 are identified as 
cis-HNO2 and adsorbed NO2, respectively. The generation of NO2 over 
catalyst surface could effectively facilitate the reaction rate via “fast 
SCR” route, which can be viewed as an important factor for the superior 
catalytic performance of Fe/Ti@Si-3 catalyst. 

Besides, we also try to disclose the inherent origin of impressive 
poisoning resistance of thin-layered titania catalyst, where a peculiar 
effect of vapor on catalyst performance has been observed in Fig. 5b. 
Since H2O mainly affects NH3 adsorption [42,43], the origin of unique 
H2O promotion phenomenon is studied by NH3 breakthrough experi
ments over Fe/Ti@Si-3. Briefly, the sample was firstly blowing by Ar at 
200 ◦C for 1 h and temperature maintained in follow. Subsequently, 
5 vol% H2O was introduced to sample for 30 min then switched off. 
After 10 min stabilizing, NH3 was inlet to pass through the sample and 
effluent gas was analyzed by IR. The dry Ar pretreated sample was also 
proceeding with above procedure only without water vapor. It can be 
clearly seen in Fig. 10a that the NH3 adsorption on Fe/Ti@Si-3 with dry 
Ar pretreatment becomes saturated in ca. 1100s. While for the sample 
pretreated with H2O, the increasing trend of outlet NH3 is much slower 
than dry Ar pretreated one, indicating more NH3 molecules adsorb on 
catalyst surface. The quantitative evaluations of retained NH3 on cata
lyst are calculated as 0.091 mmol/g and 0.134 mmol/g for both dry and 

Fig. 9. In situ DRIFT spectra of NH3 adsorbed on (a) Fe/TiO2, (b) Fe/Ti@Si-3 and NO + O2 adsorption on (c) Fe/TiO2, (d) Fe/Ti@Si-3.  
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water pre-treated conditions. It can be rationally supposed that more 
acid sites are generated on Fe/Ti@Si-3 after H2O pretreatment. To 
further elucidate the inherent reason, the in situ FT-IR experiments of 
NH3 adsorption with different pretreatment conditions are carried out, 
the results are shown in Fig. 10b. The spectrum a represents NH3 
adsorption on Fe/Ti@Si-3 at 200 ◦C without water pretreatment. It gives 
two IR bands at 1606 and 1432 cm− 1, ascribing to the vibration of NH3 
species on surface Lewis acid site (L) and Brønsted acid site (B), 
respectively. We integrate the peak area of two peaks and calculate peak 
area ratio of B to L as 0.8. In addition, Fe/Ti@Si-3 is also pretreated with 
H2O at 200 ◦C for 30 min, then NH3 is allowed to adsorb on the sample 
to obtain spectrum b. It reveals similar peak attributions with the former 
spectrum. Nevertheless, the calculated peak area ratio (B/L) comes to 
1.2, which is much higher than the result without H2O pretreatment. We 
have discussed previously that thin-layered titania is formed from the 
condensation of surface Ti-OR groups to defective oxide network 
(Ti-O-Ti) during calcination process. The distinct data clearly indicates 
the introduction of H2O to Fe/Ti@Si-3 surface can effectively promote 

the production of Brønsted acid sites, further suggests that H2O may 
dissociatively adsorb on Ti-O-Ti, leading to the generation of more 
surface Ti− OH[44,45], which acts like Brønsted acid sites for increased 
NH3 adsorption. The result turns out the H2O pretreatment obviously 
increases the NH3 adsorption capability, which certainly conducive to 
catalyst NH3-SCR activity, instead of a poisoning factor. 

It is known from Fig. 5c that Fe/Ti@Si-3 owns much better SO2 
resistance than Fe/TiO2. To explore the possible reason, the competition 
adsorption of SO2 with NO and NH3 on different catalysts is operated 
and results are shown in Fig. 11. It can be seen from Fig. 11a that for Fe/ 
TiO2 catalyst, the IR bands at 1604, 1540 and 1456 cm− 1 resulting from 
NH3 adsorption rapidly vanish with prolonged SO2 exposure, while 
asymmetric vibration bands of O––S––O at 1319 and 1375 cm− 1 [46,47] 
due to SO2 adsorption emerge and gradually intensify. Similarly, as can 
be seen from Fig. 11b, the pre-adsorbed nitrate species from NO + O2 at 
1606 and 1575 cm− 1 are replaced by asymmetric vibration bands of 
O––S––O at 1311, 1372 cm− 1 and water at 1625 cm− 1 [48] after SO2 
introduction. The variation of adsorbed species on catalyst surface 

Fig. 10. (a) NH3 breakthrough curve at 200 ◦C on Fe/Ti@Si-3 pretreated with dry Ar and 5 vol% H2O/Ar, (b) In situ FT-IR spectra of NH3 adsorption on Fe/Ti@Si-3 
at 200 ◦C, a: without water pretreatment, b: with water pretreatment. 

Fig. 11. In situ DRIFT spectra of SO2+O2 competing with pre-adsorbed NH3 and NO + O2 on Fe/TiO2 (a, b) and Fe/Ti@Si-3 (c, d).  
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soundly demonstrates that the introduction of SO2 could seriously 
interfere the stable adsorption of NO and NH3 over Fe/TiO2,thus cut off 
the successive NO reduction. Due to the dominant adsorption of SO2, the 
NH3-SCR performance of Fe/TiO2 is significantly reduced. The same 
experiment is also conducted over Fe/Ti@Si-3 catalyst. After NH3 
adsorption, a minor peak at 1604 cm-1 and major peak belongs to NH4

+

on Brønsted acid sites at 1448 cm− 1 are detected. Following this step, 
SO2 is injected into the cell and the spectra are depicted in Fig. 11c. 
Remarkably, the IR bands for NH3 adsorption are hardly affected on 
catalyst surface while the bands of O––S––O vibration at 1372 cm− 1 

slowly increases. As for SO2 adsorption on pre-adsorbed NO + O2, the 
signal from nitrate species at 1604 and 1575 cm-1 gradually overlaps 
with water band at 1625 cm-1, along with the development of adsorbed 
SO2 at 1353 and 1316 cm− 1 [49,50]. It could be clearly observed that 
introducing SO2 rarely obstructs the surface pre-adsorbed species. It is 
highly possible that the stable adsorption of NH3 and NO related species 
in the presence of SO2 ensures the reliable proceeding of NH3-SCR re
action over Fe/Ti@Si-3. As such, the injection of SO2 can barely deac
tivate the catalyst. Due to the fact that Fe/Ti@Si-3 reveals much 
improved surface acid property, it is speculated that the presence of 
abundant acid sites on thin-layered titania effectively resists the SO2 
adsorption, resulting in excellent SO2 tolerance in NH3-SCR reaction. 

4. Conclusions 

In summary, thin-layered titania confined in SBA-15 is successfully 
prepared via a grafting strategy, and iron oxide is subsequently loaded 
on the Ti@Si support to construct NH3-SCR catalyst. Owing to abundant 
oxygen-derivatives adsorbed on the thin-layered titania with amorphous 
structure, significant Brønsted acid sites are generated. Moreover, the 
electronic state of Ti is prominently regulated. After Fe oxide loading, 
the catalysts exhibit excellent denitration efficiency and superior SO2/ 
H2O tolerance. The redox property of the catalyst is apparently 
improved and acidity is greatly enhanced in comparison with Fe/TiO2, 
due to much intense Fe-O-Ti interaction. In situ DRIFTS result indicates 
there are activated –NH2 and NO2 species on Fe/Ti@Si catalyst, result
ing in the activation of reactants and the proceeding of NH3-SCR reac
tion via “fast SCR” route. Importantly, H2O is found to be conducive for 
NH3 adsorption on layered titania catalyst, thus an unexpected promo
tion effect on activity is exhibited. Besides, SO2 is shown to have 
negligible influence on pre-adsorbed NO and NH3 species, which is 
responsible for the superior SO2 tolerance. We expect that these results 
could inspire new insight for designing novel NH3-SCR catalysts with 
excellent activity and poisoning tolerance for practical applications. 
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