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ABSTRACT: The emission of NH3 has been reported to pose a serious threat
to both human health and the environment. To efficiently eliminate NH3,
catalysts for the selective catalytic oxidation of NH3 (NH3−SCO) have been
intensively studied. Fe2O3-based catalysts were found to exhibit superior NH3
oxidation activity; however, the low N2 selectivity made it less attractive in
practical applications. In this work, aimed at improving the N2 selectivity on
Fe2O3-based catalysts, a simple SiO2 doping strategy was proposed. Although
the NH3 oxidation activity showed almost no change on Fe2O3 after SiO2
doping, the N2 selectivity was significantly improved. Systematic character-
izations revealed that SiO2 doping could increase the specific surface area of
Fe2O3, and a strong interaction of Fe−O−Si was formed in Fe2O3−SiO2 mixed
oxide catalysts. Furthermore, abundant Brønsted acid sites were formed on Fe2O3−SiO2 catalysts due to the facile hydrolysis of the
Fe−O−Si structure into Si−OH and Fe−OH. Although SiO2 doping was found to weaken the redox ability of Fe2O3, the abundant
Brønsted acid sites on Fe2O3−SiO2 catalysts could facilitate NH3 oxidation reaction through an internal SCR (i-SCR) pathway, thus
achieving superior N2 selectivity. This work can provide new insights into constructing efficient NH3−SCO catalysts with high N2
selectivity.

1. INTRODUCTION
Ammonia (NH3) is one of the most important and commonly
used chemicals for industrial production.1,2 However, NH3
slipping into the atmosphere can result in a series of
environmental pollution problems (e.g., the formation of
aerosols and PM2.5 and water contamination).2−5 Moreover,
when the concentration of NH3 in the air exceeds 300 ppm,
NH3 can pose an immediate threat to human health and even
lead to death.6−8 In recent decades, aimed at eliminating the
NOx emitted by both mobile and stationary sources, the
selective catalytic reduction of NOx by NH3 (NH3−SCR)
technique has been widely applied, while excess NH3 that is
not consumed by NOx and O2 can also be emitted into the
atmosphere, causing air pollution.9−12 To deal with this
problem, governments have enacted stringent regulations to
control NH3 slip.13,14 As a result, it is urgent to develop
efficient catalysts for the selective catalytic oxidation of NH3
(NH3−SCO) to harmless N2 and H2O (reaction (1)).15

However, on most NH3−SCO catalysts, the nonselective
oxidation of NH3 may also occur, especially at higher
temperatures, thus generating NO, NO2, and N2O as
byproducts (reactions (2), (3), and (4)).16−18 To avoid the
secondary pollution resulting from the byproducts, improving
the N2 selectivity has become one of the most focused hotspots
for developing NH3−SCO catalysts.

4NH 3O 2N 6H O3 2 2 2+ + (1)

4NH 5O 4NO 6H O3 2 2+ + (2)

4NH 7O 4NO 6H O3 2 2 2+ + (3)

2NH 2O N O 3H O3 2 2 2+ + (4)

Noble metal (e.g., Pt, Ir, and Ag) catalysts have been
reported to exhibit excellent low-temperature activity in NH3
oxidation reaction.14,19,20 For example, Pt/Al2O3 catalysts have
been industrially applied due to their satisfactory NH3−SCO
activity below 250 °C.19,21 Wang et al. found that Ag
supported on Al2O3 could also effectively catalyze the
oxidation of NH3 even at a low temperature of 100 °C.22

However, it has to be noted that the facile activation of N−H
on noble metal sites could always result in the severe deep
oxidation of NH3 to NOx (NO, NO2, or N2O).14,23,24

Although researchers have developed a variety of strategies,
including tuning the dispersion or electronic states of noble
metal species, using different supports and adjusting the
strength of metal−support interactions, to improve the N2
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selectivity on noble metal catalysts in NH3 oxidation
reaction,25−28 no desirable noble metal catalysts with superior
NH3 oxidation activity and N2 selectivity at the same time have
yet been developed. Considering the potential environmental
risk of NOx generated by the nonselective oxidation of NH3,
the possibility of developing NH3−SCO catalysts with high N2
selectivity based on transition metal materials has also raised
the attention of researchers, even though the transition metal
catalysts usually exhibit lower NH3 oxidation activity than
noble metal catalysts. Moreover, transition metal catalysts have
a definite cost advantage over noble metal catalysts.

As one of the most abundant elements on earth, iron (Fe)
and its oxides have been used intensively in catalysis field due
to their superior redox performance, environmental friend-
liness, and low price.1,29−31 In NH3−SCO reaction, Fe2O3-
based catalysts were reported to exhibit superior NH3
oxidation activity and low N2O formation; however, the N2
selectivity was still far from satisfactory due to the generation
of massive NO and NO2.

32−34 Recently, it was disclosed that
the formation of more Brønsted acid sites on Pt/Nb2O5 and
Pd/Nb2O5 catalysts was conducive to improving the N2
selectivity in NH3−SCO reaction due to that the intermediates
(−NH2 and −N2H4) formed on Brønsted acid sites would be
favorable for the formation of N2.

35 Inspired by this, the
construction of Brønsted acid sites on Fe2O3 materials could
be an effective strategy to improve the N2 selectivity for NH3−
SCO reaction on Fe2O3.

In this work, inspired by previous reports on SiO2-modified
Fe2O3 function materials,36−41 a facile SiO2 doping strategy
was proposed to promote the N2 selectivity in NH3−SCO
reaction on Fe2O3 catalysts. It was revealed that SiO2 doping
could significantly improve the N2 selectivity and SO2/H2O
resistance. Moreover, via systematic characterizations, the
impact of SiO2 doping on the crystal structure, redox
performance, surface adsorption property of Fe2O3, and the
reaction mechanism were investigated, which helped reveal the
reasons for achieving superior N2 selectivity on Fe2O3−SiO2
catalysts in NH3−SCO reaction.

2. EXPERIMENTAL SECTION
2.1. Catalysts Preparation. Fe2O3 and Fe2O3−SiO2

catalysts were prepared by ethanol-assisted ammonia (co)-
precipitation method, using ethanol as the solution and NH3·
H2O (25%) as the precipitant. Analytically pure (AR)
Fe(NO3)3·9H2O and tetraethyl orthosilicate (TEOS) were
used as precursors. In detail, a certain amount of Fe(NO3)3·
9H2O was dissolved in 200 mL ethanol under vigorous stirring.
After the formation of a homogeneous solution, a specified
proportion of TEOS was added dropwise, followed by 30 min
of continuous stirring. Afterwards, excess NH3·H2O was
dropped into the mixed solution until the pH reached 9.
The obtained precipitate was aged overnight, washed three
times with water, dried at 100 °C for 12 h, and finally calcined
at 500 °C for 4 h with a ramping rate of 5 °C·min−1. The
prepared Fe2O3−SiO2 mixed oxides were denoted as FexSiy
(x:y was the molar ratio of Fe(NO3)3·9H2O and TEOS used in
the preparation process). To evaluate the SO2 resistance of the
prepared catalysts, gas-phase sulfation treatment was con-
ducted at 300 °C before catalytic performance evaluation. In
sulfation treatment, 100 mg catalysts were loaded, and the
feeding gas (100 mL·min−1) was composed of 200 ppm SO2
and 5% O2, using Ar as balance. The sulfated catalysts were
suffixed with -S.

Caution! NH3·H2O (25%) is a liquid with a pungent odor and
corrosive properties. All operations must be conducted in a fume
hood.
Caution! Tetraethyl orthosilicate (TEOS) is extremely

pyrophoric. This procedure controlled risk by the use of a very
small amount of TEOS.
2.2. Characterization. X-ray powder diffraction (XRD)

patterns were collected on a LAB-X XRD-6000 diffractometer
using Cu Kα radiation (0.15406 nm). The scan speed was 10°·
min−1, and the 2θ range was 10°−80° with a scan step of 0.02°.

Thermogravimetry (TG) analysis was carried out on a
NETZSCH STA 449 F5 instrument. In each test, ca. 10 mg of
catalyst was exposed to airflow and heated from 35 to 1000 °C
linearly, with a ramping rate of 10 °C·min−1.

Scanning electron microscopy (SEM) and elemental energy-
dispersive spectroscopy (EDS) mapping images were collected
on an FEI Nova Nano-450 instrument equipped with a Bruker
QUANTAX accessory.

The specific surface area was measured on a Micromeritics
ASAP-2020 analyzer using the Brunauer, Emmett, and Teller
(BET) method. The pore volume and pore size distribution
were calculated by the Barrett−Joyner−Halenda (BJH)
method using desorption isotherms. To remove the impurities
adsorbed on the surface of the samples, the samples were
degassed at 300 °C for 4 h prior to testing.

X-ray fluorescence spectroscopy (XRF) experiments were
conducted on an M4 Tornado instrument (Bruker Nano
GmbH, Germany) equipped with a rhodium tube with a
maximum excitation of 50 kV, 600 μA, and 30 W.

Attenuated total reflectance-Fourier transform infrared
spectroscopy (ATR-FTIR) experiments were performed on a
Nicolet iS50 FT-IR spectrometer equipped with an ATR
accessory from 350 to 7800 cm−1. Before the test, background
spectra were collected at room temperature in air and
subtracted from the recorded sample spectra in each test.
The spectra were obtained by accumulating 100 scans with a
resolution of 4 cm−1.

H2-temperature-programmed reduction (H2-TPR) experi-
ments were conducted on a quartz U-tube reactor connected
to a thermal conductivity detector (TCD). Prior to the test,
the loaded sample was first purged by N2 flow (15 mL·min−1)
at 200 °C for 1 h. After cooling to room temperature, the
pretreated sample was exposed to 7 vol % H2/Ar flow (10 mL·
min−1) and heated to 870 °C linearly with a ramping rate of 10
°C·min−1. The moisture in the outlet gas was removed by a
cold trap, and the consumption of H2 was monitored by the
TCD.

X-ray photoelectron spectroscopy (XPS) experiments were
performed on an ESCALAB QXi XPS system equipped with a
monochromatic Al X-ray radiation source (1486.6 eV) with an
accelerating power of 15 kW. The binding energies of all
elements were calibrated with C 1s XPS peak at 284.6 eV.

NH3-temperature-programmed desorption (NH3-TPD) ex-
periments were carried out on a fixed-bed quartz tubular
microreactor. In each test, 100 mg catalyst was loaded into the
quartz tube and purged by Ar flow (100 mL·min−1) at 200 °C
for 30 min. Then, the loaded catalyst was saturated with NH3
after cooling to 50 °C and purged by Ar flow (100 mL·min−1)
to remove gaseous and weakly adsorbed NH3. Finally, the
catalyst was heated from 50 to 600 °C at a rate of 10 °C·min−1

in Ar flow (50 mL·min−1). The concentration of NH3 in the
outlet gas was measured by an online Thermo Nicolet iS10
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Fourier transform infrared (FTIR) spectrometer equipped with
a 2 m path-length gas cell.
In situ diffuse reflectance infrared Fourier transform

spectroscopy (in situ DRIFTS) experiments were conducted
on a Thermo Nicolet 5700 FTIR spectrometer, using a
Mercury−Cadmium−Telluride (MCT) detector cooled by
liquid N2. The spectra were obtained by accumulating 32 scans
with a resolution of 4 cm−1. After being loaded into the
DRIFTS cell, the samples were pretreated with air at 400 °C
for 30 min to remove the adsorbed impurities. Then the
background spectra were collected at the target temperature
during the cooling process, which could be automatically
subtracted from the sample spectra. In NH3 adsorption, NH3-
TPD or NH3 oxidation experiments, the feeding gas (50 mL·
min−1) contained 500 ppm NH3 (when used) and 5% O2
(when used), with N2 as balance. The ramping rate for in situ
DRIFTS of NH3-TPD experiment was 10 °C·min−1. In SO2 +
O2 adsorption experiment, the feeding gas (100 mL·min−1)
was composed of 200 ppm SO2 and 5% O2, using N2 as
balance.
2.3. Catalytic Performance Evaluation. The catalytic

performance evaluation was conducted on a fixed-bed quartz

tubular microreactor using an online Thermo Nicolet iS10
FTIR spectrometer equipped with a 2 m path-length gas cell as
a detector. All measurements were performed under a steady
state. In a typical measurement of NH3 oxidation activity,
NH3−SCR activity and N2 selectivity, 100 mg catalyst was
loaded and the feeding gas with a total flow rate of 100 mL·
min−1 was composed of 500 ppm NH3, 500 ppm NO (when
used), and 5% O2 (Ar as balance), giving a weight hourly space
velocity (WHSV) of 60,000 mL h−1 g−1. Due to the different
densities of Fe2O3 and Fe2Si1, gas hourly space velocity
(GHSV) for Fe2O3 and Fe2Si1 was 38,200 and 36,000 h−1,
respectively. For the kinetics study, the feeding gas was the
same as that of the NH3 oxidation activity and N2 selectivity
measurement. To eliminate the effects of mass and heat
transfer, the loaded catalysts were mixed with SiC (mass ratio
of catalyst to SiC = 1:10) and the amount of catalyst was
varied in kinetic study to keep the NH3 conversion below 20%.

The NH3 conversion and N2 selectivity in NH3−SCO
reaction were calculated using the following equations:

NH conversion(%)
NH NH

NH
100%3

3 in 3 out

3 in
=

[ ] [ ]
[ ]

×

Figure 1. (a) NH3 conversion and (b) N2 selectivity on Fe2O3 and FexSiy in NH3 oxidation reaction. The concentrations of (c) NO, (d) NO2, and
(e) N2O generated on Fe2O3 and FexSiy in NH3 oxidation reaction. (f) NH3 conversion on Fe2O3 and Fe2Si1 in NH3 oxidation reaction with the
addition of 30 ppm SO2 at 300 °C. (g) NH3 oxidation activity on Fe2O3 and Fe2Si1 under dry and wet conditions. Reaction condition: 500 ppm
NH3, 5% O2, 30 ppm SO2 (when used), 5 vol % H2O (when used), Ar as balance, WHSV = 60,000 mL·g−1·h−1.
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N selectivity(%)
NH NH NO NO  2 N O

NH NH
100%

2

3 in 3 out out 2 out 2 out

3 in 3 out
=

[ ] [ ] [ ] [ ] [ ]
[ ] [ ]

×

The NO conversion and N2 selectivity in NH3−SCR
reaction were calculated using the following equations:

NO conversion(%)
NO NO

NO
100%in out

in
= [ ] [ ]

[ ]
×

N selectivity(%)
NH NO NH NO NO  2 N O

NH NO NH NO

100%

2

3 in in 3 out out 2 out 2 out

3 in in 3 out out
=

[ ] + [ ] [ ] [ ] [ ] [ ]
[ ] + [ ] [ ] [ ]

×

3. RESULTS AND DISCUSSION
3.1. NH3−SCO Catalytic Performance. NH3 oxidation

activity on FexSiy as a function of temperature is shown in
Figure 1a. Fe4Si1 and Fe2Si1 showed comparable NH3
oxidation activity to that of Fe2O3, on which the NH3
conversion was higher than 95% above 325 °C. With the
molar ratio of Fe to Si further decreased to 1:1, a slight
decrease in the activity was observed. That is, Si doping could
not contribute to the improvement of NH3 oxidation activity
on Fe2O3. Since N2 selectivity was also an important
performance indicator for NH3−SCO catalysts, the N2
selectivity on Fe2O3 and FexSiy was also calculated. As
illustrated in Figure 1b, Fe2O3 showed rather low N2 selectivity
(<60%) at higher temperatures (>275 °C). Interestingly, the
SiO2 doping significantly improved the N2 selectivity on Fe2O3,
and Fe2Si1 exhibited the highest N2 selectivity than Fe4Si1.
For instance, the N2 selectivity on Fe2Si1 (90%) at 350 °C was
much higher than that on Fe2O3 (23%). The concentrations of

NO, NO2 and N2O generated during the test are also plotted
and shown in Figure 1c-e to demonstrate the effect of SiO2
doping on the distribution of byproducts. SiO2 doping was
found to effectively inhibit the formation of NO, NO2 and
N2O simultaneously, thus resulting in superior N2 selectivity
on FexSiy. When compared to those recently reported
transition metal catalysts for NH3−SCO reaction, Fe2Si1 still
performed one of the best in terms of N2 selectivity, especially
at high temperatures (Table S1).

In the real application of emission control catalysts, SO2 and
H2O in the exhaust might result in severe deactivation of
catalysts. As a result, how to improve SO2/H2O resistance of
catalysts has been a focus of attention in environment catalysis
community. To investigate the SO2 resistance of Fe2O3 and
Fe2Si1, the SO2 resistance of Fe2O3 and Fe2Si1 was evaluated
by introducing 30 ppm SO2 to the feeding gas at 300 °C. As
shown in Figure 1f, although Fe2O3 and Fe2Si1 showed
comparable NH3 oxidation activity in the absence of SO2,
when SO2 was introduced, NH3 conversion on Fe2Si1 only
showed a slight decrease from 85% to 65%, in clear contrast to
the significant deactivation of Fe2O3, on which the NH3
conversion decreased from about 88% to 10%. In addition,
when SO2 was turned off, the catalytic activity on Fe2Si1
would almost fully recover, while the activity on Fe2O3 only
showed a limited increase. Additionally, N2 selectivity on
Fe2O3 was significantly improved after switching on SO2 and
kept at a high level even after turning off SO2 (Figure S1).
According to the previous report, it could be inferred that the
deactivation of Fe sites (redox sites) and the improved surface
acidity due to the formation of ferric sulfates accounted for the
enhancement in the N2 selectivity on Fe2O3.

42 This
phenomenon also indicated that acid sites played a vital role
in determining N2 selectivity during NH3 oxidation reaction.

Figure 2. (a) XRD patterns, (b) Nitrogen adsorption−desorption isotherms and (c) BJH pore size distribution for Fe2O3, Fe2Si1 and SiO2. SEM
images and corresponding elemental EDS mapping images for (d) Fe2O3, (e) SiO2 and (f) Fe2Si1.
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To further investigate the effect of SO2 on the catalytic
performance of Fe2O3 and Fe2Si1, NH3 oxidation activity and
N2 selectivity on presulfated catalysts were also measured. As
demonstrated in Figure S2a, NH3 oxidation activity on Fe2O3
decreased dramatically after sulfation treatment, with T50 (the
temperature at which NH3 conversion reached 50%)
increasing from 267 to 363 °C. Surprisingly, the poisoning
effect of sulfation on Fe2Si1 was much milder, with a limited
increase in T50 of ca. 30 °C. In addition, improved N2
selectivity was achieved on sulfated catalysts (Figure S2b,c).
According to the results of in situ DRIFTS of SO2 + O2
adsorption and TG experiments (Figure S3), the better SO2
resistance of Fe2Si1 was due to the fact that Si doping could
effectively inhibit SO2 adsorption on Fe2O3. That is, SiO2
doping is indeed an effective strategy for alleviating SO2
poisoning of Fe2O3 in NH3−SCO reaction. Moreover,
although Cu and Mn-based catalysts have been reported to
exhibit superior NH3 oxidation activity, Fe2Si1 was advanta-
geous to them in terms of SO2 resistance.

43 The NH3 oxidation
activity on Fe2O3 and Fe2Si1 was also evaluated under wet
conditions (5 vol % H2O) to investigate the effect of H2O. It
was found that Fe2Si1 still exhibited higher NH3 oxidation
activity (Figure 1g) and N2 selectivity (Figure S4) than Fe2O3
in the presence of H2O. Although N2 selectivity on Fe2Si1 was
improved in the presence of H2O, N2 selectivity on Fe2O3
decreased significantly. It was noteworthy that more NO was
formed on Fe2O3 under wet conditions (Figure S5), which
should be the main reason for its lower N2 selectivity.
According to the previous report, −OH species derived from
adsorbed H2O could promote the generation of NO from
−HNO species (−HNO + −OH → NO + H2O).44 The lower
NH3 conversion as well as the formation of more NO well
accounted for the decreased N2 selectivity on Fe2O3.

In short summary, although SiO2 doping did not contribute
to the improvement of NH3 oxidation activity on Fe2O3, the
drastic enhancement in the N2 selectivity as well as SO2/H2O
resistance was achieved on Fe2Si1.
3.2. Structural Properties. XRD patterns for Fe2O3 and

Fe2Si1 were first collected to investigate the possible
differences in their crystal structure. As shown in Figure 2a,
all well-defined diffraction peaks on Fe2O3 could be assigned to
hematite (JCPDS#33−0664). In clear contrast, no identifiable
diffraction peak was observed on Fe2Si1, implying that
amorphous Fe2O3−SiO2 mixed oxide was successfully
synthesized by a facile coprecipitation method, and Fe2O3
and SiO2 might be highly mixed. Raman spectra (Figure S6)
further proved that SiO2 doping could significantly effectively
decrease the crystallinity of Fe2O3. Moreover, according to the
results of SEM and elemental EDS mapping (Figure 2d-f),
Fe2O3, SiO2 and Fe2Si1 were in irregular morphology, and the
distribution of Si in Fe2Si1 matched well with that of Fe,
confirming that uniform Fe2O3−SiO2 mixed oxides with low
crystallinity were successfully synthesized by ethanol-assisted
ammonia (co)precipitation method. The unique function of
SiO2 doping in decreasing the crystallinity of Fe2O3 could be
explained from the perspective of the TEOS hydrolysis
process. Since the hydrolysis of TEOS and the condensation
of silicic acid could easily occur under acidic conditions, H+

(H3O+) or C2H5−OH2
+ generated in the ethanol solution of

Fe(NO3)3·9H2O could induce the hydrolysis of TEOS and the
formation of SiOx(OH)y before the addition of NH3·H2O. As a
result, SiOx(OH)y framework in ethanol solution could retard
the growth of Fe(OH)3 cores and adsorb Fe(OH)3 particles

after the addition of NH3·H2O. Besides, the interaction
between Si and Fe through bridging oxygen was formed
during the subsequent drying and calcination processes, thus
further inhibiting the crystallization of Fe2O3. N2-physisorption
was also conducted on Fe2O3 and Fe2Si1 to further understand
their structure. As shown in Figure 2b, Fe2O3 and SiO2
exhibited type IV isotherms with H3 hysteresis loops,
indicating their mesoporous structure.45 Differently, Fe2Si1
showed type IV isotherms with H2 hysteresis loops,
demonstrating the formation of tubular mesopores.46 More-
over, it was also found that abundant mesopores with a
uniform pore size of ca. 3.5 nm were formed on Fe2Si1 (Figure
2c), indicating the formation of regular mesoporous structure
in Fe2Si1, which also well explained that Fe2Si1 (272 m2·g−1)
showed the much higher specific surface area than Fe2O3 (17
m2·g−1) (Table 1). The high specific surface area of FexSiy

with different Fe−Si ratios (Table S2) confirmed that Si
doping is an effective and reproducible strategy for increasing
the specific surface area of Fe2O3. The significantly decreased
crystallinity and remarkable increase in the specific surface area
of Fe2O3 after SiO2 doping also hinted at the formation of a
unique strong interaction between Fe and Si. The composition
of Fe2Si1 was measured by XRF and is listed in Table 1. The
real molar ratio of Fe:Si in Fe2Si1 determined by XRF (4.3:1)
was higher than the theoretical value (2:1), which could be due
to incomplete condensation of silicic acid under alkaline
conditions. However, as shown in Table S2, the addition of
more TEOS still led to a corresponding decrease in the molar
ratio of Fe:Si. When the amount of Fe2O3 was reduced to the
equivalent amount of Fe2O3 in Fe2Si1 in catalytic performance
evaluation based on the results of XRF, NH3 conversion on
Fe2O3 slightly decreased as expected (Figure S7), but it was
still comparable to that on Fe2Si1, confirming that the primary
role of Si doping is to enhance the N2 selectivity and SO2/H2O
resistance of the catalysts.
3.3. The Interaction between Fe and Si. To further

investigate the surface structure of Fe2Si1 and the possible
interaction between Fe and Si, ATR-FTIR experiment was
performed. As demonstrated in Figure 3a, for SiO2, the bands
at 961 and 1073 cm−1 were related to Si−OH and Si−O−Si,
respectively.47−49 After Si doping, bands at lower wavenumbers
were observed. The band at 1007 cm−1 could be attributed to
the vibration of Fe−O−Si structure, and the band centered at
906 cm−1 was related to the mixture of IR bands attributed to
Fe−OH or Si−OH species, suggesting the formation of Fe−
O−Si and Fe−OH/Si−OH structures in Fe2Si1.50,51 More-
over, the more intensive broad band at 2700−3600 cm−1 on
Fe2Si1 than that on Fe2O3 and SiO2 should be due to the
formation of more surface hydroxyl groups (Si−OH and Fe−

Table 1. Results of N2 Physisorption and XRF

Samples SBET(m2·g−1)a Pore volume (cm3·g−1)b nFe:nSi
c

Fe2O3 17 0.15 -
Fe2Si1 272 0.21 4.3:1
SiO2 6 0.01 -

aSBET meant the specific surface area of catalysts calculated by BET
method using desorption isotherms. bThe pore volume was
determined by BJH method using desorption isotherms. cnFe:nSi
meant the molar ratio of Fe to Si in Fe2Si1 catalysts determined by
XRF.
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OH) on Fe2Si1 generated by the flexible hydrolysis of Fe−O−
Si structure (Figure 3b).49

Besides being used to evaluate the redox performance of
catalysts, H2-TPR technique has also been taken as a powerful
tool for probing the interaction between different components
in a catalyst. As shown in Figure 3c, three main H2-
consumption peaks were observed on Fe2O3 from low to
high temperatures, which could be attributed to the reduction
of Fe2O3 to Fe3O4 (peak α, marked as orange), the reduction
of Fe3O4 to FeO (peak β, marked as blue) and the reduction of
FeO to Fe (peak γ, marked as green), respectively.52

Interestingly, after SiO2 doping, the H2-consumption peak
attributed to the reduction of Fe2O3 to Fe3O4 (peak α’) shifted
to higher temperatures from 379 to 415 °C, and H2-
consumption peaks related to the reduction of Fe3O4 (peak
β’) and FeO (peak γ’) on Fe2Si1 were much weaker than peak
β and peak γ on Fe2O3, which could be due to the fact that the
strong interaction between Fe and Si substantially inhibited the
reduction of Feδ+ to Fe with lower valence. That is, SiO2
doping weakened the redox performance of Fe2O3, which
could then suppress the potential deep oxidation of NH3 to
NOx.

53 The total H2 consumption of Fe2O3 and Fe2Si1 was
also calculated and shown in Figure 3d. Since the reduction of
Feδ+ would be significantly inhibited by Si doping, the
difference between the theoretical and actual hydrogen
consumption amount (ΔH2) of FexSiy should be positively
related to the amount of Fe−O−Si structure. The theoretical
H2 consumption amount was calculated based on the content
of Fe2O3 in FexSiy catalysts. As shown in Figure S8, with the
Fe−Si ratio increased from 1:1 to 4:1, it was found that ΔH2
increased first and then decreased, indicating that the amount

of Fe−O−Si structure in FexSiy showed a volcano plot with
the increase of Fe ratio, and the highest amount of Fe−O−Si
structure was achieved on Fe2Si1.

To further understand the surface chemical states of Fe2Si1,
XPS experiments were conducted. As shown in Figure 4a,b,

after the doping of SiO2, Fe 2p XPS for Fe2O3 shifted to higher
binding energy while Si 2p XPS shifted to lower binding
energy. Such remarkable shifts indicated the electron transfer
between Fe and Si atoms. That is, a strong interaction between
Fe and Si was formed on Fe2Si1 catalyst. O 1s XPS for Fe2O3,
Fe2Si1, and SiO2 were also collected and shown in Figure 4c.
The peaks at 528.6 and 530.3 eV on Fe2O3 could be attributed
to lattice oxygen species and surface oxygen species,
respectively.54 A highly symmetrical peak at 532.7 eV was
observed on the SiO2. Completely different from the results of
the O 1s XPS for Fe2O3, SiO2 or the simple mixture of these
two, the O 1s XPS peak on Fe2Si1 showed a broader peak
shape and was located between the O 1s XPS peaks on Fe2O3
and SiO2. Based on this, it could be inferred that this unique O
1s XPS peak on Fe2Si1 should be related to the oxygen atom
in the Fe−O−Si structure.

In short summary, the results of ATR-FTIR, H2-TPR, and
XPS indicated that a strong interaction between Fe and Si was
formed in the Fe2Si1 catalyst through the Fe−O−Si structure,
which accounted for its unique textural property and redox
performance.
3.4. Surface Adsorption Property and Reaction

Mechanism. The adsorption of NH3 on the catalyst is the
first step of NH3 oxidation reaction, which could significantly
determine the catalytic performance.8,55,56 In order to

Figure 3. (a, b) ATR-FTIR spectra of Fe2O3 and Fe2Si1 catalysts. (c)
H2-TPR profiles for Fe2O3 and Fe2Si1. (d) The total consumption of
H2 for Fe2O3 and Fe2Si1.

Figure 4. (a) Fe 2p XPS for Fe2O3 and Fe2Si1; (b) Si 2p XPS for
SiO2 and Fe2Si1; (c) O 1s XPS for Fe2O3, Fe2Si1 and SiO2.
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investigate the NH3 adsorption−desorption process on Fe2O3
and Fe2Si1, NH3-TPD experiments were carried out. As
shown in Figures 5a and S9, the NH3-desorption peaks on
Fe2Si1 were much more intensive than those on Fe2O3, and
rather limited NOx was generated during the desorption
process, which meant that more NH3 adsorption sites (acid
sites) were formed on Fe2Si1. Further peak fitting analysis
suggested that the total NH3 adsorption amount on Fe2Si1
(794 μmol NH3·gcat.−1) was 7 times that on Fe2O3 (99 μmol
NH3·gcat.

−1), suggesting that SiO2 doping could significantly
facilitate the formation of acid sites on Fe2O3 catalysts.

To identify the types of acid sites on Fe2O3 and Fe2Si1 and
determine the acidity strength of different acid sites, in situ
DRIFTS of NH3-TPD experiments were also conducted
(Figure 5b,c). It was found that the acid sites on Fe2O3 were
mainly in the form of Lewis acid sites (1175 and 1605 cm−1,
marked as NH3-L), while the IR bands attributed to NH3
species adsorbed on both Lewis acid sites (1605 cm−1) and
Brønsted acid sites (1435 and 1680 cm−1, marked as NH3−B)
were observed on Fe2Si1.57−63 Considering the drastic
increase in the amount of surface acid sites on Fe2Si1, it
could be concluded that SiO2 doping could effectively induce
the generation of abundant Brønsted acid sites on Fe2O3. As
discussed in ATR-FTIR section, more hydroxyl groups were
formed on Fe2Si1 due to the flexible hydrolysis of Fe−O−Si
structure and the resulting Fe−OH and Si−OH species, and
those hydroxyl groups could serve as Brønsted acid sites.
Furthermore, NH3 adsorbed on Fe2O3 could desorb at lower
temperatures when compared to that adsorbed on Fe2Si1,
suggesting that the Brønsted acid sites and Lewis acid sites on
Fe2Si1 showed stronger acidity than those on Fe2O3.
Interestingly, although O2 was not introduced to the DRIFTS
cell throughout the NH3 desorption process, obvious bands
attributed to nitrates (1350, 1420, and 1570 cm−1, marked as
Nit) were observed on Fe2O3 (≥ 200 °C), implying that
oxygen species on Fe2O3 were highly reactive to NH3, well
explaining that Fe2O3 still exhibited slightly higher NH3
oxidation activity than Fe2Si1 at low temperatures even with
much fewer acid sites (Figure 1a).64−66 However, the efficient
nonselective oxidation of NH3 to NOx on Fe2O3 might also
result in the decrease of N2 selectivity. The more facile
activation of NH3 and O2 on Fe2O3 could be further confirmed
by the lower apparent activation energy (Ea) on Fe2O3 (99 kJ·
mol−1) than that on Fe2Si1 (165 kJ·mol−1), as illustrated in
Figure 6. More interestingly, although Ea on Fe2Si1 was higher

than that on Fe2O3 in NH3 oxidation reaction, the activity on
Fe2O3 and Fe2Si1 was quite close at relatively high
temperature (> 275 °C), which could be resulted from the
formation of more acid sites on Fe2Si1 and the different
reaction pathways on these two catalysts. When normalizing
the reaction rate by specific surface area (Figure S10), Fe2O3
was found to show a much higher NH3 oxidation reaction rate
per unit surface area than Fe2Si1, which could be due to the
weakened redox capability of Fe2O3 after Si doping.

It has been widely recognized that reaction mechanisms on
NH3−SCO catalysts had a significant impact on their catalytic
activity and N2 selectivity.67,68 To reveal the reasons for the
different N2 selectivity on Fe2O3 and Fe2Si1 from a reaction
mechanism perspective, in situ DRIFTS of NH3 adsorption and
NH3 oxidation experiments were conducted at 275 °C. As
shown in Figure 7a, for Fe2O3, the band at 1190 cm−1 could be
attributed to NH3 adsorbed on Lewis acid sites (NH3-L) and
the peaks at 3133, 3221, and 3348 cm−1 were related to N−H
stretching vibration modes.54,69−73 The negative bands at 1227
and 1275 cm−1 should be related to the consumption of
surface groups due to NH3 adsorption. Furthermore, the
absence of intensive bands at ca. 1440 cm−1 further confirmed
that limited Brønsted acid sites were formed on Fe2O3, in good
consistency with the results of in situ DRIFTS of NH3-TPD.74

Upon the introduction of O2 into the feeding gas, it could be

Figure 5. (a) NH3-TPD profiles for Fe2O3 and Fe2Si1. In situ DRIFTS of NH3-TPD on (b) Fe2O3, and (c) Fe2Si1.

Figure 6. Arrhenius plots and apparent activation energy (Ea) values
for NH3 oxidation on Fe2O3 and Fe2Si1.
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observed that the intensity of the bands related to NH3-L
species decreased rapidly, and NH3-L species (1190 cm−1)
were hardly observed after 3 min, indicating that NH3-L
species on Fe2O3 was highly reactive to O2. Based on the
results of catalytic performance evaluation (Figure 1), it can be
concluded that NH3 adsorption on Lewis acid sites (FeOx
species) could contribute to the enhancement of NH3
oxidation activity and might play a negative role in N2
selectivity, which was consistent with previous reports.75,76

After the introduction of O2 for 20 min, the negative bands at
1227 and 1275 cm−1 disappeared, which further confirmed that
those two bands should be resulted from the consumption of
surface oxygen species during the adsorption of NH3. The
formation of the intensive band at 3396 cm−1 could be related
to the generation of surface hydroxyl groups during the
oxidation of NH3.

49 For Fe2Si1, besides the bands related to
NH3-L species (1263 and 1608 cm−1), intensive band ascribed
to NH4

+ species coordinated to Brønsted acid sites (1441
cm−1) was also observed on Fe2Si1 (Figure 7b), which meant
that Si doping could help the generation of more acid sites
with strong acid strength on Fe2O3, which were mainly in the
form of Brønsted acid sites (Si−OH and Fe−OH).77−79 It was
observed that both NH3-L and NH3−B species on Fe2Si1 were
consumed by O2, and equilibrium was achieved in 30 min.
Interestingly, unlike that bands related to NH3-L species could
be hardly observed on Fe2O3 a few minutes after the
introduction of O2, NH3-L species still could be clearly
observed on Fe2Si1, suggesting that NH3-L species on Fe2Si1
were less reactive than those on Fe2O3, which could be due to
the inferior redox performance of Fe sites strongly interacting
with Si. Considering that Fe2Si1 exhibited a higher N2
selectivity, abundant Brønsted acid sites on Fe2Si1 might

play a more prominent role in improving N2 selectivity.
Specifically, the reaction between NOx generated on FeOx sites
(Lewis acid sites) and NH3 adsorbed on Brønsted acid sites
(Fe−OH/Si−OH) was the key step in improving the N2
selectivity.

Although the bands attributed to adsorbed nitrites/nitrates
were not observed on both Fe2O3 and Fe2Si1 due to the weak
adsorption strength and the fast reaction between gaseous NOx
and NH3, it still could be deduced from the results of catalytic
performance evaluation and in situ DRIFTS of NH3 oxidation
that the presence of abundant NH4

+ species (NH3−B) existed
on Fe2Si1 under reaction condition might better facilitate the
conversion of gaseous NOx to N2 through the internal selective
catalytic reduction (i-SCR) pathway if part of NH3 has been
nonselectively oxidized to NOx. For Fe2O3, the relatively better
redox performance as suggested by H2-TPR experiments, and
much fewer remaining adsorbed NH3 species on it under
reaction conditions were unfavorable for the i-SCR pathway,
thus resulting in the lower N2 selectivity.

To support our viewpoint that Fe2Si1 catalyst could benefit
the elimination of NOx generated by nonselectivity oxidation
of NH3 through i-SCR pathway, NH3−SCR activity on Fe2Si1
and Fe2O3 was also evaluated. As shown in Figure 8a, although
Fe2Si1 showed slightly lower NH3 oxidation activity than
Fe2O3, much better NH3−SCR activity was achieved on
Fe2Si1, which meant that NH3 adsorbed on Fe2Si1 showed
higher reactivity to NO. That is, NOx generated by
nonselective oxidation of NH3 on Fe2Si1 could be effectively
consumed by adsorbed NH3 through i-SCR reaction pathway,
which also well explained the much lower concentration of
NOx generated on Fe2Si1 from 250 to 400 °C in NH3
oxidation reaction (Figure 1c-e). Moreover, Fe2Si1 also

Figure 7. In situ DRIFTS of NH3 adsorption and NH3 oxidation on (a) Fe2O3 and (b) Fe2Si1 at 275 °C.

Figure 8. (a) NO conversion and (b) N2 selectivity on Fe2O3 and Fe2Si1 catalysts in NH3−SCR reaction.
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showed higher N2 selectivity than Fe2O3 in NH3−SCR
reaction (Figure 8b), further confirming that Si doping could
suppress the nonselective oxidation of NH3 on Fe2O3. To
facilitate understanding, a possible reaction pathway of NH3
oxidation reaction on Fe2Si1 was proposed and shown in
Scheme 1.

4. CONCLUSIONS
In order to improve the N2 selectivity in NH3−SCO reaction
on Fe2O3 catalysts, a facile strategy of SiO2 doping was
proposed in this work. Through an ethanol-assisted ammonia
coprecipitation method, amorphous Fe2O3−SiO2 mixed oxides
were successfully prepared, with the formation of the Fe−O−
Si interaction. Due to the higher surface area and the more
abundant surface hydroxyl groups (Fe−OH and Si−OH),
Fe2Si1 possessed more acid sites than Fe2O3, and these acid
sites were mainly in the form of Brønsted acid sites. Although
the redox performance of Fe2O3 was weakened by SiO2 doping
due to the Fe−O−Si interaction leading to a decrease in the
ability to activate NH3, the higher concentration of surface acid
sites on Fe2Si1 could effectively compensate for the relatively
weak redox performance. Moreover, it was revealed that the
abundant Brønsted acid sites on Fe2Si1 could induce the
reaction between NH4

+ and NOx generated by the deep
oxidation of NH3 through an i-SCR pathway, which could
further decrease the concentration of NOx in the final
products. This work paved a new way for developing NH3−
SCO catalysts with superior N2 selectivity.
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Scheme 1. A Proposed NH3 Oxidation Reaction Pathway on
Fe2Si1
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