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A B S T R A C T

The deposition of WOx species using conventional impregnation method is a very simple and efficient way to
adjust the surface acidity and redox ability of hematite Fe2O3 simultaneously, significantly improving its cata-
lytic activity and N2 selectivity for the selective catalytic reduction of NOx with NH3 (NH3-SCR). The deposited
WOx species on Fe2O3 surface was in highly unsaturated coordination state acting as an effective surface
modifier. Through the electronic inductive effect in WeOeFe bonds, the oxidation ability of surface Fe(3+δ)+

species was well increased, yet the over-oxidation of NH3 on bulk Fe2O3 was significantly suppressed, which was
quite beneficial to the improvement of NH3-SCR activity and N2 selectivity simultaneously. Besides, the de-
posited WOx species could also supply abundant surface reactive Lewis and Brønsted acid sites for NH3 ad-
sorption and activation during the SCR reaction. The NH3-SCR process on this WOx/Fe2O3 catalyst mainly
followed an Eley-Rideal (E-R) reaction pathway between gaseous NO and active NH3 adsorbed species, which
was the main reason for its superior SO2 resistance. This opens a new route for the preparation of highly efficient,
selective, cost effective and SO2 resistant NH3-SCR catalysts for the deNOx process on diesel engines.

1. Introduction

Nitrogen oxides (NOx, including NO and NO2) can induce major air
pollution problems, such as acid rain, photochemical smog and haze.
Great efforts have been devoted to the development and application of
NOx emission control technologies for fossil fuel combustions [1,2].
Due to its high efficiency, excellent selectivity and low cost, selective
catalytic reduction of NOx with NH3 (NH3-SCR) has been widely ap-
plied for the removal of NOx from stationary sources since 1970s [3],
and this technology has also become the dominant deNOx technology
for diesel vehicles to meet the ever tightened emission standards [4].

Catalysts play a key role in the practical application of NH3-SCR
technology [5,6]. The commercial NH3-SCR catalyst for stationary
source NOx reduction was mainly WO3 or MoO3 doped V2O5/TiO2

[3,7], which was also applied as the first generation NH3-SCR catalyst
on diesel vehicles in Europe. However, the toxicity of active vanadium
species, together with high N2O formation at high temperatures, has
restrained its mobile applications [8]. Therefore, great efforts have

been made to develop substitutive, environmentally benign NH3-SCR
catalysts for diesel vehicle emission control. In recent years, some
transition metal exchanged zeolites, such as Fe-ZSM-5 [9], and Cu-SSZ-
13 [10,11], and vanadium-free oxide catalysts, such as CeO2-WO3 oxide
[12,13] and CeO2-TiO2 oxide [14,15], were developed as potential
substitutions for vanadium-based NH3-SCR catalysts in diesel applica-
tion.

Iron oxides are environmentally-benign materials which can be used
as catalysts for various reactions. The reduction of NOx with NH3 can
also be catalyzed by Fe-based materials due to their excellent redox
ability between Fe3+ and Fe2+. The previous studies mainly focused on
the shape or morphology-controlled synthesis of Fe2O3 [16], the
achievement of high dispersion of Fe2O3 onto other supports [17] or the
synthesis of mixed oxide catalysts with new active phase of Fe species
[18]. The developed Fe-based oxide catalysts include γ-Fe2O3 na-
norods16, Fe2O3-PILC [19], FeTiOx [18], Fe-Ti spinel [20], Fe2O3-SiO2

aerogel [21], Fe2O3/WO3/ZrO2 [17], and carbon materials supported
Fe2O3 [22,23]. However, there is barely any report on the surface
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modification of Fe2O3 to improve its NH3-SCR performance. The
tungsten oxide is usually used as the promoter for NH3-SCR catalysts to
improve the hydrothermal stability or increase the surface acidity
[24,25], which has been successfully used to modify CeO2 for deNOx

process [26]. In this paper, the surface modification effect of WOx

species on Fe2O3 will be investigated in detail, supplying a simple and
new way to prepare highly efficient NH3-SCR catalyst for practical use
in diesel NOx reduction.

2. Experimental

2.1. Catalyst preparation

The pristine Fe2O3 material was prepared by conventional pre-
cipitation method using Fe(NO3)3·9H2O as precursor and urea as pre-
cipitator. After the dissolution of Fe(NO3)3·9H2O into distilled water,
excessive urea aqueous solution was added with a urea/Fe molar ratio
of 10:1. The mixed solution was then heated to 90 °C and held there for
12 h under vigorous stir. After filtration and washing with distilled
water, the resulting precipitate cake was dried at 100 °C for 12 h and
subsequently calcined at 500 °C for 3 h in air. The resulting Fe2O3

material was then grounded into fine powder for use.
The δ% WOx/Fe2O3 catalysts (δ=1, 5, 10 by weight) were pre-

pared by conventional impregnation method using the above-men-
tioned Fe2O3 as support and (NH4)6H2W12O40·5H2O as WOx precursor.
The calculated amount of (NH4)6H2W12O40·5H2O precursor was firstly
dissolved into distilled water in the presence of H2C2O4·2H2O with
equal weight. Then, the Fe2O3 powder was added into the solution
under vigorous stir. After impregnation, the excess water was removed
in a rotary evaporator at 80 °C. The resulting samples were dried at
100 °C for 12 h and finally calcined at 500 °C for 3 h in air. Before NH3-
SCR activity tests, the δ% WOx/Fe2O3 power catalysts were pressed into
pellets, crushed and sieved to 40–60 mesh. The pristine WO3 sample
was also prepared as reference material by direct decomposition of
(NH4)6H2W12O40.5H2O in air at 600 °C for 3 h.

2.2. Activity test

The steady state NH3-SCR and NO/NH3 oxidation activity over δ%
WOx/Fe2O3 catalysts (δ=0, 1, 5, 10) was tested in a fixed-bed quartz
tube reactor, and the reaction conditions were controlled as follows:
40–60 mesh catalyst, 500 ppm NO, 500 ppm NH3, 5 vol.% O2, 100 ppm
SO2 (when used), 5% H2O (when used) and N2 balance; 500ml/min
total flow rate, and catalyst volume of 0.6mL or 0.3mL, corresponding
to gas hourly space velocity (GHSV) of 50,000 h−1 or 100,000 h−1. The
effluent gas including NO, NH3, N2O and NO2 was analyzed using an
FTIR spectrometer (Nicolet Nexus 670) equipped with a low volume
multiple-path gas cell (2 m). The NOx conversion and N2 selectivity
were calculated according to the formulas described in our previous
study [27].

2.3. Characterizations

The N2 physisorption isotherms were measured at 77 K on
Quantachrome Quadrasorb SI-MP. Prior to N2 physisorption, the sam-
ples were degassed at 300 °C for 4 h. Surface areas were determined by
BET equation in 0.05–0.35 partial pressure range. Pore volumes and
average pore radius were determined by BJH method from desorption
and adsorption branches of the isotherms, respectively.

The XRD measurements of δ% WOx/Fe2O3 catalysts (δ=0, 1, 5, 10)
were carried out on PANalytical X'Pert Pro Diffractometer with Cu Kα
radiation source (λ=0.15406 nm). The data of 2θ from 10 to 80° were
collected at 8°/min with step size of 0.07°.

The ex situ XAFS of W-LIII edge were measured in fluorescence mode
for δ%WOx/Fe2O3 catalysts (δ=1, 5, 10) and in transmission mode for
WO3 reference on BL14W1 beamline, Shanghai Synchrotron Radiation

Facility (SSRF). The ex situ XAFS of Fe-K edge in δ% WOx/Fe2O3 cata-
lysts (δ=1, 5, 10) and Fe2O3 reference were measured in transmission
mode on 1W1B beamline, Beijing Synchrotron Radiation Facility
(BSRF). The in situ XAFS of Fe-K edge in δ% WOx/Fe2O3 catalysts
(δ=1, 5, 10) and Fe2O3 reference during the temperature programmed
reduction process in 5 vol.% H2/He from room temperature to 900 °C
were measured in transmission mode using quick XAFS (QXAFS)
method on BL-12C beamline, Photon Factory, High Energy Accelerator
Research Organization (KEK), Japan. XAFS Data were analyzed using
the REX2000 program (Rigaku Co.). XANES were normalized with edge
height and then taken the first-order derivatives to compare the var-
iation of absorption edge energies. EXAFS oscillation χ(k) was extracted
using spline smoothing with a Cook-Sayers criterion [28], and the fil-
tered k3-weighted χ(k) was Fourier transformed into R space in the k
range of 2.0–10.5 Å−1 for W–LIII edge and 2.0–13.0 Å−1 for Fe-K edge.
In the curve fitting step, the possible backscattering amplitude and
phase shift were calculated using FEFF8.4 code [29].

The XPS of δ% WOx/Fe2O3 catalysts (δ=1, 5, 10) and Fe2O3, WO3

references was recorded on Scanning X-ray Microprobe (PHI Quantera,
ULVAC-PHI, Inc.) using Al Kα radiation. Binding energies of W 4f, Fe 2p
and O 1s were calibrated using C 1s peak (BE= 284.8 eV).

The H2-TPR experiments of δ% WOx/Fe2O3 catalysts (δ=1, 5, 10)
and Fe2O3, WO3 references were carried out on an AutoChem 2920
Chemisorption Analyzer (Micromeritics). The samples with 50mg
weight were pretreated in a quartz tube reactor at 300 °C in a flow of air
(50ml/min) for 1 h and then cooled down to room temperature.
Afterwards, the H2-TPR procedures were performed in a flow of 10 vol.
% H2/Ar (50ml/min) from room temperature to 1000 °C with the
ramping rate of 10 °C/min.

The in situ DRIFTS were performed on an FTIR spectrometer
(Nicolet Nexus 670) equipped with a smart collector and an MCT/A
detector, including the NH3/(NO+O2) adsorption over δ%WOx/Fe2O3

catalysts (δ=0, 1, 5, 10) and the transient reactions (i.e. reaction be-
tween NO+O2 and pre-adsorbed NH3 species, reaction between NH3

and pre-adsorbed NOx species, and reaction in NH3+NO+O2 atmo-
sphere) over Fe2O3 reference and 5% WOx/Fe2O3 catalyst. The samples
were pretreated at 400 °C for 0.5 h in 20 vol.% O2/N2 and then cooled
down to 200 °C. The background spectra were collected in flowing N2

and automatically subtracted from the sample spectra. The reaction
conditions were controlled as follows: 500 ppm NH3, 500 ppm NO,
5 vol.% O2, N2 balance and 300ml/min flow rate. For each sample, the
NH3/(NO+O2) adsorption time was controlled at 1 h. Afterwards, the
samples were purged by N2 for another 0.5 h until the infrared spec-
troscopy signals were stabilized. Finally, (NO+O2)/NH3 was in-
troduced into the gas chamber to react with the pre-adsorbed NH3/NOx

species for 1 h. All spectra were recorded by accumulating 100 scans
with 4 cm−1 resolution.

3. Results and discussion

3.1. NH3-SCR activity and the effects of SO2, H2O and GHSV

The influence of the deposition amount of WOx species onto Fe2O3

on the NH3-SCR activity was firstly investigated. As the results shown in
Fig. 1, the pristine Fe2O3 showed very low NH3-SCR efficiency with a
rather narrow operation temperature window and relatively low N2

selectivity in the whole temperature range. Only ca. 40% NOx conver-
sion was achieved over the un-promoted Fe2O3 at 300 °C. Interestingly,
the simple deposition of WOx species onto Fe2O3 surface resulted in a
significant enhancement of deNOx efficiency in the medium tempera-
ture range with obviously broadened operation temperature window
and enhanced N2 selectivity. For example, the deposition of only 1%
WOx onto Fe2O3 could promote the NH3-SCR activity to a certain extent
above 250 °C. It should be noted that, on Fe2O3 and 1% WOx/Fe2O3

samples, the NOx conversion at ca. 350 and 400 °C showed negative
values, and this was probably caused by the over-oxidation of NH3 (to
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NO or NO2) at high temperatures. Significantly, with over 80% NOx

conversion can be obtained from 300 to 450 °C over the optimal 5%
WOx/Fe2O3 catalyst along with greatly improved N2 selectivity. Further
increasing the WOx deposition amount to 10% led to some decrease of
deNOx activity below 400 °C possibly due to the aggregation of WOx

species or the excessive coverage of catalytically active sites, which will
be verified in the following characterization sections.

For practical use on diesel engines, high SO2 durability is usually
required for the potential NH3-SCR catalysts. Choosing the 5% WOx/
Fe2O3 catalyst as the optimal candidate, we have systematically in-
vestigated its SO2 durability not only at a fixed temperature point but
also in the whole temperature range. As shown in Fig. 2A, the in-
troduction of 100 ppm SO2 into the SCR atmosphere did not influence
the deNOx efficiency over the 5%WOx/Fe2O3 catalyst at 300 °C, and the
NOx conversion could always maintain above 80% even after 24 h re-
action. The NH3-SCR activity of the sulfated 5% WOx/Fe2O3 catalyst as
a function of reaction temperature was also tested in comparison with
the fresh one, and the results are shown in Fig. 2B. No obvious differ-
ence in the SCR activity can be observed over the fresh and sulfated 5%
WOx/Fe2O3 catalyst, indicating that this WOx promoted Fe2O3 catalyst
is highly resistant to the SO2 poisoning which is very beneficial to its
practical use.

The influences of H2O and space velocity on the NOx conversion
over 5% WOx/Fe2O3 were also tested (Fig. 3). Different effects of the
presence of 5% H2O in the feeding gas on the NOx conversion were
observed at low temperature and high temperature, respectively. The

NOx conversion was inhibited at low temperature due to the adsorption
competition between H2O and reactants (NOx and NH3) on the surface
active sites of the catalyst, while the NOx conversion was enhanced at
high temperature owing to the suppression of the unselective oxidation
of NH3. The increase of GHSV from 50,000 h−1 to 100,000 h−1 induced
a further decrease of NOx conversion at low temperature, but the NOx

conversion of over 80% could still be obtained in the typical tempera-
ture range of diesel exhaust (from 350 to 500 °C).

3.2. Surface areas and pore parameters

Derived from the N2 physisorption results, the textural parameters
of δ% WOx/Fe2O3 serial catalysts including BET surface areas, pore
volumes and pore radii are shown in Table 1. With the increase of WOx

deposition amount, both the BET surface areas and pore volumes of δ%
WOx/Fe2O3 catalysts (δ=1, 5, 10) only showed some slight decrease to
a certain extent, mainly due to the blocking of partial pore channels of
Fe2O3 by the deposited WOx species. If normalized by the BET surface
areas, the promotion effect of WOx deposition on the NH3-SCR activity
of Fe2O3 will be more obvious. It is interesting that the optimal 5%
WOx/Fe2O3 catalyst exhibited the largest pore radius, which was pos-
sibly due to the presence of abundant WOx species on this sample with
relatively high dispersion degree thus obtaining more extra piled pores
with larger radius.

3.3. Bulk structure of Fe2O3 characterized by XRD and XAFS

To investigate the influence of WOx deposition on the crystal
structure of Fe2O3, both the XRD patterns and Fe-K XAFS including
XANES and EXAFS were measured, as the results shown in Figs. 4, S1
and S2, respectively. Before and after WOx deposition, no obvious dif-
ference in the diffraction peaks of hematite α-Fe2O3 can be observed
(Fig. 4), indicating that the surface modification of Fe2O3 did not in-
fluence its bulk structure at all. At the same time, no diffraction peaks

Fig. 1. The NOx conversion as a function of reaction temperature in NH3-SCR reaction
over δ% WOx/Fe2O3 serial catalysts (δ=0, 1, 5, 10) under the GHSV of 50,000 h−1.

Fig. 2. (A) The NOx conversion as a function of reaction time in NH3-SCR reaction over
5% WOx/Fe2O3 catalyst in the presence of 100 ppm SO2 at 300 °C under the GHSV of
50,000 h−1; (B) The NOx conversion as a function of reaction temperature in NH3-SCR
reaction over fresh and sulphated 5% WOx/Fe2O3 catalysts under the GHSV of
50,000 h−1.

Fig. 3. The influences of H2O and GHSV on the NOx conversion over 5% WOx/Fe2O3

catalyst.

Table 1
Textural parameters of δ% WOx/Fe2O3 serial catalysts (δ=1, 5, 10) and Fe2O3, WO3

reference samples.

Samples SBET [m2 g−1]a Pore volume [cm3 g−1]b Pore radius [nm]c

Fe2O3 24.1 0.31 1.5
1% WOx/Fe2O3 24.9 0.32 2.4
5% WOx/Fe2O3 24.6 0.28 2.8
10% WOx/Fe2O3 23.4 0.26 1.7
WO3 0.01 0.01 1.5

a BET surface area.
b BJH desorption pore volume.
c BJH adsorption pore radius.
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attributed to WO3 can be observed even at high WOx loading as 10%,
suggesting that the possible strong interaction between WOx and Fe2O3

could lead to the relatively high dispersion of WOx on the Fe2O3 sur-
face. Besides, the Fe-K XANES patterns of the WOx promoted Fe2O3

catalysts were identical to that of pristine Fe2O3 (Fig. S1A), showing the
same absorption edge energy of Fe3+ at 7127.1 eV (Fig. S1B). The Fe-K
EXAFS of δ% WOx/Fe2O3 catalysts (δ=0, 1, 5, 10) in R space (Fig.
S2A) and k space (Fig. S2B) were also quite similar to each other, ex-
hibiting the same FeeO and FeeOeFe coordination shells with similar
coordination numbers and bond distances. All the above-mentioned
XAFS results indicate again that the surface deposited WOx species did
not enter the lattice of hematite Fe2O3 to change its bulk crystal
structure, only existing as a surface modifier to possibly influence the
microstructure and electronic property in the outermost layers of the
catalysts.

3.4. Local structure of WOx species characterized by XAFS

By measuring the W-LIII XANES and EXAFS, the local structure of
WOx species on the Fe2O3 surface can be well analyzed, as the results
shown in Figs. 5 and 6. In W-LIII XANES for all samples (Fig. 5A), the
electron transitions from 2p3/2 orbitals to 5d orbitals are typically
presented by the white line, and two overlapped peaks in the white line
are observed owing to the splitting of the 5d states by the ligand field
[30]. It is interesting to see that, with the increase of WOx loading, the
ratio of the sub-peak in the white line at lower energy position de-
creased to a certain extent, and in the 10% WOx/Fe2O3 with relatively
high WOx loading, its XANES pattern became closer to that of pristine
WO3. This means that during the increase of WOx loading amount on
Fe2O3 surface, the coordination configuration of partial WOx species
might also change probably from tetrahedral structure to octahedral
structure, which will be discussed later.

From the first-order derivatives of W-LIII XANES in Fig. 5B, it is clear
to see that the absorption edge energy of W species in δ% WOx/Fe2O3

serial catalysts (10204.5 eV) was 0.5 eV lower than that in pristine WO3

(10,205.0 eV), indicating that the average valence of the W species in
the promoted WOx/Fe2O3 catalysts is actually lower than 6+. This is
possibly due to the deviation of electron cloud from surface Fe3+ to
W6+ through an electronic inductive effect as we described in our
previous studies [31–33], resulting in the formation of W(6−δ)+ and
Fe(3+δ)+ species on the catalyst surface. The XPS results in the fol-
lowing section will help to check if such electronic inductive effect is
indeed present between surface Fe and W species.

Back to the W-LIII XANES, Fig. 5C shows the second-order deriva-
tives of XANES patterns for all samples to better discriminate the two
split peak positions in the white line. The gap energy between the sub-
peaks at higher and lower energy positions can also be determined,
with this value being ca. 3.96 eV for δ% WOx/Fe2O3 serial catalysts and

4.52 eV for pristine WO3. Yamazoe et al. [30] concluded in their work
that this gap energy would increase as the local coordination structure
of WOx species changing from tetrahedron (-WO4) to octahedron
(-WO6). Therefore, we can conclude that with the increase of WOx

loading amount, the ratio of -WO4 species in the WOx/Fe2O3 catalysts
actually decreased and at the same time the ratio of -WO6 species in-
creased. The optimal 5% WOx/Fe2O3 catalyst should have a well ba-
lanced ratio of -WO4/-WO6 species thus showing the most excellent
NH3-SCR performance.

Fig. 6A shows the EXAFS results of W-LIII edge in R space for δ%
WOx/Fe2O3 serial catalysts and pristine WO3 together with the simu-
lated EXAFS results of WO3 and Fe2WO6 using FEFF8.4 code. All the W
species in δ% WOx/Fe2O3 serial catalysts and pristine WO3 exhibited
the first WeO coordination shells with similar bond distances, yet quite
different coordination shells above 2.0 Å were observed. For 1% WOx/
Fe2O3 catalyst, only a well defined coordination peak attributed to the
WeO plus WeOeFe scattering pathways can be found, indicating that
at low WOx loading the WOx species could well disperse on the Fe2O3

surface without the formation of aggregated WOx clusters at all. With
the increase of WOx loading amount to 5 and 10%, the coordination
shells ascribed to WeOeW can be well identified at ca. 3.5 Å similar to
that in WO3 besides of the shells owing to WeO plus WeOeFe scat-
terings and WeO multiple scatterings. The WOx species must be present
on the Fe2O3 surface in oligomeric form under such circumstances,
which can be verified by the EXAFS curve fitting results as shown in
Fig. 6B. By using the WeOeW scattering pathway from WO3 model, the
coordination shells in 5% WOx/Fe2O3, 10% WOx/Fe2O3 and pristine
WO3 in the dashed rectangle in Fig. 6A can be simulated with high
fitting degree, obtaining the coordination numbers of 2.4, 2.8 and 4.0,
respectively, with the bond lengths at 3.83–3.86 Å. These results clearly
suggest that with the increase of WOx loading amount, the particle size
of the oligomeric WOx on Fe2O3 surface gradually increased, and on the
optimal 5% WOx/Fe2O3 catalyst the WOx species was mainly present in
the form of dimeric or trimeric clusters. Such an unsaturated co-
ordination state of WeOeW on the catalyst surface represents the ex-
istence of abundant local W defects which can be hydroxylated by H2O
to form WeOeH species, acting as the Brønsted acid sites for NH3

adsorption in SCR reaction.

3.5. Surface composition and electronic inductive effect characterized by
XPS

The surface compositions of δ% WOx/Fe2O3 serial catalysts were
characterized by XPS, as the results shown in Fig. 7 and Table 2. With
the increase of WOx loading amount from 1% to 10%, the XPS peak
intensities of W 4f (Fig. 7A) showed a monotonic increase to a certain
extent, and at the same time the XPS peak intensities of Fe 2p (Fig. 7B)
showed a gradual decrease, which was mainly due to the coverage of
Fe2O3 surface by the deposited WOx species. As the semi-quantitative
analysis results of the surface atomic concentrations shown in Table 1,
the surface W concentration increased from 2.9% on 5% WOx/Fe2O3

catalyst to 4.1% on 10% WOx/Fe2O3 catalyst, while the surface Fe
concentrations on these two catalysts were nearly the same (37.5% vs.
37.1%). These results indicate that the 5% WOx loading amount might
have already reached the threshold value for the total coverage of
Fe2O3 surface by WOx species, and further increasing the WOx loading
amount only led to the formation of multiple WOx layers or surface
converged clusters thus resulting in the decrease of NH3-SCR perfor-
mance. Besides, the deconvoluted XPS peaks of O 1s are shown in
Fig. 7C, and the relative concentrations of different oxygen species (Oβ
at 529.5–530.7 eV, Oα at 530.8–531.6 eV, surface OH groups at
533.1–532.9 eV probably resulting from chemisorbed H2O) [34] are
presented in Table 1. It is noteworthy that with the increase of WOx

loading amount, the binding energy of Oβ on δ% WOx/Fe2O3 catalysts
showed some increase comparing to pure Fe2O3, and we consider that
this was mainly caused by the intrinsic higher binding energy of Oβ on

Fig. 4. The powder XRD patterns of δ% WOx/Fe2O3 serial catalysts (δ=0, 1, 5, 10).
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WOx species than that on Fe2O3 (530.7 vs. 529.5 eV). Importantly, as we
can clearly see, the deposition of WOx onto Fe2O3 surface could greatly
facilitate the formation of surface hydroxyls, and the optimal 5% WOx/
Fe2O3 catalyst exhibited the most abundant surface OH groups acting as
efficient Brønsted acid sites for NH3 adsorption to supply sufficient
reductant on the catalyst surface for NOx reduction in SCR reaction.

The W-LIII XANES results in Fig. 5B have already shown that the
average valence state of W species in δ% WOx/Fe2O3 serial catalysts
was relatively lower than that in pristine WO3, and this phenomenon
was much more obvious in W 4f XPS results. As clearly shown in
Fig. 7A, both the binding energies of W 4f7/2 (35.1–35.5 eV) and W 4f5/
2 (37.2–37.7 eV) on δ% WOx/Fe2O3 catalysts were indeed lower than
the corresponding values on pristine WO3 sample (W 4f7/2 at 35.8 eV
and W 4f5/2 at 38.0 eV) [35,36], and with the increase of the WOx

loading amount on the promoted catalysts, the binding energies of W 4f
gradually increased approaching the values on pristine WO3. Feng et al.
[37] also observed that the as-prepared monolayer-dispersed WOx

species on α-Fe2O3 (0001) surface had mixed oxidation states of W6+

and W5+. At the same time, as shown in Fig. 7B, the deposition of WOx

species onto Fe2O3 surface also resulted in the increase of binding en-
ergies of both Fe 2p3/2 (710.9–711.0 eV) and Fe 2p1/2 (724.3–724.4 eV)
on δ% WOx/Fe2O3 catalysts comparing with that on pristine Fe2O3 (Fe
2p3/2 at 710.8 eV and Fe 2p1/2 at 724.1 eV) [38,39]. Interestingly, this
effect already reached the limit when the WOx loading amount was
above 5%, which was mainly due to the occurrence of surface

convergence of WOx species without further contacting the surface Fe
species. The above-mentioned XPS results well elucidated that the
electronic inductive effect between surface W6+ and Fe3+ species was
certainly present on WOx/Fe2O3 catalysts through the formation of
WeOeFe bonds, resulting in the generation of W(6−δ)+ and Fe(3+δ)+

species simultaneously. During this process, the oxidation ability of the
surface Fe species was actually enhanced to a certain extent, which was
beneficial to the activation of reactants for NH3-SCR reaction (mainly
for NH3 activation).

3.6. The variation of redox ability induced by WOx deposition

The NH3-SCR reaction usually requires a redox cycle of active sites
in SCR catalysts to activate the reactants efficiently. Too low redox
ability will result in the low deNOx efficiency, while too high redox
ability may lead to unselective oxidation of NH3 thus resulting in the
lack of reducing agents and poor N2 selectivity. Therefore, an appro-
priate redox ability of NH3-SCR catalysts such as the WOx/Fe2O3 cat-
alyst in this study is highly desired, which can be characterized by the
H2-TPR experiments in combination with the in situ Fe-K XAFS to de-
termine the phase transformation of Fe species simultaneously.

As shown in Fig. 8, the H2-TPR profile of pristine Fe2O3 contained
two composite peaks, thus the peak deconvolution followed by calcu-
lation of H2 consumption ratios was conducted to better confirm its
reduction process (Table 3). According to the calculated area ratios of

Fig. 5. (A) Normalized XANES spectra of W LIII-edge in W-containing samples, (B) corresponding first-order derivatives and (C) corresponding second-order derivatives.
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the sub-bands at relatively low (I), medium (II) and high (III) tem-
peratures, which was 11.8:21.9:66.3 for pristine Fe2O3, the Fe species
in this sample probably mainly followed a three-step reduction process:
Fe2O3→ Fe3O4→ FeO→ Fe [40–42]. It is interesting to observe that the
deposition of only 1% WOx onto the Fe2O3 surface could already delay
the reduction process of Fe2O3 towards high temperature range, and as
we can clearly see this delay effect was much more obvious on 5% and

Fig. 6. EXAFS spectra of W LIII-edge in W-containing samples: (A) Fourier transforms of
filtered k3·χ(k) into R space, where the dashed lines correspond to the calculated EXAFS
results of WO3 and Fe2WO6 in R space using FEFF8.4 code; (B) W LIII-edge EXAFS os-
cillations in 5% WOx/Fe2O3, 10% WOx/Fe2O3 and WO3 samples in the R range of ca.
3.1–3.9 Å, where the dotted lines correspond to the calculated EXAFS oscillations of
WeOeW bond in WO3 using FEFF8.4 code.

Fig. 7. XPS results of (A) W 4f, (B) Fe 2p, and (C) O 1 s in δ% WOx/Fe2O3 serial catalysts (δ=1, 5, 10) together with Fe2O3, WO3 reference samples.

Table 2
Semi-quantitative analysis of surface atomic concentrations (% in molar ratio) over δ%
WOx/Fe2O3 serial catalysts (δ=1, 5, 10) and Fe2O3, WO3 reference samples derived from
XPS data.

Samples W (%) Fe (%) O (%) OH/(Oβ+Oα+OH) (%)

Fe2O3 – 49.0 51.0 6.5
1% WOx/Fe2O3 0.7 47.5 51.8 9.5
5% WOx/Fe2O3 2.9 37.5 59.7 19.1
10% WOx/Fe2O3 4.1 37.1 58.8 14.6
WO3 23.3 – 76.7 7.1

Fig. 8. H2-TPR results of δ% WOx/Fe2O3 serial catalysts (δ=1, 5, 10) and Fe2O3, WO3

reference samples.
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10% WOx/Fe2O3 catalysts. Based on the calculated H2 consumption
area ratios of I:II:III which were ca. 1:2:6 for δ% WOx/Fe2O3 serial
catalysts, it can be concluded that the three-step reduction mechanism
was not influenced by the WOx deposition at all, but the reducibility of
Fe species in the bulk phase was actually tuned towards high tem-
perature range. We have already mentioned that the formation of
W(6−δ)+eOeFe(3+δ)+ on the catalyst surface could result in the en-
hancement of oxidation ability of the surface Fe species (the reduction
of this small portion of surface Fe species cannot be distinguished from
H2-TPR profiles comparing to the larger portion of bulk Fe2O3), and we
can consider these types of surface Fe species as well dispersed mono-
meric Fe similar as that in Fe-zeolite materials with high deNOx effi-
ciency [43,44]. While the catalytic performance of the bulk Fe2O3 in
NH3-SCR reaction and NH3 oxidation was quite similar to the severely
clustered FexOy species in Fe-zeolite materials with high Fe loading or
low Fe dispersion degree, which can cause the unselective consumption
of reducing agent NH3 in SCR reaction thus leading to the low deNOx

activity and poor N2 selectivity [43,45,46]. In this study, the simple
deposition of WOx species onto Fe2O3 surface could effectively inhibit
the over-oxidation ability of bulk Fe2O3, which is a quite interesting and
important phenomenon for its practical use in NH3-SCR process. It
should be noted that at ca. 525 °C, the deconvoluted peaks with the IV
area ratios being 1.4%, 4.5% and 9.5% for 1%, 5% and 10% WOx/
Fe2O3 catalysts, respectively, can be also found, which should be due to
the reduction of WOx species on the Fe2O3 surface [47,48]. The effec-
tive dispersion along with the strong interaction between surface WOx

species and Fe2O3 greatly lowered the reduction temperature of WOx

species possibly owing to the formation of WeOeFe bonds comparing
with that of pristine WO3 (probably following a WO3→W2O5→WO2

reduction process judging from the area ratios of V:VI), indicating again
that the deposition of WOx onto Fe2O3 not only changed the reducibility
of Fe2O3 but also varied its own reducibility.

To better confirm the phase transformation process of Fe2O3 in δ%
WOx/Fe2O3 serial catalysts during the H2-TPR experiments, the in situ
Fe-K XAFS including XANES and EXAFS were recorded. Comparing
with the XAFS results of Fe-containing reference samples (Fig. S3) and
judging from the in situ XANES (Fig. S4) and in situ EXAFS (Fig. 9) of Fe-
K edge in WOx/Fe2O3 catalysts, the reduction process of Fe2O3 can be
clearly determined, which indeed followed the three-step procedures as
we mentioned above. For pristine Fe2O3 sample, the Fe species could be
totally converted into Fe3O4 at as low as 400 °C, into FeO at 550 °C and
finally into metallic Fe at 900 °C. However, for 1% WOx/Fe2O3 catalyst,
the Fe2O3 could be reduced to Fe3O4 at 450 °C and then into FeO at
600 °C, which were ca. 50 °C higher than the corresponding reduction
temperatures of pristine Fe2O3. For 5% and 10% WOx/Fe2O3 catalysts,
it seemed that the delay effect on the reducibility of Fe species induced
by WOx deposition have already reached the maximum, and the cor-
responding reduction temperatures resulting in the transformation of
Fe2O3 into Fe3O4 and then into FeO were delayed to 550 and 700 °C (i.e.
ca. 150 °C higher), respectively. These results clearly suggest that the
simple deposition of WOx species onto Fe2O3 surface could effectively

adjust the redox ability of Fe2O3 especially in the bulk phase, which is
in well accordance with the conclusions drawn from the H2-TPR pro-
files. In the activity test over 5% WOx/Fe2O3 catalyst, the NOx con-
version can maintain above 80% from 300 to 450 °C, and in this tem-
perature range the active Fe sites should have an appropriate redox
cycle between Fe3+↔ Fe2+ species during the NH3-SCR reaction. The
proper deposition of WOx onto Fe2O3 effectively created such a cir-
cumstance through the formation of WeOeFe species together with the
tuning of the reducibility of bulk Fe2O3, which is an important reason
for the significant promotion of NH3-SCR performance.

3.7. The variation of NH3/NO adsorption ability and oxidation activity
induced by WOx deposition

The NH3/NO adsorption and oxidation behaviors are important
processes in the NH3-SCR reaction. Therefore, the influence of WOx

deposition onto Fe2O3 surface on these processes was investigated in
detail using in situ DRIFTS and activity test methods, and the results are
shown in Figs. 10 and 11, respectively.

As shown in Fig. 10A, after NH3 adsorption and N2 purge, the in-
frared bands characteristics of NH3 adsorbed species over pristine Fe2O3

were observed, including the NH4
+ species on Brønsted acid sites at

1684 and 1439 cm−1 due to the δs and δas vibration modes, respectively
[49–53], and the coordinated NH3 species on Lewis acid sites at 1606
and 1192 cm−1 due to the δas and δs vibration modes, respectively
[17,49,54,55]. Besides, some overlapped IR bands in the range of
1350–1380 cm−1 can also be observed, and the assignment of these
species was quite complicated and diverse as described in previous
studies. For example, some researchers assigned these bands to co-
ordinated NH3 with asymmetric bending vibration mode [56], and
others ascribed them to amide (eNH2) species with wagging vibration
mode in hydrazine (which resulted from the dehydrogenation of NH3

following by dimerization) [49,57,58] or to the highly oxidized species
such as nitrates or nitrites [54]. However, in this study, based on the
reactivity examination of these surface species in the subsequent Sec-
tion 3.8 during the various transient reaction conditions also using the
in situ DRIFTS method, these overlapped bands can actually be assigned
to the ionic NH4

+ species with different bending vibration modes from
that of the common NH4

+ species as detected at 1684 and 1439 cm−1

[59–63]. It has been reported that the feature of these species was
generated by the difference in NH4

+ symmetry resulting from the dif-
ferent hydrogen bonds with the neighboring oxygen atoms or NH3

molecules [62,64,65]. Overall, it should be noted that the amount of
NH3 adsorbed species on Lewis acid sites was much higher than that on
Brønsted acid sites, and the NeH stretching vibration bands at 3122,
3223, 3336 and 3390 cm−1 also confirmed the dominant presence of
coordinated NH3 on Fe2O3 surface [49,66]. These results are in good
accordance with the conclusions drawn by Ramis et al. [54,67] that the
Fe2O3 material does not carry enough Brønsted acidity. The co-
ordinated NH3 on Lewis acid sites of Fe2O3 could undergo the hydrogen
abstraction process to form eNH2 species with the scissoring vibration

Table 3
The calculated area ratios of sub-bands derived from the deconvoluted H2-TPR profiles of δ% WOx/Fe2O3 serial catalysts (δ=1, 5, 10) and Fe2O3, WO3 reference samples.

Samples Area ratio I (%) Area ratio II (%) Area ratio III (%) Area ratio IV (%) Area ratio V (%) Area ratio VI (%)

Fe2O3 I(322+349) II490 III(570+631+665) – – –
11.8 21.9 66.3 – – –

1% WOx/Fe2O3 I(342+370) II509 III(609+670+701) IV525 – –
11.1 24.6 62.8 1.4 – –

5% WOx/Fe2O3 I471 II615 III(706+758+789+806) IV525 – –
11.2 24.9 59.4 4.5 – –

10% WOx/Fe2O3 I(511+585) II646 III(711+769+803+822) IV525 – –
12.2 21.6 56.8 9.5 – –

WO3 – – – – V(785+830) VI(917+946+968)

– – – – 46.9 53.1
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mode detected at 1516 cm−1 [49,68,69], and the formed eNH2 species
could react with gaseous NO to form NH2NO and then decompose to N2

and H2O contributing to the total SCR reaction. This is possibly the
reason for the SCR activity achieved on pristine Fe2O3, although the
operation temperature window was rather narrow. Over the 1% WOx/
Fe2O3 catalyst, after the NH3 adsorption and N2 purge, the NH4

+ spe-
cies showed some decrease to a certain extent possibly due to the oc-
cupation of some Brønsted acid sites by WOx on Fe2O3; and at the same
time, the band ascribed to coordinated NH3 species (1188 cm−1)
broadened to a certain extent, indicating that the induced WOx species
could also act as extra Lewis acid sites in the form of W]O for NH3

adsorption. When the WOx deposition amount onto Fe2O3 surface was

increased to 5%, the adsorption amount of ionic NH4
+ species (3026,

1676, 1425, 1383 cm−1) was greatly promoted suggesting that the
oligomeric WOx species on Fe2O3 surface could supply abundant
Brønsted acid sites in the form of WeOH for NH3 adsorption; the ob-
vious consumption bands of surface acidic hydroxyls at 3724 and
3647 cm−1 with stretching vibration modes [70] and around
1011 cm−1 with deformation vibration modes [71] can also clearly
prove this point of view. And meanwhile, the adsorption of coordinated
NH3 species on Lewis acid sites was also rich owing to the increase of
W]O site numbers. It should be noted that the band owing to the
eNH2 species at 1529 cm−1 [49] can also be observed on the 5% WOx/
Fe2O3 catalyst, implying that the activation process of coordinated NH3

Fig. 9. In situ EXAFS spectra of Fe K-edge in (A) Fe2O3, (B) 1% WOx/Fe2O3, (C) 5% WOx/Fe2O3 and (D) 10% WOx/Fe2O3 during the reduction process by H2.
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species was not severely inhibited by the deposited WOx species. In
another word, the deposited WOx species played an important role as
efficient NH3 storage reservoir, and the enhanced oxidation ability of Fe
species in surface W(6-δ)+eOeFe(3+δ)+ structure resulted in the easy
activation of adsorbed NH3 species, which is beneficial to the total SCR
reaction. However, with relatively higher WOx deposition amount on
Fe2O3 surface such as 10%, both the ionic NH4

+ and coordinated NH3

species even showed some slight decrease in intensity, mainly due to
the aggregation and structural transformation of WOx species resulting
in the decrease of exposed WeOH and W]O sites. Therefore, the
proper deposition amount of WOx species on Fe2O3 surface (i.e. 5%) is
very important to keep the abundance and balance of acid sites on the
catalyst surface leading to the highest NH3-SCR performance.

Fig. 10B shows the influence of WOx deposition amount on the NOx

adsorption ability of WOx/Fe2O3 catalysts. As we can clearly see, after
NO+O2 adsorption and N2 purge, the infrared bands attributed to
monodentate nitrate (1560 and 1234 cm−1), bidentate nitrate
(1578 cm−1), bridging nitrate (1605 and 1219 cm−1) [69,72–74] and

cis-(N2O2)2− species (1014 cm−1) [68,75–77] showed up on pristine
Fe2O3 surface, together with the consumption bands of surface basic
hydroxyls at 3768 and 3683 cm−1 [70,78] and the H2O formation band
at 3581 cm−1 with OeH stretching vibration mode [79]. It is quite
obvious that even with only 1% WOx deposition amount on the Fe2O3

surface, the NOx adsorption ability was severely inhibited to a certain
extent which can be verified by the apparent decrease of IR band in-
tensities. Over the optimal 5% WOx/Fe2O3 catalyst, only a rather small
quantity of monodentate nitrate and bridging nitrate can be observed
on the surface, and over the 10% WOx/Fe2O3 catalyst the NOx ad-
sorption was even totally suppressed. These results clearly indicate that
the deposited acidic WOx species can greatly hinder the adsorption of
NOx on the Fe2O3 surface, and gaseous NO or NO2 may directly parti-
cipate into the NH3-SCR process reacting with NH3 adsorbed species
mainly through an Eley-Rideal (E-R) pathway.

Fig. 11A shows the separate NH3 oxidation results over WOx/Fe2O3

serial catalysts, from which we can clearly see that the NH3 oxidation
ability of Fe2O3 was obviously inhibited to a certain extent

Fig. 10. In situ DRIFTS results (A) NH3 adsorption and (B) NOx adsorption at 200 °C over δ% WOx/Fe2O3 serial catalysts (δ=0, 1, 5, 10).

Fig. 11. (A) Separate NH3 oxidation activity and (B) separate NO oxidation activity as a function of reaction temperature over δ% WOx/Fe2O3 serial catalysts (δ=0, 1, 5, 10).
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monotonically as a function of WOx surface deposition amount, al-
though the NH3 adsorption capacity (especially as ionic NH4

+ species)
of the WOx modified samples was actually increased (Fig. 10A). This
means that more NH3 adsorbed species could be reserved on the WOx/
Fe2O3 catalyst surface acting as reducing agents for the deNOx process,
and at the same time the over-oxidation or the unselective catalytic
oxidation of NH3 was greatly suppressed, which are quite beneficial to
the improvement of NH3-SCR activity and N2 selectivity simulta-
neously. In good accordance with the in situ DRIFTS results of NOx

adsorption, as shown in Fig. 11B, the separate NO oxidation ability of
the δ% WOx/Fe2O3 serial catalysts was also decreased monotonically
with the increasing of WOx deposition amount. Especially, for the 10%
WOx/Fe2O3 catalyst, its NO oxidation ability was totally inhibited, yet it
still showed considerable NH3-SCR activity in the medium temperature
range (Fig. 1), which indicates again that over the WOx modified Fe2O3

catalyst the NO can directly participate in the NH3-SCR reaction in gas
phase with no necessity to adsorb onto catalyst surface as nitrites or
nitrates. In short summary, not only the NH3 oxidation ability but also
the NO oxidation ability of Fe2O3 was greatly lowered by the surface
deposited WOx species due to the significant modification of Fe2O3

reducibility as concluded above in Section 3.6. It should be noted that,
from XPS study, we concluded that the surface Fe species actually
showed increased oxidation ability due to the electronic inductive effect
in W(6−δ)+ and Fe(3+δ)+ structure, which is beneficial for NH3 dehy-
drogenation/activation to form eNH2 intermediate. In separate NH3

oxidation reaction, the surface Fe sites on WOx/Fe2O3 was much less
than that on Fe2O3 due to WOx coverage, and the over-oxidation of NH3

by bulk Fe2O3 was also decreased through WOx modification, thus the
overall NH3 oxidation was actually decreased. Similarly, for separate
NO oxidation reaction, NO could not adsorb onto WOx/Fe2O3 surface at
all (also with much less surface Fe sites), thus the NO oxidation activity
of WOx/Fe2O3 catalyst was also decreased. This explains the seemingly
controversial but reasonable conclusions drawn from XPS and NH3/NO
oxidation results.

3.8. NH3-SCR reaction mechanism over WOx/Fe2O3 catalyst

To further elucidate the NH3-SCR reaction mechanism over the
optimal 5% WOx/Fe2O3 catalyst, the in situ DRIFTS experiments in-
cluding the reaction between NO+O2 and pre-adsorbed NH3 species,
the reaction between NH3 and pre-adsorbed NOx species, and also the
reaction under NH3+NO+O2 atmosphere were carefully conducted
in comparison with those on pristine Fe2O3, and the results are shown
in Figs. 12 and 13.

As shown in Fig. 12A, after NH3 adsorption and N2 purge over
pristine Fe2O3, both the ionic NH4

+ species and coordinated NH3 spe-
cies appeared on the surface. However, after the introduction of
NO+O2, only the coordinated NH3 species on Lewis acid sites (1606
and 1192 cm−1) disappeared rapidly due to the reaction with NOx to
form N2 and H2O (1597 cm−1, which is ascribed to adsorbed H2O
possibly in monomer form) [26,80,81], and at the same time the Fe2O3

surface was gradually and dominantly covered by nitrate species (1605,
1578, 1558, 1244, 1219 cm−1) and cis-(N2O2)2− species (1014 cm−1).
Even after 60min reaction, the ionic NH4

+ species on Brønsted acid
sites (1450 and 1352 cm−1) was still present on Fe2O3 surface, in-
dicating that the surface acidic hydroxyls bonding to Fe2O3 could not
contribute to the NH3-SCR reaction at all. As we discussed above, as
shown in Fig. 12B, after NO+O2 adsorption and N2 purge, the nitrate
species (1605, 1578, 1558, 1244, 1219 cm−1), cis-(N2O2)2- species
(1014 cm−1) and adsorbed H2O (3581 cm−1) showed up on Fe2O3

surface, and after the introduction of NH3 the surface species became
more complicated. The introduced NH3 not only could adsorb onto the
Fe2O3 surface as ionic NH4

+ (1676, 1439, 1356 cm−1) and coordinated
NH3 (1192 cm−1) but also could react with pre-adsorbed NOx to form
surface ammonium nitrate (NH4NO3) at 1524, 1281 and 1250 cm−1

[27] along with the obvious formation of adsorbed H2O in monomer

form at 1597 cm−1 [26,80,81] and H2O clusters with hydrogen bonding
at 3537 cm−1 [26,81,82]. Under the NH3-SCR reaction condition, as
shown in Fig. 12C, the surface NH4NO3 species was also obviously
detected on Fe2O3 surface with a relatively high deposition amount.
Over some Mn-containing NH3-SCR catalysts in our previous study
[27,83], the surface NH4NO3 species played an important role as re-
active intermediate for the deNOx process especially at low tempera-
tures. However, over this pristine Fe2O3 sample, the surface deposited
NH4NO3 seemed to only act as an inhibitor in the NH3-SCR reaction
possibly because it lacked the catalytic function to promote the re-
activity of NH4NO3 with NO. It should be noted that only at the be-
ginning of NH3-SCR reaction (1–3min) the coordinated NH3 species
could be detected on Fe2O3 surface (1194 cm−1), and afterwards the
ionic NH4

+ species (1676, 1450 and 1354 cm−1) and NH4NO3 species
were steadily present, indicating again that only the Lewis acid sites on

Fig. 12. In situ DRIFTS of (A) reaction between NO+O2 and pre-adsorbed NH3 species,
(B) reaction between NH3 and pre-adsorbed NOx species, and (C) reaction in
NH3+NO+O2 at 200 °C over pristine Fe2O3.
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Fe2O3 took part in the NH3-SCR reaction thus showing low deNOx

performance and relatively narrow operation temperature window.
As for the optimal 5% WOx/Fe2O3 catalyst, after NH3 adsorption

and N2 purge (Fig. 13A), both ionic NH4
+ species and coordinated NH3

species showed up as usual on surface. Interestingly, after the in-
troduction of NO+O2, not only the coordinated NH3 species (1610,
1223 cm−1) plus the amide species (1529 cm−1), but also the ionic
NH4

+ species (1676, 1425, 1383 cm−1) showed obvious decrease in
intensity, indicating their participation into the deNOx process. The
gradual recovery of the acidic hydroxyl consumption band at
1011 cm−1 could also verify the reactivity of ionic NH4

+ on WeOH
sites towards NO. With the increasing of reaction time, a small quantity
of nitrate species (1603, 1572 and 1271 cm−1) appeared on the catalyst
surface, and surprisingly, some ionic NH4

+ adsorbed on Fe-OH sites
(3223, 1439 and 1350 cm−1) could still remain there as spectator. The

above-mentioned results clearly imply that only the coordinated NH3

species on W]O and Fe]O sites and the ionic NH4
+ species on WeOH

sites could contribute to the NH3-SCR reaction, while the ionic NH4
+

species on FeeOH sites was totally inactive in this process. Owing to the
severe inhibition of NOx adsorption by the deposited WOx species on
Fe2O3 surface, as shown in Fig. 13B, only a small amount of bridging
nitrates (1603 cm−1) and monodentate nitrates (1566 and 1273 cm−1)
could be observed after NO+O2 adsorption and N2 purge. The fol-
lowing introduction of NH3 resulted in the apparent coverage of cata-
lyst surface by ionic NH4

+ and coordinated NH3, and at the same time
partial bridging nitrates probably transformed into monodentate ni-
trates (1560 cm−1) due to the disturbance by adsorbed NH3 species. It
is noteworthy that no surface NH4NO3 species was detected in this
process at all, which was quite different from that on pristine Fe2O3.
Furthermore, under the NH3-SCR reaction atmosphere on 5% WOx/
Fe2O3 catalyst, as presented in Fig. 13C, the deposition amount of
surface NH4NO3 (1288 and 1248 cm−1) was also much lower than that
on pristine Fe2O3, indicating that the inhibition effect of surface
NH4NO3 species on the deNOx performance was actually greatly low-
ered on the WOx promoted catalyst. Besides, for the first 15min reac-
tion, there seemed to be some transformation of bridging nitrates to
monodentate nitrates also, and under the steady state reaction condi-
tion (60min) the catalyst surface was dominantly covered by NH3 ad-
sorbed species again. Therefore, it can be concluded that the NH3-SCR
reaction over this 5% WOx/Fe2O3 catalyst mainly proceeded through an
E-R reaction pathway during which the gaseous NO could directly react
with active NH3 adsorbed species, and this was also the main reason for
its high SO2 durability because NOx did not need to adsorbed onto the
catalyst surface competitively as nitrates or nitrites.

4. Conclusions

Using conventional impregnation method, a series of δ% WOx/
Fe2O3 catalysts (δ=1, 5, 10 by weight) were prepared, among which
5% WOx/Fe2O3 catalyst showed the highest NH3-SCR performance and
excellent N2 selectivity plus SO2 resistance. The bulk structure of Fe2O3

was not influenced by WOx deposition, and the WOx species in highly
unsaturated coordination state mainly acted as an effective surface
modifier. This simple surface modification process increased the oxi-
dation ability of surface Fe(3+δ)+ species through electronic inductive
effect in WeOeFe bonds, suppressed the over-oxidation of NH3 on bulk
Fe2O3 to enhance the N2 selectivity, and supplied abundant surface
reactive Lewis and Brønsted acid sites for NH3 adsorption and thus
resulted in easy activation of adsorbed NH3 species on neighboring
surface Fe(3+δ)+ sites with enhanced oxidation ability. Based on the
detailed in situ DRIFTS study, the E-R reaction pathway between gas-
eous NO and active NH3 adsorbed species was dominant over this WOx

promoted Fe2O3 catalyst, which was the main reason for its high SO2

durability. The surface modification of Fe2O3 by WOx deposition is an
efficient way to improve the NH3-SCR activity and N2 selectivity
through the tuning of redox ability and surface acidity simultaneously,
which may also be applicable to other materials (V2O5, Cr2O3, MnOx,
CuO, CeO2, Nb2O5 etc.) in the deNOx area.
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