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ABSTRACT: The development of Fe-based catalysts for the
selective catalytic reduction of NOx by NH3 (NH3−SCR of NOx)
has garnered significant attention due to their exceptional SO2
resistance. However, the influence of di�erent sulfur-containing
species (e.g., ferric sulfates and ammonium sulfates) on the NH3−
SCR activity of Fe-based catalysts as well as its dependence on
exposed crystal facets of Fe2O3 has not been revealed. This work
disclosed that nanorod-like α-Fe2O3 (Fe2O3−NR) predominantly
exposing (110) facet performed better than nanosheet-like α-Fe2O3
(Fe2O3−NS) predominantly exposing (001) facet in NH3−SCR
reaction, due to the advantages of Fe2O3−NR in redox properties
and surface acidity. Furthermore, the results of the SO2/H2O
resistance test at a critical temperature of 250 °C, catalytic
performance evaluations on Fe2O3−NR and Fe2O3−NS sulfated by SO2 + O2 or deposited with NH4HSO4 (ABS), and systematic
characterization revealed that the reactivity of ammonium sulfates on Fe2O3 catalysts to NO(+O2) contributed to their improved
catalytic performance, while ferric sulfates showed enhancing and inhibiting e�ects on NH3−SCR activity on Fe2O3−NR and
Fe2O3−NS, respectively; despite this, Fe2O3−NR showed higher a�nity for SO2 + O2. This work set a milestone in understanding
the NH3−SCR reaction on Fe2O3 catalysts in the presence of SO2 from the aspect of crystal facet engineering.
KEYWORDS: NH3-SCR of NOx, α-Fe2O3, crystal facet engineering, reaction mechanism, SO2 resistance, ferric sulfates,
ammonium sulfates

1. INTRODUCTION
In recent decades, significant success has been achieved in NOx
emission control worldwide due to the stringent regulations
and e�orts from both industry and academia. Among those
strategies for NOx elimination, selective catalytic reduction
of NOx by NH3 (NH3−SCR of NOx) is the most widely
applied. Although the commercial V2O5−WO3(MoO3)/
TiO2 catalyst has been proven to be capable of e�cient NH3−
SCR of NOx in high-temperature (>300 °C) flue gas emitted
by electric-power industry, the new requirements for the NOx
emission control in nonelectric industries made V2O5−
WO3(MoO3)/TiO2 sometimes incompetent due to the low
temperature of flue gas containing multiple toxic elements
(e.g., SO2, H2O, alkali and chloride, etc.). Besides, the
discarded V2O5−WO3(MoO3)/TiO2 catalyst is considered a
new solid pollutant because of the biological toxicity of
vanadium. As a result, an urgent need for environmentally
friendly, low-temperature NH3−SCR catalysts has been raised.
As one of the most abundant metallic elements in the earth’s

crust, iron (Fe) and its oxides have been extensively applied in
the catalysis field due to their nontoxicity, low price, and
excellent redox properties. In NH3−SCR reaction, Fe-

based catalysts were also reported to exhibit fine catalytic
activity and superior resistance to SO2 poisoning. Similar to the
design of various metal oxide catalysts for NH3−SCR of NOx,
the modulation of the redox property and surface acidity is the
most common strategy for increasing the NH3−SCR activity
on Fe-based catalysts. For example, NH3−SCR activity on
Fe2O3 catalysts could be promoted via the modification by
WO3 due to the enhanced surface acidity. Fe2O3 catalysts
doped with CeO2, CuO, or MnOx showed excellent low-
temperature NH3−SCR activity because the electronic
interactions between Fe and doped metals could significantly
boost the redox performance of Fe2O3. Tuning the
morphology or predominantly exposed facets of Fe2O3
catalysts could also be used to modulate the redox property
and surface acidity, thereby altering the NH3−SCR perform-
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ance of Fe2O3 catalysts. Unlike there is a clear logic used to
choose appropriate strategies to improve the NH3−SCR
activity on metal oxide catalysts, it is not easy to conclude a
general theory to guide the design of catalysts with excellent
resistance to SO2 poisoning, since various sulfate species (e.g.,
(NH4)2SO3, (NH4)2SO4, NH4HSO4, metal sulfates, etc.)
would be formed on catalysts under di�erent reaction
conditions after complex surface adsorption and reaction
processes. Typically, it has been reported that SO2 would result
in the poisoning of catalysts due to the formation of metal
sulfates weakening the redox performance of metal sites and
the deposition of NH4HSO4 (ABS) covering surface active
sites. However, it should be noted that some sulfate species
are even beneficial to catalysts by serving as acid sites. Yu
et al. reported that the adsorption of SO2 would cut o�
Langmuir−Hinshelwood (L−H) reaction pathway on Fe2O3
catalysts by inhibiting the adsorption of NO, thus resulting in
the decrease in its NH3−SCR activity, while ferric sulfates
species could act as Brønsted acid sites for NH3 adsorption and
activation and then contribute to the improved NH3−SCR
activity. The deposited ABS on Fe2O3 catalysts might also
exhibit inhibiting or promotional e�ects through covering the
active sites or reacting with NO + O2, respectively. In terms
of the transformation between di�erent sulfate species (i.e.,
ferric sulfates and ammonium sulfates), Gu et al. disclosed that
SO42− in NH4HSO4 (ABS) could be trapped by Fe2O3 during
the decompose/consumption of ABS, and the generated ferric
sulfates on Fe2O3 could boost the NH3−SCR activity on
Fe2O3. However, to the best of our knowledge, the present
reported work seldom focused on discussing the impact of
di�erent sulfate species on the catalytic performance of Fe2O3
catalysts from an aspect of crystal facet engineering, which

actually could better guide the design of e�ective Fe-based
NH3−SCR catalysts with satisfactory SO2 resistance at the
level of microstructure. Inferred from the previous report on
the structure−activity relationship on much more intensively
discussed CeO2 catalysts with di�erent morphologies/exposed
crystal facets in NH3−SCR reaction, it could be
proposed that the specific role of di�erent sulfate species in
impacting the NH3−SCR activity on Fe2O3 catalysts might also
show a morphology/exposed crystal facet dependence.
In this work, starting with the preparation of nanorod-like α-

Fe2O3 (Fe2O3−NR) and nanosheet-like α-Fe2O3 (Fe2O3−NS)
predominantly exposing di�erent crystal facets, the SO2/H2O
resistance test, and catalytic performance evaluations on
Fe2O3−NR and Fe2O3−NS sulfated by SO2 + O2 or deposited
with NH4HSO4 (ABS) and systematic characterization were
conducted to reveal in depth the potential poisoning or
promotional e�ect of di�erent sulfate species on Fe2O3
catalysts and their morphology/exposed crystal facet depend-
ence.

2. MATERIALS AND EXPERIMENTAL METHODS
2.1. Catalyst Preparation. α-Fe2O3 catalysts in the shape

of nanorods (Fe2O3−NR) and nanosheets (Fe2O3−NS) were
prepared by hydrothermal method, as reported elsewhere.
Detailed preparation processes can be found in Supporting
Information (Text S1). Fe2O3−NR and Fe2O3−NS after the
SO2 + H2O resistance test were denoted Fe2O3−NR-U and
Fe2O3−NS-U, respectively. Fe2O3−NR and Fe2O3−NS
impregnated with 5 wt % NH4HSO4 (ABS) and dried
overnight at 110 °C were denoted Fe2O3−NR-N or Fe2O3−
NS-N, respectively. The catalysts (200 mg) sulfated by a flow

Figure 1. (a) NO conversion on Fe2O3 catalysts in NH3−SCR reaction. Reaction conditions: 500 ppm NO, 500 ppm NH3, 5 vol % O2, N2 as
balance. (b) Rm (reaction rates normalized to the mass of catalysts) on Fe2O3−NR and Fe2O3−NS catalysts in NH3−SCR reaction. (c) NO
conversions on Fe2O3−NR and Fe2O3−NS catalysts in NH3−SCR reaction at 250 °C in the presence of SO2 and H2O (200 ppm SO2, 5 vol %
H2O). (d) NH3−SCR activity on Fe2O3−NR-U and Fe2O3−NS-U in a three-round cyclic test from 200 to 400 °C. NO conversion on fresh
Fe2O3−NR and Fe2O3−NS were used as references.
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of 1000 ppm SO2 + 5 vol % O2 (total flow rate = 100 mL·
min−1) for 1 h were su�xed with “-S”.
2.2. Catalyst Characterization and Catalytic Perform-

ance Evaluation. The details of catalyst characterization and
catalytic performance evaluation can be found in the
Supporting Information (Texts S1 and S2).

3. RESULTS AND DISCUSSION
3.1. Catalytic Performance. NO conversion and N2

selectivity on Fe2O3−NR and Fe2O3−NS were first measured
to estimate their catalytic performance in NH3−SCR of NO
(Figures 1a and S1). Fe2O3−NR showed much higher NO
conversion and N2 selectivity than Fe2O3−NS. A broad
operation temperature window (NO conversion > 80%, N2
selectivity > 90%) from 275 to 350 °C was achieved on
Fe2O3−NR, but Fe2O3−NS showed much lower NO
conversion (< 50%) and N2 selectivity (< 65%) throughout
the entire test temperature range. The generation of abundant
N2O should be the main reason for the poor N2 selectivity on
Fe2O3−NS compared to Fe2O3−NR (Figure S2). In addition,
the decrease in NO conversion and N2 selectivity at high
temperatures (> 375 °C) on Fe2O3−NR should be related to
the nonselective oxidation of NH3 to NO and NO2. To
further compare the intrinsic activity on Fe2O3−NR and
Fe2O3−NS in NH3−SCR reaction, kinetic studies were carried
out. As shown in Figure 1b and Table S2, the Rm (reaction
rates normalized to the mass of catalysts) on Fe2O3−NR was
2.0−10.0 times that on Fe2O3−NS. Moreover, considering that
the specific surface area of Fe2O3−NR (18 m2·g−1) was higher
than that of Fe2O3−NS (10 m2·g−1, Table S1), the reaction
rate normalized to the specific surface area of catalysts (Rs) was
also calculated to see if the specific surface area of Fe2O3
catalysts was the main reason for the higher NH3−SCR activity
on Fe2O3−NR (Figure S3a). It was found that Rs on Fe2O3−
NR was still higher than that on Fe2O3−NS, confirming that
the intrinsic active sites on Fe2O3−NR were much more active

than those on Fe2O3−NS. In addition, the fact that Fe2O3−NR
(64.8 kJ·mol−1) showed lower apparent activation energy (Ea)
than Fe2O3−NS (107.3 kJ·mol−1) also indicated that Fe2O3−
NR could better catalyze the NH3−SCR of NO (Figure S3b).
Considering that SO2 and H2O in exhaust gas emitted by

stationary sources or mobile sources would lead to catalyst
poisoning, the catalytic performance of Fe2O3 catalysts was
also evaluated at 250 °C in the presence of 5 vol % H2O and
200 ppm SO2 (Figure 1c). After the introduction of H2O, NO
conversion on both Fe2O3−NR and Fe2O3−NS decreased
significantly, which could be due to the competitive adsorption
between H2O and NH3 or NOx. Subsequently, with the
introduction of SO2, NO conversion on Fe2O3−NR (ca. 50%)
and Fe2O3−NS (ca. 10%) increased to ca. 65, and ca. 25%,
respectively. After switching o� H2O and SO2, it was
interesting to observe that the NO conversion on Fe2O3−
NR increased rapidly to ca. 85%, which even surpassed that on
fresh Fe2O3−NR, indicating that deposited sulfate species were
favorable for the NH3−SCR reaction on Fe2O3−NR. As for
Fe2O3−NS, NO conversion decreased slightly to ca. 20%. To
better understand the impact of SO2 and H2O on the catalytic
performance of Fe2O3 catalysts, a cyclic test was conducted on
the catalysts used in SO2/H2O resistance test (Fe2O3−NR-U
and Fe2O3−NS-U). Fe2O3−NR-U was found to show superior
stability during the test and performed better than fresh
Fe2O3−NR (Figure 1d), indicating that sulfur-containing
species deposited on Fe2O3−NR were beneficial to the
proceeding of NH3−SCR reaction on Fe2O3 catalysts. In
clear contrast, although Fe2O3−NS-U also exhibited higher
NH3−SCR activity than fresh Fe2O3−NS at a high temper-
ature range (>275 °C), NO conversion at 275−400 °C on it
decreased continuously during the cyclic test, implying that the
deposited sulfur-containing species might be converted,
decomposed, or consumed during the test, especially at
relatively high temperatures (>250 °C). The gradually
increasing NH3−SCR activity on Fe2O3−NS-U at a low

Figure 2. SEM, TEM, and HR-TEM images of (a−c) Fe2O3−NR and (d−f) Fe2O3−NS.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.4c00276
Environ. Sci. Technol. 2024, 58, 8955−8965

8957



temperature range (≤250 °C) further confirmed the depletion
of sulfate species during the cyclic test. Moreover, the higher
NH3−SCR activity on Fe2O3−NR-U suggested that an
appropriate sulfation treatment could be used to boost the
catalytic performance of Fe2O3−NR.
3.2. Structural Information. To determine the crystal

phase of the prepared Fe2O3 catalysts, their XRD patterns were
collected (Figure S4). All di�raction peaks on Fe2O3−NR and
Fe2O3−NS could be indexed to pure α-Fe2O3 (Hematite #87−
1164). Scanning electron microscopy (SEM), transmission
electron microscopy (TEM), and High-resolution-TEM (HR-
TEM) images of Fe2O3 catalysts were also collected and shown
in Figure 2. Fe2O3−NR was in a nanorod shape with a length
of 150−500 nm and a diameter of 15−30 nm. The clear
interplanar distance of 0.25 nm on Fe2O3−NR matched well
with the d110 spacing of pure hexagonal hematite. Fe2O3−
NS was in a regular ortho-hexagonal nanosheet shape with
well-defined edges. The diameter and the thickness of ortho-
hexagonal NSs were 50−150 and 10−30 nm, respectively. In
addition, the lattice spacing of 0.25 nm in the HR-TEM image
of Fe2O3−NS (Figure 2f) was related to the (112̅0) plane and
the inserted FFT pattern showed six equivalent 1120 points,
indicating that the top and bottom surfaces of the horizontally
placed nanocrystals belong to the (0001) and (0001̅) planes,
respectively. In short, Fe2O3 NR exposing (110) crystal facet
and Fe2O3 NS exposing (001) crystal facet were successfully
prepared.
3.3. Redox and Surface Acidity. Since the NH3−SCR

reaction was composed of two half-reaction cycles, i.e., redox
cycle and acid cycle, systematic characterization was conducted
to evaluate the redox property and surface acidity of Fe2O3

catalysts. As shown in Figure 3a and Table S3, three H2-
consumption peaks were observed on both Fe2O3−NR and
Fe2O3−NS from a low temperature to a high temperature (α,
β, and γ), which could be attributed to the reduction of Fe2O3
to Fe3O4, Fe3O4 to FeO, and FeO to Fe, respectively. The
reduction of Fe2O3−NR at lower temperatures suggested that
Fe2O3−NR showed better redox performance, which could be
further supported by the results of O2-TPD that more active
chemisorbed oxygen species were formed on Fe2O3−NR
(Figure 3b and Table S4). The higher concentration of surface
Fe2+ species and adsorbed oxygen species on Fe2O3−NR
indicated that Fe2O3−NR could better activate oxygen species
(Figure S5). Based on the optimized surface configuration
of Fe2O3−NR exposing (110) facet and Fe2O3−NS exposing
(001) facet, the oxygen defect formation energy (Evac) was also
determined by theoretical calculations (Figure 3c,d). The
much lower Evac on Fe2O3−NR (1.91 eV) than that on Fe2O3−
NS (2.64 eV) further confirmed that oxygen defects could be
more easily formed on Fe2O3−NR, thus facilitating the
adsorption/activation of oxygen species and resulting in better
redox performance.
NH3-TPD experiments were conducted to investigate the

surface acidity of Fe2O3 catalysts (Figure 3e and Table S5).
Fe2O3−NR possessed much more acid sites than Fe2O3−NS,
even in terms of specific surface area per unit. To further
determine the type of surface acid sites and investigate their
acid strength, in situ DRIFTS of NH3-TPD experiments were
performed (Figure 3f,g). The intensive band at ca. 1220 cm−1

could be attributed to NH3 adsorbed on Fe3+ sites serving as
Lewis acid sites (NH3−L), while the relatively weaker band
at ca. 1450 cm−1 was related to NH3 species adsorbed on

Figure 3. (a) H2-TPR and (b) O2-TPD profiles for Fe2O3−NR and Fe2O3−NS. The optimized surface configuration (with a surface oxygen
vacancy) of (c) Fe2O3−NR exposing (110) facet and (d) Fe2O3−NS exposing (001) facet. (e) NH3-TPD profiles for Fe2O3−NR and Fe2O3−NS.
In situ DRIFTS of NH3 adsorption on (f) Fe2O3−NR and (h) Fe2O3−NS. Optimized model of NH3 adsorption on the Brønsted acid sites on (g)
Fe2O3−NR and (i) Fe2O3−NS.
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Brønsted acid sites (NH3−B), indicating that acid sites on
Fe2O3−NR and Fe2O3−NS were mainly in the form of Lewis
acid sites. Furthermore, NH3−L species on Fe2O3−NR would
desorb at higher temperatures than those on Fe2O3−NS. That
is, Lewis acid sites on Fe2O3−NR showed higher acid strength
(Figure 3h,i), which was further supported by the theoretical
calculation on NH3 adsorption energy (Eads) that Fe2O3−NR
(Eads = −1.43 eV) exhibited higher Eads than Fe2O3−NS (Eads =
−1.35 eV). In short summary, the better redox performance
and more surface acid sites should be the main reasons for the
higher NH3−SCR activity on Fe2O3−NR compared to Fe2O3−
NS.
3.4. Reaction Mechanism. To investigate the reaction

mechanism on the prepared Fe2O3 catalysts, in situ DRIFTS
experiments of NO + O2 reacting with preadsorbed NH3 and
NH3 reacting with preadsorbed NOx were performed at 200
°C. As shown in Figures 4a,b and S6a,b, the barely observable
NH3−B species on both Fe2O3−NR and Fe2O3−NS at 200 °C
hinted that Brønsted acid sites with relatively weaker acid
strength were not the main reactive species. For both Fe2O3−
NR and Fe2O3−NS, NH3−L species could be consumed by
NO + O2 rapidly, indicating that NH3−SCR reaction on these
two Fe2O3 catalysts could be proceeded e�ciently by Eley−
Rideal (E−R) mechanism. More Lewis acid sites on Fe2O3−
NR enabled its higher NH3−SCR activity. The reactivity of

preadsorbed NOx species to NH3 was further explored to see if
the NH3−SCR reaction on Fe2O3−NR and Fe2O3−NS could
also be proceeded by Langmuir−Hinshelwood (L−H)
mechanism. As illustrated in Figures 4c and S6c, the nitrate
species on Fe2O3−NR were dominantly in the form of bridged
nitrates (1224 and 1596 cm−1), which could readily react
with NH3, indicating that the NH3−SCR reaction on Fe2O3−
NR could also follow L−H mechanism. Di�erently, bridged
nitrate species (1596 cm−1) and monodentate nitrates (1480
and 1293 cm−1) on Fe2O3−NS showed much lower
reactivity to NH3 (Figures 4d and S6d), which meant that
L−H mechanism was not the dominant reaction mechanism
on Fe2O3−NS. According to the results of DRIFTS study, it
could be proposed that NH3−SCR reaction on Fe2O3−NS was
mainly proceeded by E−R mechanism, while for Fe2O3−NR,
NH3−SCR reaction on it seemed to follow both E−R and L−
H mechanisms.
Theoretical calculations were conducted to further deter-

mine the dominant reaction pathway on Fe2O3−NR (Figures
4e and S7a). For L−H mechanism on Fe2O3−NR, the step of
N−N coupling (IM2 → TS2) required the highest energy
(0.98 eV) to overcome the energy barrier, indicating that N−N
coupling was the rate-determining step for NH3−SCR reaction
following L−H mechanism on Fe2O3−NR. In E−R mecha-
nism, since the NH3 activation is always the rate-determining

Figure 4. In situ DRIFTS of NO+O2 reacting with adsorbed NH3 on (a) Fe2O3−NR and (b) Fe2O3−NS. In situ DRIFTS of NH3 reacting with
adsorbed NO + O2 on (c) Fe2O3−NR and (d) Fe2O3−NS catalysts. All of the spectra were collected at 200 °C. Reaction conditions: 500 ppm NO
(when used), 500 ppm NH3 (when used), 5 vol % O2 (when used), and N2 as balance (Total flow rate = 50 mL·min−1). (e) Proposed detailed
reaction pathway of NH3−SCR reaction on Fe2O3−NR followed E−R or L−H mechanism. (f) Proposed detailed reaction pathway of NH3−SCR
reaction on Fe2O3−NS, followed E−R mechanism. Purple, red, blue, and white balls represented Fe, O, N, and H atoms, respectively. The
imaginary frequency of all transition states was calculated and attached in parentheses.
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step, the energy barrier of NH3 activation on Fe2O3−NR was
also calculated. The energy barrier of NH3 activation (IM1* →
TS1*, 1.07 eV) was found to be higher than the energy barrier
of the N−N coupling step (0.98 eV), suggesting that Fe2O3−
NR could better catalyze NH3−SCR reaction through L−H
mechanism (Figures 4e and S7b). The rate-determining step of
NH3−SCR reaction following E−R mechanism on Fe2O3−NS
was also investigated (Figures 4f and S8). It was revealed that
the activation of NH3 (IM1* → TS1*) was the rate-
determining step with an energy barrier of 1.01 eV, slightly
higher than the energy barrier of the rate-determining step of
NH3−SCR reaction following L−H mechanism on Fe2O3−NR
(0.98 eV), further explaining why Fe2O3−NR exhibited higher
NH3−SCR activity than Fe2O3−NS. Since it has been
confirmed that the NH3−SCR reaction on Fe2O3−NS mainly
followed E−R mechanism, L−H pathway on Fe2O3−NS was
not considered in theoretical calculation.
3.5. Impact of SO2 and H2O on the NH3−SCR

Performance of Fe2O3 Catalysts. SO2 and H2O in the
flue gas would result in the poisoning of NH3−SCR catalysts,
which made the investigation of the SO2/H2O poisoning e�ect
and the development of e�cient NH3−SCR catalysts with
superior SO2/H2O resistance become research hotspots. As
shown in Figure 1c, although both Fe2O3−NR and Fe2O3−NS
su�ered from varying degrees of deactivation in the presence of
SO2 and H2O, NO conversion on Fe2O3−NR increased rapidly
after switching o� SO2 and H2O, which was even higher than
that on fresh Fe2O3−NR. So, the deposited sulfate species
might show a promotion or inhibition e�ect on Fe2O3 catalysts
under di�erent reaction conditions. The absence of XRD peaks
related to crystalline sulfated Fe species (e.g., Fe2(SO3)3,
Fe2(SO4)3, FeOSO4, etc.) on the XRD patterns for both
Fe2O3−NR-U and Fe2O3−NS-U indicated that the sulfate
species on used catalysts were mainly in the form of
amorphous surface ferric sulfates or ammonium sulfates
(Figure S4). The specific surface area of the used catalysts
showed no limited decrease compared to fresh catalysts (Table
S1), confirming that the decrease/increase in the NO

conversion on Fe2O3 catalysts in SO2 + H2O resistance test
was not due to the change in the crystal structure.
To further determine the amount of sulfate species on used

Fe2O3 catalysts and identify their types, thermogravimetric and
mass spectrometric (TG-MS) analysis was conducted on
Fe2O3−NR-U and Fe2O3−NS-U. Just as reported by Zhang
and Song et al., TG curves for NH3−SCR catalysts used in
NH3−SCR reaction could always be divided into three steps
(i.e., 25−200, 200−550, and 550−800 °C), which could be
related to the desorption or decomposition of H2O,
NH4HSO4, and metal sulfates, respectively, and there
were three weight loss steps in TG-MS profiles for Fe2O3−NR-
U and Fe2O3−NS-U from low to high temperatures (Figure
5a,b). Step I (room temperature → 200 °C) and step II (200,
→ 550 °C) could be related to the desorption of adsorbed
H2O and the decomposition of ammonium sulfates,
respectively. Step III could be attributed to the decomposition
of ferric sulfates and possible O2 desorption. As shown in
Figure 5a and Table S6, the weight loss value of step II on
Fe2O3−NR-U (0.62%) was lower than that on Fe2O3−NS-U
(1.41%), indicating the formation of more ammonium sulfates
on Fe2O3−NS-U. The observation of two SO2 desorption
peaks within step II suggested that the ammonium sulfate
species on Fe2O3−NS-U could be classified into two types, i.e.,
ammonium sulfates in loose contact with the catalysts and
ammonium sulfates in close contact with the catalysts. The
weight loss value of step III on Fe2O3−NR-U (1.14%) was still
lower than that on Fe2O3−NS-U (1.23%). However, according
to the MS signals of SO2, it could be asserted that step III on
Fe2O3−NS-U was mainly related to O2 desorption instead of
sulfate decomposition (Figure 5b). Considering that SO2
released from the decomposition of ammonium sulfates
might be recaptured by Fe2O3 below 550 °C, the much
more intensive SO2 signal in step III on Fe2O3−NR-U and the
faint SO2 signal in step III on Fe2O3−NS-U suggested that SO2
could easier react with Fe2O3−NR compared to Fe2O3−NS.
To further explore the a�nity of Fe2O3 catalysts for di�erent
sulfate species, the adsorption energy (Eads) of ammonium

Figure 5. TG-MS curves of (a) Fe2O3−NR-U and (b) Fe2O3−NS-U. The adsorption energy of (c) ABS and (d) SO3 on Fe2O3−NR exposing
(110) facet and Fe2O3−NS exposing (001) facet.
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sulfates (using NH4HSO4 (ABS) as an example) and SO3 on
Fe2O3−NR exposing (110) facet and Fe2O3−NS exposing
(001) facet was calculated theoretically (Figure 5c,d). It
was disclosed that Eads of ABS (−1.23 eV) was lower than Eads
of SO3 (−2.05 eV) on Fe2O3−NR exposing (110) facet, while
Eads of ABS (−1.18 eV) was higher than Eads of SO3 (0.02 eV)
on Fe2O3−NS exposing (110) facet, suggesting that the
dominant sulfate species on Fe2O3−NR and Fe2O3−NS were
ferric sulfates and ammonium sulfates, respectively.
To better disclose the e�ect of ferric sulfates and ammonium

sulfates on the NH3−SCR activity on Fe2O3−NR and Fe2O3−
NS, NO conversions on Fe2O3 catalysts sulfated with SO2 + O2
flow (su�xed with “-S”) and impregnated with ABS (su�xed
with “-N”) were measured. As shown in Figure 6a, Fe2O3−NR-
S showed better activity than fresh Fe2O3−NR throughout the
testing temperature range from 200 to 400 °C. Di�erently,
although the ferric sulfates on Fe2O3−NS were found to
facilitate the proceeding of NH3−SCR reaction at high
temperatures (>275 °C), they resulted in the deactivation of
Fe2O3−NS when the temperature was lower than 275 °C. That
is, surface ferric sulfates showed promotion and inhibition
e�ects on the catalytic activity of Fe2O3−NR and Fe2O3−NS at
250 °C, respectively. However, N2 selectivity on both Fe2O3−
NR and Fe2O3−NS was improved after sulfation treatment
(Figure S9a), which should be due to the suppression of
nonselective oxidation of NH3. TG-MS experiments on
sulfated Fe2O3 catalysts showed that more SO2 was adsorbed
on Fe2O3−NR than on Fe2O3−NS under the same sulfation
condition (Figure S10 and Table S6), well supporting the
results of theoretical calculations that SO3 were easily adsorbed
on Fe2O3−NR compared to Fe2O3−NS. As reported
previously, the sulfation of metal oxides (e.g., CeO2, Fe2O3,
PrOx, etc.) might lead to the increase in its NH3−SCR activity
because metal sulfates could serve as acid sites for NH3
adsorption and activation even though the formation of
metal sulfates always weakened the low-temperature redox
capability of metal oxides. In this work, the
enhancement in the surface acidity of Fe2O3−NR and
Fe2O3−NS after the sulfation treatment as suggested by the

results of NH3-TPD (Figure S11 and Table S5) should be the
main reason for their improved NH3−SCR activity, especially
at high temperatures (>275 °C), while the formation of ferric
sulfates on Fe2O3−NS still resulted in the deactivation at low
temperatures (<275 °C). Besides, it was revealed by in situ
DRIFTS study that NH3−SCR reaction on Fe2O3−NR and
Fe2O3−NS was proceeded by E−R mechanism due to the
enhanced surface acidity and significantly inhibited NOx
adsorption (Figure S12).
As for Fe2O3 catalysts impregnated with ABS (Figures 6b

and S9b), improved NH3−SCR activity and N2 selectivity were
achieved on both Fe2O3−NR-N and Fe2O3−NS-N when the
reaction temperature reached 250 °C or higher. Moreover,
although the deposition of ammonium sulfates has been widely
recognized to result in the deactivation of NH3−SCR catalysts
because of the coverage of active sites by it, it was also reported
that NH4+ of ABS could react with gaseous NO2.
TG-MS experiments were then carried out on Fe2O3−NR-N
and Fe2O3−NS-N to investigate the thermal stability of ABS
on di�erent Fe2O3 catalysts. As shown in Figure 6c,d, although
Fe2O3−NR-N and Fe2O3−NS-N showed an identical total
amount of desorbed SO2 throughout the heating process, it
was noticeable that a higher amount of SO2 was desorbed from
Fe2O3−NR-N (3.16) than Fe2O3−NS-N (2.36) during step
III, confirming that SO2 released from ABS decomposition was
much easier to be recaptured by Fe2O3−NR.
To further determine the role of ABS in inhibiting or

promoting the catalytic performance of Fe2O3 catalysts, cyclic
NH3−SCR activity tests were performed (Figures 6e,f and
S13). For Fe2O3−NR-N, the NO conversion on it showed no
change after the 2nd run, and almost the same as that on
Fe2O3−NR-S, which meant that ABS might decompose during
the first two-round test and SO2 released from ABS would be
captured by Fe2O3−NR to form surface ferric sulfates, and
those ferric sulfates were stable during the test without further
escape. On the contrary, Fe2O3−NS-N su�ered from
continuous deactivation during the cyclic test, suggesting that
the deposited ABS, which could boost the NH3−SCR activity
on Fe2O3−NS, was consumed with significant SO2 escape,

Figure 6. (a) NH3−SCR activity on Fe2O3−NR, Fe2O3−NS, Fe2O3−NR-S, and Fe2O3−NS-S (“−S” meant sulfation treatment by SO2 + O2). (b)
NH3−SCR activity on Fe2O3−NR, Fe2O3−NS, Fe2O3−NR-N, and Fe2O3−NS-N (“−N” meant catalyst deposited with ABS). TG-MS plots for (c)
Fe2O3−NR-N and (d) Fe2O3−NS-N. NH3−SCR activity on (e) Fe2O3−NR-N and (f) Fe2O3−NS-N in the cyclic test. The relative amount of SO2
desorbed from (g) Fe2O3−NR-N, Fe2O3−NR-N-250, Fe2O3−NR-N-2nd, and Fe2O3−NR-N-5th and (h) Fe2O3−NS-N, Fe2O3−NS-N-250, Fe2O3−
NS-N-2nd, and Fe2O3−NS-N-5th calculated based on the SO2 plots in TG-MS experiments.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.4c00276
Environ. Sci. Technol. 2024, 58, 8955−8965

8961



since Fe2O3−NS showed limited reactivity to SO2 + O2
compared to Fe2O3−NR, as proved by the results of TG-MS
experiments on Fe2O3−NS-S (Figure S10 and Table S6) and
theoretical calculation (Figure 5d).
Aiming at investigating the consumption of ABS during the

cyclic tests, TG-MS experiments were also conducted on
Fe2O3−NR-N and Fe2O3−NS-N after the first run to 250 °C,
the second run, and the fifth run, which were su�xed with “-N-
250”, “−2nd”, and “−5th”, respectively (Figure S14). The
amount of SO2 desorbed from these catalysts was summarized
and listed in Figure 6g,h and Table S6. For both Fe2O3−NR-
N-250 and Fe2O3−NS-N-250, the total amount of SO2
desorbed from them (ca. 5.00) was much less than that
desorbed from Fe2O3−NR-N (3.25) and Fe2O3−NS-N (2.97).
Considering that ABS on Fe2O3 catalysts would not thermally
decompose at 250 °C (Figure 6c,d), it could be proposed that
NH4+ species in ABS on both Fe2O3−NR and Fe2O3−NS can
react with NO + O2 at 250 °C. Moreover, it was interesting to
observe that the total amount of sulfate species on Fe2O3−NR-
N remained almost unchanged after the second run, and the
SO2 mainly desorbed in step III in TG-MS experiments
(Figure 6g), suggesting that the sulfate species in ABS on
Fe2O3−NR-N would be converted to stable ferric sulfates due
to the consumption of ABS and the recapture of SO2 by
Fe2O3−NR. That is why Fe2O3−NR-N showed stable and high
NO conversions in the cyclic test, and Fe2O3−NR-5th showed
comparable NO conversion to that on Fe2O3−NR-S (Figure
S15). As for Fe2O3−NS-N, in clear contrast, the continuous
decrease in the total amount of surface sulfates in NH3−SCR
reaction flow below 400 °C suggested that the reactants (i.e.,
NH3 and NO) could induce the decomposition of SO42−
(Figure 6h). Considering that NO could hardly strongly
interact with SO42−, the formation of ammonium sulfate-like
species might account for the further weakened interaction
between SO42− and Fe2O3−NS, which resulted in the
continuous SO2 escape under low temperatures (≤400 °C).
Based on the results of systematical characterization,

theoretical calculations, and catalytic performance evaluation,
the impact of H2O and SO2 on the catalytic performance of
Fe2O3 catalysts could be revealed. After the introduction of
H2O, the competition adsorption between H2O and NH3/NO
+ O2 would lead to a sharp decrease in NO conversion.
When SO2 was also introduced to the feeding gas without
cutting o� H2O, a slight increase in NO conversions was
observed on both Fe2O3−NR and Fe2O3−NS due to the
formation of surface ferric sulfates and ammonium sulfates,
which could serve as acid sites for NH3 adsorption. After
switching o� H2O and SO2, the competition adsorption
between H2O and NH3/NOx that no longer existed
contributed to the sharp increase in the NO conversion, and
the stable surface ferric sulfates serving as Brønsted acid sites
could help further enhance the catalytic performance of
Fe2O3−NR. However, although the ammonium species
generated on Fe2O3−NS in the presence of H2O and SO2
were highly reactive to NOx, when H2O and SO2 were turned
o�, the consumption of reactive ABS and the remaining surface
ferric sulfates with a poisoning e�ect at a relatively low
temperature range (<275 °C) still resulted in the slight
decrease in its NO conversion on Fe2O3−NS. To better
demonstrate the role of various sulfate species in influencing
the catalytic performance of nanoshaped Fe2O3 catalysts, a
scheme was proposed (Scheme 1). Although both ferric
sulfates and ammonium sulfates could help boost the NH3−

SCR activity on Fe2O3−NR and Fe2O3−NS at a high
temperature range (H-T, >275 °C), Fe2O3−NS would su�er
from severe deactivation due to the formation of ferric sulfates
at low temperatures (L-T, <275 °C).

4. ENVIRONMENTAL IMPLICATIONS
As a widely investigated technology for NOx removal,
satisfactory deNOx e�ciency under an ideal reaction condition
without poisoning elements (e.g., SO2, H2O, alkali, chlorine,
etc.) could be easily achieved over the full temperature range
(100−600 °C). However, the purification of flue gas
containing high concentrations of SO2 and H2O, the most
common poisoning molecules, at 250 °C or lower is still a
challenge for environment catalysis community. In this work,
based on the previous report that Fe2O3-based catalysts might
be a promising candidate for the NH3−SCR of NOx at 250−
350 °C with superior SO2/H2O resistance, it was further
revealed that ammonium sulfates deposited on Fe2O3 catalysts
were reactive to NO at 250 °C or higher, while the formation
of ferric sulfates could be poisoning or promotional to Fe2O3
catalysts depending on the predominantly exposed crystal
facets. This work is the first to systematically discuss the role of
di�erent sulfate species in NH3−SCR reaction on Fe2O3
catalysts from a crystal facet engineering perspective, which
provided insights into the development of e�ective catalysts
with superior SO2/H2O resistance and thus benefited the
whole environment catalysis community.
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