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ABSTRACT: A series of samples with the precursor’s molar
ratio of {KMn8O16}/{CuFe2O4} = 0, 0.008, 0.010, 0.016, and
0.020 were successfully synthesized for selective catalytic
reduction of NO by CO. The physicochemical properties of
all samples were studied in detail by combining the means of
X-ray photoelectron spectroscopy, H2-temperature-pro-
grammed reduction, scanning electron microscopy mapping,
X-ray diffraction (XRD), N2 physisorption (Brunauer−
Emmett−Teller), NO + CO model reaction, and in situ
Fourier transform infrared spectroscopy techniques. The
results show that three phases of γ-Fe2O3, CuFe2O4, and
CuO, which have strong synergistic interaction, coexist in this catalyst system, and different phases play a leading role in
different temperature ranges. Mn species are highly dispersed in the three-phase coexisting system in the form of Mn2+, Mn3+,
and Mn4+. Because of the strong interaction between Mn2+ and Fe species, a small amount of Cu2+ precipitates from CuFe2O4
and grows along the CuO(110) plane, which has better catalytic performance. Mn3+ can inhibit the conversion of γ-Fe2O3 to α-
Fe2O3 at high temperature and then increases the high-temperature activity. The synergistic effect between Mn4+ and the
surfaces of three phases generates active oxygen species Cu2+−O−Mn4+ and Mn4+−O−Fe3+, which can be more easily reduced
to some synergistic oxygen vacancies during the reaction. Furthermore, the formed synergistic oxygen vacancies can promote
the dissociation of NO and are also propitious to the transfer of oxygen species. All of these factors make the appropriate
manganese-modified three-phase coexisting system have better catalytic activity than the manganese-free catalyst, making NO
conversion rate reach 100% at around 250 °C and maintain to 1000 °C. Combining comprehensive analysis of various
characterization results and in situ infrared as well as XRD results in the equilibrium state, a new possible NO + CO model
reaction mechanism was temporarily proposed to further understand the catalytic processes.

KEYWORDS: three-phase coexisting, Mn-modified, NO reduction by CO, broad temperature window, in situ DRIFTS

1. INTRODUCTION

NOx species from fuel combustion can cause serious problems,
such as lung bronchial disease, greenhouse effect, ozone
depletion, acid rain, and photochemical smog. These can have
an immeasurable impact on our living environment, health, and
national economy. As the emission regulation of NOx becomes
more and more stringent, the reduction of NOx has caused
widespread concern around the world.1 Though the technology
of selective catalytic reduction of NOxwith NH3 has been widely
used for NOx reduction, its disadvantages cannot be ignored,

2,3

such as air preheater blocks and NH3 leakage. The catalytic
removal of NOx by CO is probably one of the most promising
methods to meet the current requirements in various deNOx
technologies because the internal combustion engines using
fossil fuels often produce the two gases at the same time, and this

deNOx technology can achieve the purpose of eliminating two
kinds of harmful gases at the same time.2

Many researchers have spent a lot of energy studying the
catalytic performance and mechanism of various noble metal
catalysts in the process of carbon monoxide decomposing NOx,
such as Pd, Rh, and Pt supported on some carrier materials.
These catalysts have high catalytic activity for the reduction of
NO by CO, but their scarcity, high-temperature instability, high
price, and easy toxicity have greatly limited their applications. As
a result, cheap alternative materials are becoming more and
more concerned by researchers. In recent years, many studies
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have focused on the development of transition metals and rare
earth complex oxides,2,3 especially cobalt, copper, nickel, and
iron oxides, which have been reported to have NO + CO
reactivity activities.3 In these transition-metal oxides, iron-
containing catalysts have been widely studied because of their
low cost, extensive source, environmental friendliness, stability,
and durability.4

Fe-based materials provide promising results for various
catalytic reactions. For example, Ce−Mn/TiO2 catalysts
modified by iron have catalytic performance for the selective
reduction of NO by CO.5 Previous literature reported that
oxides containing some iron species provide catalytic activity in
the NO elimination.6−8 Study9 reported that γ-Fe2O3 has better
capacity to reduce NO than α-Fe2O3 because of the more acidic
sites on the surface, and magnetic γ-Fe2O3 has a relatively strong
magnetic adsorption capacity for NO molecules, thereby
promoting the chemical adsorption of NO onmagnetic surfaces.
It also has better magnetic susceptibility which is slightly
reduced after being used, and the catalyst still has the potential
for magnetic recycling and reuse,6 but the defect is that the
thermal stability is worse and more or less converted to α-Fe2O3
under high-temperature conditions, resulting in a decrease in
catalytic activity.9 Magnetite Fe3O4 is a kind of ferromagnetic
material with a cubic antispine structure at room temperature,
which has attracted considerable attention because of its
electromagnetic properties and a reactive structure for the CO
shift reaction.10 When Fe3O4 and γ-Fe2O3 coexist, they will
exhibit better stability, magnetic properties, and catalytic
properties.11 However, one extremely important point cannot
be ignored that the efficiency of mono iron oxides at low
temperature (<300 °C) is not high.11,12

Catalysts that contain CuO species have been identified as
active substances for the reduction of NO by CO.12,13 However,
it was found that single copper oxide still exhibited a lower NO
reduction activity at low temperatures.13,14 It is known that the
possible double exchange behavior between Mn3+ and Mn4+ in
manganese species can produce a large amount of surface active
oxygen exhibiting unique catalytic redox properties, which has
attracted a lot of attention in the study of NO reduced by the CO
model reaction.14

In this work, we successfully used a simple new method to
prepare a synergistic three-phase coexistence catalyst system (γ-
Fe2O3, CuFe2O4, and CuO modified by some Mn species).
There is a strong synergy between these phases, and different
phase species take turn to play a leading role in different
temperature ranges, resulting in considerable catalytic perform-
ance for NO reduction by CO at low and high temperatures
(100−1000 °C). This catalyst can effectively avoid the above
disadvantages discussed above. Combining comprehensive
analysis of various characterization results and in situ infrared
as well as X-ray diffraction (XRD) results in the equilibrium
state, the reason for low-temperature considerable activity, high-
temperature stability, and a new possible NO + CO model
reaction mechanism in different temperature regions were
temporarily proposed.

2. EXPERIMENTAL SECTION
2.1. Preparation of Catalysts. CuFe2O4 magnetic nanoparticle

precursor was obtained by the method similar to the typical preparation
reported in the literature.15 The detailed synthesis process is described
below: first, 2.5 mmol CuCl2·2H2O (0.426 g) and 5 mmol FeCl3·6H2O
(1.351 g) were dissolved in ethylene glycol (40 mL). Subsequently, 1.0
g of polyethylene glycol and 3.6 g of CH3COONa were added to the

mixture solution obtained above, and then the mixture was mixed at
room temperature and under magnetic stirring at a suitable speed for 1
h, and thus, a green mixture system was observed. At last, a 100 mL
Teflon-lined stainless-steel autoclave was used to fill the solution
obtained, and then it was placed in an oven at 200 °C for 12 h. The
resulting precipitated material was centrifuged and washed three times
with deionized water and absolute ethanol and then dried for 12 h at 80
°C.

KMn8O16 precursor was obtained by a typical method,16 22.05 g
manganese acetate tetrahydrate and 9.84 g potassium permanganate
mixture were ground in an agate mill until homogeneous, and the
powder was then stored in a beaker and heated to 80 °C for 4 h. After
washing with deionized water to remove the unreacted material, a black
powder was obtained, which was dried overnight at 80 °C.

The two precursors were chosen according to different molar ratios,
and they were ground evenly in an agate mortar and then put in a muffle
furnace and calcined for 10 h at 400 °C.15 A series of samples with the
precursor’s molar ratio of {KMn8O16}/{CuFe2O4} = 0, 0.008, 0.010,
0.016, and 0.020 were labeled as 0MnFeCu, 0.008MnFeCu, 0.010MnFeCu,
0.016MnFeCu, and 0.020MnFeCu, respectively.

2.2. Catalysts Characterization. The X’Pert PRO diffractometer
(PANalytical, The Netherlands) using Cu Kα radiation (λ = 1.54060
Å) was used to obtain the powder XRD patterns of the samples. The
scan voltage and current were set to 40 kV and 40 mA, respectively, the
scan rate was 8°·min−1, and the scan range 2θ was 10−80°.

The adsorption−desorption isotherm of N2 at 77 K was obtained
using aMicrometrics TriStar I 3020 analyzer. The pore distribution and
specific surface area were calculated from the nitrogen sorption
isotherms by the Barrett−Joyner−Halenda and Brunauer−Emmett−
Teller (BET) methods, respectively.

A HITACHI S-3400N electron microscope (Hitachi Company of
Japan) was used to measure the scanning electron microscopy (SEM)
images of the samples at 20 kV. Before the field-emission SEM test, the
samples were suspended in ethanol, dispersed by ultrasonic, and
dripped onto the aluminum sheet.

A Tecnai G2 F20 S-TWIN instrument (FEI Company America)
with 200 kV acceleration voltage was used to obtain the transmission
electron microscopy (TEM) images.

The X-ray photoelectron spectroscopy (XPS) spectra of the samples
were obtained by using an ESCALAB 250Xi multifunctional imaging
electron spectrometer (Thermo Fisher Company America), which used
monochromatic Al Kα radiation (hν = 1486.6 eV) at the power level of
150 W. The electronic binding energy is calibrated on the basis of C 1s
(284.8 eV). The irradiated area and detection depth of the samples were
2 mm × 1 mm and 2−5 nm, respectively.

The H2-temperature-programmed reduction (TPR) profiles of the
samples were obtained by using a FINESORB-3010 automatic
chemical adsorption apparatus (Finetec Corporation). Sample (20
mg) was heated from room temperature to 110 °C (which was kept
under these conditions for 1 h before analysis) under a flow rate of 50
mL·min−1 of N2 and was then switched to 10 mL·min−1 H2−Ar flow
(7% H2 by volume) for 30 min after being cooled to room temperature
in a N2 atmosphere. After that, the temperature was raised from room
temperature to 900 °C (10 °C·min−1), and the thermal conductivity
detector (TCD) was used to continuously analyze the H2 consumption.

The Nicolet iS50 Fourier transform infrared spectrometer equipped
with mercury cadmium telluride and cooled with liquid nitrogen, with a
spectral resolution of 4 cm−1 (number of scans = 32), was used to obtain
the in situ diffuse reflectance infrared Fourier transform spectrum
(DRIFTS) from 650 to 4000 cm−1. The catalyst powder was placed in a
sample cell and pretreated with purified N2 for 1 h at 400 °C to
eliminate adsorbed impurities on the surface, and the catalyst
background spectra at different target temperatures were collected
during cooling to room temperature. Subsequently, the catalyst was
respectively exposed to 10 mL·min−1 NO−He (5 vol % NO and 95 vol
% He) or 10 mL·min−1 CO−He (10 vol % CO and 90 vol % He) or 10
mL·min−1 NO−He (5 vol % NO and 95 vol % He) + 10 mL·min−1

CO−He (10 vol % CO and 90 vol % He) gaseous flow until saturation.
The Fourier transform infrared spectroscopy (FT-IR) of CO, CO +
NO, and NO at each target temperature was collected at the heating
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rate of 5 °C·min−1 from 50 to 400 °C. Finally, the corresponding
background reference spectra were subtracted at various target
temperatures to get the results.
2.3. Catalytic Activity Measurements. The performance of the

catalyst for NO reduced by CO was obtained under simulated reaction
conditions. The reaction conditions include feed steam composed of
He−NO (95 vol %He and 5 vol %NO) andHe−CO (90 vol %He and
10 vol % CO), 10% H2O (only when used), and 1000 ppm SO2 (only
when used) andmake the flow rate of the mixed gas flowing through the
sample constant at 150 000 mL·g−1·h−1 (GHSV). Each sieved sample
(15mg, 40−60mesh) was packed in a quartz tube and pretreated at 110
°C in a high-purity N2 flow for 1 h to remove impurities. The reaction
gas mixture is switched after the sample is cooled to room temperature.
Two chromatographic columns (diameter = 3 mm, length = 1.75 m)
and two TCDs (T = 100 °C) were used to analyze the catalytic reaction
products. Data collection begins when the outlet concentration of the
gas reaches a steady state. The NO conversion and N2 selectivity are
calculated as follows:12
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3. RESULTS AND DISCUSSION

3.1. Catalytic Performance. The NO conversion, N2
selectivity, and conversion of NO to N2 over a series of catalysts
and the CO conversion on the catalyst 0.010MnFeCu as a function
of temperature are shown in Figure 1. From Figure 1a, it can be
seen that the NO conversion on all catalysts is almost the same at
temperatures below 150 °C, and it is relatively low. When the
temperature rises from 150 to 200 °C, the catalytic conversion of
the more Mn-containing species is significantly higher than
those of 0MnFeCu and 0.008MnFeCu, indicating that the
incorporation of the appropriate amount of Mn species further
enhances the performance of these catalysts. As the temperature
rises from 200 to 230 °C, the NO conversion increases
dramatically, which may be due to the surface of the catalyst
reaching the best stable catalytic state, and each reactant reacts
quickly on the surface of the catalyst. When the temperature
continues to increase to 350 °C, the conversion of NO gradually
increases to 100%. When the temperature eventually rises to
1000 °C, the NO conversion rate remains constant at 100%.
This shows that the catalyst not only has a good NO conversion
at low temperatures but also exhibits excellent stability at high
temperatures. Figure 1b shows the selectivity of N2 of all
samples. It was found that all catalysts show the similar curve and
that N2 selectivity decreases sharply to a minimum with the

Figure 1. Results of (a) NO conversion (%); (b) N2 selectivity (%); (c) conversion of NO to N2 (%) over various catalysts as a function of reaction
temperatures; and (d) NO conversion or CO to CO2 conversion of the sample 0.010MnFeCu. Reaction conditions: 5% NO, 10% CO, and balanced He;
SV = 150 000 mL·g−1·h−1. (e) Conversion of NO to N2 (%) over the catalyst 0.010MnFeCu at different GHSV= 30 000, 150 000, 300 000 mL·g−1·h−1.
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temperature increasing from 150 to 200 °C and then quickly
rises again to 100% around 300 °C. However, the 0.010MnFeCu
catalyst has higher selectivity in the whole temperature region,
which suggests that the appropriate amount of Mn manganese
incorporation can further improve the selectivity of the
products.17 From Figure 1c, it can be seen that when the
temperature rises from 100 to 200 °C, the conversions of NO to
N2 of 0MnFeCu, 0.008MnFeCu, and 0.020MnFeCu catalysts remain at a
lower value. However, those of 0.010MnFeCu and 0.016MnFeCu
samples were much higher, which indicated that the appropriate
amount of Mn manganese incorporation can improve the
catalytic performance. As can be seen from Figure 1d, the
conversion rate of NO and CO at 200−220 and 220−230 °C
increased drastically compared to those at other temperature
ranges, which may be due to the rapid formation of some active
catalytic species on the catalyst surface. In addition, it can also be
observed that the curve of the conversion of CO and NO is
approximately the same, but their values rise to 50 and 100%,
respectively, at 300 °C, which indicates that NO and CO reach a
dynamic equilibrium on the catalyst.
From Figure 1e, it can be known that when the space velocity

is 30 000 mL·g−1·h−1, the N2 generation rate reaches 100% at
230 °C and stabilizes to 1000 °C. Although the 100% NO
conversion temperature increases with the increase of the space
velocity, because of the high-temperature activity stability of the
catalyst, NO can be completely eliminated as long as the
temperature is sufficiently high. In order to further explore the
reasons for the differences in catalytic performance, we
performed a series of characterizations of these samples and
presented the corresponding results in the following sections.
The effects of SO2, SO2 +H2O, and H2O on the activity of the

0.010MnFeCu catalyst at 320 °C were also studied (shown in
Figure S1). The results show that the catalyst has a certain water
and sulfur resistance.

3.2. Texture Characterization (N2 Physisorption). The
corresponding pore size distribution of these catalysts shows a
narrow peak centered at around 16−30 nm, which is in good
consistent with the pore distribution region of mesopores
(Figure S2), indicating that the samples have uniform
mesoporous size distribution. The summary of the BET surface
area, pore size, and pore volume of these catalysts is shown in
Table S1. It can be seen from Table S1 that the surface area and
pore volume of the samples have no obvious change, which may
indicate that the influence of the deposition of trace Mn oxides
will be insignificant to the structure of all samples. Figure S3
shows that the average size of the particles is about 10−30 nm.

3.3. XPS Results.The XPS spectra for O 1s of all samples are
also shown in Figure 2a, and three individual peaks of all samples
were distinguished. The peak observed at around 529.5 eV
corresponds to the lattice oxygen O2− (denoted as Oβ). The
second peak having a higher binding energy with the position of
around 531.1 eV (denoted as Oα) is assigned to the chemical
adsorbed oxygen (O−, O2

2−), and the binding energy occurring
at 533.1 eV (denoted as Oγ) is contributed to the physical
adsorbed oxygen (H2O, OH

−).18,19 Surface adsorbed oxygenOα

is generally considered to be more reactive in oxidation because
it has a higher mobility than the lattice oxygen Oβ,

20 it has been
widely reported that the surface chemical oxygen has a positive
effect on the catalytic effect of NO and CO reaction, and this
mechanism may be attributed to the fact that it can not only
oxidize CO, but also promote the adsorption of NO on active
sites.19,21 The higher Oα/O(α+β+γ) value means that there is more
active oxygen on the surface of the catalyst.22,23 The 0.010MnFeCu
sample has the highest content (0.46), which is in line with its
better performance, and the other three samples are 0.07, 0.40,
and 0.32, respectively. According to the XPS spectrum, when
proper trace manganese oxides were added to catalysts, chemical
oxygen increased and then the redox performance was

Figure 2. (a) XPS results of O 1s of 0MnFeCu, 0.010MnFeCu, 0.020MnFeCu, and KMn8O16 catalysts; (b) XPS results of Cu 2p of 0MnFeCu, 0.010MnFeCu, and
0.020MnFeCu catalysts; (c) XPS results of Fe 2p of 0MnFeCu, 0.010MnFeCu, and 0.020MnFeCu catalysts; and (d) XPS analysis of Mn 2p in 0.010MnFeCu,
0.020MnFeCu catalyst, and KMn8O16.
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promoted, which is in good consistent with the results of the
activities.
In Figure 2b, the two main peaks at 933.6−933.9 and 952.7−

953.7 eV are classified as Cu 2p3/2 and Cu 2p1/2, respectively.
20

One can clearly find that the peaks of Cu 2p3/2 and Cu 2p1/2 have
obvious vibration at the binding energies of about 944 and 963
eV assigned to shakeup satellites, which are similar to the
previous literature,12,24−26 and the position and shape trend of
the peak are also exactly the same as that of pure CuO.
Therefore, all the above analysis shows that Cu species in all of
our catalysts exist in the form of Cu2+.
All Fe 2p spectra in Figure 2c show two main peaks with the

binding energies of 710.7−711.1 and 724.2−724.3 eV, which
belong to Fe 2p3/2 and Fe 2p1/2, respectively. One can clearly
find that two accompanying satellite peaks at the binding
energies of about 719.3−719.2 and 732.7−732.8 eV are the
characteristic of Fe3+ cations, which is quite similar to these
reports,27−29 which showed that the Fe 2p XPS spectra of γ-
Fe2O3, Fe3O4, α-Fe2O3, and the shape trend and position of the
peak are also exactly the same as that of pure Fe2O3. Therefore,
the iron species exist in the state of Fe3+ over the sample, and the
valence state of the surface iron cannot be changed by doping
trace manganese, which is highly consistent with the following
XRD results. However, the binding energy of Fe 2p in the
0.010MnFeCu catalyst was a little higher than that of others, which
may indicate that the higher interaction between Fe ions and
neighbor high-valence Mn4+ species results in the formation of
Fe species in a more positively charged environment.22,30

As shown in Figure 2d, one can find that two distinct peaks
centered at 641.5 and 653.5 eV can be clearly observed, which
are attributed to Mn 2p3/2 and Mn 2p1/2, respectively. By
performing peak-fitting deconvolution, the Mn 2p3/2 signal can
be decomposed into three components at the binding energies
of 640.0, 642.2, and 643.5 eV with three corresponding satellite
peaks at 648.0, 653.3, and 655.2 eV, respectively, which can be

assigned to Mn2+, Mn3+, and Mn4+ species on the surface of the
0.010MnFeCu catalyst, similar to the previous report.19,21,31 As can
be seen from Figure 2d, both samples 0.010MnFeCu and
0.020MnFeCu contain the newly formed Mn2+ species compared
to KMn8O16, and 0.010MnFeCu has more Mn4+ and Mn2+. This
may be due to the part of Mn2+ being generated because of the
interaction among iron, copper, andMn species in the process of
being calcined. It is precisely because there are more Mn4+ in
0.010MnFeCu (Mn4+/(Mn4+ + Mn3+ + Mn2+) = 0.45) that the
surrounding copper or iron is in a more positively charged
environment, which is consistent with the shifting of their
binding energy to high binding energy.

3.4. XRD and HRTEM Results. In order to further identify
the detailed crystallinity and the crystalline phase of the
synthesized fresh samples, the XRD analysis was performed
and the results of all catalysts are shown in Figure 3a. One can
find that all of the samples show the similar peaks. The peaks
appearing at 2θ = 18.5, 30.2, 35.6, 37.2, 43.0, 57.1, 62.8, 74.5, and
79.5o match well with the peaks of CuFe2O4 (JCPDS #25-0283),
which are ascribed to the (220), (311), (400), (107), (422),
(511), (440), and (533) lattice planes of the cubic spinel
structure, respectively. The small peaks can be clearly observed
at 2θ = 32.5, 35.4, 35.5, 38.7, 38.9, 48.7, 58.3, 61.5, 66.2, and
68.1°, corresponding to the reflection of (110), (002), (11−1),
(111), (200), (20−2), (11−3), (31−1), and (220) of CuO
(JCPDS #48-1548), which may be derived from the
decomposition of CuFe2O4 during the thermal treatment
process.32 Previous study7 shows that γ-Fe2O3 is an antispinel
structure with all iron existing in the Fe3+ form, and it exists in
tetrahedrally coordinated Fe3+ and octahedral Fe3+ structures
and contains cationic vacancies. Although γ-Fe2O3, CuFe2O4,
and Fe3O4 have a face-centered cubic structure and belong to a
cubic system,28 the crystal structure is basically the same, but the
difference is that γ-Fe2O3 has cationic vacancies,

10 so its XRD
results are slightly different from those of the latter two.

Figure 3. (a) Powder XRD patterns of all samples: 0MnFeCu, 0.008MnFeCu, 0.010MnFeCu, 0.016MnFeCu, and 0.020MnFeCu; (b) partial enlargement of XRD
results; and (c) HRTEM images of the 0.010MnFeCu sample.
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The difference between γ-Fe2O3 and CuFe2O4 can be clearly
observed through partial enlarged drawing in Figure 3b. The
results show that γ-Fe2O3 and CuFe2O4 coexist in our present
samples. Meanwhile, it is interesting to find that the intensity of
the characteristic peak for (110) of monoclinic CuO in the
0.010MnFeCu sample is much higher than that of others.
According to previous literature studies,33,34 it is reported that
Mn species is easily combined with Fe species and then weakens
the interaction between Cu and Fe, leading to the precipitation
of the CuO species, which are highly consistent with the results.
Combining the analysis in Figure S4 (separate XRD result of the
0.010MnFeCu sample), it can be suggested that some Mn2+

promotes the precipitation of Cu2+ fromCuFe2O4 and promotes
CuO to grow along the CuO (110) (as shown in Figure 3c)
crystal plane during the heat treatment.35,36 With the increase of
the manganese loading, some manganese substances gather
themselves to form tiny crystals or amorphous substances, which
cannot be observed from XRD results. Therefore, it can be seen
that the strength of CuO (110) gradually weakens. As reported
previously,37 the catalytic activity of CuO nanoparticles with the
exposed active (110) facet for CO oxidation was significantly
higher than that of the original nanoflower. It was also reported
that the molecule NO preferentially binds to the oxygen atom
pointing upward to the (110) plane.37,38

On the basis of the above XRD results, it can be concluded
that three types of crystalline substances coexist in the present
catalysts (which can be further proved by Figure 3c), and the
existing states of their cations are also highly consistent with the
XPS results discussed above. The 0.010MnFeCu sample has
relativelymore CuO (110) crystal plane (as shown in Figure 3c),
and these CuO species are closely related to the surrounding γ-
Fe2O3 and CuFe2O4, which may produce a number of defects
accompanied by a large number of active oxygen species (O 1s
XPS results of the 0.010MnFeCu sample shown in Figure 2a, and
these active oxygen species can be easily reduced to oxygen
vacancies) at the two-phase contact surface, so it has higher
activity.
3.5. SEM Mapping Results. In order to study the detailed

distribution and morphology of various elements on the surface
of the catalyst, SEM mapping analysis was used. Figure 4 shows
elemental maps of Fe, O, Mn, and Cu on the surface of the
0.010MnFeCu sample. It can be clearly seen that Mn, Fe, and O

elements are highly dispersed on the surface of the catalyst, but
the Cu element is relatively concentrated in a part of the area and
in other parts is consistent with the distribution of other
elements. From the above observations, it is tentatively believed
that the Mn element is highly dispersed on the surface of the
three phases, possibly in the form of microcrystals or
indeterminate forms, which is consistent with the XRD analysis
results. Some aggregated Cu element comes from CuO. In the
regions where only iron and oxygen are distributed, these Fe
species are derived from γ-Fe2O3 nanocrystals. In the region
where Cu and Fe coexist, two elements exist in CuFe2O4
nanoparticles as Cu−O−Fe. These CuO species are closely
surrounded by CuFe2O4 [can also be proved by the high-
resolution TEM (HRTEM) images of the 0.010MnFeCu sample
shown in Figure 3c]. It can be seen from the figure that the Mn
element is highly uniformly dispersed, which indicates that some
of the manganese species are doped on the surface of all phases.
These manganese species may interact strongly with the surface
cations, resulting in a large number of defects and a large number
of active oxygen species (Cu2+−O−Mn4+, Cu2+−O−Mn3+, and
Mn4+−O−Fe3+ oxygen species are more easily reduced to
Cu+−□−Mn3+, Cu+−□−Mn2+, and Mn3+−□−Fe2+).17 The
above SEM mapping result is in good consistent with the XRD
and XPS results, further proving the coexistence of three phases
(γ-Fe2O3, CuFe2O4, and CuO three phases are close and not
independent), which are difficultly distinguished only by the
XRD results.

3.6. TPR Results and Corresponding XRD Results. The
redox performance is the key factor to influence the catalytic
activity of NO reduction by CO. Therefore, the reduction of all
catalysts was evaluated by the H2-TPR experiment, and the
results are shown in Figure 5. According to the literature,39 the
first peak was attributed to the reduction of CuFe2O4 to Cu and
Fe3O4, and the second one is ascribed to the reduction of CuO
to Cu0 (as shown in Figure 5a). However, studies40,41 reported
that Cu−Fe spinel composite catalysts have similar composi-
tions and TPR profiles, which attributed the three reduction
peaks from low temperature to high temperature to the highly
dispersed CuO to Cu, CuFe2O4 to Cu and Fe3O4, and iron oxide
to FeO or Fe, respectively.
In order to understand the corresponding reduction peaks of

different substances in these catalysts, here we have performed a
sufficiently long time H2 reduction treatment of the 0.010MnFeCu
sample at different temperatures (shown in Figure 5b) so that
the reduction reaction reaches a steady state. Their XRD analysis
results are shown in Figure 5b, which can be clearly seen that the
corresponding peaks of CuO disappeared completely at first
(reduced at 160 °C). At the same time, a strong metal Cu peak
appeared, probably because the larger particles of CuO are
completely reduced or reduced to smaller particles. Here, the
H2-TPR peak can be attributed to the reduction of CuO to Cu.
Subsequently, as the reduction temperature continues to
increase (from 180 to 300 °C), the characteristic peak of γ-
Fe2O3 gradually becomes smaller and eventually disappears,
accompanied by the appearance of the Fe3O4 diffraction peak
(Figure 5c) because γ-Fe2O3 is reduced to Fe3O4. As the
temperature continues to rise (from 300 to 380 °C), the
diffraction peak of CuFe2O4 decreases until it disappears.
Instead, the peak of Fe3O4 becomes sharper (Figure 5c),
indicating that the two species (γ-Fe2O3 and CuFe2O4) are
reduced to form larger Fe3O4 particles. When the temperature
reaches 800 °C, all the diffraction peaks disappear except for CuFigure 4. SEMmapping of various elements in the 0.010MnFeCu sample.
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and Fe metals. This is because all substances are reduced to Cu0

and Fe0 at the high temperature.
Similar to the previous literature,39,41 it can be proposed that

the highly dispersed CuO is reduced first and then, γ-Fe2O3 is
reduced to Fe3O4; subsequently, CuFe2O4 is reduced to Fe3O4
and Cu; and finally, Fe3O4 is reduced to FeO or Fe. The
reduction peaks associated with manganese cannot be observed
here, probably because Mn levels are too low to be observed.
On the basis of the above facts, the overlapped peaks below

350 °C were tentatively fitted into three peaks by Gaussian−
Lorentzian curves, as shown in Figure 5a. Three peaks located at
around 230, 270, and 300 °C correspond to the reduction of
highly dispersed CuO to Cu, γ-Fe2O3 to Fe3O4, and CuFe2O4 to
Fe3O4 and Cu, respectively, which could be confirmed by the
XRD of the catalysts gradually reduced by hydrogen. Their
relative ratios can be obtained by comparing the peak area of H2-
TPR profiles, as shown in Table 1. From the data in the table, it
can be seen that (1) the peak area corresponding to the
reduction of CuO is approximately 3 times that of γ-Fe2O3. This
is due to the fact that the amount of Fe in the precursor is twice
that of Cu, and there are three species (γ-Fe2O3, CuFe2O4, and
CuO) in the catalyst. Theoretically, the ratio of the amount of
CuO and γ-Fe2O3 substances is 1:1, and the reduction of 1 mol
CuO to Cu needs 1 mol H2, whereas the reduction of 1 mol γ-
Fe2O3 to Fe3O4 will consume 1/3 mol H2. Therefore, the area of
the former is approximately 3 times of the latter, which further
proves that our catalyst contains these three species. (2) The

value of CuO/CuFe2O4 is the highest in the 0.010MnFeCu sample,
indicating that a proper proportion of the trace amount of
manganese species loading promotes Cu2+ precipitation from
CuFe2O4 to form CuO and grow along the (110) plane, which is
in good consistent with the XRD results in Figure 3a and the
HRTEM images shown in Figure 3c. (3) All samples show the
similar TPR profile (a small amount of manganese has a little
effect on the relative content of each phase), except for
0.010MnFeCu shifting to a lower temperature, which is in good
consistent with its better catalytic performance. This may be
because when an appropriate amount of manganese is
incorporated, some of the newly added reactive oxygen species,
such as Cu2+−O−Mn4+, Cu2+−O−Mn3+, and Mn4+−O−Fe3+,
are formed on the surfaces of the phases so that the catalyst is
more easily reduced, making the reduction peak move to low
temperature.
It has been widely accepted that the synergistic interactions

among CuFe2O4, CuO, and γ-Fe2O3 can be appropriately
reflected by their reduction behaviors. As reference, two pure
samples of CuO and γ-Fe2O3 were also prepared (Figure 6).
Here, it can be seen that pure CuO has a strong peak located at
around 350 °C corresponding to the reduction of CuO to Cu,
which is similar to previous report.42 One can clearly find that
the peaks ascribed to the reduction of CuO and γ-Fe2O3,
occurring at 240 and 270 °C in our samples, shift to lower
temperature compared with those of the pure references, which
shows strong interaction and synergistic effect between the

Figure 5. (a) H2-TPR profiles of these catalysts and the overlapped peaks of all catalysts fitted by Gaussian−Lorentzian curves; (b) XRD results for the
0.010MnFeCu sample fully reduced by H2 at different temperatures; and (c) partial enlargement of (b).

Table 1. H2 Consumption of Each Phase in Various Catalysts and the Proportion of Consumption

sample/MnFeCu 0 0.008 0.010 0.016 0.020
H2 consumption (CuO) (CuO → Cu0) 3430 4255 4141 4434 3595
H2 consumption (γ-Fe2O3) (γ-Fe2O3 → Fe3O4) 1167 1433 1323 1549 1200
H2 consumption (CuFe2O4) (CuFe2O4 → Cu0 + Fe3O4) 9438 10 221 8574 9707 8465
H2 (CuO)/H2 (CuFe2O4) 0.36 0.41 0.48 0.45 0.42
H2 (CuO)/H2 (γ-Fe2O3) 2.94 2.97 3.13 2.86 2.99
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highly dispersed oxide particles.43 Previous researcher re-
ported2,44 that the oxygen species in Cu2+−O−Mn4+, Cu2+−
O−Mn3+, Mn4+−O−Fe3+, and Cu2+−O−Fe3+ can be more
easily reduced than Cu2+−O−Cu2+ and Fe3+−O−Fe3+. There-
fore, we propose that there is a strong interaction among the
three phases, and Cu2+−O−Fe3+ can be generated, as well as the
incorporation of appropriate amount of Mn manganese can
produce another active oxygen (Cu2+−O−Mn4+, Cu2+−O−
Mn3+,Mn4+−O−Fe3+, andMn3+−O−Fe3+) on the surface of the
different phases, which makes the reduction peaks shift to lower
temperature and further results in the excellent catalytic
performance. This further proves that there is a strong
interaction among CuO, CuFe2O4, and γ-Fe2O3 three-phase
coexistence catalyst systems.
Through the above analysis (XRD, XPS, TPR, SEMmapping,

and HRTEM), it can be proposed that γ-Fe2O3, CuO, and
CuFe2O4 three phases coexist in the catalyst, and strong
interaction and synergistic effect can generate among them
(Figure 6), which is in line with the good performance of the
0MnFeCu catalyst. Some loaded Mn species which are highly
dispersed on the surface or between the contact interface of each
phase can further interact with the cations of the surface of the
three-phase coexisting catalyst so as to producemore defects and
eventually produce a large number of active oxygen that can be
easily reduced to oxygen vacancies (confirmed by XPS and TPR
results). As a result, the 0.010MnFeCu catalyst has better catalytic
activity than the 0MnFeCu catalyst.

3.7. CO and/or NO Interaction with the Catalysts (in
Situ FT-IR) and Possible Low-Temperature Reaction
Mechanism. To understand the adsorption and reduction
performance of these catalysts, in situ infrared spectroscopy
(FT-IR) tests of CO adsorption were performed at a series of
temperatures, and the corresponding results of 0.010MnFeCu and
0MnFeCu samples are given in Figure 7. One can clearly see that
the two samples had identical peaks at 2115 and 2173 cm−1.
Previous report18 assigned them to gas-phase CO vibration, but
they were also attributed to the peaks of adsorbed CO.4 In order
to clarify their assignment under the current conditions, we
purposely conducted a blank control experiment shown in
Figure S5b (these two peaks have the identical intensity at the
whole temperature ranges), and the two peaks should be gas-
phase CO. An interesting phenomenon can be observed in the
peak of around 2105 cm−1 (which can be clearly distinguished
from the peaks of the gas-phase CO shown in Figure S5b),
appearing around 100 °C, gradually becoming stronger as the
temperature rises,13 and then gradually weakening until it
disappeared, which was assigned to Cu+−CO.45,46 Literature47
reported that CO was preferentially adsorbed Cu+, and Cu+−
CO was very stable, so Cu+ species can be probed by CO.
However, this peak from the 0.010MnFeCu sample has
disappeared completely at 200 °C, which is lower than that of
the 0MnFeCu sample. This may be because when a small amount of
Mn species are incorporated, Cu2+−O−Mn4+, Cu2+−O−Mn3+,
Mn4+−O−Fe3+, and other active oxygen species are generated at
the contact interface of each phase2,18 so that these active oxygen
species can be more easily reduced by CO, and eventually Cu
species are more easily reduced to Cu+ (Cu+−□−Mn3+,
Cu+−□−Mn2+, and Mn3+−□−Fe2+) and then to Cu0 (in
good consistent with the TPR results), which is in line with
better catalytic performance. For both samples, the peaks
observed at about 2341 and 2360 cm−1 correspond to gas-phase
CO2,

48 whose intensity increases rapidly at 150 °C. At 150 °C,
there is a large amount of Cu+−CO which can rapidly combine
with the adjacent oxygen to form CO2.

13,48

In order to gain an insight into the interaction between
adsorbed NO and the surface components of the samples, the
NO adsorption FT-IR spectra were recorded at various
temperatures from 25 to 400 °C on 0MnFeCu and 0.010MnFeCu
catalysts. As shown in Figure 8, for the 0.010MnFeCu sample, the
peaks observed at 1004 and 1628 cm−1 are attributed to the
stretching mode of NO from bridging bidentate nitrate,

Figure 6. H2-TPR profiles of pure CuO, γ-Fe2O3, and 0.010MnFeCu
samples.

Figure 7. In situ FT-IR results of CO (10% in volume) adsorption on 0.010MnFeCu and 0MnFeCu catalysts.
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gradually decreasing with the increase of temperature and being
lost at high temperature because of their poor stability.2,49 Bands
appearing at 1205 and 1585 cm−1 correspond to symmetric and
asymmetric vibration modes, respectively, of chelating bidentate
nitrate,2,49 which first increase and then decrease slowly with
raising the temperature up to 400 °C, which is in line with its
relatively good stability compared with others. The peak at 1242
cm−1 is assigned to the vibration of chelating bidentate nitrite,
having been reported by other researchers,13,50 which has better
thermal stability than that of others. It is worth noticing that the
peak located at 1277 cm−1 is larger than others at room
temperature and decreases rapidly with increasing temperature
and disappears completely below 200 °C because of its
desorption or decomposition or transformation. The peak is
assigned to the vibration of the linear nitrite and has a relatively
poor stability.48,50 Bands appearing at 1551 and 1603 cm−1

correspond to monodentate nitrate and bridging monodentate
nitrate, respectively.2 As the temperature rises, the first one
decreases gradually and absolutely vanishes below 350 °C and
the second one shows a tendency to decrease in intensity, but it
never disappears even at 400 °C.2 The bands at 1844 and 1903
cm−1 are noticed for both samples, and their intensity decreases
gradually with an increase in temperature but never vanishes.
The literature4,51 reported that the two peaks are assigned to the
weakly adsorbed NO or gas-phase NO, in order to get true
information at our present condition. A blank control FT-IR test
was tentatively conducted (without samples, the other
conditions are exactly the same, shown in Figure S5a), from
which we can accurately attribute them to the gas-phase NO
through the experimental results.
It is interesting to find that the 0MnFeCu sample has the similar

vibration bands at 1903, 1844, 1630, 1608, 1587, 1545, 1279,
1249, 1211, and 1006 cm−1 corresponding to gas-phase NO
(1903 and 1844 cm−1), bridging monodentate nitrate (1608

cm−1), linear nitrite (1279 cm−1), chelating bidentate nitrite
(1249 cm−1), chelating bidentate nitrate (1211 and 1587 cm−1),
monodentate nitrate (1545 cm−1), and bridging bidentate
nitrate (1630 and 1006 cm−1), respectively. In addition,
compared with 0MnFeCu, it can be obviously noticed that all of
the vibration bands of adsorbedNO species on the surface of the
0.010MnFeCu catalyst except for two peaks at 1844 and 1903 cm

−1

(both the catalysts were surrounded by the same gas
atmosphere) shift toward the lower wavenumbers. This
phenomenon may be interpreted by the more strongly
synergistic interaction among CuO, CuFe2O4, and γ-Fe2O3
interfaces, which are promoted by some Mn species highly
dispersed between these contact surfaces. Therefore, it can cause
the d-electron’ back-donation from the metal cation to the
antibonding orbital of NO, and then the N−O bond was
weakened, whichmay be accounted for its better performance.48

Comparing the change regulation of intensity of NOx adsorbed
on the two samples, some interesting results can be obtained,
and the weakening degree of the peak intensity of nitrate and
nitrite over 0.010MnFeCu is greater than that of 0MnFeCu, indicating
that the decomposition, adsorption, and desorption abilities of
0.010MnFeCu are better than those of the 0MnFeCu catalyst.

52

From the FT-IR spectra results discussed above, it can be
concluded that when the catalyst is placed in an atmosphere of
NO, the oxygen species on its surface combine with NO and
oxidize it to NOx species, which shows that the present catalyst
has strong oxygen storage and release characteristics.50 As the
temperature rises, some unstable NO begins to desorb,
decompose, or transform. When the temperature reaches 400
°C, most of the NOx species has been desorbed or decomposed,
except for stable nitrates.50 When a proper amount of Mn
substance is added to the contact interface among CuO, γ-
Fe2O3, and the surrounding CuFe2O4, some defects may occur
because of strong interactions so that more cations are in an

Figure 8. In situ DRIFTS results of NO (5% in volume) adsorption on 0MnFeCu and 0.010MnFeCu catalysts.

Figure 9. In situ FT-IR results of NO and CO (5% NO and 10% CO in volume, respectively) coadsorption on 0.010MnFeCu and 0MnFeCu catalysts.
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unsaturated state (can adsorb a great amount of oxygen species,
supported by XPS results) and thus have a stronger adsorbed
ability on NO and eventually make all infrared absorption peaks
of NOx move toward lower wavenumbers.52

In order to better understand themechanism ofNO reduction
by CO, the properties and relative quantities of surface species
over 0.010MnFeCu and 0MnFeCu samples were studied by CO and
NO coadsorption in situ FT-IR techniques under simulated
reaction conditions, as shown in Figure 9. One can clearly find
that the interaction of CO and NO with samples produces
several kinds of nitrates and nitrite species, which is similar to the
results of NO adsorbed alone on the surface at room
temperature. NO was preferentially adsorbed on the surface of
the samples because of unpaired electrons, and then the
adsorption of CO species on the surface of sample was inhibited,
which is in line with the previous studies.50 However, some
differences from those of the NO alone adsorption can be found,
and the intensities of all the NOx species decrease more quickly
and they vanish completely at lower temperature, which
demonstrate that some nitro-intermediate species have reacted
with CO. The peaks observed at 2341 and 2360 cm−1

correspond to gas-phase CO2,
48 which shows the oxidation of

CO even at relatively low temperature.
Here, a particularly different phenomenon is noticed, that is,

when the temperature rises to 175 °C, all NOx species disappear
completely, and two special peaks located at about 1770−1790
and 2105 cm−1 begin to appear (the intensity of the peak at 2105
cm−1 over 0.010MnFeCu is much higher than that of 0MnFeCu. This
may be because when an appropriate amount of manganese is
incorporated, some active oxygen species such as Cu2+−O−
Mn4+, Cu2+−O−Mn3+, and Mn4+−O−Fe3+ (Figure 2d shows
that the sample 0.010MnFeCu has more Mn4+ species and
therefore can produce more Cu2+−O−Mn4+ and Mn4+−O−
Fe3+) can be generated and then can be rapidly reduced, and
some Cu+−□−Mn3+, Cu+−□−Mn2+, and Mn3+−□−Fe2+ are
immediately generated and then immediately a large amount of
Cu+−CO is produced).
As the temperature rises, their intensity increases sharply.

When the temperature rises to 200 °C, their strength reaches the
maximum value with the conversion of CO and NO beginning
to increase rapidly (which is well in line with the conversion of
NO and CO shown in Figure 1a,d), and as the temperature
continues to rise, their strength gradually decreases until it
disappears. On the basis of the current FT-IR analysis results and
previous studies,53 the first peak can be attributed to the
vibration of M−NO (M represents some cations), while it is
assigned to Cu+−NO (the detailed FT-IR analysis in Figure S6).
The second one has been assigned to CO bonded to Cu+, which
is generally accepted by many previous literature studies.45,50

Another slightly different peak from the above two, located at
2237 cm−1, was attributed to the gas phase of N2O,

48 which
began to appear at 200 °C and gradually decreased until it
disappeared with the increase in temperature. This is highly
consistent with the selectivity and catalytic activity of the catalyst
shown in Figure 1b,c. We may intentionally propose that at
room temperature, NO preferentially adsorbs on some metal
cations from the surface of the catalyst to cover some active sites,
thereby inhibiting the adsorption of CO;50 With the gradual
increase of temperature, part of NOx reacts directly with CO,
and the other part desorbs or decomposes. Eventually, NOx
disappears completely at 175 °C, and at this point, CO can
directly react with the surface active oxygen (Cu2+−O−Mn4+,
Cu2+−O−Mn3+, and Cu2+−O−Fe3+) to make Cu2+ on the

catalyst surface reduced to Cu0 or Cu+ and generate a large
number of oxygen vacancies (Cu+−□−Mn3+, Cu+−□−Mn2+,
and Cu+−□−Fe2+).18,45 When the temperature rises to 200 °C,
a large amount of Cu+ (some Cu2+−O−Cu2+ are also reduced to
Cu+, resulting in further increase in the content of Cu+) is
generated on the surface of the catalyst so that a certain amount
of NO and a large amount of CO are adsorbed. Meanwhile,
surface oxygen vacancies can weaken the N−O bond and
promote the decomposition of the adsorbed NO species into N
and O atoms,13 and then O combines with the adjacent CO
adsorbed on Cu+ to form CO2. Most of the N radicals combine
with neighboring Cu+−NOmolecules to formN2O, and the rest
combined with each other to form N2, which is in good
consistent with the low N2 selectivity at 200 °C (Figure 1b).
Thereafter, as the temperature continues to rise to 300 °C, most
of the Cu+ is reduced to Cu0 accompanied by the disappearance
of Cu+−CO and Cu+−NO. Because of the disappearance of
Cu+−NO, most NO may be directly decomposed by oxygen
vacancies to O and N, and two N atoms are combined into N2,
which can be proved by the selectivity of N2 increasing sharply as
shown in Figure 1b. Finally, all the peaks disappeared at 300 °C,
except for CO and NO gas-phase peaks. Therefore, the FT-IR
spectra results above 300 °C will not be shown.
One can find several special phenomena. (1) No COx

absorption peaks can be seen throughout the temperature
range; however, the peak of CO2 can be seen, which indicates
that CO can quickly react with the catalyst and desorb so that it
does not occupy the reaction site (as shown in Figure 7). (2)
When the temperature rises to 175 °C, all NOx species disappear
completely, and two special peaks located at about 1770−1790
(Cu+−NO) and 2105 cm−1 (Cu+−CO) begin to appear (as
shown in Figure 9). (3) When the temperature rises by about
300 °C, all the peaks disappear, except for the characteristic peak
of the gas-phase CO2 (as shown in Figure 9). These phenomena
cannot be found in the previous literature. The mechanism in
this paper is slightly different from the above litera-
ture.2−4,6,12−14,18,44,45,49,50

3.8. Possible High-Temperature Reaction Mechanism
over the Catalyst. When the temperature rises to 300 °C,
because of high-temperature desorption or rapid reaction, all
peaks vanish completely except for some peaks of gas-phase
species (CO, NO, and CO2). Therefore, we cannot get any
information from FT-IR spectra results, but Cu2+ species have
been reduced to Cu0 before 300 °C, which can be proved by the
complete disappearance of peaks for Cu+−CO.
To further prove that the Cu species exist in the form of Cu0

on the surface of the catalyst under our present condition at
higher temperature (≥300 °C), we collected the catalyst which
had reacted for a long time at 400 °C and been swept by nitrogen
to room temperature. The XRD results (Figure S7a,b) showed
that all the peaks assigned to CuO disappeared completely
except the peaks for γ-Fe2O3, accompanied by the appearance of
some strong Cu peaks and Fe3O4 peaks, which further
demonstrates that some Cu2+ species may have been reduced
to Cu0. The detailed discussion in the figure also proves this.
Previous studies13,46 reported the relationship between Cu+

content and temperature in Cu-containing composite oxides,
and it was found that when the temperature was lower than 300
°C, Cu+ was completely reduced to Cu0, which is in line with the
results.
The XRD results of samples having reacted long enough

under 400, 600, and 800 °C (shown in Figure S8) show that it is
similar to the crystal-phase species at 400 °C. This indicates that
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there may be no significant change in the active components of
the catalyst in the temperature range of 400 to 1000 °C.
Therefore, here, it was tentatively believed that under high-
temperature conditions, γ-Fe2O3 and Fe3O4 may be catalytically
active substances. It was reported that both Fe3O4 and γ-Fe2O3
had similar cubic dense stacked oxide ion arrays,11 which
explains the interchangeability of the two compounds in redox
and reduction because these reactions have relatively little
change on the whole structure. The conversion between Fe3O4
and γ-Fe2O3 is quite easy, which is in good consistent with the
excellent high-temperature performance of our catalyst,29 and it
is also explained that Fe3O4 and γ-Fe2O3 phases are found to
coexist in the process of all high-temperature reactions.9

Studies54,55 have shown that the catalytic activity of γ-Fe2O3 is
significantly higher than that of α-Fe2O3, which is similar with
the present study (Figure 10). However, the thermal stability of

α-Fe2O3 is better than that of γ-Fe2O3.
56,57 Therefore, it is also

possible that part of γ-Fe2O3 is converted to α-Fe2O3 at high
temperatures. The XRD results shown in Figure 11 indicate that

α-Fe2O3 is generated in the 0MnFeCu sample when the
temperature rises to 400 °C. In contrast, samples containing
traces of Mn species do not have this corresponding diffraction
peak. This may be because when the temperature is increased,
theMn species can suppress the γ-Fe2O3 to α-Fe2O3 conversion,
which is in good consistent with the previous report,58 in which
it is reported that the Mn3+-doped γ-Fe2O3 displays super-
paramagnetic behavior at room temperature, and the conversion
of γ-Fe2O3 to α-Fe2O3 at high temperatures can also be
prevented. Combined with experimental results and literature, it
can be inferred that Mn3+ inhibits the conversion of γ-Fe2O3 to
α-Fe2O3.
The possible high-temperature reaction mechanism was

proposed. When surface oxygen ions are removed by CO,
accompanied by the formation of Fe2+, the polycrystalline

transition of γ-Fe2O3 to Fe3O4 begins, and then the newly
formed Fe2+ diffuses into the bulk phase and forms Fe3O4.
Because the crystal structures of γ-Fe2O3 and Fe3O4 are very
similar, the phase transition between them is actually a
topological process and needs no crystallographic changes,
which makes the migration of Fe2+ need less energy. Therefore,
γ-Fe2O3 can be easily reduced to Fe3O4. Similarly, the transition
of Fe3O4 to γ-Fe2O3 starts when NO contacts with oxygen
vacancy. The electrons are transferred from bulk Fe2+ to
adjacent Fe3+ and finally to the surface to bind with NO after
several transfers so that NO is decomposed intoN andO (N and
adjacent N combine to form N2). At the same time, the newly
generated Fe3+ expands from the body phase to the outside,
leaving a cationic vacancy to form γ-Fe2O3.

54,59,60

To further prove that different crystal phases in the strong
synergistic coexistence catalyst system play dominant catalytic
roles at different temperatures,61 we show the diagram of the
relationship between the catalytic activity and temperature for
different pure phases. It can be clearly seen from Figure 12 that

when the temperature rises from 180 to 200 °C, the catalytic
activity of pure CuO increases abruptly because of the excellent
low-temperature catalytic activity, and as the temperature
continues to rise, its activity decreases sharply because of most
Cu2+ being reduced to Cu0. However, under the same
conditions, when the temperature is less than 250 °C, the
catalytic conversion of pure Fe2O3 is almost 0, and the catalytic
activity gradually increases to 100% as the temperature
continues to increase up to 600 °C because of the excellent
high-temperature catalytic activity. It is clear that the curves of
the physical mixture of γ-Fe2O3, CuO, and CuFe2O4 are just
simple summations of pure species. The difference from the
above three is that the present sample not only has a low-
temperature catalytic activity such as pure CuO but also has a
high-temperature stability such as γ-Fe2O3 and also completely
better than physical mixing. Combined with the XRD, XPS, FT-
IR, SEM mapping, and in situ FT-IR analyses, it is believed that
when the temperature is lower than 250 °C, the CuO with
relatively more Mn species on the surface in present three-phase
coexisting catalyst play a dominant catalytic role, andmost of the
Cu2+ is reduced to Cu0 as the temperature increases to 300 °C.
Meanwhile, Fe3O4 (CuFe2O4 was reduced to Fe3O4) begins to
appear.When the temperature is higher than 400 °C (400−1000
°C), Fe3O4/γ-Fe2O3 becomes a highly active substance. A
possible NO reduction by the CO reaction mechanism
(schematic diagram) is proposed in Figure 13.

Figure 10. Conversion of NO to N2 on γ-Fe2O3, α-Fe2O3, and Fe3O4.

Figure 11. XRD results of 0.010MnFeCu and 0MnFeCu samples.

Figure 12. NO conversion on CuO, 0.010MnFeCu, γ-Fe2O3, and the
physical mixture.
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4. CONCLUSIONS
The three phases of γ-Fe2O3, CuFe2O4, and CuO coexist in our
catalyst system, resulting in a large number of active oxygen
species in their interface, which can be reduced to oxygen
vacancies by CO, resulting in a good activity of the 0MnFeCu
catalyst even without manganese. When a suitable amount of
manganese is incorporated into the catalyst, the Mn2+ species
interacts strongly with the Fe species, allowing Cu2+ to
precipitate from CuFe2O4 and preferentially grow along the
CuO(110) plane surface, which has better catalytic perform-
ance. At high temperature (300−1000 °C), Mn3+ can suppress
the transformation of γ-Fe2O3 to α-Fe2O3, which leads to a stable
high-temperature catalytic performance. Mn4+ on the surface of
the catalyst generates reactive oxygen species, which can be
more easily reduced to form some oxygen vacancies during the
reaction. These factors eventually lead to the excellent catalytic
performance of the 0.010MnFeCu catalyst with a broad temper-
ature window.
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