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a b s t r a c t

X-ray diffraction (XRD), Mössbauer spectroscopy, and temperature-programmed reduction (TPR) were
employed to investigate the dispersion and reduction behaviors of the Fe2O3/CuO/c-Al2O3 system. The
results indicated that: (1) the crystalline CuO particle in the CuO/c-Al2O3 samples was redispersed during
impregnating CuO/c-Al2O3 samples with Fe(NO3)3 solutions; (2) two different dispersion states of surface
iron species could be observed, i.e., State I corresponding to the iron(III) species located in the D layer on
the surface of c-Al2O3 and State II corresponding to those in the C layer. The dispersed states of surface
iron(III) species were closely related to the iron loading amount; (3) the copper species located in the D
layer of alumina surface was easily reduced and the copper species located in the C layer were more sta-
ble, which could be due to the influence of the iron(III) species in the different layers; (4) in the NO + CO
reaction, the catalytic performances were enhanced due to the Cu–Fe synergism and the main active spe-
cies in this system should be the surface-dispersed copper oxide species.

� 2010 Published by Elsevier Inc.
1. Introduction the complex compositions and interactions of these species. Due
Supported metal oxide catalysts have attracted much attention
due to their wide applications in a variety of industrially important
reactions, such as hydrodesulfurization, cracking, polymerization,
and partial oxidation of hydrocarbons and the selective reduction
of nitrogen oxides [1–6]. It is well established that the chemical
properties and activities of supported metal oxide catalysts can
be dramatically influenced by the nature of the carrier [7–10].
Therefore, knowledge of the local structure of the catalyst surface
and insight into the factors that determine the surface structure
play an important role in further development and optimization
of supported metal oxide heterogeneous catalytic systems. Accord-
ingly, a large number of studies have been devoted to exploring the
interaction between the support and the dispersed oxide species,
and various explanations of models concerning the nature of the
interaction have been proposed [11–17].

In the past, primary attention has been focused on the interac-
tion between the monocomponent active component and the sup-
port in the catalysts. Correspondingly, reports about the
multicomponent-supported catalysts are rare, partly because of
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to the complexity of the multicomponent-supported catalysts,
though many correlative research studies have been carried out,
there is still a lack of general agreement on the intrinsic interac-
tions among the components. For example, in CuO/CeO2/TiO2 cat-
alysts, the interactions should involve all the species including
dispersed copper oxide, crystalline copper oxide, dispersed ceria
species, crystalline CeO, and TiO2 support. However, in fact, the
catalysts, commonly used in the chemical industry, are binary or
multiple component catalysts, such as the Fe–K/c-Al2O3 catalyst
for CO2 hydrogenation [18], V2O5–WO3/TiO2 catalyst in the reduc-
tion of NOx by NH3, and WO3-modified NiO–ZrO2 for the dimeriza-
tion of ethylene [19,20]. Hence, the interaction between multiple
metal oxides in those catalysts is wide open for study.

c-Al2O3, copper oxide, and ferric oxide are important compo-
nents in automotive exhaust emission control and industrial cata-
lysts. For example, CuO/c-Al2O3 catalysts show a potential catalytic
activity for the elimination of NOx and CO oxidation and special
attention has been paid to the substitution of noble metal catalysts
in these systems [21], and iron-containing catalysts have been
widely used in alkylation and oxidation reactions [22,23]. Compar-
atively, the supported Fe2O3/CuO/c-Al2O3 system has received lit-
tle attention in the past. In the present work, Mössbauer
spectroscopy, X-ray diffraction (XRD), and temperature-pro-
grammed reduction (TPR) have been employed to study the struc-
ture of iron and copper species of Fe2O3/CuO/c-Al2O3 samples
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prepared by the stepwise impregnation method, and the activity of
the removal of NO by CO has been tested. Attention has been fo-
cused on: (1) the influence of the impregnation of ferric oxide on
the dispersion and reduction of copper oxide species in CuO/c-
Al2O3, (2) the dispersion and reduction of ferric oxide and copper
oxide on copper oxide premodified c-Al2O3 support, and (3) the
catalytic performances of Fe2O3/CuO/c-Al2O3 samples.
2. Materials and methods

2.1. Sample preparation

c-Al2O3, obtained from Fusun Petrochemical Institute (China),
was calcined at 750 �C for 5 h before being used for preparing sup-
ported samples. The BET surface area is about 216 m2 g�1.

Supported copper oxide samples with fixed CuO loadings
(0.7 mmol/100 m2 c-Al2O3, close to the dispersion capacity [24])
were prepared by incipient wetness impregnation of c-Al2O3 sup-
ports with an aqueous Cu(NO3)2 solution. The samples were dried
at 100 �C for 24 h, and then calcined at 450 �C in air for 5 h. The
same procedure was used for the preparation of Fe2O3-supported
samples.

Fe2O3/CuO/c-Al2O3 samples were prepared by incipient wet-
ness impregnation of CuO/c-Al2O3 samples with an aqueous
Fe(NO3)3 solution of different concentrations. The samples were
dried at 100 �C for 24 h, and then calcined at 450 �C in air for 5 h.
For simplicity, the Fe2O3/CuO/c-Al2O3 samples were assigned as
Fxy; i.e., F01 corresponds to a sample with Fe3+ loading amount
of 0.1 mmol/100 m2 c-Al2O3 and fixed CuO loading amounts of
0.7 mmol/100 m2 c-Al2O3.

Fe2O3–CuO sample, containing 3 mol Fe2O3 and 1 mol CuO, was
prepared by coprecipitation of aqueous Fe(NO3)3 and Cu(NO3)2

solution, dried at 100 �C for 24 h, and then calcined at 450 �C in
air for 5 h.
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Fig. 1. XRD patterns of Fe2O3/CuO/c-Al2O3 samples with fixed CuO loadings
(0.7 mmol/100 m2 c-Al2O3) and Fe2O3 loadings of 0, 0.1, 0.3, 0.5, 0.7, 0.9, 1.1, 1.3,
and 1.5 mmol Fe3+/100 m2 c-Al2O3.
2.2. Characterization

XRD patterns were obtained with a Philips X’pert Pro diffrac-
tometer employing Ni-filtered CuKa radiation (0.15418 nm); the
X-ray tube was operated at 40 kV and 40 mA.

The surface area of c-Al2O3 was determined via nitrogen
adsorption at 77 K with the Brunauer–Emmet–Teller (BET) method
using a Micrometrics ASAP-2000 adsorption apparatus.

Mössbauer spectra were measured at room temperature, using
a constant acceleration spectrometer with a 20 mCi source of 57Co
in rhodium, and the isomer shifts were given relative to a-Fe at
room temperature. The absorption lines in the Mössbauer spectra
were fitted to Lorentzian lines employing a least-squares method
by the MOSFUN program [25].

TPR profiles were carried out in a quartz U-tube reactor, and a
30 mg sample was used for each measurement. Prior to the reduc-
tion, the sample was pretreated in a N2 stream at 100 �C for 1 h and
then cooled to room temperature. After that, a H2–Ar mixture (7.3%
by volume) was switched on. The temperature was increased line-
arly at a rate of 10 �C min�1, and the consumption of H2 in the reac-
tant stream was detected by a thermal conductivity cell.

The activities for ‘‘NO + CO” reaction were determined under
steady state, involving a feed steam with a fixed composition, NO
5%, CO 10%, and He 85% by volume as diluents. A quartz U-tube
with a requisite quantity of catalyst (�50 mg) was used. The cata-
lysts were pretreated in N2 stream at 100 �C for 1 h and then cooled
to room temperature, after that, the mixed gases were switched on.
The reactions were carried out at different temperatures with a
space velocity of 12,000 h�1. Two volumes and thermal conduction
detections (TCDs) were used for the purpose of analyzing the pro-
duction, with volume A packed with Paropak Q for the separation
of N2O and CO2, and volume B packed with a 5A molecular sieve
(40–60 M) for separating N2, NO, and CO.

3. Results and discussion

3.1. XRD results

XRD results of Fe2O3/CuO/c-Al2O3 samples with constant cop-
per oxide loadings (0.7 mmol Cu2+/100 m2 c-Al2O3) and different
ferric oxide loadings are shown in Fig. 1. For Fe2O3/CuO/c-Al2O3

samples with the ferric oxide loadings are lower than 0.9 mmol
Fe3+/100 m2 c-Al2O3, no characteristic peaks of crystalline Fe2O3

(typically at 2h = 33.21� and 35.63�) have been observed, which
suggest that ferric oxide species have been highly dispersed on
the surface of CuO/c-Al2O3. However, characteristic peaks of crys-
talline Fe2O3 have been found in high ferric oxide loading samples
(P1.1 mmol Fe3+/100 m2 c-Al2O3) and the intensities of the peaks
increase with increase in ferric oxide loading amount, indicating
the formation of crystalline Fe2O3. Therefore, the dispersion capac-
ity of ferric oxide on the surface of CuO/c-Al2O3 is about 0.9 mmol
Fe3+/100 m2 c-Al2O3.

Furthermore, for samples with extreme low ferric oxide load-
ings (60.3 mmol Fe3+/100 m2 c-Al2O3), the peaks corresponding
to crystalline CuO (2h = 35.55� and 38.74�) can be observed. Their
intensities decrease with increase in ferric oxide loadings, and dis-
appear at last when the loading amounts of ferric oxide reach
0.5 mmol Fe3+/100 m2 c-Al2O3. Because the theoretical dispersion
capacity of CuO on c-Al2O3 surface is about 0.75 mmol Cu2+/
100 m2 c-Al2O3 [24], the peaks corresponding to crystalline CuO
in samples F00, F01, and F03 indicate that the copper oxide species
have not dispersed on the c-Al2O3 surface completely. As CuO/c-
Al2O3 was reimpregnated with a concentrated Fe(NO3)3 solution,
the crystalline CuO particles became soluble, and then redisperses
on the surface of c-Al2O3. Thus, crystalline CuO peaks disappear
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Fig. 2. pH variations vs the impregnation time for the Fe2O3/c-Al2O3 sample (a–b, at
room temperature; b–c, at 100 �C).

524 Y. Wu et al. / Journal of Colloid and Interface Science 343 (2010) 522–528
when ferric oxide loadings are higher than 0.3 mmol Fe3+/100 m2

c-Al2O3.
To qualitatively approach the effect of the impregnation proce-

dure for the CuO/c-Al2O3 samples, the relationship between the pH
value and the solution temperature has been monitored, as shown
in Fig. 2. Normally, the conventional incipient wetness impregna-
tion processing includes two steps. First, the support is impreg-
nated in an aqueous solution at room temperature. Here, the pH
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Fig. 3. Mössbauer spectra of Fe2O3/CuO/c-Al2O3 samples with fixed CuO loadings (0.7 mm
Fe3+/100 m2 c-Al2O3.

Table 1
Mössbauer parameters of Fe2O3/CuO/c-Al2O3 samples

Sample F01 F03 F05

State I IS1(mm�s�1) 0.25 0.27 0.23
QS1(mm�s�1) 1.00 1.12 1.18
Contents (%) 100 66 41

State II IS2(mm�s�1) - 0.29 0.28
QS2(mm�s�1) - 0.67 0.67
Contents (%) - 34 59

* The magnetic Fe2O3 have not been taken to account.
values of Fe(NO3)3 aqueous solution are stable at about 2.2 under
set operating conditions. Secondly, the temperature is increased
to 100 �C to remove excess steam out of the water. Simultaneously,
the pH values of the solution decrease to 0.5 rapidly, indicating
that Fe(NO3)3 aqueous solution strongly hydrolyzes at 100 �C. Dur-
ing this procedure, the crystalline CuO could be dissolved with the
strong acid when CuO/c-Al2O3 was impregnated with Fe(NO3)2

aqueous solution. Along this line, the dissolved CuO might be dis-
persed on the surface of c-Al2O3 again.
3.2. Mössbauer results

Mössbauer spectra of Fe2O3/CuO/c-Al2O3 samples are shown in
Fig. 3 and the corresponding parameters are presented in Table 1,
respectively. All of the spectra contain two central doublet compo-
nents on the surface of c-Al2O3. Besides these, four peaks at about
�4.0, �0.9, 1.7, and 4.8 mm s�1 can be detected in F13 and F15
samples, corresponding to the 2, 3, 4, 5 peaks of magnetic Fe2O3

[26]. Although the 1, 6 peaks of magnetic Fe2O3 should be at about
�7.3 and 8.1 mm s�1, they are outside of the velocity range and
invisible in the spectra. As other samples do not reveal peaks cor-
responding to magnetic Fe2O3, the dispersion capacity of Fe2O3

should be between 0.9 and 1.1 mmol Fe3+/100 m2 c-Al2O3. This re-
sult basically agrees with the XRD results.

From the Mössbauer parameters of two doublets, the F01 sam-
ple has only one iron state (State I) on the Al2O3 surface with iso-
mer shift (IS1) equal to 0.25 mm s�1 and quadrupole splitting
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(QS1) equal to 1.00 mm s�1. As Fe2O3 loadings increasing, another
iron state (State II) with IS2 = 0.28 mm s�1 and QS2 = 0.6 mm s�1

appears. Furthermore, the contents of iron cations at these two dif-
ferent states are present in proportions about 1:1, gradually. Both
states have similar isomer shifts in between 0.25 and 0.30 mm s�1,
so the iron cations in all samples can be assigned to ferric species
(Fe3+) [26]. Considering the quadrupole splitting values, State I and
State II of Fe3+ should be assigned to those at low spin and high
spin state, respectively. As the sign of DR/R is negative for 57Fe,
more isomer shift means an increase in the number of 3d electrons
on the iron atoms and therefore in screening of the s electron den-
sity at the iron nuclei. The isomer shift of State I is lesser than that
of State II, i.e., its |W(0)|2 is lesser than that of State I. Accordingly,
the 3d electron occupation of iron cations at State I is lesser and p
acceptance is greater [26]. It is well established that the p bonding
energy between the lattice oxygen of support and iron will be de-
creased, which might lead to the strong interaction between them
[26]. In contrast, the interaction between the support and the iron
at State II is weak. Therefore, the dispersed ferric oxide species
should be much more inclined to be at State I than at State II.
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Fig. 5. TPR profiles of Fe2O3/CuO/c-Al2O3 samples with fixed CuO loadings
(0.7 mmol/100 m2 c-Al2O3) and Fe2O3 loadings of 0, 0.1, 0.3, 0.5, 0.7, 0.9, 1.1, 1.3,
and 1.5 mmol Fe3+/100 m2 c-Al2O3.
3.3. H2-TPR results

Shown in Fig. 4 are the TPR profiles of samples 0.2 mmol Fe3+/
100 m2 c-Al2O3 (02Fe/Al), 2.0 mmol Fe3+/100 m2 c-Al2O3 (20Fe/
Al), pure a-Fe2O3, pure CuO, and Fe2O3–CuO. It can be seen clearly
that the reduction peaks are higher than 300 �C in samples a-
Fe2O3, 02Fe/Al, and 20Fe/Al. In a comparison of the reduction peaks
in these three samples, it seems reasonable to suggest that the
peak at about 393 �C should be related to the reduction of dis-
persed iron oxide, and peaks at about 311 and 558 �C should be re-
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Fig. 4. TPR profiles of Fe2O3/c-Al2O3 samples with Fe2O3 loadings of (a) 0.2 and (b)
2.0 mmol Fe3+/c-Al2O, respectively; (c) a-Fe2O3; (d) pure CuO; (e) Fe2O3–CuO.
lated to the stepwise reduction of surface bulk iron oxide, i.e.,
Fe2O3 ? Fe3O4, the further reduction of Fe3O4 [27]. While for the
CuO-containing samples, Fe2O3–CuO, two reduction peaks (181
and 225 �C) lower than 300 �C can be observed. Considering the
reduction peak of bulk copper oxide at about 275 �C, it can be con-
cluded that the reduction peaks at 181 �C is corresponding to the
reduction of dispersed copper oxide on the surface of Fe2O3, while
the peak at 225 �C is related to the reduction of copper oxide in Cu–
Fe composite oxide [28].

Fig. 5 shows the TPR curves of Fe2O3/CuO/c-Al2O3 samples with
different ferric oxide loadings. The shapes of TPR profiles change
significantly as ferric oxide loadings are increased. For samples
F00 and F01, there are two peaks with hydrogen consumption
maxima at about 207 and 236 �C, respectively, and the intensities
of the latter decrease with increase in ferric oxide loadings from
0 to 0.1 mmol Fe3+/100 m2 c-Al2O3, which disappears when the
iron loadings reach 0.3 mmol Fe3+/100 m2 c-Al2O3. Simultaneously,
for sample F03, the peak at 207 �C shifts to 192 �C, which has a
shoulder peak at about 200 �C. Since TPR peaks of dispersing spe-
cies will shift toward lower temperature [29], the peaks at about
207 or 192 �C are assigned to surface-dispersed copper species,
and the peak at 236 �C is attributed to crystalline CuO species
[30]. These entire phenomena indicate that the crystalline CuO in
Fe2O3/CuO/c-Al2O3 samples has been dissolved during the impreg-
nation procedure and redispersed on the surface of c-Al2O3. This
suggestion has been supported by the XRD results shown in Fig. 1.

For the samples with iron loadings from 0.3 to 1.1 mmol Fe3+/
100 m2 c-Al2O3 (sample F03–F11), a new reduction peak around
400 �C can be detected. Simultaneously, the peaks at about
190 �C are split into 2–3 ones (about 180, 200, 220 �C). When the
iron loadings increasing from 1.3 to 1.5 mmol Fe3+/100 m2 c-
Al2O3, two peaks around 300 and 530 �C intensified gradually,
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while the peak at 410 �C disappeared accordingly. Comparing the
above results with those in Fig. 4, it seems reasonably to suggest
that the reduction peak at about 400 �C is ascribed to the reduction
of the crystalline Fe2O3 species, and the peaks around 300 �C and
530 �C are due to the reduction of the surface-dispersed ferric
oxide species. While for the reduction peaks lower than 300 �C,
these peaks should be the total contribution of the reduction of
the surface copper species that are interacting with the surface-
dispersed ferric oxide species.

Based on our previous studies [15,31], the possible interaction
model among dispersed Fe2O3, CuO, and surface c-Al2O3 is tenta-
tively discussed. As reported elsewhere [15,32], two kinds of sur-
face vacant sites, e.g., octahedral and tetrahedral, are on the
preferentially exposed (1 1 0) plane of c-Al2O3. Also c-Al2O3 can
be assumed to consist of particles formed by one-dimensional
stacking of C and D layers. The exposure possibilities of these
two layers are equal, as suggested by others [33]. Based on the con-
sideration of the incorporation model proposed by Chen and Zhang
[15], the surface structures of the dispersed copper oxide species
can be proposed. In addition, the copper oxide would occupy the
octahedral sites when the calcined temperature is below 750 �C
[15,31]. Accordingly, the dispersed copper oxide species on the
surface of c-Al2O3 support can be schematized, as shown in
Fig. 6. For a CuO/c-Al2O3 sample, the dispersed copper oxide spe-
cies can be tentatively described as the incorporation of a Cu2+

ion into the surface octahedral vacancy, and then one oxygen anion
associated with the cation will stay at the top of the occupied site
C-Layer

Lattice O2- Al3+(tet) Al3+

C-Layer

Lattice O2- Al3+(tet) Al3+(oct)

State I

a

b

Fig. 6. The schematic diagrams for: (a) the incorporated Cu2+ ions in the surface vacant
vacant site of CuO/c-Al2O3 surface.
forming capping oxygen, for charge compensation (Fig. 6a). As we
reported recently [34], the Cu2+ ions preferentially incorporate into
C layer octahedral sites, which are more stable than those in the D
layer. So, for sample F03, the peak at about 192 �C can be attributed
to the reduction of copper oxide dispersed in the D layer, and the
shoulder peak (�210 �C) corresponding to the reduction of the cop-
per oxide dispersed in the C layer.

As the copper oxide species have reached its dispersion capacity
on the surface of c-Al2O3, there are just two kinds of tetrahedral
vacancies left for the incorporation of Fe3+ ions, one is in C layer
and the other is in the D layer. Considering the results of
Mössbauer spectroscopy discussed above, the two different states
of ferric species are due to the incorporation of Fe3+ ions into the
surface tetrahedral vacancy in the different layers (Fig. 6b), i.e.,
State I is the Fe3+ ions located in the C layer and State II are those
locate in the D layer. From this model, copper and iron cations are
much closer in the D layer than that in the C layer, which means
that the interactions between copper oxide and ferric oxide species
in D layer are stronger than those in the C layer. Furthermore, the
improvement of the interaction between copper oxide and ferric
oxide in the D layer enhances with the increase of the Fe2O3 load-
ings. In this case, for samples with a loading amount of
Fe3+ P 0.5 mmol/100 m2 c-Al2O3, when TPR procedures are carried
out, the dispersed Cu2+ ions are more easily attacked by H2 mole-
cules and the reduction peak is shifted from 192 to 177 �C gradu-
ally. Conversely, the peak corresponding to the reduction of the
dispersed Cu2+ ions in the C layer is basically stable at about 200 �C.
D-Layer

(oct) Cu2+ Capping O2-

Capping O2-

D-Layer

Cu 2+ Fe3+

State II

site of the (1 1 0) plane of c-Al2O3 surface; (b) the incorporated Fe3+ in the surface
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With the loading amount of Fe3+ close to more than 0.9 mmol/
100 m2 c-Al2O3, a peak (�220 �C) corresponding to the reduction
of copper oxide in Cu–Fe composite oxide can be observed. Accord-
ing to the preceding discussion, we know that the disperse capacity
of Fe3+ is close to 0.9 mmol/100 m2 c-Al2O3. Thus, in the vicinity of
this content, the residual bulk Fe2O3 which do not disperse on the
surface might react with copper species to form Cu–Fe composite
oxide.

3.4. Catalytic performances of NO reduction by CO

The catalytic performances of NO reduction by CO over a series
of Fe2O3/CuO/c-Al2O3 samples are tested at 150–300 �C, and the
NO conversions, N2 selectivity, and N2 yield are shown in Fig. 7.
It is obvious that the activity depends on the operating tempera-
tures and the loadings of ferric oxide. As displayed in Figs. 7a
and b, all the samples show negligible activity under 150 �C. With
the temperatures increasing from 200 �C to 300 �C, the NO conver-
sions increase with the increase in ferric oxide loadings. In addi-
tion, these samples exhibited very low N2 selectivity below
250 �C, and the high selectivity is achieved dramatically when
the temperature is above 250 �C. The similar behaviors also can
be observed from the N2 yield profiles (Fig. 7c). In a word, the dif-
ferences of catalytic performances for all samples at 250 �C are
more distinguishable than those at other reaction temperatures.
Interestingly, at this reaction temperature, the NO conversions
show a gap with the increase in ferric oxide loadings. Meanwhile,
for samples with low ferric oxide loadings (60.3 mmol/100 m2 c-
Al2O3), the catalytic performances are slightly more pronounced.
When the ferric oxide loadings are above 0.3 mmol/100 m2 c-
Al2O3, the catalytic performances are enhanced evidently.

Generally, it is accepted that finely dispersed surface Cu2+ ions
are active species for NO reduction by CO [35–37]. In the present
study, taking into account the XRD and TPR results, there are crys-
talline copper oxide particles in the F00 sample and these CuO spe-
cies do not have any contribution to the catalytic activity. When
the ferric oxide species are introduced into the F01 and F03 sam-
ples, the crystalline CuO particles are redispersed gradually but
still can be detected, which leads to a similar catalytic performance
for these three samples. With a further increase in content of ferric
oxide species (loadings P 0.5 mmol/100 m2 c-Al2O3), the copper
oxide are dispersed on the support entirely and the catalytic per-
formance are also improved apparently. Simultaneously, the cata-
lytic activity increases with the increase in loading amount of ferric
oxide species, which is due to the Cu–Fe synergism for NO
reduction.
4. Summary

Ferric oxide can be dispersed on the surface of c-Al2O3 in Fe2O3/
CuO/c-Al2O3 systems and its dispersion capacity is about 0.9 mmol
Fe3+/100 m2 c-Al2O3. During the impregnation procedure, the crys-
talline CuO could be dissolved with a strong acid when CuO/c-
Al2O3 is impregnate with Fe(NO3)2 aqueous solution and the dis-
solved CuO might be redispersed on the surface of c-Al2O3. There
are two states for the dispersed iron species on the CuO/c-Al2O3

surface, i.e., State I and State II, which are assigned to the Fe3+ ions
at low spin state located in the C layer and those at high spin state
located in the D layer, respectively. Due to the different interac-
tions between the dispersed ferric oxide species and support, the
Fe3+ ions should be much more inclined to be at State I than at
State II with iron loadings extreme low (0.1 mmol Fe3+/100 m2 c-
Al2O3). As the iron loadings increase (more than 0.5 mmol Fe3+/
100 m2 c-Al2O3), the Fe3+ ions occupying two states are equal.
Compared to the copper oxide species located in the C layer, the
reduction of those located in the D layer are promoted due to the
strong interaction between the copper oxide and the ferric oxide
species. In the reduction of NO by CO, the catalytic performances
are enhanced due to the Cu–Fe synergism and the surface-dis-
persed copper oxide species should be the main active species in
this system.
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