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a b s t r a c t
The surface configuration of a catalyst, including the present state, coordination environment and related
content of the active and additive species, has dominant effect on its physicochemical properties and
catalytic performance. Herein, two types of FeCe/Al catalysts with different surface configurations,
FeCe/Al-CI (co-impregnation) and FeCe/Al-SI (stepwise impregnation) were synthesized by adjusting
the preparation conditions. Both catalysts together with the reference sample Fe/Al and Ce/Al were
characterized by means of XRD, BET, TEM, EPR, UV–vis, Mössbauer spectra, H2-TPR and XPS. The results
showed that (1) in both impregnation modes, ceria presented as small particles, while the iron species
existed in two forms: the isolate state (tetrahedral coordination), cluster state (octahedral coordination);
(2) iron species in different existence state can be characterized qualitatively or quantitatively via EPR,
UV–vis and Mössbauer spectra, and the contents of FeOx clusters follows: FeCe/Al-SI < FeCe/Al-CI <
Fe/Al. (3) With the help of HNO3 leaching operation, FeOx clusters were identified as the main active
species for CO oxidation. Although Fe/Al sample contained the highest concentration of active cluster
FeOx species, the deficiency of Fe-O-Ce structures led to the lowest number of surface oxygen,
Ce3+ and Fe2+ species, which resulted in poor CO oxidation activity for Fe/Al catalyst.
Ó 2020 Elsevier Inc. All rights reserved.

1. Introduction
Catalysts capable of CO oxidation have been intensively investigated for years because of the impending demands of CO emission
elimination from hydrogen fuel cells, automobiles, industrial processes, etc [1–3].Moreover, due to its simplicity, CO oxidation has
also been generally selected as an ideal model reaction for fundamentally investigating the heterogeneous catalytic mechanism
and studying the nature of the catalyst [4,5]. So far, catalysts used
for CO oxidation including supported noble metal catalysts, such as
Pd, Au, Rh, and transition metal oxides (e.g. CuO, Co3O4, Fe2O3).
Although gold metal catalysts showed excellent catalytic performance, especially in room temperatures, the high cost and poor
stability still limit their application [2,6]. Therefore, considerable
attention should be paid towards finding alternatives with comparable abilities like noble metal catalysts.
Ferric oxide is a common transition state non-precious metal
oxide, which is inexpensive, non-toxic and abundant. Various
⇑ Corresponding author.
E-mail address: sunjf@nju.edu.cn (J. Sun).
https://doi.org/10.1016/j.jcat.2020.04.005
0021-9517/Ó 2020 Elsevier Inc. All rights reserved.

valence states such as +2, +3 and +(3  d) make it an excellent
redox catalyst, and the 3d5 orbital configuration is also conducive
to receiving lone pair electrons from molecular O2, making the
adsorption easier. Cai et al. pointed out that the adsorbed O2 prior
to occupy Fe atoms as the co-existence of O2 and CO [7,8]. In the
work of Tai et al., the promotional effects of Fe-doped Pt catalysts
for CO oxidation were attributed either to an activation of oxygen
atoms on Fe sites or a decrease in the adsorption energy of CO
over Pt surfaces [6]. Besides, iron-based catalysts like hematite
(a-Fe2O3) nanocrystals with various morphologies [9], Fe-graphyne
[7,10], CuO-Fe2O3 composite [11] were developed, and the dedication of Fe species had been systematically studied. CeO2 also
gained tremendous attention in CO oxidation because of its excellent oxygen storage capacity (OSC) and the presence of Ce3+/Ce4+
redox couples [12]. Among the various ceria-containing catalysts,
iron-ceria catalysts are widely used, and their activity is strongly
correlated with the synergetic effect of Fe-O-Ce formed through
the electron transition between Fe3+/Fe2+ and Ce3+/Ce4+ [13–16].
The mechanisms for the oxidation of CO catalyzed by Femodified CeO2 surfaces was investigated using periodic density
functional theory calculations by Chang et al. [3]. On the basis of

140

C. Ge et al. / Journal of Catalysis 386 (2020) 139–150

their conclusion, Fe dopant promoted multiple oxidations of CO
without any activation energy, leading to O vacancy formation
and CO2 desorption. Although considerable progress has been
made in the study of CO oxidation around iron-ceria catalysts, they
are mainly composite oxides or solid solutions prepared by coprecipitation method, which are structurally complex, and difficult
to clarify the active site and understanding the contribution of each
components in the reaction process.
Supported catalysts are well known for its simply and clear surface configuration compared to the mixed composite oxide samples, and usually adopt as model catalysts to developing the
nature of the reaction [17,18]. Moreover, the surface configuration
of supported catalysts can be still easily regulated through the
modulation of the preparation parameters, such as calcining temperature, loading content, or changing the impregnation sequence
for multiple components. Su et al. found that selective catalytic
activity of NO by C3H6 over Fe-Ag/Al2O3 catalysts will affect by
the prepare method and the Ag/Fe ratio [17]. Yu and Talati found
that the effect of ZrO2 addition method on the activity of Al2O3supported CuO for NO reduction with CO, and impregnation vs.
coprecipitation dispersion of Cr over TiO2 and ZrO2 could obviously
affect the catalytic activity [19,20]. Our previous work also showed
that the impregnation sequence would change the dispersion state
and catalytic activity of CuO-CeO2/c-Al2O3 catalysts [18]. To this
end, the surface structures of active oxide supported FeOx-CeO2/
c-Al2O3 catalysts were characterized and quantified through the
way of changing the impregnation sequences in this work, and
two model catalysts with the same composition but different surface structure were constructed (FeCe/Al-CI and FeCe/Al-SI). The
main focuses are: 1) Confirm the surface configuration of the catalyst after the modulation, including crystal phase, particle size,
coordination form and corresponding content, etc.; 2) Relate the
surface configuration to physicochemical properties and reaction
activities, constructing the ‘‘structure-activity relationship” of the
catalyst, and determining the key factors affecting the reaction performance. Finally, provide theoretical guidance for the design and
development of highly efficient non-precious metal catalysts.

2. Experimental
2.1. Catalyst preparation

c-Al2O3 support was purchased from Fushun Petrochemical
Plant of China. It was calcined in air at 750 °C for 7 h before use,
and the specific surface area was 116 m2/g.
Preparation of FeOx/c-Al2O3 and CeO2/c-Al2O3 samples: The
catalysts were obtained by wet impregnation method. First, a certain amount of c-Al2O3 was dispersed into deionized water, followed by a calculated content of Fe(NO3)9H2O or Ce(NO3)
6H2O. The mixed solution was stirred under magnetic power for
2 h, dried at 110 °C and then transferred into an oven overnight.
Finally, the ground powder was calcined at 500 °C for 4 h in air.
The obtained samples were designated as Fe/Al and Ce/Al. The
nominal loading amounts of Ce and Fe metal atoms were both
1.0 mmol/100 m2 c-Al2O3. The actual content for each species
was almost the same with the theory loading amount (as shown
in Table S1 tested by XRF).
FeOx-CeO2/c-Al2O3 (FeCe/Al-CI) catalyst prepared by coimpregnation method: Same amounts of Fe(NO3)9H2O, Ce
(NO3)6H2O and c-Al2O3 as recorded above were dropped in distilled water and stirred for 2 h, dried in an oil bath at 110 °C, subsequently transferred into an electric oven overnight, and calcined
in air at 500 °C for 4 h.
FeOx-CeO2/c-Al2O3 (FeCe/Al-SI) catalyst prepared by
stepwise-impregnation method: For stepwise impregnation

method, the procedure was similar to that of Fe/Al catalyst only
replace c-Al2O3 with the newly prepared Ce/Al sample, and then
load FeOx on.
A mechanical mixing sample (Fe/Al + Ce/Al) was conducted by
mixing the same quantity of Fe/Al and Ce/Al for comparison
purposes.
The as-prepared Fe/Al, FeCe/Al-CI and FeCe/Al-SI samples were
leached by HNO3 solution (50 wt%) for 48 h at room temperature
and denoted as Fe/Al-H, FeCe/Al-CI-H and FeCe/Al-SI-H.
2.2. Catalyst characterization
XRD patterns was performed on a Philips X0 pert Pro diffractometer using Ni-filtered Cu Ka radiation (k = 0.15408 nm) at 40
Kv and 40 mA, the scope of data collection was 2h = 10–80°.
X-ray fluorescence spectra (XRF) were carried out on an
ARL9800 apparatus to determine the bulk composition of these
catalysts. The X-ray tube was operated at 60 kV and 20 mA.
The specific surface areas of the samples were obtained with a
Micrometrics ASAP-2020 analyser at liquid N2 temperature. Before
adsorption, approximately 0.1 g sample was degassed in a N2/He
mixture at 300 °C for 4 h, and then the results were calculated
by using the Brunauer-Emmett-Teller (BET) equation. The pore size
distributions were determined through the Barrett-Joyner-Halenda
(BJH) algorithm using the data from the desorption branch of the
N2 adsorption isotherm.
H2 temperature programmed reduction (H2-TPR) was conducted under a self-assembled device. The samples (25 mg) were
first filled into a quartz U-tube reactor connected to a thermal conductivity detector (TCD) and pre-treated in a N2 stream at 200 °C
for 1 h. After that, the gas was switched to a H2-Ar stream (7%
H2 by volume) at a temperature rate of 10 °C/min1.
X-ray photoelectron spectroscopy (XPS) data was conducted on
a PHI 5000 Versa Probe high-performance electron spectrometer
with monochromatic Al Ka radiation (1486.6 eV, 15 kW). Adventitious C 1s (284.6 eV) was used to compensate for the surface
charge effects. The precision of the binding energy was approximately ±0.1 eV.
Transmission electron microscopy (TEM) was carried out on a
JEM-2100 instrument with an acceleration voltage of 200 kV.
Electron paramagnetic resonance (EPR) spectra were collected
on a Bruker EMX spectrometer using a 100-kHz modulation and
a 4-G standard modulation width. The samples were tested at
room temperature.
UV–vis diffuse reflectance spectroscopy (UV–vis DRS) was
obtained on a Hitachi UH4150 spectrophotometer with BaSO4 as
reference, the results were recorded in the range of 200–800 nm.
The Mössbauer measurement was performed using a conventional spectrometer (Germany, Wissel MS-500) in transmission
geometry with constant acceleration mode. A 57Co (Rh) source
with activity of 25 mCi was used. The velocity calibration was done
with a room temperature a-Fe absorber. The spectra were fitted by
Recoil software using Lorentzian Site Analysis. The measurement
temperature was 77 K.
In situ diffuse reflectance infrared Fourier transform spectra
(In situ DRIFTs) were recorded on a Nicolet Nexus 5700 FTIR spectrometer with a spectral resolution of 4 cm1 (number of scans, 32)
and a liquid N2 cooled high-sensitivity MCT detector. Prior to the
CO + O2 co-adsorption, the samples were pre-treated by N2 at
400 °C for 1 h. Background spectra were collected at each target
temperature in the process of cooling. Flows of CO (5 vt.%) and
O2 (10 vt.%) were switched on for approximately 45 min until
adsorption saturation at room temperature. The flow was then
switched to a N2 stream to purge the weakly adsorbed molecules.
Desorption-reaction spectra were collected from 30 to 400 °C as a
function of time.
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2.3. CO + O2 reaction performance
Each CO + O2 reaction was tested in a fixed-bed quartz reactor,
involving a feed stream with the composition of CO 1.6 vol%, O2
20.8 vol% and N2 77.6 vol%. Before reaction, 25 mg of the sample
was pre-treated under N2 atmosphere at 200 °C for 1 h. After cooling to room temperature, the reactions were carried out with a
GHSV = 30,000 ml/gh1, and the products were separated by gas
chromatography (GC) with thermal conductivity detector.
Here, CO conversion was calculated using the following formula:

CO Conv ersion ¼

½COin  ½COout
 100%
½COin

3. Results and discussion
3.1. Physical and textural properties (BET, XRD and TEM)
To disclose the textual structure of the catalysts prepared by
different impregnation modes, N2 sorption and BJH pore distribution were performed. It can be seen that all samples exhibit type
IV isotherm with typical H2 hysteresis as defined by IUPAC, confirming the existence of ink-bottle-shaped mesoporous structure
[17,21]. From Fig. 1b, the pore volumes of FeCe/Al-CI and FeCe/
Al-SI obviously decreased in comparison to Fe/Al and Ce/Al, mainly
owing to the covering effect of the active species.

Fig. 1. N2 adsorption-desorption isotherms (a) and BJH pore distribution curves
(b) of the catalysts.
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The textual parameters, such as BET surface area, pore volumes
and average pore diameters calculated from isotherms are shown
in Table 1. For the reference sample Fe/Al, the surface area and pore
volume are relatively large, with values of 126.7 m2/g and
0.59 cm3/g, respectively. It is reasonable to conclude that with
the involvement of granular CeO2, some pores of the support
c-Al2O3 are blocked and make ceria-containing samples showing
smaller surface areas compared to Fe/Al and the support
(116 m2/g). Nevertheless, the surface area, pore volume, and mean
pore size of FeCe/Al-SI are slightly smaller than its counterpart
FeCe/Al-CI, this may be caused by pore collapse or blockage in
the secondary calcine treatment.
XRD patterns of the FeCe/Al catalysts are presented in Fig. 2, Fe/
Al and Ce/Al samples also exhibited for comparison. In Fig. 2a,
excluding the peak of 33.1° which coincides with the support, no
diffraction peak corresponding to Fe2O3 was found at 35.6 and
54.0°(JPSD #89-0596), indicating the Fe species is highly dispersed
or present as small clusters under the XRD detection limit [22]. For
ceria-containing samples, the characteristic diffraction peaks of
fluorite CeO2 (JCPDS #43-1002) are discernible at 2h = 28.6° and
56.4°, illustrating that cerium species are mainly present as crystalline ceria [18]. Moreover, ceria peak intensities of FeCe/Al-CI
sample are slightly weakened compared to those of FeCe/Al-SI
and Ce/Al. On the basis of the Debye-Scherrer equation, detailed
analysis of CeO2 crystals is performed from the diffraction peak
of (1 1 1) plane and the mean grain sizes and lattice parameters
are listed in Table 1. It can be seen that the mean crystal size of
CeO2 of FeCe/Al-CI is indeed smaller than that of Ce/Al and FeCe/
Al-SI, which may be caused by the incorporation of ferric species
into the CeO2 lattice during the co-impregnation procedure and
inhibits the growth of crystal particle [23]. Usually, decreased
CeO2 particle sizes would result in an increase of specific surface
area and an enrichment of surface Ce3+ content, they are advantageous for the sufficient contact between CO molecular and the catalysts. Moreover, it can be observed from the enlarged view of the
reflection of the (1 1 0) plane in Fig. 2b that the diffraction peak
position of FeCe/Al-CI shifts to a higher angle and its lattice parameter in Table 1 is smaller than the other two ceria-containing samples. This is in good agreement with the phenomenon that the
substitution of a smaller cation Fe3+ (0.65 Å, high spin state),
6-fold coordinated to oxygen, inserts into a ceria network with a
larger ionic radius Ce4+ (0.97 Å) in a fluorite-type way, resulting
in lattice shrinkage and distortion [24,25].
The dispersion states of iron and ceria species were further
explored by TEM characterization. As shown in Fig. 3, all samples
exhibit porous and flocculent structure, which mainly corresponds
to the appearance characteristics of the c-Al2O3 support. Only a lattice fringe with width of 0.2 nm belonging to (0 0 4) plane of support c-Al2O3 appear in Fig. 3(e), and none of that for ferric species
is found, again indicating that iron is mostly in the form of a dispersed state [26,27]. For the ceria containing samples, d spacing
of ca. 0.31 nm are observed, which is compatible with the distance
expected on the CeO2 (1 1 1) reticular plane. The spots ascribed to
CeO2 are sized as follows: FeCe/Al-SI  Ce/Al > FeCe/Al-CI, in line
with the calculated average size from XRD results. To gain a more
intuitive observation of the dispersion state of surface metal oxides, HADDF and element mapping techniques were performed.
High-angle annular dark field (HAADF) images of FeCe/Al-CI and
FeCe/Al-SI under STEM modes are displayed in Fig. 4a and
Fig. 4e, respectively. As the image contrast is proportional to the
atomic number of the elements, CeO2 particles have a brighter
appearance. Compared the ceria species prepared by different
method, it can be seen that smaller and evenly dispersed CeO2 species are synthesized in FeCe/Al-CI through the co-impregnation
method. Element mapping analysis also confirmed this conclusion.
In addition to the highly dispersed Fe and O atoms, aggregated
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Table 1
BET surface area, pore volume, position of CeO2 (1 1 1), crystal size and lattice parameter of CeO2 from XRD.

a
b

Sample

Surface area (m2/g)

Pore volume (cm3/g)

Mean pore size (nm)

Peak position of CeO2 (o)

Ce/Al
Fe/Al
FeCe/Al-CI
FeCe/Al-SI

112.7
126.7
112.9
106.1

0.49
0.59
0.43
0.44

15.8
15.9
13.0
14.3

28.6
–
28.8
28.6

a

Crystal size (nm)b

Lattice parameter (Å)b

10.1
–
7.3
10.2

5.4045
–
5.3867
5.3976

Position of the XRD peak of CeO2 (1 1 1) plane.
Determined from the XRD peak of CeO2 (1 1 1) plane.

Fig. 2. XRD patterns of the catalysts: (a) general XRD patterns and (b) enlarged view of the reflection (1 1 0) of CeO2 in the XRD profiles.

Fig. 3. TEM results of Fe/Al (a), Ce/Al (b), FeCe/Al-CI (c) and FeCe/Al-SI (d).

elemental Ce can be detected in the FeCe/Al-SI sample, as shown in
Fig. 4g, which further proves that stepwise impregnation is disadvantageous to the dispersion of CeO2 species.
3.2. Information about the FeOx local environment (EPR, UV–vis,
Mössbauer spectra)
Although both TEM and XRD characterization results show that
ferric species are present in a dispersed state on the surface of the
c-Al2O3 support, the micro-structures (coordination environment
and relative content, etc.) for the various Ferric species are remain
unknown. With this purpose, UV–vis, EPR and Mössbauer spec-

troscopy techniques were carried out. In Fig. S1, two adsorption
bands at 235 nm and 307 nm appear over Ce/Al sample, mainly
due to the charge transfer between O2 ? Ce4+ and inter-band
transitions [18,19,28]. Four bands located at 235, 307, 408, and
530 nm are observed over Fe containing catalysts. According to
the literature, bands in the UV–vis region mainly attributed to
the charge transfer between O2 ? Fe3+, and different adsorption
locations represent different states of iron species. Summing up,
isolate Fe sites are in tetrahedral (<250 nm) or higher coordination
(250–300 nm), and this transfer often occurs from the highest lying
O 2p orbitals to the half-occupied Fe 3d orbitals (t2g ? egOh symmetry and e ? t2 in Td symmetry). The adsorption band centred
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Fig. 4. HADDF-STEM image and STEM-EDX elemental mapping of Fe, Ce, O for FeCe/Al-CI (a-d) and FeCe/Al-SI (e-h) catalysts, respectively.

at 300–400 nm is usually ascribed to oligomeric FexOy clusters
involving octahedral Fe species. Finally, in the visible region
(>450 nm), a main band at 530 nm is commonly assigned to the
d-d (6A1g ? 4T1g and 6A1g ? 4T2g) charge transfer in a-Fe2O3
[29,30]. From this, we further conclude that the iron species in
the FeCe/Al catalysts have different forms: isolated and clustered
states.
It is well known that Fe3+ is a transition metal cation with a
half-filled 3d5 electronic configuration and a 6A1g ground state.
Under a weak or intermediate crystal field, the iron cation exhibits
an S = 5/2 high spin state and quenched orbital angular momentum
(L = 0). Thence, EPR measurements can be adopt as a sensitive
characterization to have a deep study on the crystal field, O-Fe
charge transfer and bond covalence for Fe species in FeCe/Al samples [23].
The value of g usually varies with the change of coordination
number and the symmetry of the local site. In Fig. 5, two apparent
signals at g = 2.6–2.3 and g = 4.3 are detected for Fe3+ ions
(3d5, 6 S5/2). The signal at g = 4.3 is due to the isolated ferric species
located in sites of tetrahedral coordination or distorted tetrahedral
coordination subject to the strong crystal field effects [31,32],
whereas the broad peak around g = 2.6–2.3 can be assigned to
the iron pairs or clusters caused by spin-spin interactions containing two or more paramagnetic ions in the octahedral vacancies of
the c-Al2O3 support [33].
After comparing the peak intensities of different catalysts, it is
obvious that the content of the respective iron species is affected
by the preparation method and catalyst composition. Considering
the fact that the total Fe content of all catalysts is fixed and the area
change of peaks at g = 4.3 is hard to measure, peaks at g = 2.6–2.3
are acquired for comparative study. In the case of ceria addition,
the peak-to-peak linewidth DB follows Fe/Al > FeCe/Al-CI > FeCe/
Al-SI, as DB is proportional to the number of EPR active species
involves in the signal [20], so it is easy to confirm that the cluster
Fe2O3 species in these samples follows: Fe/Al > FeCe/Al-CI > FeCe/
Al-SI. Thus, it can be concluded that the addition of CeO2 is bene-

Fig. 5. EPR spectra of the catalysts.

ficial to the dispersion of Fe species, and FeCe/Al-CI has more
cluster Fe species than FeCe/Al-SI.
Despite of the fact that EPR and UV–vis could give some
information about the existence state and the relative content of
isolated and clustered Fe species, they are still in a semiquantitative manner, more precise study is necessary to further
confirm the actual content of each iron species. Therefore, Mössbauer spectroscopy (MS), an instrument specializing in iron oxide
samples to obtain information about the chemical state and relative amount of iron species in catalytic materials was employ
[34,35]. Generally, there are three parameters in an MS: (1) isomer
shift (IS or d), an axis position depends strongly on the electronic
valence state; (2) electronic quadrupole splitting (QS or D), a spectrum split caused by the interaction of electronic quadrupole,
reflecting the asymmetry of Fe nuclei; (3) hyperfine magnetic split-

144

C. Ge et al. / Journal of Catalysis 386 (2020) 139–150

ting (H), usually a sextet spectral line made by the interaction of
magnetic dipole and prevalent, only present in magnetically
ordered materials [36,37].
57
Fe Mössbauer spectra measured at liquid nitrogen temperature were performed and the results are presented in Fig. 6 and
Table 2. Fe/Al catalysts are fitted as the superposition of one
quadruple splitting doublet (D1) and two magnetic splitting sextuplets (S1 and S2), and FeCe/Al-CI and FeCe/Al-CI are composed of
two paramagnetic doublets (D1 and D2) and two magnetically split
sextets (S1 and S2). Among them, the doublet is attributed to
highly dispersed FeOx species in the tetrahedral vacancy, while
the sextuplet is characteristic of the cluster a-Fe2O3, under the
detection limitation for XRD [36]. It can be still found that the area
ratio of the quadrupole doublet (D) over the Fe/Al sample changes
from 25.5% to 42.0% (FeCe/Al-CI) and 44.0% (FeCe/Al-SI), further
confirming the role of CeO2 in promoting the dispersion of Fe species, and the content of isolate Fe species (Fe/Al < FeCe/Al-CI < FeC
e/Al-SI) follows the same order with EPR results as well.
The newly generated paramagnetic doublet D2 in FeCe/Al is
mainly attributed to Fe2+ species, which usually has higher IS than
Fe3+ species [37]. This indicates that the addition of CeO2 is beneficial to the formation of Fe-O-Ce species and promotes the electron
transfer between them, which leads to the formation of intermediate Fe2+ species. From the Fe2+ content of the samples prepared by
different methods, it can be clearly found that the FeCe/Al-CI
sample own more intermediate valence Fe2+ species than the

Fig. 6.

57

Fe Mössbauer spectra of the catalysts tested at 77 K.

Table 2
Mössbauer parameters of

Fe of Fe/Al, FeCe/Al-CI and FeCe/Al-SI samples.
Component

IS(mm/s)a

QS(mm/s)b

H(kOe)c

A(%)d

IR(%)e

Fe/Al

D1
S1
S2
D1
D2
S1
S2
D1
D2
S1
S2

0.42
0.48
0.45
0.36
0.43
0.46
0.53
0.42
0.46
0.58
0.75

1.23
0.08
0.08
1.67
0.92
0.09
0.10
1.21
0.68
0.00
0.06

–
512.3
439.8
–
–
506.6
434.0
–
–
498.3
414.0

25.5
45.6
28.8
6.0
36.0
19.0
39.0
36.0
8.0
22.0
34.0

25.5
74.4

FeCe/Al-SI

a

57

Sample

FeCe/Al-CI

d

FeCe/Al-SI sample, again implying that the co-impregnation
method is more favorable for the interaction between Fe and Ce.
In the FeCe/Al sample, the hyperfine magnetic field (H) values of
S1 and S2 are remarkably smaller than that of the Fe/Al sample
without surrounding CeO2. It has been reported somewhere that
substituting haematite and/or low-crystallinity haematite or a
compositional disorder will result in a change of H values [38,39].
The presence of large amount of CeO2 in FeCe/Al led to a decrease
in the number of Fe-O-Fe chains and a growth in the number of
Fe-O-Ce chains.
As is well known to all that c-Al2O3 has a ‘‘defective spinel”
crystal structure, in which O2 is arranged in a cubic dense packing
pattern. In the O2 (e.g., hollow ball) stacking structure, a certain
amount of tetrahedral (Tet (tetrahedral), e.g. solid black ball) and
octahedron (Oct (octahedral), e.g. solid red ball) vacancies exist,
while Al3+ is filled in part of the Tet and Oct vacancies [40–43].
Our group have already proved that Mn2O3 was dispersed on the
surface of the c-Al2O3 by epitaxial growth [41]. Recently, Wang
et al. also obtained the same conclusion in the CuO-MnOx/
c-Al2O3 system [44]. In this work, FeOx dispersed on the surface
of c-Al2O3 support is supposed by epitaxial growth too, and the
clustered and isolated states of Fe species present in Oct and Tet
coordinated vacancies on the surface of c-Al2O3 are shown in
Fig. S2.
For FeCe/Al samples, surface modification of CeO2 may result in
occupation or coverage of the surface vacancies of the support,
thereby reducing the dispersion capacity of the active component.
Wang et al. [45] has ever proposed that MgO modification would
decrease the dispersion capacity of CuO from 0.72 to
0.15 mmol/100 m2 c-Al2O3. Combined with EPR and UV–vis
results, we surmise that the CeO2 species mainly occupies the octahedral vacancies of the support, which results to the decrement of
cluster Fe species and CeO2 in FeCe/Al-SI have the chance to preferentially occupy the octahedral vacancies of the carrier, leading to
the smaller amount of octahedral coordinated cluster state Fe
species.
Based on the above characterizations, a deeper understanding
on the states of iron and ceria species in FeCe/Al catalysts can be
determined. As the tentative picture shows in Fig. 7, three types
of iron species are present, i.e., isolated Fe in tetrahedral sites, clustered Fe2O3 in octahedral vacancy sites and Fe3+ ions interacting
with CeO2 (EPR, UV–vis, Mössbauer spectra). The content of each
species varies from the preparation method, for cluster Fe2O3 species, the amount is ordered FeCe/Al-CI > FeCe/Al-SI (EPR, Mössbauer spectra). Moreover, the impregnation mode also affects the
size of CeO2 particle, ceria in FeCe/Al-CI is smaller than that of
Ce/Al and FeCe/Al-SI, and stronger interaction between Fe-O-Ce
generates during the co-impregnation procedure, as shown by
the lattice shrinkage and distortion of CeO2 (XRD, TEM).

Isomer shift relative to Fe ions; b quadrupole splitting; c hyperfine magnetic field;
Relative area of the Mössbauer spectra; e Relative ratio of D and S of each sample.

42.0
58.0

44.0
56.0
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Fig. 7. Dispersion and existence states of the surface species in the samples.

Fe 2P3/2, there are two peaks locating at ca. 710.3 eV and
712.7 eV, which are ascribed to Fe2+ and Fe3+ species, respectively
[49]. The shakeup satellite peak locating at 718.8 is also characteristic of Fe2+ in Fe2O3 [50]. The relative content of Fe2+ can be evaluated by the peak area ratio of Fe2+ and (Fe2+ + Fe3+). In accordance
with the trend of surface oxygen species, FeCe/Al-CI prepared by
the co-impregnation method contained more Fe2+, which may be
caused by the generation of Fe-O-Ce species through the electronic
transition between Fe2+/Fe3+ and Ce4+/Ce3+ (Fe3+-O-Ce4+ ? Fe2+-hCe3+) [51]. More importantly, the results can perfectly correspond
to the trends of Fe2+ content change in Mössbaur spectra.
Two sets of spin orbit multiplicity of Ce 3d corresponding to
3d3/2 and 3d5/2, represented by u and m, can be found in Fig. 8c.
Among them, uʹ (u0) and mʹ (v0) are ascribed to Ce3+, while u000
and m000 , u” and m”, u and m represent Ce4+. 17, 30, 52 In addition,
the content of Ce3+ on the surface of the catalysts can be calculated
by the peak area through the following equation [52]:

3.3. Chemical state analysis and reduction properties (XPS and
H2-TPR)
After a preliminary understanding of the distribution of surface
oxide species, XPS was adopted to further study the surface compositions and elementary valence states. From Table 3, we could
find that the surface compositions of Ce and Fe ions strongly
depend on the preparation methods. In catalyst FeCe/Al-CI, some
Fe species entered the CeO2 lattice, resulting in reduced surface
and subsurface contents. For FeCe/Al-SI catalysts, the main reason
for the decrease in Ce content was the coverage effect of Fe species
in the secondary impregnation process. To a certain extent, the
data support our presentation of the surface species status of the
catalysts mentioned above.
Fig. 8 shows the XPS results of O 1s, Fe 2p and Ce 3d, respectively. In Fig. 8a, the main peak of O 1s spectra is attributed to lattice oxygen signal bonding to metal oxide at 529.0 eV. The
shoulder peak, with slightly higher binding energy, is assigned to
the adsorbed oxygen and the oxygen in carbonate and hydroxyl
groups [46]. The relative percentage of surface active oxygen species can be estimated based on the area ratio of AO00 /(AO0 + AO00 ),
as listed in Table 3, the ratio of surface active oxygen specie in
FeCe/Al-CI (34.0) is larger than that of FeCe/Al-SI (31.7). As is
known to all, surface reactive oxygen species have higher mobility
than lattice oxygen, and are more likely to participate in various
chemical reactions involving the oxidation process, thus facilitating the reaction [47]. Therefore, we can deduce that FeCe/Al-CI prepared via the co-impregnation method may show better CO
oxidation performance.
For Fe 2p spectra (Fig. 8b), two distinct peaks at binding energy
of 711.4 eV for Fe 2P3/2 and 725.1 eV for Fe 2P1/2 with a shakeup
satellite at 718.8 eV are observed in the Fe 2P spectra for FeCe/Al
samples, indicating a contribution of Fe species with varying electronic states [48]. These Fe 2P curves can be fitted as four peaks,
the peak at 725.1 eV for Fe 2P1/2 are mainly Fe3+ species. For the

Su 0 þ Sv 0
Ce3þ ð%Þ ¼ P
 100
ðSu þ Sv Þ
In Table 3, all samples exhibited higher Ce3+ content than that of
pure CeO2 (14.04%) reported by Yao et al. [21]. Moreover, the ratio
of Ce3+ in FeCe/Al-CI is apparently higher than that of FeCe/Al-SI,
on one hand, the Ce3+ may generated through the way of Fe2+-hCe3+. On the other hand, this may be caused by the insertion of
Fe3+ (0.65 Å) into the CeO2 lattice (0.97 Å), leading to lattice contraction. At the same time, Ce4+ will spontaneously restore to
Ce3+ (1.03 Å), to make up for the lattice contraction, which is accordance with the XRD results [23,53,54].
The redox properties of catalysts also characterized by H2-TPR,
and the results are shown in Fig. S3 and Fig. 9. In Fig. S3, Ce/Al
sample shows a very weak package at 400 °C and a main peak at
600 °C, they are ascribed to surface dispersed and bulk CeO2,
respectively [55]. The results are consistent with the finding in
XRD that CeO2 species had a tiny dispersion capacity on c-Al2O3.

Table 3
Surface compositions of FeCe/Al-CI and FeCe/Al-SI determined from XPS results.
Sample
FeCeAl-CI
FeCeAl-SI

Atomic concentration (at.%)
O
C

Ce

Fe

Al

51.94
55.10

1.69
0.74

1.39
2.33

19.59
23.64

25.38
18.20

Ce3+/(Ce3++Ce4+) %

O00 /(O0 +O00 ) %

Fe2+/(Fe2++Fe3+) %

17.7
16.9

34.0
31.7

47.3
42.1
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Fig. 8. XPS results of FeCe/Al-CIand FeCe/Al-SI catalysts: (a) O 1s, (b) Fe 2p and (c) Ce 3d.

In iron containing samples, stepwise reduction peaks belonging to
FeOx ? FeO ? Fe(0) are found in the temperature range of
300–500 °C and 500–700 °C [17,56]. Since the catalytic reaction
temperature window of CO oxidation is generally between 100
and 450 °C, the reduction peaks in the low temperature region
are the focus of further study. It can be seen from the fitting results
in Fig. 9a that all the samples can be divided into two peaks, and
the details of peak position and peak area are listed in Table 4.
The total peak areas of FeCe/Al-SI and FeCe/Al-CI are much larger
than that of the Fe/Al catalyst, indicating that the addition of
ceria species can improve the low temperature reduction of the
catalysts, and the interaction between Fe-O-Ce promoted the
reduction of CeO2.
Generally speaking, the reduction temperature of isolate species
in the supported catalyst is much lower than that of cluster species
[57,58]. Therefore, the peaks around 350 °C are attributed to the
reduction of isolated FeOx species, and the peak locating at
410 °C belongs to cluster Fe2O3 species. The HNO3 leaching method

(50% HNO3, 48 h) was adopted to further confirm the attribution of
these iron species. As shown in Fig. 10b, only one reduction peak
attributed to isolated FeOx species remained due to the stronger
interaction of the support than that of the cluster species. The narrower half width of the reduction peak after acid leaching may be
caused by the more uniform and less external interactions of
reduced species.
3.4. Catalytic performance of CO + O2
Fig. 10 shows the CO + O2 activity of the catalysts. It can be
found that the catalytic performance of FeCe/Al-CI and FeCe/Al-SI
improve obviously after the addition of CeO2 species and achieve
100% CO conversion easily at 300 °C and 350 °C, respectively. To
demonstrate the synergetic effect between Fe and Ce species in
FeCe/Al catalysts, the activity of mechanical mixing sample
(Fe/Al + Ce/Al) is also exhibited (Fig. S4). There is only a slight float
of the CO conversion for the Fe/Al + Ce/Al sample compared to that
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Fig. 10. Activity of CO + O2 reaction for the samples before (a) and after (b) acid
leaching.

Fig. 9. H2-TPR profiles of the catalysts before (a) and after (b) acid leaching.

of Fe/Al, which helps to exclude the condition of simple superposition for the improved performance of FeCe/Al. Moreover, a different CeO2 addition sequence also influence the activity, as the
catalyst prepared by the co-impregnation (FeCe/Al-CI) shows
better performance than its counterpart prepared by the
step-impregnation method (FeCe/Al-SI). To rule out the effects of
differences in specific surface area, the area nominalize activity
of FeCe/Al-CI and FeCe/Al-SI catalysts also calculated, in which
the CO oxidation performance of FeCe/Al-CI still higher that of
FeCe/Al-SI (Fig. S5). Combined with the discussion of the distribution and relative content of the various surface species mentioned

above, it can be preliminarily deduced that the content of catalytic
active species is influenced by the preparation method.
To achieve a better understanding of the main active species in
FeCe/Al catalysts for CO oxidation, an assessment of samples after
acid leaching was performed. It was found that the catalytic activity of the three catalysts decreased obviously after acid leaching,
especially below 300 °C. Combining the H2-TPR (Fig. 9b) and Mössbauer spectra of FeCe/Al-CI-H and FeCe/Al-SI-H samples (Fig. S6),
we can deem that the mail species left are the surface isolate FeOx
species, this indicates that the isolated Fe species is not the active
species of CO oxidation, while the cluster Fe2O3 is. When the temperature is lower than 300 °C, the activity follows FeCe/Al-CI-H > F
eCe/Al-SI-H > Fe/Al-H, possibly due to the contribution of a small
content of residual cluster Fe2O3 in FeCe/Al-CI-H. When in the temperature arise higher than 300 °C, the activity curves are essentially coincident, achieving 100% CO conversion at 375 °C due to
the participation of isolated Fe and CeO2 species in the reaction
under high temperature.
While, the content of the cluster Fe2O3 species in the catalysts
follows Fe/Al > FeCe/Al-CI > FeCe/Al-SI, which is inconsistent with
the sequence of the activity: FeCe/Al-CI > FeCe/Al-SI > Fe/Al. The
overtaking of FeCe/Al sample should relate to the enhanced surface
active oxygen species, Fe2+ and Ce3+ content accompanied with
generation of Fe-O-Ce species, which have changed the surrounding environment of active iron species, and led to an increase in
catalytic performance.
It is well known that there are generally three key factors that
affecting the catalytic performance for the catalysts with same
composition: 1) the specific surface area, which may affect the
probability of contact between the active component of and the
reactant molecules. 2) Number of the active species, the more
active species, the better the catalytic performance. 3) The last
one is the performance of per active species, such as TON (turn
of number) or TOF (turn of frequency). According to the results

Table 4
Peak information of H2-TPR results for the samples.
Sample

Fe/Al
FeCe/Al-CI
FeCe/Al-SI

a

Total

b

Temperature

Area

Temperature

Area

Area

373.4
351.2
353.6

38.4
84.9
96.4

413.5
418.4
413.5

29.0
49.4
44.9

67.4
124.3
141.3
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Table 5
CO conversion at 200 °C and the corresponding experimental TOF results.
Sample

CO conversion (%)

CO conversion per unit area (%/m2)

TOF (s1)

Fe/Al
FeCe/Al-CI
FeCe/Al-SI

9.0
41.4
28.0

0.07
0.37
0.26

0.54 * 103
2.46 * 103
1.67 * 103

in Table 5, it is obviously to find that after the normalization of surface area, the CO conversion still follows: FeCe/Al-CI > FeCe/Al-S
I > Fe/Al, which means that the surface area is not the influencing
factor. Although Fe/Al sample owning the highest active species
content based on the Mössbauer spectra, but shown the lowest
CO performance, indicated that the structure of active cluster FeOx
species in FeCe/Al samples have been optimized after the introduction of CeO2 specie. The TOF values of the catalysts exhibited that
the addition of CeO2 indeed increase the activity of per active site
in FeCe/Al catalysts. Moreover, the TOF of FeCe/Al-CI are higher
than that FeCe/Al-SI, which indicates that the way of adding
CeO2 will also affect the interaction between Fe-O-Ce. At the same
time, the TOF values were also compared with the common nonprecious metal catalysts in the reference (Table S2). It can be seen
that TOF of FeCe/Al-CI have comparable activity with other catalysts, conforming the outstanding catalytic performance [59–61].
3.5. Catalytic adsorption properties (In situ-DRIFTs)
To investigate the influence of preparation method on surface
adsorption species and CO oxidation reaction of FeCe/Al-CI and
FeCe/Al-SI sample, in situ DRIFTs were employed and the spectra
at different temperature are recorded in Fig. 11. Broad bands
extending from 2800 to 3600 cm1 corresponding to hydroxyl species are detected, which decreases sharply as the temperature
increases. Moreover, the intensity of these bands in the FeCe/AlCI catalyst is relatively stronger than that in FeCe/Al-SI, indicating
that more active hydroxyl species are present. According our previous study, hydroxyl species can be involved in the process of
CO oxidation [47,52]. The vibration bands located at 1000–
1800 cm1 are attributed to the various carbonate species. Among
them, bands at 2890, 2963, 1615 and 1321 cm1 are assigned to
the asymmetric and symmetric vibrational peaks of carboxylate
ions, C-H stretching and formate species (vas and vs), respectively
(listed in Table S3) [62]. The band of 1448 cm1 belongs to monodentate carbonate, 1262 and 1583 cm1 belong to bidentate carbonate species [52,63]. Due to the weakening of vibration, the band
position of FeCe/Al-CI sample red shifted compared to FeCe/Al-SI,
which represents that the surface formed carbonate species in
FeCe/Al-CI catalysts are more susceptible to dissociation and react
with surface adsorbed oxygen species to form CO2. Furthermore,
the lower disappearance temperature of these carbonates in
FeCe/Al-CI (350 °C) also indicated its easier decomposition compared to FeCe/Al-SI (400 °C). Additionally, the bands centred at
1900–2200 cm1 are mainly ascribed to surface adsorbed CO species. Weakly adsorbed CO at 1909, 1972 and 2003 cm1 disappear
at 150 °C, while CO adsorbed on FeOx at 2198 cm1 is much more
stable [4,64,65]. It can be noted that there are some differences in
Fe2O3-CO species between FeCe/Al-CI and FeCe/Al-SI catalysts:
FeOx-CO in FeCe/Al-CI can be detected at 50–200 °C, while FeCe/
Al-SI can be still found in 350 °C, indicating that the adsorbed CO
in FeCe/Al-SI is much stable than that in FeCe/Al-CI, which means
the interaction of Fe-O-Ce weakens the ability of Fe to adsorb CO,
thus is beneficial to CO oxidation.
Based on the above discussion, for CO oxidation to CO2 over
FeCe/Al catalysts, two main reaction pathways are suggested
[66]. As shown in Scheme 1 and Eqs. (1)–(6), the adsorbed CO

Fig. 11. In situ DRIFT spectra of CO and O2 co-interaction with (a) FeCe/Al-CI and
(b) FeCe/Al-SI samples at different temperatures.

can directly oxidation with Fe3+ (Eq. (1)) and through the surface
process involving the formation and conversion of adsorbed (ad)
carbonates/bicarbonates or formates species (Eqs. (2)–(4)). The
intermediate Fe2+ species produced in Eqs. (1) and (4) can be
re-oxidized to Fe3+ with the help of the nearby Ce4+ species
(Eq. (5)). At last, the generated Ce3+ will turn back to Ce4+ via the
O2 species activated by oxygen vacancies (Ov). As the FeCe/Al-CI
catalysts own more cluster Fe2O3 species and stronger synergetic
effect between Fe-O-Ce, it exhibits better CO oxidation performance than FeCe/Al-SI.

Fe3þ + COðadÞ ! Fe2þ + CO2ðgÞ

ð1Þ

O2ðadÞ + Ov ! O*

ð2Þ
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Scheme 1. Possible CO oxidation mechanism over FeCe/Al catalysts.

COðadÞ + O* ! Carbonate species

ð3Þ

Appendix A. Supplementary material

Fe3þ + Carbonate species ! Fe2þ + CO2ðgÞ

ð4Þ

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jcat.2020.04.005.

Ce4þ + Fe2þ ! Fe3þ + Ce3þ

ð5Þ

References

Ce3þ + O2ðadÞ ! Ce4þ + Ov

ð6Þ

4. Conclusion
In summary, structure-activity relationships were studied in
detail by regulating the surface configuration through different
impregnation modes of FeCe/Al catalysts. The existence states,
relative content and specific effect of each Fe species in
CO + O2 reaction were initially explored, and some preliminary
conclusions are obtained from the FeCe/Al-CI and FeCe/Al-SI
samples:
(1) The surface configurations of the catalysts were clarified as
the dispersed Fe species with isolated state (tetrahedral
coordination), cluster state (octahedral coordination). The
Ce species is mainly present in the form of crystalline phase
CeO2.
(2) The content or size of the relevant species is clearly defined:
the addition of ceria is beneficial to the dispersion of Fe
species, and the content of cluster iron species follows
FeCe/Al-SI < FeCe/Al-CI < Fe/Al. Fe incorporation makes the
CeO2 lattice shrink and particle size decrease in the
co-impregnation method.
(3) The main active species in the FeCe/Al catalysts are cluster
Fe2O3 species, which was verified by the HNH3 leaching process. Thus, FeCe/Al-CI exhibits higher catalytic performance
than FeCe/Al-SI. Although the Fe/Al sample contains the
highest concentration of cluster active Fe2O3 species, the
deficiency of Fe-O-Ce structures leads to a lower content of
surface oxygen species, Ce3+ and Fe2+, so it exhibits poor
CO oxidation activity.
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