Effect of Co Doping on Magnetic and
CO-SCR Properties of y-Fe,O;

Xuemei Ou, Kean Chen, Longging Wei, Yagian Deng, Ju Li, Bin Li, * Lihui Dong *

School of Chemistry and Chemical Engineering, Guangxi University, Daxue East
Road 100, Nanning 530004, P. R. China

E-mail address: binli@gxu.edu.cn; donglh@gxu.edu.cn

Abstract:
Magnetic bayberry-like y-xCoFe,O3 microspheres catalysts with different mole

ratio (Co/Fe =0, 1, 3, 5, 7, 9%) are synthesized by solvothermal method followed by
calcination. Then a series of characterizations are carried out, including Raman
spectra, XRD, BET, H,-TPR, VMS, XPS and in situ DRIFTS spectra. And as the
results indicate that with Co doping amount increasing, the microspheres shrink first
and then expand, which obviously affect the specific surface area and activity,
samples’ catalytic performance are improved by doping appropriate amount of cobalt,
and 5Co-Fe has the optimum activity with the largest surface area. Moreover, In-situ
DRIFTS result shows that the introduction of Co promotes the formation of
decomposable monodentate nitrates rather than chelate bidentate nitrates and improve
samples’ magnetic properties, which promote more NO adsorbed on catalyst surface
to form chelate nitrate species, so that enhanced the activity.
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1. Introduction

Prior works have revealed that technical means and materials used for NO
elimination are diversified. Many scholars in the field of environmental protection
have conducted extensive research on NO elimination through numerous means, and
achieved corresponding excellent results. Because the precious metals became
more scarce and expensive, the researchers turned their attention from noble metal
catalysts to rare earth elements and transition metal oxides and composite oxides with

rich content, low price, excellent structure and function.(1-5) For instance, Bahrami,
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Soudabe and the co-authors studied the impact of the composite nanocatalysts
Ce0,-MOx (0.25) (M = Cu, Fe and Mn) to NO oxidation. Then got the conclusion that
NO conversion obtained via experimental were almost identical with that predicted by
ANN-GA system, both are about 90% at 300 °C (3). M.S. Fal Desai successfully
prepared cobalt oxide spinel substituting precious metal nano catalysts by auxiliary
citrate sol-gel method. And the order of activity follows as RhgsC02950, >
Pdo.05C02.9504 > Rup 05C02.9504, Which showed that doped metal was beneficial to the
adsorption of CO and NO. Furthermore, activity and stability of the catalyst were
improved.(6) Pegah Rezaei et al synthesized M-Fe,O3-CuO (M: Ag, Mn and Co)
nanocatalysts in a new ultrasonic auxiliary hydrothermal treatment methods. The
results indicated that the low temperature catalytic effect of the catalyst with 10wt%
Mn in Cu-FeOy is improved, also achieved CO full conversion at 100 °C.(7) Yuting
Bai investigated the catalytic performance of CuO/CeO,-Al,O; catalysts. The
physicochemical properties of the catalyst were adjusted by changing Ce/Al
appropriately, which showed Ce was beneficial to improve the catalytic effect and N,
selectivity, also make the catalyst possess excellent resistance to O, and SO, (8).
Considering transition metals, there is an important property that cannot be
ignored—magnetism, because of its magnetic response characteristics, magnetic
materials are easy to self-assemble and recycle, which not only achieve magnetic
separation of catalysts effectively and but also makes it possible to quickly promotes
the activity of catalysts,(9-12). Due to the combination of catalytic properties and
magnetism, it possible to enhance the catalytic active components.(13,14) Among
many transition metal oxides, iron ores such as (FeO, Fe,O3, Fe304) or iron-based
composite oxides MFe,O,4 (M =Co, Mn, Cu, Zn, Fe, Ni, Mg and the like) are the most
common ferromagnetic materials(15,16). In recent years, they have been widely used
in the fields of environmental conservation, magnetothermal therapy and
catalysis.(17-21) S narimani-sabeghet et al. established an efficient magnetic solid
phase extraction method, they used maghemite(y-Fe,O3) nanoparticles as the effective
adsorbent to measure the antimony in aqueous solution, which achieved the separation

and enrichment of antimony rapidly and simply.(22) Fatemeh Kiani et al. prepared the
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NiFe,0,@SiO,-BPMN-Ni magnetic nanoparticles which was a green, novel and
efficient synthetic method to biphenyl derivatives.(23) N. Ansari and others reported a
facile synthesis method for water stablized iron intercalated multilayer graphene
nanocomposite, the material with high magnetic moments was used as superior water
pollutant remediators.(24) This new nanocomposite shows highly effective remedial
for cationic/anionic azo dyes, the prominent sorption capability of the material was
the result of combined action of activated carbon and magnetic properties of iron.

Melissa Greta Galloni et al demonstrated a convenient but valid synthesis
scheme for iron based core-shell magnetic nanoparticles used in wastewater treatment
and heterogeneous catalysis. The results shown that the core-size and loading of Fe
was controled by adjustment synthesis parameters, while the packaging process of the
multi-layer material were irrelevance with the properties of the iron oxide in
nucleus.(25) Meanwhile, the magnetic core-shell structure materials as a magnetic
separable carrier can be utilized in the field of water purification and the like by
composite or modification with other materials(26, 27).

Fe,O3 is the most stable phase among all iron oxides, in which y-Fe,Os is a
magnetic substance with cubic or tetragonal structure. It has become the subject and
interest of modern materials research due to its unique and fascinating magnetic,
electrical and dielectric properties.(18, 28) S Luby et al synthesized the chemical
resistor of Fe,O3 nanoparticle bilayer based on Langmuir-Schaefer method and
examined the sensitivity to acetone vapours.(29) Peng Wang reported that
mesoporous y-Fe,O3; had comparable Cr (V1) adsorption capacity compared to
non-porous y-Fe,Oz. But under the same experimental conditions, when external
magnetic field existed, it had a faster adsorption rate than non-porous y-Fe,;O3, and
achieved magnetic recovery or reuse by changing the pH value.(30) Aseya Akbar
reported the synthesis and characterization of Co-doped Fe,Os3 thin films with the
ratio Co/Fe between 0%-10%. Magnetic hysteresis loops at room-temperature
showed that with the increase of doping concentration, the saturation magnetization
increased with the maximum at 8%, but the doping concentration increased to 10%,

the magnetism decreased, which might be the result of more Co atoms were dispersed
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at the grain boundaries.(31) Our group’s research shows that magnetism can promote
the adsorption and transform of NO molecules on magnetic substances. The
magnetism of y-Fe,O3 increases slightly after use in the reducing atmosphere, because
when y-Fe,Oj3 transcrystallization to Fe3Oy, it will exhibit better stability, magnetism
and catalytic properties.(32) These are just a few of the methods to synthesize and
appliance y-Fe,O3. Relatively speaking, Fe;O, oxidation also has a good application
prospect. Fe3O4, or Fe(lll)[Fe(ll)Fe(l11)]O4, it's trans-spinel structure, and the
morphology and crystal form are basically unchanged when it gradually weathered
and oxidized to y-Fe;03.(31) As a result, the y-Fe,O; obtained after oxidation
maintains the trans spinel structure.(31,33,34) After Fe3O, oxidated to y-Fe,O3, 1/3 of
Fe?* move to the surface and oxidized, causing 5/6 of these octahedral positions in its
cell are occupied by Fe** and the rest about 1/6 is cation vacancies on octahedrons
(show in Figure 1). Because of the defects of the structure, it has greater potential use

value.
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Figure 1 y-Fe,O; cell units

Although there are many studies on the use of the series of catalysts in various
fields and their corresponding mechanisms (35-38), but few explorations on the effect
of the magnetic performance on the adsorption of active components and reactive
molecules and the reaction mechanism, even less in the DeNOy, one of Fe,O3 in many
application fields.

Because of the directional arrangement of electrons in microscopic magnetic
domains in magnetic field, and to ensure the uniformity of the magnetic
self-assembled catalyst, spherical catalysts are the best choice for magnetic catalytic
materials. Therefore, this experiment used synthetic Fe;O,4 as intermediate oxidation

to prepare y-Fe,Oj3 to study the Co doping magnetic bayberry-like y-Fe,O3 catalyst on



CO-SCR. The catalysts also analyzed by various characterizations, such as BET,
FESEM, HRTEM, XRD, VSM, H,-TPR and XPS. In the meantime, the optimal
catalyst is tested by in situ DRIFTS spectra and then the possible mechanisms of NO

+ CO reaction is proposed.

2. Experimental Section
2.1 Material
FeCl3-6H,0, Co (NOg3),-6H,0, sodium citrate, sodium acetate anhydrous,

ethanediol, C,HgO. All samples are analytical pure (99%), purchased from Xilong
Chemical Company Limited, and which were analytically pure used without further
processing.
2.2 Synthesis of y-xCoFe,O; catalyst

Magnetic bayberry-like y-xCoFe,O3 are synthesized by modifying the method
reported by Wei Jiang et al.(39) The schematic illustration for the synthesis and
formation mechanism of y-Fe,O; magnetic microspheres show in (Figure. S1), and
the specific steps are simplified as follows: 2.16 g FeCl3-6H,0, 4.8 g sodium acetate
anhydrous, 0.5 g sodium citrate and cobalt nitrate (Co(NO3),-6H,0) (x =0, 1, 3, 5, 7,
9%) with corresponding different molar ratios (Co/Fe) are dissolved in 40 mL
ethanediol. The solution was stirred vigorously until completely dissolved, and then
transferred into 100 mL PTFE Teflon reactor, followed by sealed reaction at 200 °C
for 20 h. After cooling down to ambient temperature, the black solid products are
magnetic separation and wash alternately with water and anhydrous ethanol several
times, respectively. After vacuum drying at 60 °C for 4 h, the intermediates are
calcined at 300 °C for 2 h in air atmosphere to obtain y-xCoFe,O3. The products were
named in turn as y-Fe;03, 1Co-Fe, 3Co-Fe, 5Co-Fe, 7Co-Fe, 9Co-Fe.

In order to compare the impact of magnetism on catalytic performance and
mechanism, the sample with the best catalytic activity is placed on the magnet for two
weeks at room temperature to enhance the room temperature magnetic properties, and

then the catalytic activity and infrared spectroscopy measured. The magnetization



method is shown in the (Figure. S2). The samples before(BM) and after(AM)
magnetization are named as 5Co-Fe-BM and 5Co-Fe-AM, respectively.
2.3 Catalyst characterizations

X-ray diffraction (XRD) and Raman spectra are used to characterize the
composition and structure of y-xCoFe,O3 catalysts; X-ray photoelectron spectroscopy
(XPS) is used to ascertain the elements valence of the metal oxides; field emission
scanning electron microscopy (FESEM) and high resolution transmission electron
microscope (HRTEM) are used to characterize the microstructure and tis parameters;
the reducibility of y-xCoFe,O3 are tested by H, temperature programmed reduction
(H2-TPR); Magnetic parameters of the catalysts are characterized by vibrating sample
magnetometer (VSM); the possible reaction mechanism of the catalyst is studied by in

situ diffuse reflectance infrared spectra (in situ DRIFTS) test in different atmospheres.

2.4 Catalytic activity evaluation
The Catalytic performance of y-xCoFe,O3; for CO-SCR reaction are tested

through the gas chromatograph(GC-9860) with fixed-bed reactor. There are about 25
mg screened samples (60 mesh) placed in the middle of glass tube, and ventilation
with N, pretreatment 1 h under 110 °C to blow away impurities. Droped to normal
temperature after pretreated, the reaction gas consists by 5 vol% of NO and 10 vol%
of CO (both with He as equilibrium gas) accessed to adsorption 30 min, with the flow
rate of the mixed reaction gas through the quartz tube maintains around 31000 mL/(gh)
(GHSV). Then the data are collected when the corresponding temperature reaches a
steady state during heating. Catalytic performance evaluation is calculated through the

following formulas:
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3. Results and discussion

3.1 Catalytic activity
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Figure 2. (a) NO conversion of y-xCoFe,0s,

(b) N, selectivity of y-xCoFe,O3 and (c) yield of

N, of y-xCoFe,03 at respective reaction temperatures;
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Figure 3. (a) NO conversion, (b) N, selectivity and (c) yield of N, of 5Co-Fe sample before
(BM) and after (AM) magnetization
Catalytic performance index, the NO conversion, N, yield and N, selectivity

over a series of catalysts in the range of 30 to 450 °C are shown in Figure. 2. Figure.
2(a-c) show that with the increase of Co doping amount, the change of NO conversion,
yield of N, and N selectivity have the same trend, respectively. And the activities of
all catalysts are extremely weak before 200 °C, but increase significantly after 200 °C
and reached 100% at 350 °C. And the 5Co-Fe is the optimal catalyst with best
catalytic performance. It agreed with previously reported, the catalytic properties of
iron oxide at low temperatures (< 250 °C) are not ideal.(32,40) Figure. 3 shows the
difference of catalytic performance of 5Co-Fe-BM and 5Co-Fe-BM. It can be seen
that 5Co-Fe-AM exhibits better catalytic properties, and magnetism can promote NO
conversion. In order to further explore the causes of catalytic performance differences,

here following some characterizations for these samples and the results show below.

3.2 Phase and structure results of the catalysts
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Figure 4. (a) XRD image and (b) Raman spectra of y-xCoFe,03
As Figure. 4(a) depicts is the XRD patterns of the y-xCoFe,0; samples. Pure
Fe,O3 displays all clear diffraction peaks completely corresponding to maghemite
structure, with the standard card (JCPDS NO.25-1402).(41) As a result, the phase of
v-Fe2O3 magnetic micro-nanoparticles is face-centered cubic structure (Figure 1). Set
v-Fe,03 as a reference, all samples’ diffraction peaks are consistent with y-Fe,O3 and
no peaks of cobalt oxide and other impurity are found.(42) From the enlarged picture,

compared with pure y-Fe,Os3, before 5% doping, the shift of the peak of the (119)
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crystal plane at 35.7 ° is almost slight, but when it continues to increase to 7%, we can
see obviously low angle offset marks. With less Co doping, Co®" distribute on
surfaces or grain boundaries randomly, when the doping content increases to a certain
threshold, Co?* will occupy a certain octahedral gap in the y-Fe,O3 cell to occupy a
certain cation vacancy to maintain its trans spinel structure. The bulk (ICP-AES)
compositions of samples are shown in table 1, the actual value of Co/Fe ratio less than
theoretical one, indicating Co loss during sample preparation. But with more Co, it’s
possible to form CoFe,04.(43)

Simultaneously, because the extremely similarity of the XRD of spinel structure
oxide, the structure of bayberry-like y-xCoFe,O3 samples are further investigated by
Raman spectra. As exhibited in Figure. 3(b), there are five bands situated at 214, 274,
381, 500 and 586 cm ™ belong to maghemite y-Fe,Os. (41) After careful comparison,
it can be found that the existence of the Co caused the high wavenumber migration of
the marked peak position, this is due to the lattice distortion caused by the Co ions

incorporated into the y-Fe;03.(40,44,45)

3.3 XPS and HRTEM results
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Figure 5. the XPS spectras: (a) Fe 2p of y-xCoFe;0s3, (b) Co 2p of 1-9Co-Fe and
(c) O 1s of y-xCoFe,03
Figure. (5) are the XPS spectras of y-xCoFe,O3 products. Figure. 5(a) is the Fe

2p spectra of all catalysts, in which we can observed two obvious characteristic peaks
of Fe 2ps; and Fe 2py/, at 710.6 and 724.4 eV, and the separation of Fe 2p doublet is
about 14.0 eV; the two satellite peaks also can be observed, they located at 719 and
733.5 eV, respectively, all samples show the same spectral shape, in which the iron
species basically exist in a Fe** state.(46,47) This is highly consistent with the results
of the XRD (Figure. 4(a)), which indicates all samples are y-Fe,O3 spinel-structure.
The characteristic peak shown in Figure. 5(b) is assigned to the Co 2p, two peaks
located at 780.8 and 796.1 eV, which can be attributed to Co 2ps;, and Co 2pyp,
respectively. And the difference of binding energy of the two peaks is approximately
15.6 eV, which is the characteristic of Co?*, confirming the oxidation state of Co®* in
v-XCoFe,03, consistent with the reports. (43,47) After careful observation and
comparison of Figure. 5(a), it is not difficult to see that With the increase of
Co-doping amount, the Fe 2ps;, peak of the catalyst shifts to the high binding energy
sightly, due to the difference in electronegativity, some of the electrons are biased
from Fe(1.83) to more negative Co(1.88),(40) and that suggests that there is a synergy
between Co-Fe. XPS results further confirm the conclusion that Co ions are in the

form of Co and successfully enter the y-xCoFe;Os cell.
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From the Ols spectra Figure. 5(c), the O 1s spectra can be deconvoluted into
three peaks (O, Og, O,). At 530 eV (O,), the main band is formed, which is the lattice
oxygen (O%) bound to metal cations. The shoulder peak at 531.2 eV (Op) is treated as
chemisorbed oxygen (07, 0,%) and the last peak at 533.8 eV generally assigned to the
hydroxyl oxygen on surface (O,).(21,48) It is generally believed the surface adsorbed
oxygen (Og) is easier to move and participate in the reaction than lattice oxygen O,
which promotes the catalytic process of NO and CO reaction. The XPS results further
confirm the conclusion that Co ions enter the Fe,05 cell in the form of Co®" and form
v-xCoFe,03. Generally, higher Og/O,+p+y) Values imply more reactive oxygen species
on the surface, so that which boosts the redox process.(32) When less Co doping, the
results are consistent with previous conclusions, but here, with more Co doping it’s
possible to form CoFe,0,.,(40) although the Op has increased, its catalytic
performance is inferior to that of other samples. According to the XPS spectra in table
1, all samples have similar Og/O gy Values, obviously, the surface adsorbed oxygen
IS not the main factor affecting catalytic activity.

Table 1. XPS surface oxygen content of y-xCoFe,05

XPS results ICP results Theoretical
Surface O
Ou/O(u+py) OpOiptyy OyfOarpiy)
Samples (%) (%) (%) Co/Fe (%) ColFe (%)
v-Fe203 69.7 27.3 3 0 0
1Co-Fe 75.22 18.6 6.18 0.81 1
3Co-Fe 73.35 21.71 4.94 2.26 3
5Co-Fe 7357 21.81 4.62 3.86 5
7Co-Fe 74.53 20.24 5.23 5.47 7
9Co-Fe 61.18 23.28 15.54 6.82 9

3.4 Morphological and structure analysis
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Figure 6. (a-f) SEM images of y-Fe,O3 and 1-9Co-Fe, (h) low and high magnification images,
(g-i) FESEM and HRTEM images of optimal catalyst 5Co-Fe, respectively
The morphological and sizes results of the obtained y-CoFe,O; samples are

further investigated through (FESEM) and (HRTEM). From FESEM images in Figure.
6(a-f) and the HRTEM images in Figure. 6(g-i), it can be found that the

as-synthesized bayberry-like micro/nano nanoparticles well formed with a relatively
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uniform spherical shape, and that most of these nanoparticles are distributed in the
range of 200-300 nm(39), and the Figure. 6(h) confirms the uniform properties of the
morphology. From the embedded graph, it is not difficult to find that these
large-particle nanospheres are composed of smaller particles, which are the results of
the combination of surface energy minimization and magnetic anisotropy, and it’s
consistent with previous reports.(49) But at room temperature, the magnetic material
is difficult to assemble into compact single-crystal structure, so that obtained the
products with bayberry-like mesoporous structure.(49) According to its oxidation
process, calcination didn’t change its morphology and crystal form(50). Therefore,
v-Fe,03 still belongs to a trans spinel structure, which has the same bayberry-shaped
large particles with small particle size as the intermediate Fe3O4. And it seems that the
introduction of Co does not cause obvious changes in morphology. But after careful
observation and comparison, it was found that with the increase of Co doping, sizes of
bayberry-like microspheres decreased firstly and then increased, and the particle size
of 5Co-Fe is relatively small and uniform. In order to further ascertain the
morphology change of y-CoFe,O; catalysts, the particle size of smaller iron oxide
granules on these bayberry-like microspheres can be calculated according to the

sample XRD patterns and the following Debye—scherrer equation(31) as shown:

0.89 A

b= B cosO ©)

in which D is the average crystallite size, A is the wavelength of the incident
X-ray beam (1.540 A); 6 is the Bragg diffraction angle and p is the peak width at half
width maximum (FWHM). As shown in table 2, the average crystallite sizes of
v-CoFe,05; samples are in the range 11-13 nm(39) and the detail results are presented
in Table 2.

In the FESEM (Figure. 6(g)), it shows that these large bayberry-like
microspheres are made up of smaller particles, which is consistent with the previous
view and confirms the existence of pore channels in the catalyst, which
consistent with the previous view(39,49). The lattice fringes of y-Fe,O3 (113), (119)
are about 0.4825 and 0.2515 nm as shown in Figure. 5(i). And the lattice fringes of
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(226) and (119) crystallographic plane of 5Co-Fe expand to 0.2435 and 0.255 nm,
that's consistent with XRD and further confirms that Co enter into y-Fe,O3 cell in the
catalyst. EDS element Map of 5Co-Fe samples shows in Figure. 7, which clearly

shows that Co, Fe, O are highly evenly dispersed state on the microspheres.

Figure 7. EDS element-mapping images of O (red), Fe (yellow), and Co (green) in

5Co-Fe catalyst
3.5 Structural characterization (BET)

Figure. 8 shows the texture characteristics of the prepared catalysts characterized
and tested through N, adsorption-desorption isotherm and aperture size distribution.
As shown in Figure. 8(a), all samples have typical similar IV characteristic isotherms,
and obvious Hj hysteresis loop (IUPAC classification) within the relative pressure
(p/p0) range of 0.4-1, indicating that they have mesoporous structure characteristics.
(14,30,51) At the same time, it can be further determined from the aperture
distribution in Figure. 8(b) that the aperture size distribution and pore sizes of all
samples are in the range of 3.5-4 nm.(44)

The corresponding structure characteristics are summed in the table 2. It can be
seen that with the increase of Co content, the pore volume and specific surface area
increase first and then decrease, while the pore size has the opposite trend. When the
cobalt ions occupy y-Fe,O3 certain cation vacancies, the growth of y-Fe,O3 grains is
inhibited, and thus a larger specific surface area to expose more active sites is
obtained. Co addition also enhances the magnetic properties and mutual attraction of
iron-based particles, which is the main reason for the decrease of particle size.
Combined with BET data show in table 2, we know that 5Co-Fe has the largest
specific surface area but the smallest particle size. It can be seen that changes in

these small particles lead to changes in specific surface area, which make
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bayberry-like micronanoparticles with high specific surface area and larger pore

volume.(52) The larger specific surface area makes more active sites are exposed and

leads better the catalytic effect, which is consistent with the previous reports(52).
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Figure 8. the results of (a) N, adsorption—desorption isotherms and (b) aperture size

distribution of y-xCoFe,0;

Table 2. The surface area and aperture structure parameters of y-xCoFe,0;

BET surface area Pore volume  Poresize  Particle size

catalysts

(m?/g) (cm3/g) (nm) (nm)
y-Fe;03 29 0.053 7.274 12.83
1Co-Fe 45 0.074 6.530 11.92
3Co-Fe 48 0.084 6.633 11.54
5Co-Fe 57 0.086 5.989 11.06
7Co-Fe 33 0.064 7.555 11.98
9Co-Fe 20 0.046 8.956 12.40

3.6 H,-TPR analysis of catalysts
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Figure 9. H,-TPR of y-xCoFe,0; catalysts
Figure 9. shows the reducibility of y-xCoFe,O3 catalysts, which is discussed by

H,-TPR test between 100-900 °C. And the reduction peaks of Fe,O3 are located at
320, 560 and 650 °C, which can be attributed to three-step reduction process of pure
Fe 03, Fe,03—Fe30,4, Fes0s—FeO and FeO—Fe, respectively.(32,40,53) With the
addition of Co content introduced into samples, the reduction temperature of the
surface Fe,O3—Fe30,, slight moves to low temperature first and then increases. This
is because when doping amount less than 5%, which not only ensure the existence of
a certain amount of oxygen vacancies, but also slightly enhance the synergy between
Co-Fe and improve the reduction performance.(21,40) When the Co content continues
to increase, it will occupy more oxygen vacancies in octahedron. Meanwhile, the
rapid electron transfer between the neighbor ions of Fe?*/Co®* and Fe®*" in octahedron
also increases the reduction temperature of Fe;,03—Fe304.(54) What’s more, in the
range 470-520 °C, there is an enhanced peak with the increase of Co content, that is,
cobalt reduction peak (Co**—Co?).(55) These changes indicate that the 5Co-Fe
catalyst has best reduction ability and explained the reason why the 5Co-Fe exhibited

optimal catalytic activity.

3.7 VSM results
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Table 3. Comparison of magnetic parameters of pure y-Fe,O; and 5Co-Fe before and after
magnetization
Samples Ms (emu/g) Mr (emu/g)  Hc (Oe)

Pure y-Fe,03 61.52 5.14 80.3
5Co-Fe-BM 62.56 9.06 140.2
5Co-Fe-AM 64.53 16.67 300

The magnetic properties of y-Fe,O3 and 5Co-Fe before and after magnetization
(5Co-Fe-BM and 5Co-Fe-AM) are measured by vibrating sample magnetometer
(VSM) at normal temperature. Figure. 10 shows the relation of the applied external
magnetic field (M-H curve) and samples magnetization. The embedded figure shows
a good hysteresis loop indicates that the samples exhibit ferrimagnetic characteristics.
Table 3 shows the magnetic performance index of saturation magnetization (Ms),
remnant magnetizations (Mr)and coercive field (Hc) about catalysts of y-Fe,Os,
5Co-Fe-BM and 5Co-Fe-AM. The introduction of Co causes the parameters of
magnetic enhancement slightly, because the y-Fe,O3 has high Ms, but the Mr and Hc
obviously increase.(21) The increase of the magnetic parameters are related with
cobalt ions which have higher spin electrons (56) and the effect of exchange
interaction exists in electron spins that trapped on oxygen vacancies (57). And Hc
increases to 300 Oe after magnetization because the unidirectional spin electrons in

the magnetic domain of the sample increase.(55) The (Ms) value of y-Fe,O3; around
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60 emu/g, smaller than that of massive y-Fe,O3 (i.e. 73.5 emu/g) which is caused by
surface spin canting effect.(58-60) It also indicates that the magnetic properties of
Fe3O, intermediates don’t weaken remarkable after the calcination treatment, so
v-Fe,O3 maintains the magnetic properties near to the Fe3O,4 intermediate products.(49)
But according to previous reports, with the increase in the amount of Co doped, the
magnetic properties of the samples should show a change trend to increase first and
then decrease.(31,59) So the 5Co-Fe with best catalytic activity may have the

strongest magnetic properties.

3.8 In situ DRIFTS results
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Figure 11. In situ DRIFTS results in CO atmosphere interaction with (a) 5Co-Fe-BM, (b)
5Co-Fe-AM and (c) pure y-Fe,Oj3 catalysts (30-450 °C)

To expose the influence of magnetism on the adsorption of reaction gas and
catalytic reduction mechanism on magnetic catalyst, infrared spectroscopy is
measured. The in situ DRIFTS spectra are obtained in CO, NO and CO+NO
atmospheres between 30 - 450 °C, respectively. As shows in Figure. 11 is the FT-IR
results of the catalysts in CO atmosphere, it can be seen that the addition of Co has no

obvious effect on CO adsorption, and the peak at 1183-1187 cm™ on 5Co-Fe-AM is
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slightly stronger than 5Co-Fe-BM, but the others are approximately same at all
temperature points. During 30-100 °C, little CO is adsorbed on the catalyst, and only
the absorption peak of vibration mode of bicarbonate (C-O---H) is observed at 1187
cm™>. However, between 150 and 200 °C, there are almost only adsorption peaks of
gas phase CO and weaker CO,. As the temperature rises above 250 °C, peaks of some
new carbonate species appear: the absorption peaks at 1065-1068 cm™ and 1239-1249
cm™ belong to the vibration mode of monodentate carbonate (v(CO) and vy(CO5%),
peaks at 1162-1166 cm™ is the symmetrical vibration absorption peak of carbonate,
and the vibration mode absorption peaks of carboxylate (Vs(COO") and v,5(COO))
appear at 1378-1383 cm™ and 1527-1537 cm™, peaks of CO around 2109-2117 cm™,
respectively.(2,61) Figure 10. indicates that before 150 °C, little CO captured on the
catalyst surface. The peak at 1187 cm™ almost disappears due to the thermal
decomposition and trace reduction of COy to CO, at 150 - 200 °C, so only CO and
CO; peaks appeared. At 200 °C, the catalyst reaches the active temperature point,
promoting CO to produce a series of reactions on the catalyst to produce different
carbonate species carboxylate species and CO,. Though CO is an electron body with
three bonds between intramolecular C and O(38), there is no single electron so it does
not have paramagnetism and can’t be adsorbed by the additional magnetic field

generated by the catalyst.
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Figure 12. FT-IR results of NO atmosphere interaction with (a) 5Co-Fe-BM, (b) 5Co-Fe-AM

(c) and pure y-Fe, 03, (d) contrast of 5Co-Fe-AM and 5Co-Fe-BM
Figure. 12 reveals the interaction between the NO and the sample surface

components. From Figure. 12(a, b), the difference of NO adsorption between
5Co-Fe-AM and 5Co-Fe-BM are hardly observed in the range of 30-450 °C, because
their spectra are similar. The peaks show at 1012-1013 and 1605 cm™ belong to the
vibrational peaks of bridging dinitrate (N = O)(1), and peaks at 1202 and 1542-1543
cm™ are symmetric and asymmetric vibrational modes chelating bidentate nitrates.
Both of them trend to increase first and then decrease to disappear with the increase of
temperature. Absorption peaks at 1240-1241 and 1578-1578 cm™ correspond to the
vibration of chelate bidentate nitrate(4,62). A large number of monodentate nitrate
absorption peaks appear at 1285-1286 cm™ form, and the adsorption peak of gas
phase NO is 1843-1903 cm™.(61) But it can be clearly seen from Figure. 12(d), the
adsorption band intensity of all NOy species of 5Co-Fe-AM is strong, especially the
vibration peaks of chelated bidentate nitrate at 1240 and 1578 cm™, which may result
from that magnetic field has stronger adsorption for chelating bidentate nitrate
species.(55) So the magnetized catalyst with stronger magnetic field can adsorb more
paramagnetic NO molecule on the catalyst to form NO, multi-species, in another

word, the magnetized catalyst with higher magnetic field can make paramagnetic NO
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adsorb on the catalyst to form NOy. The reason why the spectral band intensity of the
sample after magnetization decreases slowly at relatively high temperature may be
that NOy is relatively difficult to desorb/transform/dissociate from the catalyst surface
due to the mutual attraction of magnetic attraction. When the temperature is 450 °C,
the peak intensity of 5Co-Fe-AM is keeping higher than that corresponding to
5Co-Fe-BM, but the difference decreases significantly, indicating that the magnetic
properties of the catalyst will gradually weaken with temperature increasing.

At 30-150 °C, the NO captured by oxygen vacancies on the catalyst then to form
various nitrate species. Before reaching the active temperature point, the NO attached
to surface of the catalyst to form nitrate and nitrite without conversion and
decomposition into N,. As temperature rise further, the peak intensity of linear nitrite,
monodentate nitrate at 1240 and 1285 cm™ sharply decrease, while the peak intensity
of bridging bidentate nitrate and chelating bidentate nitrate in 1543 and 1605 cm™
increase slightly. This indicates that these unstable monodentate nitrates transition to
more stable chelate bidentate nitrates as the temperature increases.(32) Combined
with Figure. 2(a, ¢), the NO adsorption changes at 150-200 °C, but the N, yield
almost remains unchanged, meaning that NO basically converted to NOy
intermediates. After 250 °C, the peak intensity of all nitrate species decreases,
indicating that these instability intermediate products begin decomposition and
desorption. Nearly all NOy species disappeared at 350 °C, which is consistent with
NO 100% conversion at 350 °C in Figure. 2(a). Figure. 12(d) shows the difference of
NO adsorption intensity between the 5Co-Fe-BM and 5Co-Fe-AM more clearly, the
adsorption band intensity of all NO species of 5Co-Fe-AM is strong indicating that
the magnetized catalyst with higher magnetic field can absorb more paramagnetic NO
on the surface to form NOy species.

However, after compared Figure. 12(a) with (c), there are two major peaks
ascribed to pure y-Fe,O3, one at 1290 cm™ attributes to monodentate nitrate adsorbed
at room temperature and its peak intensity decreased with increasing temperature, and
at 1205 cm™ is chelate bidentate nitrate symmetric vibrational modes, which increases

firstly then decrease with temperature rise, the others peak value is not obvious. It is
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easy to see that the introduction Co clearly promotes formation of more NOy species,
the absorption peaks at 1282 and 1500-1600 cm™ increase significantly, but the peak
intensity of the chelate bidentate nitrate at 1205 cm™ decreased. The addition of Co*
is beneficial to the oxidation of NO adsorbed on the catalyst turn to unstable

monodentate nitrate and inhibits the formation of stable chelate bidentate nitrate.
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Figure. 13. FT-IR results of (a) 5Co-Fe-BM, (b) 5Co-Fe-AM and (c) y-Fe,O; at each
temperature in NO+CO atmosphere, respectively

The in situ DRIFTS results of 5Co-Fe-BM, 5Co-Fe-AM and y-Fe,O3 in CO+NO
mixed atmosphere are shown in Figure. 13. From Figure. 13 (a, b), it can see that
before 250 °C, tow spectra are basically similar to that NO single adsorption (Figure.
12). These peaks at 1004-1011 and 1607 cm™, 1205 and 1543 cm™, 1281-1286 cm™,
1240 and 1578 cm™, 1285-1286 cm™, 1364 cm™ and 1843-1903 cm™ are designated
as vibrational peaks of bridging dinitrate (N=0), weak adsorption peaks of chelating
bidentate nitrate chelating dinitrate, chelating dinitrate, monodentate nitrate, free NOg’,
and the adsorption peaks of gas NO, respectively.(55) Furthermore, two peaks at 1524
and 1558 cm™ can be assigned to monodentate nitrate and chelate bidentate nitrate,
respectively. Figure. 13(c) shows the in FT-IR results of y-Fe,Os3, the peak positions
are identical with 5Co-Fe basically, but the peak intensity is obviously lower than that
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of 5Co-Fe, which is same with the activity results. Meanwhile, except the adsorption
peak of gas CO in 2100-2200 cm™, there is no bicarbonate peak at 1187 cm™ which
exists in CO single adsorption.(40) The peaks at 2300-2400 cm™ that appear with the
increase of temperature are CO..

It can be seen that NO preferentially adsorbs on the catalyst surface in mixed
atmosphere, which also inhibits CO adsorption to a certain extent, because no
carbonate or carboxylate peaks were observed in this temperature range (< 250 °C).
Another reason that the NO occupies more oxygen vacancies, resulting in the rapid
formation of all kinds of nitrate intermediates on the catalyst, which also inhibits CO
adsorbed on the catalyst to form carbonates. Carefully compared 5Co-Fe-BM and
5Co-Fe-AM, the absorption peaks vibration of chelate bidentate nitrate at 1587 cm™
still can be observed above 300 °C, confirming that the sample magnetized with

stronger magnetic properties can adsorbed more NO to form nitrate species.
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Figure 14. schematic diagram of a possible reaction mechanism for CO-SCR on
5Co-Fe catalyst

Based on the results and discussions above, a possible reaction mechanism for
NO+CO reaction over magnetic y-XCoFe,O3 catalyst is preliminarily proposed, as

shown in Figure. 14. Within 30-250 °C, when catalysts surface exposed to the mixed
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atmosphere of NO + CO, NO is preferentially adsorbed on surface then to form NOy
species due to their unpaired electrons, and the magnetic field of the catalyst also
promotes NO adsorption, while inhibits the adsorption of CO. From Figure. 12 and
Figure. 13, it can be seen that both the introduction of Co and magnetization can
promote this process, that is, the magnetic enhancement is in favour of the adsorption
of NO on the catalyst. As increasing of temperature, the NOy species adsorbed on the
vacancy are dissociated into radicals [N] and [O], and CO molecules can capture
reactive oxygen species, which weaken the N-O bond and facilitates the dissociation
of the NOy species. Meanwhile, after CO molecules react with [O] to form CO,, the
other [N] can combine with NO to form N,O or with another [N] to come into being
N2.(32) With higher temperature, gaseous CO molecules and another [N] react with
[O], [N] generated by NO on oxygen vacancy to generate CO, and N,.(62) Apparently,
at lower temperatures, gas CO molecules react with the NOy attracted on catalyst
surface; at higher temperatures, CO react with free radicals ([O]) produced by
catalysts’ oxygen vacancies, so the catalyst follows the Langmuir-Hinshlwood (L-H)
mechanism at low temperatures and Eley-Rideal (E-R) mechanisms at high

temperatures, respectively.(32,55,40)

4. Conclusions
The study synthesized pure and Co-doped (0-9%) bayberry-like microspheres

v-Fe2O3 by solvothermal method. The results show that the 5Co-Fe catalyst with
maximum surface area has the best catalytic performance, and a bit of Co doping to
the samples is independent of the structure and morphology of bayberry microspheres,
but it will affect specific surface area and magnetism, which are the major factors in
the catalytic activity. And the introduction of Co promotes the NO to form easily
decomposed monodentate nitrate and inhibits the formation of more stable chelate
bidentate nitrate. Comparing the activity of 5Co-Fe-AM and 5Co-Fe-BM, it can be
seen that the catalysts with high magnetism will promote the adsorption and reduction

of more paramagnetic NO molecules, which improves activity.
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**[Among many metal oxides, ferric oxide are the important transition metal
oxide species, and y-Fe,O3 as one of the special phases has magnificent application
prospects, because of magnetic properties and biocompatibility. Although both
a-Fe;O3 and y-Fe,O3 phases belong to Fe,Os, in the application of CO-SCR, their
catalytic performances are different, y-Fe,O3 shows better catalytic performance than
a-Fe,O3; because of it possesses magnetic and more surface acid sites. But the
catalytic performance of pure Fe,O3 is poor at low temperature, so the manuscript
through Co-doping to improve its physicochemical properties in order to improve the

catalytic performance. ]**
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Figure 6. (a-f) SEM images of y-Fe,O3 and 1-9Co-Fe, (h) low and high magnification images,
(9-1) FESEM and HRTEM images of optimal catalyst 5Co-Fe, respectively

Figure 7

Figure 7. EDS element-mapping images of O (red), Fe (yellow), and Co (green) in
5Co-Fe catalyst

Figure 8
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Figure 11. In situ DRIFTS results of CO atmosphere interaction with (a) 5Co-Fe-BM, (b)
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Figure 12. FT-IR results of NO atmosphere interaction with (a) 5Co-Fe-BM, (b) 5Co-Fe-AM
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temperature in NO+CO atmosphere, respectively
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