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Graphical Abstract

Cobalt supported on metal-doped ceria catalysts (M = Zr,
Sn and Ti) for NO oxidation
Yang Yu', Lei Zhong'?, Jie Ding'?, Wei Cai "%, Qin Zhong* '*
1 School of Chemical Engineering, Nanjing University of Science and Technology,
Nanjing 210094, PR China.
2 Nanjing AIREP Environmental Protection Technology Co., Ltd, Nanjing, Jiangsu

210091, PR China.

This research probed different doping cations on the activities of ceria-based
solid solutions supported cobalt oxides for NO oxidation. The detailed properties of
the catalysts were investigated and the results showed that the higher activity
depended on higher amount of finely dispersed cobalt species, more oxygen vacancy

and excellent redox ability.
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Cobalt supported on metal-doped ceria catalysts (M = Zr,
Sn and Ti) for NO oxidation

Yang Yu'?, Lei Zhong'?, Jie Ding'?, Wei Cai '?, Qin Zhongx '*
1 School of Chemical Engineering, Nanjing University of Science and Technology,
Nanjing 210094, PR China.
2 Nanjing AIREP Environmental Protection Technology Co., Ltd, Nanjing, Jiangsu
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Abstract: A series of ceria oxides doped with 20 mol.% of Zr, Sn and Ti were
prepared by citric sol-gel method throughout the thermal decomposition of the
corresponding metallic propionates. Furthermore, cobalt oxides were loaded on the
supports by a one-step sol-gel method. The results showed solid solution when
doping with Zr and Ti and SnO, surface segregation in the case of Sn. We
demonstrated that cobalt dispersion states was influenced by the doping metals.
Ce-Co metal-oxides catalyst possessed higher amount of finely dispersed cobalt
species, more oxygen vacancy and excellent redox ability. These features may be
responsible for improving the catalytic activity of Ce-Co metal-oxides for NO
oxidation.
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1. Introduction

Development of methods to control NOy emission has been an active research area
[1] because NOy are associated with acid deposition, photochemical smog, and ozone
depletion. The catalytic oxidation of NO to NO; is a key step for many NOy removal
techniques, such as fast selective catalytic reduction (fast SCR) [2], NO
storage-reduction (NSR) [3], continuously regenerating trap (CRT) [4], and the wet
scrubbing method [5]. Therefore, many efforts have been focused on developing
eligible catalysts for NO oxidation [6-10].

Ceria (Ce0O,) is one of the most reactive rare-earth oxides and attracts much
attention due to its unique application in catalysts [6, 8, 9]. The catalytic properties of
ceria are considered to originate from the Ce*/Ce’" redox cycle. It is affected by
various structural factors, such as composition modification, large surface area,
preferential exposure of reactive facets and the oxygen vacancies concentration on its
surface [11-14]. However, it is well known that sintering effect often occurs when
pure CeO; is used at high temperature, resulting in the decrease of specific surface
area and oxygen storage capacity (OSC) [15]. Many researches have been performed
by incorporating foreign metal cations into the lattice of CeO; to restrain this effect.
These metal cations mainly contain three categories : (i) M** (Ca2+ [16], Mg2+ [17]),
(i) M*" (AP, Ga*", In*" [18, 19]) and (iii) M*" (Zr*" [6], Sn*" [20], Ti*" [21], Mn*
[22], H*" [23]). Recently, our lab [24] prepared a series of Cr/CesZr; <O, catalysts

used for NO oxidation and found that the Zr-rich samples showed higher activity than
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Ce-rich sample; Dobrosz-Gomez et al. [25] prepared a series of Au/CexZr;xO; used
them in CO oxidation and the Auw/Ceg75Zr0,50, exhibited the best catalytic
performance; Ayastuy et al. [26] reported that Ce 9sSng 95O, had the highest activity in
CO oxidation reaction among the CesSn;O, catalysts. According to the
above-mentioned literatures, we could find that the previous works were mainly
focused on investigating the catalytic property of the catalyst by modulating the ratio
of Ce/M. However, there were almost few reports which focus on changing the doped
metal cation of C0304/CexM O, for a comparative study.

It was widely reported that cobalt oxide based catalysts were potential candidate for
NO oxidation. Wen et al. studied series of La;—,Ce,CoO3 perovskite oxide catalysts
for nitrogen monoxide oxidation, and reported approximately 80 % conversion on
Lag sCep,Co0s at 300 °C [27]. TiO; and SiO, supported Co30; catalysts were studied
for NO oxidation by Irfan et al. [28]. They reported maximum of 69 % conversion on
C0304/Si0; at 300 °C with high space velocity condition. Recently, Kim et al. studied
NO oxidation on supported cobalt oxide synthesized by conventional wet
impregnation method using various supports including CeQ,, SiO,, ZrO,, TiO; and
Si0,, and reported that CeO; supported catalyst exhibits better activity. They reported
approximately 70 % conversion at about 270 °C on Co-ceria and found that surface
area of CeO,; played an important role on catalytic activity [29]. As it was reported in
the previous literatures, the support was crucial for the dispersion of active species,
however, few reports discussed the different role of cobalt species in the process of

NO oxidation.
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In the present work, ceria doped with Zr*", Sn*", Ti*" were used as supports to
prepare cobalt-based catalysts and the obtained samples have been studied
systematically by means of XRD, LRS, UV-vis DRS, TEM, N,-physisorption,
H,-TPR, XRF, XPS and NO + O, model reaction. The study was mainly focused on
understanding the influence of dopant on the structure, texture, reduction, dispersion
of cobalt species, oxygen vacancies, adsorption properties and catalytic performance

of the obtained samples.

2. Experimental Section

2.1. Preparation of the catalysts

The CeysMo20, (M = Zr4+, Sn*" and Ti4+) solid solutions (Ce:M = 4:1 mloar ratio)
were prepared by sol-gel method. The Ce, Zr, Sn and Ti sources were Ce(NO3)3-6H,0,
ZrOCl,, SnCly and TiCly. The requisite quantity of Ce and M sources with citric acid
(citric acid/(Ce + M) = 2) were added into distilled water to form solution. The above
two solutions (Ce and M) together with citric acid were mixed together and stirred for
2 h. After that the mixture was heated at 90 °C under stirring until it became a viscous
gel and dried at 120 °C for 12 h then the obtained solid was calcined in air at 500 °C
for 4 h. In addition, pure CeO, was prepared via the same procedure for comparison.
These synthesized samples were CeQ,, CepsZro,0, (hereafter denoted as Ce-Zr),
Ce(gSng,0; (hereafter denoted as Ce-Sn), Ce(gTip,0; (hereafter denoted as Ce-Ti)
supports.

The CoOy/S (S = CeO,, Ce-Zr, Ce-Sn, Ce-Ti) catalysts were prepared by one-step
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sol-gel method. The Co source was Co(NOs),6H,0. The Ce, M (M = Zr, Sn and Ti)
and Co solution with citric acid (citric acid/(Ce + M + Co) = 2) were mixed together
and stirred for 2 h. After that the mixture was heated at 90 °C under stirring until it
became a viscous gel and dried at 120 °C for 12 h then the obtained solid was calcined
in air at 500 °C for 4 h. These catalysts were denoted as Ce-Co, Ce-Zr-Co, Ce-Sn-Co
and Ce-Ti-Co, respectively.
2.2. Sample characterization

The powder XRD patterns were recorded on a Beijing Purkinjie general
instrument XD-3 X-ray diffraction using Cu-Ka radiation at 36 kV and 20 mA (26
from 5° to 80°). The scanning speed is 8° min™ and the step value is 0.04°. The

average grain sizes of the catalysts were calculated using the Scherer’s formula,

Eq.(1):

KA
B B cosB (1)

where D is the average crystallite size; K is a constant; A is the wavelength of
the X-ray radiation (Cu Ka= 0.1541 nm); S is the full width at half-maximum
(FWHM) of the diffraction peak (the corrected f equaling to the measured width

(B,,) minus the instrument width (8.)); € is the diffraction angle. After correction,

the formula is as shown in the following equation:

0.89%0.1506

(B—0.09)
180

D= )

*TT*COS 6
Laser Raman spectra (LRS) were recorded on a Renishaw Invia Raman

Microscope with Ar’ radiation (514 nm). The laser light was focused onto the

samples by using a microscope equipped with a 6100 objective lens.
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Diffuse reflectance spectroscopy (DRS) was carried out on a Shimadzu UV-2550
UV-vis spectrophotometer. BaSO4 was the reference sample and the spectra were
recorded in the range of 200-800 nm.

The micromorphology of the catalysts was examined on a JEOL JEM-2100
transmission electron microscope (TEM), and the sample was deposited on a copper
mesh by means of dipcoating. The acceleration voltage is 200 kV.

Specific surface areas of the different catalysts were determined by N
adsorption-desorption ~ measurements at -196 °C by employing the
Brunauer-Emmet-Teller (BET) method (Gold App V-sorb 2800 p), and the pore
volume and pore size of the samples were calculated by Barrett-Joyner-Halenda (BJH)
method. The systematic error calculated for BET surface area, pore volume and pore
size was given with the accuracy at 5 m’ g'l, +5 mm’ g'1 and +0.5 nm. Prior to N,
adsorption, the sample was outgassed at 200 °C for 12 h to desorb moisture adsorbed
on the surface and inside the porous network.

Hydrogen temperature programmed reduction (H,-TPR) was performed in a
quartz U-tube reactor on an automated chemisorption analyzer (Quantachrome
Instruments) by the GC method. About 100 mg sample was pretreated in N, stream at
600 °C for 0.5 h. As the sample was cooled downed to 50 °C, switched N, to H,-N;
mixture gas (10 % Ha, v/v) at a flow rate of 70 ml min™'. H-TPR was performed by
heating the sample from 50 to 700 °C, at the same time, the consumption of H, was
detected by a thermal conductivity detector (TCD).

X-ray photoelectron spectra (XPS) was performed on a Thermo ESCALAB 250
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(USA) apparatus with Al Ko X-rays (hv = 1486.6 eV) radiation operated at 150 W to
investigate the surface atomic concentrations and the oxidation state distribution of
the elements in the samples. The samples were compensate for charging with
low-energy electron beam, and the peak of C 1s (Binding Energy = 284.4 eV) was
used to correct for sample charging. This reference gave BE values with an accuracy
+0.1 eV. And the atomic surface ratios of the corresponding species were given with
the accuracy at 0.1 %. The penetration depth of the XPS probe is 10 nm.

X-ray fluorescence spectra (XRF) were carried out on an FL3-TCSPC apparatus
to determine the bulk composition of these catalysts. The X-ray tube was operated at
60 kV and 20 mA. The accurate measurement mode was adopted to determine the

contents of Co, Ce, Zr, Sn and Ti elements of these catalysts.
2.3. Catalytic testing

The catalytic oxidation of NO was performed in a fixed-bed flow microreactor
under atmospheric pressure. Typically, 300 mg sample (sieve fraction of 40-60 mesh)
was placed in a quartz reactor (6.8 mm i.d.); the reactant gas mixture (390 ppm NO, 8
% O3, Ny balance) was fed to the reactor with a total flow rate of 100 mL min'l,
corresponding to a gas hour space velocity (GHSV) of 35400 h™'. The steady-state
tests were conducted isothermally every 25 °C from 200 to 400 °C and the gas
products (after 90 min reaction) were analyzed by a Ecom-JZKN flue gas analyzer
(Germany). The NO conversion is defined as:

NO conversion = (NOj, — NOgyt)/NOin*100 %.



RSC Advances Page 10 of 40

3. Result and discussion

3.1. Catalytic activity of ceria-based mixed oxides (NO oxidation)

Fig.1

The profiles for NO conversion as a function of reaction temperature over these
catalysts were present in Fig. la and b. For the Co-containing samples (Fig. 1a), the
sequence of catalytic activity expressed as NO conversion is Ce-Co > Ce-Zr-Co >
Ce-Sn-Co > Ce-Ti-Co. In contrast, the pure CeO, and CeO,-MOy (M = Zr*", Sn*" and
Ti*h samples were also prepared to evaluate the catalytic activity. Although the
catalytic activity of all the supports is low, modified supports have relative higher
activity than pure CeO,. In general, the Co-containing samples shows higher catalytic
activity than the supports, indicating Co species play an important role in the NO

oxidation process.

3.2. Structural characteristics (XRD, LRS, UV-vis DRS and TEM)

Fig. 2

Fig. 2 shows the XRD patterns of these samples. It could be seen that all the
diffraction peaks of these samples except Ce-Sn were characteristic of typical cubic
fluorite phase of ceria (PDF-ICDD 34-0394). The characteristic lines attributed to

ZrO; and TiO, were absent, the diffraction peaks of Ce-Zr and Ce-Ti shifted to high
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angle direction slightly and the peaks became wider compared to CeO,, which
indicated that Zr*" and Ti*" were successfully doped into the lattice of CeO, to form
uniform solid solutions. As for Ce-Sn, the diffraction peak of SnO, was observed,
showing the absence of solid solution or little solid solution forming. In contrast, the
Ce-Sn-Co sample showed no SnO, peak and the (1 1 1) peak of CeO; shifted to higher
angle, this phenomenon indicated the adding Co could contribute to the forming of
solid solution. The grain sizes of these samples are summarized in Table 1. The grain
sizes of Ce-Zr, Ce-Sn and Ce-Ti were smaller than CeO,, suggesting that the
introduction of Zr*", Sn*" and Ti*" inhibited the crystal growth of the cubic phase [21].
After introducing of cobalt, the grain sizes decreased slightly compared to their
corresponding supports except for Ce-Ti-Co. This phenomenon was probably due to
the incorporation of monolayer cobalt into the surface/subsurface layers of these
supports [30]. In addition, all the Co supported catalysts showed no peaks for
crystalline cobalt oxides, indicating that cobalt oxide species were highly dispersed
and/or present as small clusters and/or form solid solution which were difficult to be

detected due to the limitation of XRD.

Table 1
Laser Raman spectroscopy is an intriguing tool to analyze the structural properties
of oxide materials particularly nanostructured ceria-based solid solutions. The LRS of
the supports are shown in Fig. 3a. The band at 464 cm’ was the characteristic of the

cubic fluorite structure of CeO, [31]. The observed shift and broadening of the F,
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peaks in the 464 cm” was attributed to the change in the M-O vibration which
accounted for the difference in the ionic radius of the dopants [32]. In our case, the
observed decrease in the ceria particle size in the doped samples calculated by the
Scherrer equation (Table 1) could agree with the shift and/or broadening of the F,
peak. The Raman lines assigned to MO, (M = Zr**, Sn*" and Ti*") were not observed.
This results also confirmed that the doped cations entered the crystal lattice of CeO;
which was in line with XRD results.

For the catalysts, the Raman lines of cobalt species were absent in all of the
samples. In addition, the main band of these catalysts were red or blue shift in contrast
to their support. This phenomenon could be explained be two reasons. One is that the
existence of an interaction between support and the active species [33]. The other
reason may be the incorporation of monolayer cobalt into the surface/subsurface layers
of these supports, which was in consistent with XRD results.

Apart from the main peak of CeO,, a new band II appeared at ca. 570 to 630 cm™,
ascribing to the intrinsic oxygen vacancies [34]. They were very essential for
absorption/dissociation of oxygen molecule during the catalytic oxidation reactions,
which in turn could affect the catalytic activity of the catalysts [35]. Since the band II
was related to oxygen vacancies, and the band I was the main band of these samples,
the area ratio of Aj/A; could reflect the concentration of oxygen vacancies. We could

see from Table 1 that the Ce-Co had higher amount of oxygen vacancies.

Fig. 3

10
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UV-vis DRS technique is effectively used for the study of metal oxides to obtain
information about the charge transfer transitions. Ceria exhibited strong absorption
below 400 nm caused by charge transfer bands. DR spectra of these samples are
presented in Fig. 4. Three characteristic bands of ceria corresponding to the O*~ —
Ce’™ and O — Ce* charge transfer bands and inter-band transitions in the
wavelength range 250-340 nm were observed for all samples [36, 37]. The absorption
band observed at ca. 470 nm can be attributed to the 1A1g — 1T1g forbidden d-d
transitions of Co’" in its octahedral sites [38]. The peak observed at ca. 750 nm
corresponded to Co®" ions in its tetrahedral geometry [39]. It was confirmed that the
evidence of the Co’" and Co*" species from DRS study was in accordance with

H,-TPR and XPS results.

Fig. 4

TEM was used to investigate the morphology and microstructure of the
sample. Fig. 5 shows the TEM and HR-TEM imagines of these catalysts. From
TEM imagines, we could clearly see that the particles of all the catalysts were
irregular. It could be seen from the HRTEM imagines that these irregular imagines
were comprised of many small particles with a crystallite size of 3-5 nm, and there
were clear voids with diameter 3-5 nm among the small particles, revealing the
mesostructure of the CeO, particles. Furthermore, the absence of Co-related
particles’ lattice in HRTEM images suggested a good dispersion of CoOy

11
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crystallites. From HRTEM, the interplanar distance of lattice fringes was 0.312
nm corresponding to (1 1 1) crystallographic plane of CeO,. [40]. In contrast, the
fringes of Ce-M-Co (M = Zr*, Sn*" and Ti*") were little lower than 0.312 nm,
indicating the forming of Ce-M solid solution. The results were consistent with XRD

and Raman results.

Fig. 5

3.3. Textural characterization (N,-physisorption)

The N, adsorption-desorption isothermal plots and the corresponding BJH pore
size distribution curves of these samples were displayed in Fig. 6. It could be seen
from Fig. 6a that all these samples were of classical type IV as defined by IUPAC
and exhibited hysteresis loops of type H3, which indicated that these samples
contained mesopores (2-50 nm) with narrow slit-like shapes [41]. The pore size
distribution curves suggested that all the samples had defined mesoporosities. The
pore size at the maximum probability of the catalysts was 6.9, 11.3, 10.8 and 13.8
nm for Ce-Co, Ce-Zr-Co, Ce-Sn-Co and Ce-Ti-Co, respectively. The BJH pore
size distribution plots of the various catalysts possessed nonuniform mesopore
size distribution.

The BET surface area, pore volume and pore size of these catalysts are
summarized in Table 2. Compared with Ce-Co, when the foreign metal cations
were doped into the lattice of CeO, (formed Ce-Zr, Ce-Sn, and Ce-Ti solid

solutions), both the specific surface area and pore volume increased. These
12
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changes may be related to the grain size of the samples to some extent. In other
words, the incorporation of Zr4+, Sn** and Ti*" into the lattice of CeO, could
improve the texture property effectively. In order to explore the thermal stability, all
of the four supports were calcined in air at 800 °C for 4 h in flowing air, and then,
BET measurements were carried out, and the specific surface areas were summarized
in Table S1. Compared with pure CeO,, the degree of sintering (i.e. Sggr (500) - Sggr
(800)/Sger (500)) was smaller when zr**, Sn*" and Ti* incorporated into the lattice
of CeOs,. It indicated that the ability of anti-sintering of CeO, was enhanced with the

introduction of these foreign metal cations.

Fig. 6

Table 2

3.4. Reduction properties of the catalysts (H,-TPR)

H,-TPR tests were performed to study the reducibility of these catalysts. Fig. 7
shows that the shape of these TPR profiles is very different, indicating the support has
an important effect on the dispersion of Co304. With respect to the reduction steps of
Co304, they were rather controversial in literature. Arnoldy and Moulijn [42]
observed a single step for the reduction of Co304, while many others [43-45] reported
that the reduction of Co304 was a two-step process, involving in the reduction to CoO.
The results here clearly showed that the reduction behaviors of Co3;O4 strongly

depended on preparation, catalyst composition and dispersion behavior, consistent
13
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with the finding of Spadaro et al. [46]. Large particles of Co;04 were often reduced
directly to metallic Co in a single step, while fine particles of Co3;O4 that interacted
with ceria seemed to get reduced in two steps. The first step was generally promoted
by component interaction between them, possibly ascribed to the lengthening in the
Co-O bond, while the second step was perhaps delayed by the stabilization effect of
ceria to cobalt ions, similar assignment has ever reported by Martinez-Arias et al. for
CuO/CeO; system [47]. On the basis, the following assignments were made for the
reduction of cobalt species in respect of the temperature ranges:

Range 1 (below 320 °C): reduction of the surface adsorbed oxygen species
(indicated as peak o for Ce-Co catalyst);

Range 1T (320-420 °C): reduction of Co’" at the interface between Co3;04 and CeO,
to Co*" (peak B);

Range III (420-500 °C): reduction of independent Co304 that weakly interacts with
CeQ, directly to Co (peak v);

Range IV (500-700 °C): reduction of Co*" interacting with CeO, to Co (peak 0);

Since the peak in Range II were related to the finely Co3O4 species and Range III
were independent or bulk-like Co3O4 phase, we could infer the dispersion state of
Co304 phase from the intensity of this peak. As shown the dotted box in Fig. 7, the
peak area ratio of Ag/A, was 1.8, 0.5, 0.4 and 0.3, referring to Ce-Co, Ce-Zr-Co,
Ce-Sn-Co and Ce-Ti-Co, respectively. The reduction temperature of peak § and peak y
shifted to higher temperature in contrast with Ce-Co. Thus it could be seen that the
support had significant effect on the reduction properties and component dispersion.

14
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Combined with the activities performance, we could infer that highly dispersed Cos;04
possessed better catalytic activity. Similar conclusions were reported by Luo et al.
[13], they found that the finely dispersed CuO species had higher activity compared to

bulk CuO species.

Fig. 7

3.5. Bulk and surface analysis of the catalysts (XRF and XPS);

The bulk composition of these catalysts were characterized by XRF. As shown in
Table 3, the chemical composition of the catalysts matched well the intended one,
evidencing that the thermal decomposition of the propionates method allowed
obtaining materials with a controlled stoichiometry. XPS was performed in order to
illuminate the surface composition and the chemical state of the elements existing in
the catalysts. The deconvoluted photoelectron spectra of the Ce 3d, Co 2p, O 1s, Zr 3d,
Sn 3d and Ti 2p are shown in Fig. 8. Ce 3d core level spectra (Fig. 8a) for all the
samples were deconvoluted into eight contributions. The spin-orbit splitting of Ce
3ds), and Ce 3d;, was 18.5 eV for all the samples, which was in good agreement with
literature [48]. The u" satellite peak at about 916.5 eV was the fingerprint of Ce*"
state, and its high intensity and area suggested that the main part of the ceria was in
Ce*" oxidation state. After deconvolution the appearance of bands labeled u' and V'
were typical for Ce*" ions, which suggested that both oxidation states Ce*” and Ce’"

coexist in the surfaces of samples [48]. The enhancement of unhomogeneity of the Ce

15
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and M (M = Zr, Sn and Ti) atoms could improve the valence change of the Ce (Ce*
— Ce*") [6]. Another reason was probably due to the substitution of Ce*" by M (M =
zr*', Sn*" and Ti*") ions partly in the calcination process. The spontaneous
transformation of Ce*" (tcear = 0.97 A) ions to the larger Ce*" (rces+ = 1.10 A) could
compensate for this lattice contraction. The relative intensities of u' to v' to the whole
eight bands were 12.88 %, 20.35 %, 23.58 % and 30.42 %, referring to Ce-Co,
Ce-Zr-Co, Ce-Sn-Co and Ce-Ti-Co, respectively, which was shown in Table 3.
Obviously, the surface ratios of Ce®" to (Ce’" + Ce*") on the catalysts were higher
after introduction M ions, indicating the introduction of M could cause charge
imbalance and forming the Ce-M solid solution. It was obvious that the binding
energy of Ce shifted to the high field after introduction of other cations. The reason
could be explained by the density of electron cloud decreased as the addition of strong
electrophilic M cations (Electronegativity: Zr = 1.33, Sn = 1.96 and Ti = 1.54) than Ce
(1.10).

The Co 2p spectra are displayed in Fig. 8b. A set of Co 2p peaks located at ca.
780 eV and 795 eV corresponding to Co 2p3, and Co 2p;, respectively. Each peak
was the summation of signals from Co*" and Co™". In Co0304, Co*" has higher binding
energy than Co’" [49]. From the deconvoluted spectra in Fig. 8b, it was concluded
that the peaks at 779 eV and 794 eV with a small satellite signal around 788 eV
correspond to Co>". The peaks at 781 eV and 797 eV were characteristic of Co”" [50].
Detailed calculation from the deconvoluted peaks reveals that the intensity ratio of
Co*" and Co*" was different in different catalysts. The surface atomic ratio of (Co3 +)Xps

16
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to (Co™ + Co™),ps Was in following order Ce-Co > Ce-Zr-Co > Ce-Sn-Co > Ce-Ti-Co
(Table 3). Since this sequence was consistent with the NO conversion performance,
the Co’" on the surface therefore acted as the active sites and its quantity determined
the capability of catalytic NO conversion into NO,. Combined with H,-TPR results,
we could concluded that Co®" was more favorable to form in the highly dispersed
Co304 species.

O Is spectra were mainly composed of two components. The peak of O 1s named
as Og, with a binding energy of 528-530 eV, contributed to the lattice oxygen in the
metal oxides [36]. The high binding 531-532 eV energy was attributed to the surface
chemisorbed oxygen (Op) [36]. We could find that the O 1s ionization features for all
of the catalysts are very similar (Fig. 8c). Obviously, the ratios of chemisorbed
oxygen to the whole type of oxygen were higher compared to Ce-Co (Table 3), which
indicated that the doping of other cations was beneficial for the formation of
chemisorbed oxygen.

In addition, the narrow spectra of Zr 3d, Sn 3d and Ti 2p are shown in Fig. 8d.
The binding energy of Zr 3ds» (181.8 eV) in the Ce-Zr-Co was consistent with ZrO,
(181.8 eV), indicating that Zr was mainly in a +4 oxidation state [51]. As for the XPS
spectra of Sn 3d, the most of Sn was mainly in a +4 oxidation state because the
binding energy of Sn 3ds, (486.2 eV) in Ce-Sn-Co was uniform in SnO, (486.2 eV)
[52]. For Ce-Ti-Co, the binding energy of Ti 2ps,, was 458.0 eV, which was lower that
in TiO, (458.3 eV) but higher that in TiO (454.8 eV), indicating that Ti was in a +4
oxidation state and a small quantity on a +3 oxidation state [53].

17
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Fig. 8

Table 3

3.6. Relationship between catalytic performance and catalysts properties

It was interesting that different supports could lead to different catalytic
performance. In order to understand this question clearly, we attempted to correlate
the activity with the above-mentioned characterizations, and the relationship between
NO conversion (at 300 °C) and textural/structural/reducible properties was plotted in
Fig. 9. As far as we know, for some important catalytic reactions, the increase of the
specific surface area of support was beneficial to the dispersion of active species,
which could lead the activity to increase; the activity enhanced with decreasing the
grain size of catalysts. However, it could be noted from Fig. 9a, the activity couldn’t
relate to the BET surface area and the grain size very well, we took the dispersion
states of Co304 and the oxygen vacancies into account. In our previous work [35], we
demonstrated that oxygen vacancies were important to the activation of oxygen.
Oxygen turned into superoxide ions on oxygen vacancies, superoxide ions could
oxide NO for its’ strong oxidation ability [54]. Furthermore, the dispersion states of
the oxides was also a vital factor, Luo et al. [13] found the finely dispersed CuO
species had the highest catalytic activity among the finely dispersed CuO, the bulk
CuO and the Cu?" in the CeOs lattice. Highly dispersed Co304 species provided more

18
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NO adsorption sites and oxygen vacancy were responsible for O, activation. The
NO-TPD profiles are shown in Fig. S1. The results demonstrated the highly dispersed
Co304 species were favorable for the NO adsorption. In H,-TPR results, the peak 8
was ascribed to the reduction of Co’™ to Co®", the lower reduction temperature may
lead to increase the activity. Interestingly, these properties are well in agreement with

the activity (Fig. 9b).

Fig. 9

4. Conclusion

This work focused on different doped metal cations on the structure, texture,
reduction, dispersion states of cobalt species, oxygen vacancies, adsorption properties
and catalytic performance of the C0304/Cey M 20, (M = Zr4+, Sn*" and Ti4+) samples
for NO oxidation. The catalytic performance results indicated that Co was the active
sites. Combined with the above analysis, the catalytic activity of Ce-Co oxides was
due to the higher amount of highly dispersed Co304, the larger amount of oxygen
vacancies and the excellent redox ability.
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Fig. 1. Comparing NO conversion over the supports and catalysts.

Fig. 2. XRD patterns of the synthesized catalysts.

Fig. 3. LRS of the supports (a) and the catalysts (b).
Fig. 4. UV-vis spectra of these catalysts.
Fig. 5. TEM and HRTEM patterns of the samples. (A) Ce-Co; (B) Ce-Zr-Co; (C)

Ce-Sn-Co; (D) Ce-Ti-Co.

Fig. 6. N, adsorption-desorption isotherms (a) and pore size distributions (b) of the

samples.

Fig. 7. H,-TPR profiles of these catalysts.
Fig. 8. XPS spectra of (Ce 3d, Co 2p, O 1s, Zr 3d, Sn 3d and Ti 2p) of the catalysts.
Fig. 9. The relationship between the catalytic activity of NO oxidation (at 300 °C) and

(a) textural and (b) structural/reducible properties.
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Fig. 5 TEM and HRTEM patterns of the samples. (A) Ce-Co; (B) Ce-Zr-Co; (C)

Ce-Sn-Co; (D) Ce-Ti-Co.
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Table 1 Grain size, the position and FWHM of the main Raman line of the samples.

Sample Grain size (nm) Position of Raman line (cm™) FWHM of Raman line (cm ") A/A;
CeO, 16.4 464 9.6 /
Ce-Zr 7.7 470 523 /
Ce-Sn 15.4 464 15.5 /
Ce-Ti 5.5 432 69.9 /
Ce-Co 7.7 431 77.2 0.3113

Ce-Zr-Co 5.2 445 94.9 0.2098
Ce-Sn-Co 5.1 437 62.5 0.1327

Ce-Ti-Co 6.6 438 56.9 0.1024
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Table 2 The surface area and pore structure parameters of the samples.

Sample Ce-Co Ce-Zr-Co Ce-Sn-Co Ce-Ti-Co
BET (m* g) 21 46 65 39
Pore size (nm) 6.9 11.3 10.8 13.8
Pore volume (mm?® g) 66 192 188 257
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Table 3 The bulk and surface composition of these catalysts (M = Zr, Sn, Ti).

Sample Atomic ratio (%)

XRF (bulk) XPS (surface)

Ce/M Co/(Ce+M+Co) Ce/M Co/(Ce+M+Co) Co’'/(Co™ +Co™) Ce’/(Ce™ +Ce*)  0p/(O, + Op)

Ce-Co / 15.08 (15.00) / 10.96 61.41 12.88 27.21
Ce-Zr-Co 4.08 (4.00) 14.98 (15.00) 4.42 16.99 55.20 20.35 47.26
Ce-Sn-Co  4.02 (4.00) 15.03 (15.00) 4.62 26.28 53.35 23.58 70.09

Ce-Ti-Co 4.01 (4.00) 15.01 (15.00) 4.51 15.33 49.28 30.42 71.12




