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Ceo.80Pro.12Sn9 03025 combination catalyst exhibited highest CO oxidation activity owing to
its high specific surface area, better reducibility, superior surface active oxygen species, and

oxygen vacancies among various samples investigated.
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To develop efficient materials for CO oxidation, a series of co-doped CeO, ternary oxide solid solutions
(Cep.8oMy.1251n0,0304_5, M = Hf, Zr, Pr, and La) were prepared by a simple coprecipitation method. The
fundamental characteristics of the co-doped CeO, samples were studied by X-ray diffraction, Raman
spectroscopy, UV-visible diffuse reflectance spectroscopy, transmission electron microscopy, Brunauer—
Emmett—Teller surface area, Hp-temperature programmed reduction, X-ray photoelectron spectroscopy,
and O,-temperature programmed desorption. The oxidation of CO was chosen as a model reaction to
evaluate the catalytic performance of these samples. The characterization results revealed that ternary
oxide solid solutions had significantly enhanced surface area, improved reducibility, increased oxygen
mobility and higher quantity of surface adsorbed oxygen species and oxygen vacancies, compared to
undoped CeO,. The CO oxidation performance of CeO, was greatly improved upon co-doping due to the
modification in structural, textural, and redox properties. Especially, the Ce goPry 1oSn00802_5
combination catalyst exhibited the highest oxidation activity among the investigated samples, which is
attributed to its high specific surface area, better reducibility, superior surface active oxygen species, and

oxygen vacancies among the various samples investigated.

1. Introduction

Carbon monoxide (CO), emitted in large amounts mainly from
industrial processes and transportation, is considered as one of the
most serious air pollutants that can cause many environmental
and health problems. Much research effort has been made to
mitigate the toxic character of CO by oxidizing it at low
temperatures over heterogeneous metal oxide catalysts.'
Oxidation of CO is also an ideal model reaction to develop and
test novel catalysts due to its simplicity. As such, the catalytic
oxidation of CO has gained immense attention in the history of
heterogeneous catalysis.

Among the various catalysts reported to be active for CO
oxidation, ceria (CeQO,) is considered as one of the most
promising candidates because of its unique oxygen storage
capacity (OSC) and facile conversion between Ce** and Ce**
oxidation states.>> However, the high reduction temperature and
poor thermal stability of this material limits its practical
applications. One effective strategy to tackle these problems is to
form ceria-based binary oxide solid solutions by doping with
various transition, rare-earth or alkaline-earth elements.>* It was
shown that incorporation of these metals into the CeO, lattice
enhances its redox properties, OSC, and thermal stability.? For
example, doping of CeO, with Zr resulted in the formation of a
ceria—zirconia (CZ) solid solution that promoted its Ce**/Ce**
redox couple, leading to an enhanced OSC, thermal resistance,

70

and better catalytic activity.”® Our previous works also
demonstrated that the CO oxidation properties of CeO, were
improved greatly by doping of Hf, Zr, Pr, or La cations to form
the binary oxide solid solutions.” ™"

Tin is a potentially interesting dopant in ceria-based oxides
for oxidation reaction applications, because of its facile reversible
conversion between Sn** and Sn** states at relatively lower
temperatures.'>!> It is also one of the extensively used oxides in
the manufacture of sensors for monitoring the environment.'*'?
Moreover, SnO, is an n-type semiconductor with surface oxygen
deficiencies and active lattice oxygen species, which are
important for catalytic oxidation reactions.'>'®'® Sasikala er al.
reported that Ce—Sn mixed oxides exhibit better CO oxidation
activity than SnO, and Ce0,."* Xu and co-workers found that Sn—
Ce binary oxide shows improved activity for CO and CH,4
oxidation reactions. Ayastuy et al. investigated a series of
Ce,Sn;_,0O,_s oxides for CO oxidation and found that SnO, can
promote the catalytic activity of CeQ,.'? They ascribed the good
performance due to favourable balance between lattice defects,
the OSC, and easy reducibility. These reports suggest that Sn as
well as various transition or rare-earth elements improve the
properties of CeO,-based catalysts.

Accordingly, attempts have been made to combine the
advantages of various transition or rare-earth elements and tin to
prepare further improved CeO,-based ternary oxide solid
solutions by co-doping process. Very few reports could be found
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in the literature on the preparation of SnO, modified CeO,-based
binary oxide solid solutions as better ternary oxide catalysts. For
instance, Dong and co-workers synthesized Sn doped CZ
(CesZrp435n9070,) ternary oxide solid solutions, which
exhibited a remarkably higher OSC and excellent thermal
stability in comparison with CeO, and Ce(sZrysO, samples.19
However, a careful literature survey indicates that no work has
been reported previously using Hf or Pr or La together with Sn
co-doped CeO, ternary oxide solid solutions as catalysts for CO
oxidation.

Therefore, the intention of the present work was to prepare
Ce-Hf-Sn, Ce—Zr—Sn, Ce-Pr—Sn, and Ce-La-Sn ternary oxide
solid solutions by coprecipitation method. The synthesized
samples were systematically investigated by X-ray diffraction
(XRD), Raman spectroscopy (RS), UV-vis diffuse reflectance
spectroscopy (UV-vis DRS), transmission electron microscopy
(TEM), Brunauer—Emmett-Teller (BET) surface area, H,-
temperature  programmed  reduction  (H,-TPR), X-ray
photoelectron  spectroscopy  (XPS), and O,-temperature
programmed desorption (O,-TPD) measurements. The activity of
these catalysts was evaluated for CO oxidation and the
corresponding results were compared.

2. Experimental section

2.1 Catalyst preparation

The optimized Ce goHf,125n0.080,5 (CHS), Cey.80Zr0.12500,0802-5
(CZS), CegoPro.12Sn00802-5 (CPS), and Ceggolag, 1251008025
(CLS) (mol ratio based on oxides) ternary oxide solid solutions
were synthesized by a coprecipitation method. In detail, the
30 desired quantities (see Table S1, ESIf) of Ce(NO;);-6H,0,
SnCly-5H,0, and other respective metal precursors such as HfCly,
ZrO(NO3),-xH,0, Pr(NOs);-6H,0, and La(NOs);-6H,0O were
dissolved in distilled water separately and then mixed together for
1 h. Under constant stirring, aqueous ammonia solution was
added dropwise to the mixture until the precipitation was
complete, at which point the pH was approximately 9.0. The
resulting suspensions were stirred for another 12 h, aged for 24 h
and then vacuum filtered. Afterwards, the precipitates were
washed thoroughly with distilled water and the obtained solids
were dried at 373 K overnight and finally calcined at 773 K for 5
h. For comparison, the same synthesis route was employed for the
preparation of CeO,.

2.2 Catalyst characterization
s X-ray diffraction patterns were performed on a Rigaku Multiflex
diffractometer equipped with a nickel-filtered Cu-Ka (1.5418 A)
radiation source and a scintillation counter detector. The
diffraction data were collected over a 26 range of 20-80° with a
step size of 0.02°. Phase identification was carried out by
comparison with JCPDF database cards. The mean crystallite size
(D) was calculated by the Scherrer equation. The lattice
parameter was calculated by a standard cubic indexation method
with the intensity of the most prominent peaks using the relation
of a = d(h? + K* + 1)"2, where ‘@’ is the lattice parameter and ‘d’
is the interplanar spacing calculated from the Bragg equation.

The Raman spectra were obtained at room temperature using
a LabRam HR800UV Raman spectrometer (Horiba Jobin-Yvon)
fitted with a confocal microscope and liquid-nitrogen cooled

charge-coupled device (CCD) detector. Samples were excited

& with the emission line at 632 nm from an Ar" ion laser (Spectra

Physics) which was focused on the sample under the microscope
with the diameter of the analyzed spot being ~1 um. The
acquisition time was adjusted according to the intensity of Raman
scattering. The wave number values obtained from the spectra
were precise to within 2 cm™. The UV-visible diffuse reflectance
spectroscopy measurements were performed by using a
GBSCintra 10e UV-vis NIR spectrophotometer with an
integration sphere diffuse reflectance attachment. BaSO, was
used as the reference and spectra were recorded in the range 200—
800 nm.

Transmission electron microscopy studies were carried out on
a JEM-2100 (JEOL) microscope equipped with a slow-scan CCD
camera and at an accelerating voltage of 200 kV. Samples for
TEM analysis were prepared by crushing the materials in an agate

s mortar and dispersing them ultrasonically in ethyl alcohol for 5

min. Afterward, a drop of the dilute suspension was placed on a
perforated-carbon-coated copper grid and allowed to dry by
evaporation at ambient temperature. The elemental analysis was
carried out on TEM-EDX analysis. The BET surface areas were
determined by N, physisorption at liquid N, temperature on a
Micromeritics Gemini 2360 instrument using a thermal
conductivity detector (TCD). Prior to analysis, the samples were
degassed at 393 K for 2 h to remove the surface adsorbed residual
moisture.

The reducibility of the catalysts was studied by H,-TPR
analysis using a thermal conductivity detector of a gas
chromatograph (Shimadzu). Prior to the reduction, approximately
30 mg of the sample was loaded in an isothermal zone of the
reactor and pre-treated in a helium gas flow at 473 K and then
cooled to room temperature. Then, the sample was heated at a
rate of 10 K min™' from ambient temperature to 1100 K in a 20
mL min~ flow of 5% H, in Ar. The hydrogen consumption
during the reduction process was estimated by passing the
effluent gas through a molecular sieve trap to remove the

s produced water and it was analyzed by gas chromatography using

the thermal conductivity detector.

X-ray photoelectron spectroscopy measurements were
performed on a Shimadzu ESCA 3400 spectrometer using Mg-
Ko (1253.6 eV) radiation as the excitation source at room
temperature. The samples were maintained in a strict vacuum
typically on the order of less than 10~ Pa to avoid a large amount
of noise in the spectra from the contaminants. The obtained
binding energies were corrected by referencing the spectra to the
carbon (C 1s) peak at 284.6 eV.

O,-TPD profiles of the catalysts were measured with an
AutoChem 2920 II-Micromeritics device. About 100 mg of the
sample was used. Prior to the measurement, the sample was
cleaned in a He flow for 60 min at 573 K with a heating rate of 5
K/min and then was cooled down to 393 K. Afterward, a flow of
5% O,/He was passed through the sample for 120 min at 393 K
for the adsorption period and then cooled to 373 K temperature.
Finally, the temperature was increased with the heating rate of 5
K/min from 373 to 1273 K for 60 min for desorption of the
previous adsorbed oxygen. The adsorbed oxygen was calculated

us from the signal of a TCD detector.

2.3 Catalytic activity studies
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The catalytic performance of the samples for CO oxidation was
evaluated at atmospheric pressure in the temperature range 300—
800 K. About 0.3 g catalyst samples (1 mm mesh size) were
supported between glass wool plugs and flanked by inert
porcelain beads in the middle of a specially designed quartz
reactor. The catalysts were activated at 573 K for 1 h prior to
reaction studies. The reactant gases (1% CO, 5% O,, balanced
with 94% N,) passed through the reactor at a space velocity of
30,000 h™. The CO and CO, in the outlet gas were separated
using “Pouropack” packed column, converted to methane by the
‘methanator’ with SUD-CHEMIE Ni-catalyst working at 673 K
and finally detected separately by online GC-FID.

3. Results and discussion

3.1 Characterization studies

The synthesized CHS, CZS, CPS, and CLS samples along with
undoped CeO, were analyzed by XRD and the corresponding
results are shown in Figure 1 and Table 1. All samples exhibited
only the fluorite structure of CeO,, which is evidenced by the
characteristic (111), (200), (220), (311), (222), (400), and (331)
peaks. No additional phases corresponding to individual oxides of
HfO,, ZrO,, Prs0;;, La,0;, and SnO, were observed. Moreover,
the diffraction peak associated with CeO, (111) of CHS, CZS,
and CPS samples shifted to higher angles compared to that of
undoped CeO, (inset Figure 1). In contrast, the diffraction peak of
the CLS sample is shifted to lower angle, as compared to the
undoped ceria (inset Figure 1). These observations confirm the
formation of single phase ternary oxide solid solutions by co-
doping of different cations into the CeO, lattice.

20

200
Fig.1 X-ray diffraction patterns of co-doped CeO, and undoped
(reference) CeQO, samples (inset: expanded view of selected
region).

As known the lattice parameter strongly depends on the
radius of the dopants, as shown in Table 1. It could be noted that
the calculated lattice parameters of CHS (0.5359 nm), CZS
(0.5376 nm), and CPS (0.5387 nm) samples are smaller than that
of CeO, (0.5400 nm). The shrinkage of crystal lattices can be due
to the smaller ionic radius of respective dopant ions (Hf** = 0.083
nm, Zr** = 0.084 nm, Pr** = 0.096 nm, and Sn** = 0.081 nm) in
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relation to Ce** (0.097 nm). It is interesting that the lattice
parameter of CLS sample (0.5427 nm) is higher to that of CeO,.
This result suggests that the lattice expansion due to larger ionic
radius of La** (0.110 nm) dopant than Ce** slightly prevails with
regard to the contraction due to other dopant Sn**. Therefore, the
change in the lattice parameter values in comparison with
undoped CeO, is again strongly supports the formation of ternary
oxide solid solutions. Further, it is found that the crystallite sizes
of these samples range from 6.3 to 11.5 nm. The crystallite sizes
of spent catalysts were also calculated using XRD data (see
Figure S1, ESIt). From these values, it is evident that the stability
of CPS is higher than the other ternary oxides.

Raman spectroscopy is a powerful technique to identify the
effect of co-doping on the structure of the prepared samples after
XRD. This is because Raman spectra are dominated by oxygen
lattice vibrations and is sensitive to the crystalline symmetry,
whereas the XRD results are related to the cation sublattice.”*?"
The Raman spectra of all the samples are shown in Figure 2. All
the samples display a main Raman band at 453-467 cm™
assigned to the F,, mode of CeO, fluorite-type structure which
can be regarded as a symmetric breathing pattern of the oxygen
atoms around cerium ions.?' >

Further, it can be noticed from Figure 2 that the undoped
CeO, showed a characteristic peak at 465.4 cm™ whereas the
characteristic peak in CLS, CPS, CZS, and CHS samples is
shifted to 453.3, 466.1, 466.9, and 467.4 cm™, respectively. No
additional peaks characteristic of dopant oxides were observed,
indicating the formation of ternary oxide solid solutions, which is
in line with the XRD results. The shift also reflects the lattice
distortion related to cell contraction or expansion caused by the
difference in ionic radius of respective dopants compared to that
of Ce™ (0.097 nm), and is consistent with the lattice parameter
values obtained from XRD study.

) 420 480 520 —— ey T
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Fig.2 Raman spectra of co-doped CeO, and undoped

(reference) CeO, samples (inset: expanded view of selected
region).

Undoped CeO, showed the most intense characteristic peak,
indicative of the most ordered structure among those studied. The
peak intensity decreased significantly with the addition of
the CeO, lattice, which again
deformation of CeO, crystal structure by the formation of ternary

in indicates the

This journal is © The Royal Society of Chemistry [year]
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oxide solid solutions. This distortion can be attributed to the
formation of oxygen vacancies to an enhanced oxygen mobility
which will lead to the improvement in the reduction at lower
temperatures.”">* The order of decrease in the peak intensity was
CPS > CLS > CHS > CZS. A strong decrease in the peak
intensity in CPS suggests the formation of a higher number of
oxygen vacancies in CPS than other samples. Apart from the
fluorite peak, an additional peak ranged between ~576 cm™ and
~607 cm™' (inset Figure 2) was also observed in all samples. The
10 relative intensity of this peak was more significant in CPS than in
other samples. This peak is attributed to the presence of oxygen
vacancies or lattice defects. Hence, the strong peak in CPS again
suggests that the presence of more oxygen vacancies, which may
cause the highest catalytic activity among the various samples
investigated >
UV-vis DRS was used to obtain information on the surface
coordination and electronic states of the metal ions by measuring
the d—d and f—d electron transitions and oxygen—metal ion charge
transfer bands respectively.”” The UV-vis DR spectra of all
20 samples are presented in Figure 3. Generally, a split of the
absorption into three bands is observed for CeO, at 255, 285, and
340 nm, corresponding to the 0>~ — Ce** and 0> — Ce*" charge
transfer (CT) and interband transitions (IBT), respectively.g’%’29
As noticed from the Figure 3, all samples showed a broad
25 absorption band below 400 nm, which can be attributed to the
overlap of CT and IBT transitions. Therefore, both Ce** (oxygen
vacancies) and Ce* ions did exist in these samples. No
adsorption band was observed above 400 nm for all samples
except CPS that showed an absorption band around at 500 nm
30 due to a Pr** ion transition.'**°
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so Fig. 3 UV-visible DR spectra of co-doped CeO, and undoped
(reference) CeO, samples.

Furthermore, the absorption edges of CPS, CLS, CHS, and

CZS samples are shifted to lower wavelength from 467 nm of
ss undoped CeO, to 374, 388, 390, and 395 nm, respectively. This
blue shift follows the order CPS > CLS > CHS > CZS. The shift
in the absorption edge could be due to the increase in the charge-
transfer gap between O 2p and Ce 4f orbitals by a significant
increase in the Ce*" fraction on the surface.'®*! Thus, the largest

o0 blue shift of CPS should be related to its higher Ce** fraction or
oxygen vacancies compared to all other samples, in agreement
with Raman results, which may improve the catalytic activity.

The morphology and particle size of the CHS, CZS, CPS, and

CLS samples were investigated by TEM and the corresponding
6s images are shown in Figure 4. It can be seen that the samples
consisted of agglomerates with no distinctive shapes. The mean
size of the primary particles was measured to be in the range of 9
to 12 nm, which is in good agreement with the XRD results. The
CLS sample exhibits the highest degree of agglomeration which
70 may be attributed to the smallest grain size among these samples.

The compositions of the samples were also confirmed by TEM-
EDX analysis (Table S2, ESI).

Fig. 4 TEM images of co-doped CeO, samples.
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Fig. 5 N, adsorption—desorption isotherms of co-doped CeO,
samples.
95
The N, adsorption—desorption isotherms of various samples
are depicted in Figure 5. All the solid solutions exhibited typical
type IV adsorption—desorption isotherms with hysteresis loops,
indicating the existence of porous structures in the samples. It
10 could be noted that all isotherms show the N, capillary
condensation in a wide range of relative pressure (P/P, = 0.35—
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0.97), characteristic of mesoporous structures.”> These
mesoporous structures are probably generated by the inter
connections between agglomerates (as evidenced from TEM
images) of ternary oxide solid solutions.*® The textural properties
of the samples are summarized in Table 1. Compared with
undoped CeO,, the surface area of CZS, CHS, CLS, and CPS
samples increased from 41 to 74, 78, 85, and 95 mZ/g,
respectively, indicating that the co-doping can effectively
improve the textural property of the CeO, which could provide
more surface active sites for the CO oxidation reaction.
Noticeably, the highest surface area of CPS sample suggests that
it may be a good catalyst for CO oxidation among the samples.
Further, the pore volume of solid solutions ranges from 0.1384 to
0.1893 cm’/g.

The influence of the co-doping on the redox property of CeO,
is probed by H,-TPR experiments, and the TPR results of all
samples are displayed in Figure 6. It can be seen that undoped
CeO, showed two main reduction peaks centered at around 755 K
and 1005 K. According to the literature, the low temperature peak
can be ascribed to the reduction of surface-capping oxygen of
CeO,, and the high temperature peak is due to the reduction of
bulk oxygen of CeOQ,."***® Although the reduction peaks of
CHS and CZS are poorly resolved in comparison to CPS and
CLS samples, all samples exhibited two reduction peaks similar
to that of undoped CeO,. In addition, compared with undoped
CeO, both the surface and bulk reduction peaks of co-doped
samples moved towards the temperatures region.
Especially, the surface reducibility of the samples followed the
order CPS (583 K) > CLS (597 K) > CHS (618 K) > CZS (634
K) > CeO, (755 K), which is consistent with the order of BET
surface area.

lower

.....

Hydrogen Consumption (a. u.)

L) L) L) L) v
540 720 900 1080
Temperature (K)
Fig. 6 H,-TPR profiles of co-doped CeO,
(reference) CeO, samples.
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As the reduction of the surface states leads to the formation of
surface oxygen vacancies, the facile formation of surface oxygen
vacancies should play an important role in the reducibility of the
samples surface. Therefore, the improved surface reducibility of
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co-doped samples compared with undoped CeO, indicates the
enhanced mobility of oxygen species in co-doped samples that
leads to easier production of oxygen vacancies during the
reduction process. In fact, Raman analysis showed the increased
oxygen vacancies in co-doped samples as described earlier.

It is thought that the shift of the reduction peak to lower
temperatures is caused by the strong interaction between dopants
and CeO,. Especially, since the other dopant cations are hardly
reduced, synergistic effect between Ce*/Ce® and Sn**/Sn**
through the redox equilibrium of 2Ce** + Sn** < 2Ce** + Sn**
may play a dominant role.***” However, the largest shift in the
surface reduction temperature of CPS than all other samples may
be related to the existence of synergistic interaction among all
redox couples such as Ce*/Ce™, Pr**/Pr**, and Sn*/Sn*".
Besides, the asymmetrical feature of the reduction peak in CPS
implies the reduction of -Ce*-O-Pr** species along with the -
Ce**-0-Sn** In summary, H,-TPR results
demonstrated that the co-doping can result in CeO, with not only
higher surface area but also more active oxygen species.

The chemical states and surface composition of all elements
can readily be determined by XPS. XPS analyses are performed
in the Ce 3d, O 1s, Sn 3d, Hf 4f, Zr 3d, Pr 3d, and La 3d core
levels. Due to the charging effects during XPS analysis, the
binding energy values are calibrated using adventitious carbon
(284.6 eV). The Ce 3d core level XPS spectra of the samples are
presented in Figure 7(A). The fitting of the spectra was carried
out using Gaussian profiles. According to widely accepted
convention,”*"* Ce 3d spectra could split into ten peaks (five
pairs of spin—orbit doublets) which are denoted as ug, u, u’, u”, u”
(corresponding to the Ce 3d;, level) and vy, v, Vv, v", v*
(corresponding to the Ce 3ds), level). The six peaks (u, u”, u”, v,
v", v") belong to Ce** species while the other four peaks (ug, u’,
vg, V") are related to Ce* species. In Figure 7(A), all the ten peaks
were observed. The result indicates the co-existence of Ce** and
Ce*" ions on the surface of the samples, which is consistent with
the results of UV-vis DRS.

In addition, the peaks of co-doped samples are shifted to
higher binding energies compared to undoped CeO,, signifying
that the co-doping influences the chemical environment of CeO,.
For all samples, the proportion of Ce®* with regard to the total Ce
was calculated from the ratio of the sum of the integrated areas of
u, U, v, and v’ to the sum of the integrated area of the total ten
peaks [Ce**/(Ce** + Ce**) ratios]. The corresponding values are
listed in Table 1. It can be found that the amount of Ce** species
for all the samples follows the order: CPS (39.2%) > CLS
(35.1%) > CHS (32.4%) > CZS (30.8%) > CeO, (25.8%). The
result suggests that the Ce** content on the surface of these
samples was enhanced by the co-doping of Sn** together with
transition or rare-earth cations.

It is known from the literature that the presence of Ce™
fraction is associated with the formation of oxygen vacancies and
the rather high concentration of Ce®* ions on the samples surface
evidences a corresponding high amount of oxygen vacancies.***°
Moreover, the abundant oxygen vacancies could effectively
adsorb reactant gases, which are beneficial for the CO oxidation
reaction. Therefore, the highest fraction of oxygen vacancies on
the surface of CPS sample (as also observed by Raman and UV-
vis DRS results) would be expected to greatly improve its CO
oxidation activity among other samples.

environment.
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Fig.7 XPS spectra of (A) Ce 3d (B) O 1s for co-doped CeO, and undoped (reference) CeO, samples.

»s Table 1

Crystallite size (D), lattice parameter (a), the position of the main Raman line (F,,), BET surface area (SA), pore volume (V),

and the relative quantity of surface adsorbed oxygen species [07/(O + O’+ 0")%] and Ce™ ions [Ce™/(Ce* + Ce*)%)] of co-doped CeO,

and undoped (reference) CeO, samples.

Sample D (nm) a (nm) Position of Fo, SA (m%g) V (cm¥g) O/(0+0' +0") % Ce*/(Ce* + Ce™) %

(cm™) 30
CHS 8.9 0.5359 467.4 78 0.1454 39.2 324
CZS 10 0.5376 466.9 74 0.1452 34.9 30.8
CPS 9.4 0.5387 466.1 95 0.1893 52.9 39.2 15
CLS 6.3 0.5427 4533 85 0.1384 48.0 35.1
CeO, 11.5 0.5400 465.4 41 - 27.1 25.8

40 To better understand the surface of the samples, the O 1s XPS
spectra are compared in Figure 7(B). By deconvolution, the O 1s
core level profiles of all the samples can be fitted into three
Gaussian peaks. For undoped CeO,, the peaks are centered at
529.7 eV (thereafter denoted as O), 530.4 eV (thereafter denoted

s as O), and 532 eV (thereafter denoted as O"), which are assigned

to lattice oxygen species, surface adsorbed oxygen species, and

weakly bonded oxygen
carbonates species, respectively.*' ™ However, the peaks of co-
doped samples are shifted into higher binding energies than
undoped CeO,. There are two possible reasons; the first is the
presence of greater quantities of Ce™ at the surface of the
samples,**® which is supported by the Ce 3d results. The second
may be that the electronegativity of Sn (1.96) is larger than that
of Ce (1.12), Hf (1.30), Zr (1.33), Pr (1.13), and La (1.10) so that
ss the electron affinity of Sn is stronger than that of all other
elements, which leads to the higher binding energy of O 1s in

species like molecular water or

b4

CHS, CZS, CPS, and CLS compared with undoped CeO, due to
o0 the smaller electron density around O element.*®*

In addition, O’ oxygen species is believed to be important for
oxidation reactions, especially for CO oxidation due to its high
mobility compared to O and O" species.”’** The relative
concentration ratios of O'/(O + O' + Q") for each sample were

s estimated from the areas of O, O’, and O" peaks and the results
are shown in Table 1. It can be noticed that the highest relative
content of the O’ was on the surface of CPS (52.9%), followed by
CLS (48.0%), CHS (39.2%), CZS (34.9%), and CeO, (27.1%).
Obviously, it is suggested that the active surface oxygen species

70 should be increased, particularly for CPS sample, by the co-
doping of Sn** along with transition or rare-earth ions into CeO,
lattice, which can improve the CO oxidation activity. This is in
agreement with the H,-TPR results in which co-doped samples
exhibited a surface reduction peak at lower temperature than

75 CeO,.
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The Sn 3d XPS spectrum of co-doped samples is shown in
Figure 8. For all the samples, the Sn 3d showed two peaks; one
centered at ~486.9 eV, which is typical for Sn 3ds,, and the other
one at ~495.6 eV, which is attributed to Sn 3ds,.**** All these

s binding  energy are characteristic for Sn** Y%
Interestingly, the Sn3ds, peak shape is asymmetric and broad,
which is probably due to the presence of lower valence state Sn**
and metallic Sn.*”*® The reason for the generation of Sn** and
Sn” may be that the electronegativity of Sn is higher than that of

10 Ce, Hf, Zr, Pr, and La, so the electron can be donated to Sn**.
Furthermore, the coexistence of 4+ and 2+ states of Sn together
with the Ce**/Ce®" redox couple is indicative of the synergistic
interaction between Ce and Sn through the redox equilibrium of
2Ce™ + Sn** « 2Ce* + Sn™, which may be crucial for the

is catalytic CO oxidation.*’

values

(A) Sn 3d5/ Sn 3d
Sn 3d
0 ICHS 32
5
& [czs
25 3
k7
[ e
()]
£ [cps
| B L S R B R R
3 500 495 490 485 480 475

Binding energy (eV)
Fig. 8 XPS spectra of Sn 3d for co-doped CeO, samples.

40 The XPS spectra of Hf 4f, Zr 3d, Pr 3d, and La 3d of
respective samples are displayed in Figure S2 (ESIT). Hf 4f level
normally shows two peaks (4f;, and 4fs,) due to spin-orbit
splitting. In order to resolve these peaks, the Hf 4f spectrum was
deconvoluted into two components using Gaussian function. It
was found that the Hf 4f;,, and Hf 4f5, sublevels were at 16.6 and

18.0 eV, respectively.”' The spin-orbit splitting energy between

the two was 1.4 eV, which is in line with the reported values,

indicating that Hf existed in 4+ oxidation state.”***?> The

deconvoluted Zr 3ds, and Zr 3d;, peaks were observed at about

s0 182.4 eV and 185.0 eV, respectively. The difference in the
binding energies between these two components was 2.6 eV,
which is in close agreement with the reported value of 2.4 eV.’
Hence, Zr 3d analysis proved that the Zr is mainly present in a 4+
oxidation state.

55 The Pr 3d profile exhibited two sets of Pr 3ds;, and Pr 3d;,,
doublets, which were centered at 928.9 and 933.3 eV, and 948.4
and 953.3 eV, respectively. The peaks at 933.3 and 953.5 eV can
be attributed to Pr** and the signals at 928.9 and 948.4 eV may be
related to Pr’*, suggesting that the existence of Pr species in the

4

o

60 possible 4+ and 3+ oxidation states.**> From the patterns of La
3d core level spectra, it was observed that the BEs of La 3ds,
located at the range of 834.2 to 838.4 eV, and the BEs of La 3d;,
were at 851.1 to 855.3 eV. The energy splitting observed from the
spectra was 4.20 eV, indicating the presence of La*" chemical

6s state, which is well supported by the previous reports.''

In order to further investigate the oxygen mobility and
oxygen vacancies of catalysts, O,-TPD measurements were
carried out. Figure 9 shows the O,-TPD patterns of co-doped
CeO, and undoped CeO, samples. Two pronounced desorption
peaks can be identified over all the samples. The peak at lower

=

temperature (named as o) is corresponding to the desorption of
non-stoichiometric oxygen species, such as O>~ and O~ adsorbed
on the surface oxygen vacancies, and the peak at higher
temperature (named as f) can be related to the desorption of
75 lattice  oxygen.**® After co-doping of CeO,, there was a
remarkable changes occurred in the O, desorption behaviour.
Compared to undoped CeO,, the area of ‘o’ desorption peak for
all co-doped samples is increased. This demonstrates the co-
doped samples with good surface oxygen mobility, which should
be related to the high concentration of oxygen vacancies as

%

observed by Raman and XPS measurements. Among the samples,
the observed larger peak (a) area in CPS suggests the formation
of higher number of oxygen vacancies in the sample. It can be
seen that the temperature of the peaks (o and f) is shifted to lower
ss values for all co-doped samples as compared to the undoped
ceria. Particularly, the shifts in the peak position of ‘a’ follows
the order CPS (584 K) < CLS (593 K) < CHS (612 K) < CZS
(616 K) < CeO2 (677 K). These imply that the strong interaction
between dopants and CeO, in co-doped samples leads to promote
the adsorption or mobility or desorption of O,. Moreover, the
highest shift in the peak (o) position of CPS than all other
samples probably due to the existence of synergistic interaction

s

among all redox couples such as Ce™/Ce®™, Pr**/Pr’*, and
Sn**/Sn**. These results are well in accordance with the H,-TPR
results. Therefore, both the results of H,-TPR and O,-TPD
indicated the existence of synergistic interaction between dopants
and ceria, which is beneficial for the improved -catalytic
performance of co-doped samples.

©
S

100 584~ 7Aa  pir-=777 , —— CPS

——CHS
—2CZS
CeO

2

105
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110
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800 1000 1200
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Fig.9 O,-TPD profiles for co-doped CeO, and undoped

(reference) CeO, samples.
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3.2 CO oxidation activity

The catalytic activity of CZS ternary oxide solid solutions at
different molar ratios of Sn and Zr for CO oxidation is provided
as ESIT (see Figure S3). It is convenient to compare the catalytic
activities of the samples by adopting the reaction temperatures
Tso and Ty (corresponding to 50% and 90% CO conversion,
respectively). Based on 75y and Ty, values, it was confirmed that
the Ce g9Zry.125n0,030,_5 composition of the sample exhibited the
highest catalytic activity among the other investigated
compositions. Accordingly, the composition of other ternary
oxides are fixed at CeqgoMy 1291003055 (M = Hf, Pr, and La)
mole ratio.

The CO conversion versus temperature plots of CHS, CZS,
CPS, CLS, and CeO, samples are shown in Figure 10. In
addition, the Tsy and Ty, values of various ternary oxide solid
solutions are summarized in Table 2. The Ts, of the samples
increased in the order of CPS (523 K) < CLS (539 K) < CHS
(549 K) < CZS (565 K) < CeO, (714 K). The result illustrated
that the 75y of CeO, is drastically decreased by co-doping and
particularly the 75y of CPS sample was 191 K lower than the
undoped CeO,. In addition, the Ty, of the CPS, CLS, CHS, and
CZS samples was 578, 622, 647, and 658 K, respectively, but
undoped CeO, exhibited only 88% conversion even at 798 K.
Comparatively, at the Ty, of CPS, 76%, 67%, 58% conversions
are obtained for CLS, CHS, and CZS samples, respectively, while
only 6% CO conversion is detected for undoped CeO,. All these
observations clearly demonstrate that the catalytic performance in
CO oxidation of CeO, is greatly improved by co-doping of Sn**

30 together with transition or rare-earth ion and the catalytic activity

of CPS sample is superior to that of CLS, CHS, CLS, and CeO,
samples.

It is well-known that the good catalytic activity can be
ascribed to the high surface area of the sample which could
provide numerous active sites for CO oxidation. According to the
results shown in Table 1, the co-doped samples have higher
specific surface area compared to undoped CeO,. The order of
BET surface areas of various samples is consistent with the order
of CO oxidation activity, indicating that the surface area of the
samples is one of the major factors in determining the activity.
Besides, H,-TPR results indicated the enhanced surface reduction
ability of co-doped samples than undoped CeO,, which can be
responsible for the improved CO oxidation activity. Especially,
surface-capping oxygen species on CPS sample is more readily
reduced and consequently, it shows the highest activity among
the co-doped samples.

The enhancement in the catalytic activity of the co-doped
samples is not only due to their improved surface area and
surface reduction ability, but also results from the enriched
surface adsorbed oxygen species which can augment the reacting
sites for CO oxidation as reported in the literature.*>>**” This is
clarified by O 1s XPS spectra where the observed trend in
relative quantity of surface adsorbed oxygen on the samples is in
accordance with the order of activity.

Generally, when CO attaches on the surface of CeO,, it could
react with surface oxygen ions while releasing the CO, as an
oxidation product and creating oxygen vacancies on the surface.
Subsequently, excess electrons are produced on the surface when
the oxygen atoms are removed as they hold the negative valence.

e The excess electrons tend to localize on the surface Ce** ions and
produce Ce** before filling the oxygen vacancies with gas-phase
0,.°® The facile formation of Ce** ions thereby easy creation of
oxygen vacancies in the process of CO oxidation can be
considered an important factor in determining the catalytic
performance of the samples. It is evidenced from the literature
that the Ce* ions or oxygen vacancies significantly increased by
the incorporation of Hf, Zr, Pr, and La to CeO, lattice.”™"! When
Sn** co-doped into CeO, together with transition or rare-earth
ions, the formation of Ce** ions are further enhanced due to the
synergistic interaction between the Ce** and Sn** cations through
the redox equilibrium of 2Ce** + Sn* « 2Ce* + Sn™.
Accordingly, co-doped samples should facilitate the formation of
a higher amount of oxygen vacancies than undoped CeO, which
could improve the CO oxidation activity. More importantly, due
to the synergistic effect among all elements redox couples
(Ce*/ce®, Prt/Pr**, Sn**/Sn®") in the sample, CPS shows the
highest number of oxygen vacancies and thus, it exhibits superior
activity among the samples. These results are strongly supported
from Ce 3d XPS analysis as the order of relative concentration of
oxygen vacancies is exactly coincide with activity order of the
samples which is also evidenced by Raman and UV-vis DRS
studies.
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Fig. 10 Catalytic activity of co-doped CeO, and undoped
(reference) CeO, samples for CO oxidation.
90
In order to know the advantage of CeO,-based ternary oxide
solid solutions over binary oxide solid solutions without Sn
dopant, we also compared the activity of present CHS, CZS, CPS,
and CLS ternary oxide solid solutions with our previously
os reported ceria-hafnia (CH), (C2),
proseodymia (CP), and ceria-lanthana (CL) binary oxide solid
solutions, respectively, in Figure 11 and Table 2.°'" Tt could be
noticed that all ternary oxide solid solutions exhibited better
activity than their corresponding binary oxide solid solutions by
10 decreasing the Tsy and Toy. This result clearly suggested that the
presence of Sn** ions in ternary oxide solid solutions significantly

ceria—zirconia ceria—
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improves the catalytic activity. Among the ternary oxide solid
solutions, the Tsy and Ty of CPS sample is 50-171 K and 77-140
K, respectively, lower than the binary oxide solid solutions. This
indicates that the excellent CO oxidation activity of CPS than

s binary oxide solid solutions, which may be again due to
synergistic interaction of Ce*/Ce™, Pr**/Pr’*, and Sn*/Sn**
redox couples.

800 -

§
| |
i |

CPS CLS CHS CZs CH CL CP CZ CeO2

Cataiysts

Fig. 11 Comparative study of doped and co-doped CeO, samples
10 for CO oxidation.

Table2  Comparative study of doped and co-doped CeO,
samples for CO oxidation.

Sample Tso (K) Ty, (K)
CHS 549 647
CZS 565 658
CPS 523 578
CLS 539 622
CH 573 655
(074 694 -

CP 656 718
CL 635 696

15
4. Conclusions

In the present work, Sn*" and transition or rare-earth ions co-
doped CeO, ternary oxide solid solutions (CeggoMy 1251003055,
M = Hf, Zr, Pr, and La) were synthesized by coprecipitation
20 method. The correlation between the physicochemical properties
and catalytic performance of these co-doped samples for model
CO oxidation reaction were attempted. Several conclusions can
be draw from this study as outline below:
(1) The co-doping of Sn** together transition or rare-earth ions
2 into the lattice of CeO, resulted in higher surface area
compared with undoped CeQO,, which can provide more
active sites for CO oxidation.
(2) The co-doped samples showed improved reducibility and

enhanced oxygen mobility than undoped CeO,, which is

30 beneficial to enhance the catalytic activity.

(3) The relative concentration ratios of surface adsorbed oxygen
species and oxygen vacancies were significantly increased in
the CeO, by co-doping process which can play a key role in
the CO oxidation reaction.

35 (4) The superior structural, textural, and redox properties thereby
CO oxidation of co-doped samples than undoped CeO,
attributed to the strong synergistic interaction between the
dopants and CeO,. Among the co-doped samples, the CPS
exhibited excellent CO oxidation performance due to

w0  synergistic effect of all elements (Ce**/Ce®*, Pr**/Pr**, and
Sn**/Sn®*) redox couples in the sample which may find
potential applications in the catalytic oxidation reactions.
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