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Cerium oxide (CeO3) and ceria-based materials have been extensively investigated as catalyst and support ma-
terials for various catalytic reactions, due to higher oxygen storage capacity and excellent redox properties. In the
current work, we investigated the impact of pretreatment conditions (e.g., oxidation and reduction) on the
physical properties of bulk CeO; and catalytic activity for CO oxidation as a model reaction. To understand the
physical properties of pretreated CeO, catalysts, a suite of complementary characterization techniques, including
X-ray diffraction (XRD), surface area analysis (BET), X-ray photoemission spectroscopy (XPS), and Raman
spectroscopy, were applied. The results showed that a higher pretreatment temperature led to a decreased
specific surface area (SSA), a decrease in oxygen vacancy/defect sites, and increased crystallite size, while
surface Ce>*/Ce** ratio did not show a specific relationship to the treatment conditions. The 700 °C treated CeO5
samples under oxidizing and reducing conditions showed higher specific oxidation rate (umolco/s/m?) compared
to other samples at 280 and 300 °C (or < 15% CO conversion). The CO conversion per total mass of catalysts,
however, decreased with increasing temperatures, especially at 700 °C under reducing condition, indicating that
the catalytic performance was affected by the physical properties (SSA, oxygen vacancy/defect sites, and crys-
tallite size)..

1. Introduction of many metal oxides catalysts, especially oxidation and reduction
pretreatments. Yang et al. performed an oxidation-reduction pretreat-

The carbon monoxide (CO) oxidation reaction with metal and metal ment on Co304/Al03 catalysts leading to surface reconstruction that

oxide catalysts has been of great interest for a variety of practical ap-
plications, such as three-way catalytic converters, fuel cells, and gas
sensors [1-4]. Traditionally, supported platinum group metals (PGMs)
have been investigated for CO oxidation. While these catalysts have seen
widespread use since their development by I. Langmuir, they still suffer
from low catalytic activity at temperatures below 100 °C, especially
when compared to gold-based catalysts such as those created by Lin
et al. [5-7]. In addition to the surface species, supports have also
affected the CO oxidation reaction. Germani et al. have developed cat-
alysts that incorporate oxides such as alumina and ceria to improve the
low-temperature performance of PGM catalysts [8].

There has been a wide range of research on the surface pretreatment
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decreased crystallite size and exposed more Co>* that increased cata-
lytic activity [9]. Bumajdad et al. studied effect of oxidizing pretreat-
ment at different temperature with a-CrpO3 catalysts and results
indicates that samples pretreated at lower temperatures (400 °C)
exhibited better catalytic properties due to smaller particle sizes and
larger surface areas when compared to samples treated at higher tem-
peratures (600 or 800 °C) [10]. Additionally, Bueno et al. found that
subjecting SnO; to oxidative conditions gave smaller crystallite sizes
than as-received samples [11]. Lovell et al. utilized a reduction-ox-
idation-reduction (ROR) pretreatment method on Ni-SiO, catalysts and
found that the pretreatment led to decreased Ni deposit sizes and an
altered interaction between the Ni and SiO; thus allowing for improved
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catalytic performance [12]. Jang et al. utilized an oxidation-reduction
pretreatment on NizAl foils which allowed for a Ni layer to form on the
surface of the foil thus enabling improved catalytic activity [13]. From
these studies, the wide array of surface changes and thus catalytic ac-
tivity changes that can occur due to pretreatment, such as oxidation,
reduction, and combined oxidation-reduction, are highlighted. These
results emphasize the need to examine the impact of oxidation and
reduction pretreatments on CeO; as the interaction between the pre-
treatment and the pure CeO5 may not be completely inferred from the
results of other metal oxides. Especially since CeOy has been investi-
gated as a support material, understanding how physiochemical prop-
erties of CeO, change under oxidation and reduction pretreatments may
allow an improved understanding of ceria-supported catalysts and their
property changes due to pretreatments.

Among the several support materials, ceria has been used extensively
due to its high redox property and formation of oxygen vacancies
[14-16]. In general, the oxygen vacancies are formed when cerium ions
reduce from their 4+ to 3+ state; these vacancies increase the number of
catalytic active sites on the ceria surface, which, in turn, leads to higher
catalytic activity [17-19]. Several authors investigated CO oxidation
over CeO; supported Au catalysts using the density functional theory
and concluded that oxygen vacancies create Ce3*, which increases the
0, adsorption on the Au-Ce3" site and provides a new CO oxidation
pathway [20-22]. The catalytic activity of ceria supported catalysts are
also related to the exposed ceria crystalline planes. Recently, W. Wang
et al. studied the effect of ceria faces on CO oxidation over Cu/CeO
catalysts [23]. The authors reported that CeO2-{110} prevent the for-
mation of Cu(I) active sites, resulting in low CO oxidation activity, while
Cu(I) formation was feasible on CeO»-{111} surfaces.

Previous studies have examined the impact of surface pretreatments
on ceria using oxidizing conditions, but very few have utilized reducing
conditions. E. Aneggi et al. studied the effect of oxygen treatment of
ceria on CO oxidation activity and reported that high treatment tem-
peratures (>500 °C) decrease catalytic activity, although other variables
(i.e., oxygen vacancy) and treatment conditions (i.e., reducing) were not
considered [24]. The authors claimed that exposing the active
{100}-type surface at high temperatures is directly related to the high
specific reaction rate, while the surface area was decreased with
increasing calcination temperatures. Wang et al. studied ceria thin films
at elevated temperatures under oxidizing conditions to examine the
impact of this type of pretreatment on the physical structure of the ceria
[25]. The author found that increasing temperature resulted in
increased average grain size and concentration of Ce>*. However, they
did not examine the relationship between the physical properties and
catalytic activity. Although well-shaped model ceria (i.e., nanosphere,
octahedra, nanorod) samples have been continuously studied to un-
derstand the facet-activity relationship [24,26,27], ceria pretreatment
effects on physical properties and their catalytic activity relationship
require further evaluation, especially under reducing conditions due to
the fact that defect site concentration, crystallite size, and surface area
have critical impacts on the catalytic activity.

The present study is focused on the impact of pretreatment (oxida-
tion and reduction) at broad ranges of temperature on the physical
properties of CeO; catalysts and on the catalytic performance for CO
oxidation as a model reaction. The structural changes were examined by
several characterization techniques (i.e., UV-Raman, Visible-Raman,
Brunauer-Emmet-Teller (BET) surface area measurement, X-ray photo-
electron spectroscopy (XPS), and X-ray powder diffraction (XRD)), and
the catalytic activity for CO oxidation of the samples was determined
using a gas chromatograph (GC).

2. Experimental section
2.1. Catalyst synthesis

The ceria (HSA 5, Rhodia) catalysts were treated under different
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conditions (oxidation and reduction). For the oxidized ceria samples,
ceria powders were calcined for 6 h in air (Airgas, dry air, 20% oxygen
and 80% nitrogen) at different temperatures (400, 500, and 700 °C) in a
combustion boat with a tube furnace (Lindberg/Blue Mini-Mite,
Thermo). The oxidized samples were denoted as Ce0,-4000xi, CeO,-
5000xi, and CeO,-7000xi. In the case of reduced CeO, catalysts, ceria
powders were reduced in a Hy flow (5% Hj balanced with N, total flow
rate of 50 ml min™1) at 400, 500, and 700 °C for 3 h. The reduced
samples were denoted as CeO3-400R, CeO,-500R, and CeO,-700R. The
temperature range was selected as it was found that oxygen vacancies
begin to form at 500 °C, corresponding with surface vacancies forming,
while 700 °C reduction temperature is correlated with oxygen vacancies
forming in the bulk ceria [24,28].

2.2. Characterization

The specific surface area (SSA) and pore size of the catalysts were
obtained by Micromeritics ASAP 1010 and calculated using the multi-
point Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda
(BJH) methods, respectively. For pretreatment, catalysts were degassed
under vacuum for 4 h at 300 °C to remove volatiles and impurities. To
determine molecular structures, UV-Raman and Visible-Raman spectra
of the as-received and treated samples were obtained using Renishaw
invia™ Raman microscope (325 nm) and Horiba XploRATM Raman
spectrometer (532 nm), respectively. For both Raman spectra, the
acquisition time was 10 s, and the final spectrum was obtained after
accumulation of 30 scans. X-ray diffraction (XRD) patterns were ob-
tained by loading the powder samples in polyimide tubes that were then
sealed with clay. The National Synchrotron Light source 28-ID-1
beamline (74.53 keV, A = 0.16635 /o\) was used to obtain the diffrac-
tion patterns. Dioptas was used to obtain one-dimensional X-ray
diffraction (XRD) pattern from the two-dimensional XRD pattern [29].
The elemental compositions and oxidation state of prepared samples
were characterized by X-ray photoelectron spectroscopy (XPS) on a
custom-built XPS system equipped with a hemispherical electron energy
analyzer (SPECS) and Al Ka X-ray source (1486.6 eV, SPECS).

2.3. Catalytic activity test

To test the catalytic activity of the ceria samples, gas phase reactions
were conducted in a fixed bed quartz reactor (OD 9.6 mm, ID 7 mm). The
reactor was packed with 40 mg of the sieved (425 pm size sieve, Fish-
erbrand) catalyst powder which was held in place by quartz wool. Prior
to reaction, the prepared catalysts were pretreated in He (30 ml min 1)
at 400 °C for 30 min with ramping rate of 10 °C min . For CO oxidation,
the gas mixtures were 4% CO (20 ml min’l, 10% CO with He balance)
and 4% O, (2 ml min~!, UHP grade) with He balance (28 ml min~!, UHP
grade) with a total flow rate of 50 ml min~!. The reaction temperature
was increased up to 500 °C at a ramping rate of 1 °C min~L. During the
process, a K-type thermocouple (Omega) was used to measure temper-
ature and a mass flow meter (SLA5800 Series, Brooks Instrument) was
used to measure the flow rates. The products of the reaction were
analyzed with the TRACE™ 1300 GC (Thermo Scientific) containing a
capillary column (Carboxen® 1010 PLOT) and a TCD detector.

3. Results and discussion
3.1. Powder X-ray diffraction (XRD)

To determine the crystalline structure of the ceria samples, syn-
chrotron XRD was employed. As shown in Fig. 1, the XRD patterns of
samples are well defined indicating that the ceria samples are highly
crystalline. The XRD patterns of all samples showed peaks at 26 values
3.0°, 3.5°, 5.0°, 5.8°, 7.0°, 7.7°, 8.6°, and 9.1° that correspond to the
(111), (200), (220), (311), (400), (331), (422), and (511) planes in
fluorite structures of CeO,, respectively [30,31]. For 400 and 500 °C
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Fig. 1. XRD patterns of (a) CeO-, (as-received) and oxidized CeO,, (b) CeO, (as-
received) and reduced CeOs.

treated samples under oxidizing and reducing conditions, the XRD peak
intensity and shape of the peaks were very similar to the as-received
CeOs. In the case of 700 °C treated samples, however, it is clearly seen
that the peaks became sharper with increasing peak intensity, indicating
the change of crystallinity of CeO, with increasing treatment tempera-
ture to 700 °C [32]. Furthermore, new peaks appeared at 6.1° and 7.9°
that can be attributed to the (222) and (420) planes respectively [30,
31].

The average crystallite sizes and lattice parameter of the cubic
fluorite CeO4 samples were determined based on the (111) peak using
the Scherrer equation. As shown in Table 1, the full width half maximum
(FWHM) and crystallite size of the 400 °C and 500 °C treated samples
were very similar to the CeO; (as-received) sample, indicating that the
crystalline CeOy structure was not affected by the treatment conditions
(oxidizing and reducing). In the case of 700 °C treated samples under
oxidizing and reducing conditions, however, FWHM and crystallite size
were noticeably decreased and increased, respectively, while the lattice
parameter was not changed. These results could be explained by the
thermodynamic stability of the ceria. As reported by Berent et al., with
increasing calcination temperature, there is an enhancement of the ratio
of crystalline volume to surface area, which reduces the Gibbs free en-
ergy [33]. A lower Gibbs free energy is indicative of a more stable
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Table 1
Peak position, full width half maximum (FWHM) of the peak, and the calculated
crystallite size and lattice parameter of the CeO, (as-received) and treated CeO,
samples.

Sample Peak FWHM Crystallite size Lattice
Position (°) © (nm)* parameter (A)**
CeO,, (as- 3.05 0.17 5.1 5.41
received)
Ce0»-4000xi 3.05 0.15 5.7 5.41
Ce0,-5000xi 3.05 0.16 5.4 5.41
Ce0,-7000xi 3.05 0.11 7.6 5.41
CeO,—400R 3.05 0.16 5.3 5.41
CeO,-500R 3.05 0.17 5.0 5.41
CeO,-700R 3.06 0.09 10.1 5.40
*'D(A) = wiq = Vh2 + k2 + B-diy1 = V3di11, dig = =— where, D
p-cost 2-sinf111

is the crystallite size, k is the shape factor (0.9), 4 is the X-ray wavelength
(0.16635 ;\), pis the FWHM in radians of the CeO, (111) peak, ¢ in radians is the
Bragg angle of the peak, a is lattice parameter, and d is the spacing of (111)
lattice planes.

material; as the treatment temperature increases, it transforms the ma-
terial into a more stable form, hence the reason for the larger crystallite
size. The increase of the crystallite size in the 700 °C treated samples is
also indicative that the crystallinity was increased with increasing
treatment temperature [34]. Furthermore, sintering of the material at
high temperature could lead to larger crystallites forming [32]. Both the
ratio of increased crystalline volume to surface area and the larger
crystallite size indicated sintering of the material and a decrease in the
surface area [32-34]. Comparing CeO»-700R and CeO,-7000xi, the
reduced sample shows a larger crystallite size than that of oxidized one.
This result shows that sintering of CeO, sample could be enhanced under
the reducing condition at higher treatment temperatures. The detailed
physical properties of the CeO; relationship with the treatment condi-
tions are discussed in the following sections.

3.2. Physical properties of the catalysts

To determine the physical properties of the prepared catalysts, such
as specific surface area (SSA), total pore volume, and average pore size,
BET analysis was employed, and results are listed in Table 2. For all
treated samples, the SSA decreased with increasing temperature, while
the pore volume showed similar results. When the pretreatment tem-
perature was increased to 700°C, the SSA of the catalysts was drastically
decreased for both the oxidized and reduced samples. This is most likely
due to increased sintering of the particles at the higher temperatures
combined with the change in oxidation states of bulk CeO3 [35]. Both
Wang et al. and Aneggi et al. showed similar results when examining the
effect of increasing calcination temperatures on the surface area of CeO,
catalysts [24,35]. Wang et al. found that the surface area of the ceria
substrate composite catalysts was decreased as the calcination temper-
ature increased, due to sintering of the samples and larger crystalline
grains [35]. Aneggi et al. synthesized three different types of poly-
crystalline ceria powder and found that pore diameter increased, and
surface area decreased with increasing calcination temperature due to
sintering of ceria [24]. Comparing the SSA of the CeO2-700R with the
Ce02-7000xi sample, the 700R sample’s SSA (29 mz/g, ~13% of the
as-received CeO5 SSA) was much lower than that of 7000xi SSA (79
m?/g, ~37% of the as-received CeO, SSA). This result suggests that the
reduction pretreatment at 700 °C results in more sintering due to the
reduced oxygen species in the lattice, which is well matched to the XRD
results. The average pore size was increased with increasing pretreat-
ment temperature for the oxidized and reduced samples, due to blocking
of the mesoporous structure and sintering effect [24,35]. In the case of
the 7000xi (3.3 nm) and 700R (10.3 nm) samples, the average pore size
was ~2 times and ~7 times bigger than that of the as-received CeO,
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Table 2

Molecular Catalysis 528 (2022) 112465

Specific surface area, total pore volume, average pore size, isotherm type, hysteresis loop range, and hysteresis loop type of bulk CeO, catalysts under oxidation and

reduction pretreatment.

Average Pore Size (nm) Isotherm Type Hysteresis Loop Type

Sample Specific surface area (m?%/g) Total pore volume (cm®/g)
CeO,, (as-received) 216 0.16
Ce0,-4000xi 212 0.17
Ce0,-5000xi 201 0.18
Ce0,-7000xi 79 0.16
Ce0,-400R 210 0.18
Ce0,-500R 174 0.18
Ce0,-700R 29 0.14

1.6 v H1
1.6 v H1
1.8 v H1
3.3 v H3
1.6 v H1
1.9 v H1
10.3 \% H3

(1.5 nm), respectively. The pore size distribution of the oxidized and
reduced CeO, samples is shown in Fig. S2. The pore size distribution of
the as-received, 400, and 500 °C treated samples showed a narrow
distribution profile, while the 700 °C samples possessed a broad (less
well-defined) pore size distribution profile, due to slit-shaped pore
structure. Based on the XRD, SSA, and average pore size results, it could
be concluded that reduction pretreatment, especially at 700 °C, results
in more sintering of the particles than the oxidation pretreatment.

Fig. 2 shows the Ny absorption-desorption isotherms of the as-
received and pretreated CeOy samples. The isotherm curves show that
the as-received, 400, and 500 °C treated samples exhibited a type IV
isotherm with H1 hysteresis loop, representing the mesoporous struc-
tures and defined cylindrical pores [36-38]. The 7000xi and 700R
samples exhibited a type V isotherm with an H3 hysteresis loop, which
showed that they contained a more porous structure with slit-shaped
pores that require a pressure much closer to the saturation pressure of
the bulk fluid to undergo capillary condensation [39]. These results are
consistent with the results for average pore size as the pretreatment
temperature of 700 °C led to a significant decrease in SSA and an in-
crease in pore size. This increase in pore size disrupts the capillary
condensation process as a greater pressure needs to be applied for
condensation to occur in the larger and less defined pores, and the
hysteresis starts very close to a relative pressure of 1. In the case of the
other samples and the as-received samples, the pores are much smaller,
and that is seen in the hysteresis behavior as the vapor begins
condensing at only 71% of the saturation pressure of the bulk fluid.

3.3. Raman spectroscopy

Raman spectroscopy, which is a type of vibrational spectroscopy,
was utilized to measure lattice oscillations in the ceria and to understand
molecular structure [40]. UV Raman spectra show four characteristic
peaks at about 457-462 em™L, 600 cm™!, 800 cm ™!, and 1180 cm™!
which correspond to the cubic fluorite structure (Fag), oxygen vacancy
or defect sites (D), oxygen absorption, and the second-order longitudinal
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optical (2LO) band, respectively (Fig. 3) [41,42]. The Faq4 peak is caused
by the vibration of the tetrahedrally arranged oxygen which are sym-
metrically oriented around the center of the unit cell [39]. As the
treatment temperature increased to 700 °C, the Fa4 peak became sharper
and narrower, which could be indicative of increasing crystallinity [43].
In addition to the changing of peak shapes, at 700 °C, the Foq peak was
slightly shifted from 457 to 462 cm™* (blue-shift). The peak shift with
increasing temperature was also clearly observed using the visible
Raman spectrometer. As shown in Fig. S1 (a) and (b), the F24 peak was
shifted from 456 cm ™! (as-received) to 468 cm ™! (Ce0,-7000xi) or 466
cm ™! (CeO,-700R). Fig. S1 also showed that the Fag peak of all samples
increased in intensity and narrowed as the temperature increased. T.
Hattori et al. reported that the Fog peak is very sensitive to disorder of
oxygen in the lattice, showing that increased treatment temperature
under oxidizing conditions led to a blue shift and sharpened peaks [44].
It was also reported that the blue shift of the Fa4 band could be caused by
the deficiency of Ce®' species and increasing of particle size [45-49].
Based on the result of the Fo4 peak shift and literature, it can be hy-
pothesized that the treated CeO4 sample at 700 °C should contain the
lowest overall oxygen defect sites. The presence of a shoulder peak at
487 cm ™! for ceria (Fig. 3(a) and (b)) can be attributed to distortion of
the lattice [45].

In the case of D band, the peak positions (600 cm ) were not shifted
under oxidizing (Figs. 3(a) and S1(a)) and reducing (Figs. 3(b) and S1
(b)) conditions, and the peak intensity of 7000xi and 700R samples was
lower than that of other samples. To better understand the oxygen de-
fects on catalysts, the ratio of the UV-Raman peak intensity of the D band
and Fag band (Ip/Ir2g) was evaluated. As shown in Table 3, the defect
ratio for the oxidized and reduced samples decreased as the treatment
temperature increased. In the case of 400 °C (CeO2-4000xi and CeOs-
400R) or 500 °C (CeO2-5000xi and CeO»-500R) samples, the Ip/Trag
ratios are similar at oxidizing and reducing conditions, indicating that
treatment temperature is more critical compared to the gas compositions
used for treatment (i.e., hydrogen or oxygen). The Ip/Ipog ratios of CeO»-
7000xi and CeO»-700R samples, however, are changed by both the

120

(b)

100 Ce0,-400R

| CeO,
80 (as-received)

60- Ce0,-500R

40 4

Ce0,-700R

Volume Absorbed (cm?3/g)

20

o o T T T hj T
0.0 0.2 0.4 0.6 0.8

P/P°

1.0

Fig. 2. N, adsorption-desorption isotherms of the (a) CeO, (as-received) and oxidized CeO,, (b) CeO, (as-received) and reduced CeO,.
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Fig. 3. UV Raman spectra of (a) CeO, (as-received) and oxidized CeO,, (b)
CeO;, (as-received) and reduced CeO, catalysts.

Table 3
Defect ratio for oxidized, and reduced samples at different tem-
peratures from UV Raman spectrographs.

Sample Defect ratio (Ip/Ir2g)
CeO,, (as-received) 1.06
Ce0,-4000xi 0.82
Ce0,-5000xi 0.65
Ce0,-7000xi 0.30
Ce02-400R 0.82
Ce0,-500R 0.66
Ce0,-700R 0.16

treatment temperature and gasses, suggesting both a temperature and
gas composition effect. Since the Ip/Ipog ratios are related to the defect
sites in ceria, the relative defect concentrations of samples follow the
sequence: CeO, (as-received) > Ce0,-4000xi and Ce03-400R > CeOo-
5000xi and Ce0»-500 > Ce02-7000xi > CeO»-700R. Based on the XRD,
BET, and Raman spectroscopy data, it is concluded that physical prop-
erties of CeOy were directly affected by the treatment temperatures.
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3.4. X-ray photoelectron spectroscopy (XPS)

To determine the oxidation states and surface compositions of the
samples, XPS analysis was employed. The XPS spectra of Ce 3d for the as-
received, oxidized, and reduced CeO; samples were shown in Fig. 4.
Fig. 4(a) and (b) show the deconvoluted Ce 3d spectra of the as-received,
oxidized, and reduced CeO, samples. The Ce 3d spectrum consists of two
regions (3ds,2 and 3ds/2) which are assigned to u and v bands, respec-
tively, in the binding energy range of 878-920 eV: ten sub-peaks have
been deconvoluted in the Ce 3d spectra. Four sub-peaks vy, v’, ug, and u’
(dark shades) could be assigned to Ce>* species, while the other six sub
peaks, v, v’, v’, u, u”’, and u’”’, are related to ce* [50,51]. The
relative surface compositions of Ce3* of prepared samples were calcu-
lated from deconvoluted XPS results and are summarized in Table 4. The
relative contents of Ce>* of the pretreated samples (both oxidized and
reduced) showed similar results, but higher values than those of the
as-received sample. These results suggest that the thermal pretreatment
can promote the generation of surface Ce>* species. However, the trends
of XPS results do not match to the trends of defect ratio from the
UV-Raman results. Since the UV-Raman is not only a surface technique,
but also takes into account the bulk information, the defect ratio
(Ip/Ip2g) from UV-Raman results inferred that the higher treatment
temperature affects the amount of defect sites in bulk of the material as
well as the surface defect sites. Wu et al. reported that the D band from
UV-Raman is most likely due to Frenkel-type oxygen vacancies instead
of Ce3* related vacancies [52]. Frenkel-type oxygen vacancies form on
the surface and then move into the bulk of the ceria, so surface tech-
niques such as XPS are not able to measure this type of oxygen vacancy.
Although the amount of surface Ce>" species is not directly related to
defect ratio (Ip/Ir2g) from UV-Raman, we can possibly obtain the in-
formation for both surface and bulk defect sites or oxygen vacancies.
Considering UV-Raman and XPS results, the higher pretreatment tem-
perature led to decrease in bulk defect sites/oxygen vacancies, while
surface Ce3"species increased after thermal pretreatment.

3.5. Catalytic activity testing

To understand the effect of the different pretreatment conditions on
the catalytic performance, CO oxidation was performed as a model re-
action. Fig. 5 exhibits the CO conversion as a function of reaction tem-
perature over the oxidized and reduced CeO- catalysts. For comparison
purposes, the CO conversion for as-received CeOs is also included. With
increasing reaction temperature, the CO conversion increased; the CO
conversion was negligible up to ~200 °C. In the case of oxidized CeO4
catalysts, the 4000xi sample’s CO conversions is very similar to that of
as-received CeO», while the 5000xi and 7000xi samples show a slightly
lower CO conversion comparatively. In the case of the reduced samples,
with increasing reduction temperature, the catalytic performance was
decreased, while the 400R sample’s CO conversion is similar to that of
the as-received CeOy. To compare the catalytic performance of the
samples, T50 (reaction temperature for 50% CO conversion) was used
and the values are shown in Fig. 5(a) and (b). The pretreatment effect on
the CO oxidation over CeO, catalysts shows the following trend: CeO,
(as-received), Ce05-400R, Ce05-4000xi > Ce05-500R, Ce0»-5000xi >
Ce0,-7000xi >> CeO2-700R. These results suggest that overall CO
oxidation catalytic performance decreased with increasing treatment
temperature, especially at 700 °C under reducing condition. To under-
stand the contribution of surface area to the specific catalytic activity,
the specific oxidation rate of as-received, oxidized, and reduced samples
has been examined at 280 and 300 °C under the reaction kinetic regime
(i.e., conversion < 15%). As shown in Fig. 6, the specific oxidation rate
for the oxidized and reduced samples increased as the treatment tem-
perature increased. In the case of the 400 °C (CeO2-4000xi and CeO,-
400R) and 500 °C (Ce02-5000xi and CeO»-500R) samples, the specific
rate showed relatively similar results compared to the as-received
sample’s specific rate. When the pretreatment temperature was
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found that the reactive surface planes, such as (110) and (100), become
Table 4

Relative surface compositions of Ce®>* of prepared samples.

Sample Atomic ratio (%)
ce®t/(Ce®t+ceth)
CeO,, (as-received) 20.17
Ce0,-4000xi 23.02
Ce05-5000xi 29.11
Ce0,-7000xi 24.96
Ce0,-400R 26.74
Ce0,-500R 25.36
Ce0,-700R 24.54

increased to 700 °C, however, the specific rate of the catalysts was
drastically increased for both oxidized and reduced samples. It has been
reported that the stability (less reactive) of surfaces of CeO2 can be or-
dered as (111) < (100) < (110) [53,54]. Furthermore, Aneggi et al.

visible after thermal treatment (calcination) [24]. Therefore, increased
specific activity and decreased overall conversion could be explained by
exposure of more reactive surfaces of (100) and (110) crystal planes
with increasing treatment temperature accompanied by a decrease in
the specific surface area.

3.6. Pretreatment effect on the physical properties and catalytic activity

The pretreatment (oxidation/reduction) of heterogeneous catalyst
can have several effects on the physical properties and further affect the
catalytic performance. Based on the XRD, BET and Raman results, the
most apparent change resulting from the different pretreatments was the
change in the 700 °C treated samples, especially the 700R sample. It has
been reported that bulk CeO2 showed two reduction peaks at
400-500 °C and 750-800 °C, which ascribed to the reduction of surface
(400-500 °C) and bulk or lattice (750-800 °C) oxygen species [38,55,
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56]. Based on the reported reduction temperatures of CeO,, it can be
expected that the changes in physical properties, such as decrease in SSA
and increase in pore size, of both oxidized and reduced CeO5 samples is
closely related to the reduction of oxygen species. To be specific, in the
XRD patterns for both the oxidized and reduced samples, there was an
increase in the crystallite size from about 5 nm to 7 nm and 10 nm for the
oxidized and reduced samples, respectively (Fig. 1 and Table 1). This
change also came with an increase in the peak intensity and a narrowing
of the peak, indicating that the crystallinity of CeO was increased with
increasing treatment temperature. This increase in crystallinity was also
observed in the Raman results as the peaks became narrower and more
intense (Fig. S1). The higher crystallinity and increased crystallite size at
higher treatment temperature was most likely caused by the sintering of
the material [32]. These observations also agree with the BET results
(Fig. 2 and Table 2). The SSA of the as-received, 400, and 500 °C sam-
ples, showed relatively similar results, but there is a large decrease in the
surface area following the 700 °C pretreatment for both the oxidized and
reduced samples. It has been reported that Raman spectroscopy can
provide the formation of defective sites and oxygen vacancies on ceria
structure [36,45,47,52,57-59]. Most previously published papers report

the defect site with the Ip/Irog ratios using visible Raman spectroscopy.
Although the visible Raman spectroscopy is more popular compared to
the UV-Raman spectroscopy, to study the oxygen vacancies, UV-Raman
could be applied due to its higher surface sensitivity as compared to
visible-Raman (Figs. 3 and S1). Guo et al. studied the oxygen vacancies
on the surface of rare-earth doped ceria materials and concluded that
surface oxygen vacancies can be easily detected using by UV laser [59].
The authors also reported that more bulk information (or F2g Raman
peak) with the visible Raman could be observed due to the weaker ab-
sorption of the visible laser. Based on the UV-Raman spectroscopy re-
sults (Fig. 3 and Table 3), the defect ratio (Ip/Ir2g) linearly decreased
with increasing pretreatment temperatures, although it becomes much
lower after the 700 °C pretreatment for both the oxidation and reduction
pretreatments. This indicates that the most significant changes occur in
the material after the 700 °C treatment, which is consistent with the XRD
and BET results. Fig. 7 shows the trends of CeO; crystallite size, Raman
peak intensity ratio (Ip/Irzg), and specific surface area (SSA) for the
as-received, oxidized, and reduced CeO; catalysts. It is clearly shown
that the pretreatment (oxidation/reduction) at high temperature
(700 °C) resulted in larger crystallite size (lower Gibbs free energy), low
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SSA (blockage of mesopores and sintering effect), and decreased defect
ratio (oxygen vacancies/defect sites).

As discussed above, the pretreatment conditions (oxidation/reduc-
tion and temperatures) were directly related to the physical properties of
the synthesized catalysts. From the catalytic activity results, it was
shown that the CeO, catalysts pretreated at lower temperatures showed
better catalytic performance, with the oxidized samples having slightly
higher conversion than the reduced samples. Fig. 8 (a—f) shows the
relationship between catalytic performance (Ts for CO conversion) and
physical properties (i.e., specific surface area, crystallite size of CeOy
and Raman peak intensity (Ip/Igag)) of the as-received, oxidized, and
reduced CeO, catalysts. As shown in Fig. 8(a) and (b), the catalytic ac-
tivity was decreased (or increasing of Tsy) with decreasing SSA,
although the effect of relatively lower treatment temperatures (<
500 °C) on Ts¢ was trivial. In the case of 7000xi and 700R samples,
however, it is clear that high treatment temperature with decreasing SSA
directly affects the catalytic activity. The trends of catalytic activity are
similar to the trends of CeO, crystallite size for both the oxidized and
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reduced catalysts in that the change is negligible at lower temperatures
before showing a significant increase for the 700 °C samples (Fig. 8(c)
and (d)). In the case of Tsq vs defect ratio (Ip/Ir2g), the catalytic activity
was decreased with decreasing defect ratio which is well matched to the
reported results (Fig. 8(e) and (f)). Based on physical properties and
catalytic activity results, the catalytic performance for CO oxidation is
directly related to the oxygen vacancies/defect sites, SSA, and crystallite
size which are controlled by pretreatment conditions.

4. Conclusions

The molecular structures of CeO;, which were treated under
oxidizing and reducing conditions with varied temperatures (400, 500,
and 700 °C), were investigated by BET, XRD, Raman spectroscopy, and
XPS. The results from the XRD spectroscopy reveal that the pretreatment
of the CeO catalysts at higher temperatures caused an increase in the
crystallinity and crystallite size. These changes were accompanied by a
decrease in the surface area and defect sites, and an increase in the pore
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size as the pretreatment temperature increased. This most likely in-
dicates slight sintering of the samples at high temperatures. The XPS
showed an increase in the Ce>' concentrations on the surface of the
pretreated samples as compared to the as-received sample suggesting
the thermal pretreatment can promote the generate of surface Ce®"
species. Catalytic activity results revealed that the overall catalytic
performance (per gram basis) for both oxidized and reduced CeO- cat-
alysts were decreased with increasing pretreatment temperature, espe-
cially at 700 °C. When comparing the CO conversion results of the
oxidized and the reduced samples, it was seen that the oxidized samples
had a slightly higher CO conversion than their reduced counterparts at
the same temperature. The specific oxidation rate (pmolco/s/m?) for the
oxidized and reduced samples showed the highest value at 700 °C and
was shown to be further improved by the reduction pretreatment.
Overall, it can be noted that the temperature of the pretreatment has
much more of an impact on the catalytic activity of the catalyst
compared to the type of treatment (oxidation/reduction). The catalytic
performances were mainly controlled by the physical properties, such as
SSA, oxygen vacancies/defect sites, and crystallite size.
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Figure S1: Visible Raman spectra of (a) ceria treated with air (oxidized) (b) ceria treated with
hydrogen (reduced)
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Figure S2: Pore size distributions of the (a) ceria treated with air (oxidized) and (b) ceria treated
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