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Abstract

The oxygen storage capacity (OSC) of Ceq ¢7Zrg 330, catalysts were investigated with CO-He pulses at 500 °C and CO-O, dynamic pulses at
300-700 °C after redox and hydrothermal treatments. BET, XRD, and EPR were used to study the effects of the pretreatment on the surface and
bulk structures of the catalyst. The results show that during the CO—He pulses, migration of oxygen from the bulk to the surface becomes important.
The rate of oxygen migration depends on the structure of the solid and the number of the oxygen vacancies in the lattice. The experiments with
dynamic pulses of CO-O; reveal that DOSC is closely related to the surface area of the samples of the same composition. However, at high
temperatures, oxygen in the bulk also contributes to DOSC due to bulk-to-surface migration. A mechanism describing the reaction between the
surface oxygen and CO and the oxygen migration process from the bulk to the surface is proposed.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Ceria—zirconia is a key component in three-way catalysts
(TWCs) due to its superior thermal stability and oxygen stor-
age capacity (OSC) to pure ceria [1,2]. Its major role is to
minimize fluctuation of the air-to-fuel (A/F) ratio at around
14.6 during engine operation, thus ensuring that TWCs work
effectively within a narrow operating window near the stoichio-
metric A/F ratio. Under the transitions between lean and rich
operating conditions, OSC stores or releases oxygen, depend-
ing on the A/F ratio of the exhaust gas.

It is desirable to focus of the properties of CO oxidation and
OSC in one material because CO oxidation is one of the key re-
actions in the TWC process. In 1984, Yao et al. [3] reported a
dynamic method for measuring the total OSC (TOSC) and dy-
namic OSC (DOSC). Using this method, Descorme et al. [4]
and Boaro et al. [5] recently investigated the dynamic OSC
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behavior of ceria-zirconia with catalyst materials exposed to
sequential pulses of CO, He, and O;. These authors found that
the OSC characteristics of Ce—Zr-based materials are affected
by material composition, surface area, and the redox reactions
occurring on the surface and in the bulk of the materials. Conse-
quently, an important aspect of the OSC behavior of the ceria—
zirconia-based materials is the sensitivity of the OSC character-
istics to their surface area and bulk structure.

The OSC of ceria—zirconia is intrinsic to its structure
[6-12]. A case point is that the redox modification of reduc-
tion/oxidation can result in a more homogeneous structure
and improve OSC performance. It is believed that significant
changes occur in oxide structure, demonstrated as Zr—O co-
ordination variation determined by EXAFS [13]. Fornasiero
et al. [14] also attributed the improved oxygen activation by
redox treatment to a decreased Zr coordination number. The
catalytic activity of ceria—zirconia is independent of surface
area [15,16]; on the other hand, oxygen vacancies are found to
enhance oxygen mobility. The hopping mechanism of oxygen
vacancies relating to structure modification has been proposed
to explain the OSC promotion [17]. Likewise, existence of oxy-
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gen vacancies is also considered as the key factor in OSC
stability [18]. In this regard, further insight into the effect of
surface and bulk structure on OSC can provide useful informa-
tion for future ceria—zirconia designs.

The present work investigates the influence of surface area,
bulk structure, and pretreatment on the OSC characteristics of
ceria—zirconia materials using CO pulse and dynamic pulses of
CO and O;. In addition, reaction mechanism and dynamics are
also discussed based on the results.

2. Experimental
2.1. Catalyst preparation

The Ce 772103302 samples investigated here were prepared
by the citric sol-gel method. Citric acid and glycol, as complex
reagents, were added to the mixed solution of Ce (NO3)3 and
ZrO (NO3), with the stoichiometric ratio and vigorous stirring.
After continuous stirring at room temperature for 2 h, the mixed
solution was kept at 80 °C overnight to obtain a wet transpar-
ent yellow gel. The gel was dried at 100 °C for 3 h to obtain a
sponge-like dry yellow gel, which was then calcined at 300 °C
for 30 min and then at 500 °C for 5 h to obtain as-prepared
Ce.67Z10.3302 material. The as-prepared sample is designated
as the high surface area sample (HA). Samples with moderate
surface area (MA) and low surface area (LA) were obtained by
treating the HA material under redox conditions. The HA sam-
ple was first heated to 800 °C (at a ramp rate of 10°C/min)
under reducing conditions (5% H,/N, flow at 100 mL/min),
then held at 800°C for O h (mild reduction) or 10 h (se-
vere reduction). Then these samples were oxidized in air flow
(250 mL/min) at 500 °C for 1 h. The resulting oxide samples
are designated as the CZ-MA and CZ-LA samples. A sample
with severe hydrothermal ageing (SA) was obtained by heat-
ing the HA samples to 800 °C (at a ramp rate of 10 °C/min) in
a 250-mL/min 10% steam/air atmosphere and keeping them at
800 °C for 5 h. The resulting sample is designated as CZ-SA.

2.2. Characterization

BET surface areas of the samples were measured by Nj ad-
sorption at 77 K using a Quantachrome NOVA 2000 apparatus.
X-ray powder diffraction (XRD) patterns were acquired with
an X’Pert Pro diffractometer operating at 40 kV and 40 mA
with ferrum-filtered CoK @ radiation and a step size of 0.03°.
The lattice constants were calculated based on Bragg’s law,
2d sinf = kA, for planes (111), (200), (220), and (311), where
d is the distance of crystal plane, 6 is the angle of diffraction
peak, and X is the wavelength of CoK « radiation. Crystal sizes
were determined using Scherrer’s equation calculated based on
the (111) plane.

Electron paramagnetic resonance (EPR) spectra at the X
band frequency (9.7 GHz) were recorded at room temper-
ature with a Bruker A320 spectrometer calibrated with 2,2-
diphenyl-1-picrylhydrazyl (g = 2.0036). Equal-sized portions
of ceria—zirconia samples were placed inside the quartz probe
cell. The EPR parameter values were precisely determined from

the calculated spectra. The g factor was calculated by the equa-
tion hv = gBH, where h is Planck’s constant, H is the ap-
plied magnetic field, and B is Bohr’s magneton. The relative
concentrations of paramagnetic site intensity were determined
as normalized double integrals of EPR spectra using Bruker’s
WINEPR program.

H,-TPR experiments were conducted using a Micromeritics
AutoChem 2910. The catalyst sample was first purged under N»
(30 mL/min) at 200 °C for 1 h and then cooled to room temper-
ature. The sample was then exposed to a flow of 5% Hj/Ar (30
mL/min) while the temperature was ramped from room tem-
perature to 900 °C at a rate of 10 °C/min.

2.3. OSC measurement

OSC measurements were obtained using the OSC equipment
with a system dead volume of 3.5 mL. A 25-mg catalyst sample
diluted with 40 mg of quartz beads was placed at the bottom of
heat transfer reactor. The concentrations of the five components
(CO, O3, CO,, Ar, and He) in the outlet gas were monitored
online by a Balzers QMS200 quadrupole spectrometer.

The redox ability of the samples investigated was referred
to as the OSC measurement. Two modes were included: CO-
He pulse measurements and CO-O; pulse measurements. All
CO-He pulses for the OSC measurement were applied at
500 °C. A sample was exposed to alternating CO (4% CO/1%
Ar/He at 300 mL/min for 5 s) and He (300 mL/min for
20 s) pulses, and the alternating pulsation lasted for 10 CO-
He cycles. OSC was calculated by integrating the CO; formed,
a product between CO and oxygen within the Ce—Zr material,
during the pulsation experiment. OSC was expressed as pumol
of O per gram of ceria—zirconia catalyst (umol [O] g_l). TOSC
was calculated by summing the OSC of 10 CO pulses.

The dynamic measurements with CO-O, pulses were ob-
tained at 300-700°C at 50°C intervals. CO (4% CO/1%
Ar/He at 300 mL/min for 10 s) and Oy (2% O>/1% Ar/He
at 300 mL/min for 10 s) streams were pulsed alternately with
a pulsation frequency (i.e., the number of CO and O pulses
per second) of 0.05 Hz. A pulsation interval of 5 s was used
for some experiments (0.1 Hz). A DOSC value was obtained
by integrating the CO, formed during one CO-O, cycle and
was expressed as umol of O per gram of ceria—zirconia catalyst
(umol [O] g™ ).

3. Results and discussion
3.1. Surface and structure properties

3.1.1. BET and XRD

The XRD patterns of Ceq 677193302 samples with differ-
ent surface areas are shown in Fig. 1. The peak profiles show
four main peaks between 20° and 80°, indexed as the cu-
bic fluorite ceria—zirconia solid solution. The sharp peaks of
aged samples indicate comparable larger crystallites due to the
high-temperature treatment. As listed in Table 1, crystallites of
four samples are ordered as SA (133 A)> LA (102 A) > MA
(92 A) > HA (73 A). Consistent with our expectations, three
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Fig. 1. XRD patterns of Ceq ¢7Zrg 330, samples: (a) HA; (b) MA; (c) LA;
(d) SA.

Table 1
ST and lattice constants and TOSC of Ce ¢7Zr( 3302 samples

Samples Surface area Lattice

(m? g_l) constants® (A)  (A) MV
HA 56 5.3369 (4) 73 1155
MA 22 5.3361 (2) 92 975
LA 14 5.3346 (7) 102 1216
SA 9 5.3416 (3) 133 1223

4 Lattice constants are calculated by Jade Program, where SD of lattices con-
stants is listed in the corresponding bracket.

b TOSC is determined by summarizing OSC of ten CO pulses. Given as mean
value, MV; standard deviation, SD. N = 4. SD of CO pulse during Ist to 3rd

pulses is ranging from +4 to £11 umol g*l. SD of CO pulses during 3rd to

10th is ranging from %2 to +4 pmol g_l.

levels of surface area with the sequence of HA > MA > LA ~
SA were attained according to the crystallites sintering. There-
fore, we initially focused on studying the contribution of sur-
face area to OSC behavior.

With treatment at 800 °C, minor differences in structural
properties among the CZ-MA, CZ-LA, and CZ-SA are de-
tected, in addition to the changes in surface area. As shown in
Fig. 1, a segregated zirconia phase and decrease in lattice con-
stants are identified on MA and LA samples compared with the
HA sample. Calculated by Bragg’s law, lattice shrinkage from
53369 A (HA sample) to 5.3361 and 5.3346 A is observed on
MA and LA samples. The shrinkage indicates that, other than
Zr separation, separation of larger Ce** (0.97 A) ions from the
lattice should be taken into consideration for its comparable
larger ionic radius, resulting in the lattice constants shrinkage.
However, the small crystallites can escape the XRD detection
for the peak overlapping [13]. From this aspect, it is a synthetic
effect of Zr and Ce separation that results in lattice shrink-
age in the MA and LA samples. According to the literature,
small isolated diffraction peaks on XRD patterns after redox
treatment at 1200 °C are ascribed to the rearrangement of ceria
and zirconia cations at redox treatment with the x-phase ceria—
zirconia formation [13]. Our results demonstrate no x-phase
ceria—zirconia, possibly due to comparably low redox tempera-

Crystallite size TOSCP (umol g_l)

(c)

(d)

T 1 T 1 T T T T T
3000 3100 3200 3300 3400 3500 3600 3700 3800 3900 4000
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Fig. 2. Characteristics of EPR signals observed at R.T. on Ce( 67Zrp 330, sam-
ples.

Table 2
Characteristics of EPR signals Ce( g7Zr(y 3302 samples

Samples EPR parameters
A B

HA g=1968 g=1947 81
MA g=1962 g=1943 4

Intensity Treatment

Calcined at 500 °C for 5 h.
5% Hy/N, for 0 h at 800 °C,
reoxidized 500 °C in air for 1 h.

LA g=1966 g=1.946 46 5% Hy/N, for 10 h at 800 °C,
reoxidized 500 °C in air for 1 h.
SA g=1968 g=1.946 389 10% steam/air for 5 h at 800 °C.

ture; however, due to detection of ZrO; species, rearrangements
of ceria—zirconia crystal after redox treatment at 800 °C cannot
be excluded. Conversely, an opposite tendency of the lattice is
observed on the SA sample due to the structural modification
induced by calcination in hydrothermal atmosphere, consistent
with the previous observation using Raman spectroscopy [10].
In this regard, the structure difference between lattice expansion
and shrinkage possibly may be caused by different treatment
conditions (i.e., hydrothermal vs redox).

3.1.2. EPR

The EPR spectra of Ceq ¢7Zrp 330, obtained at room tem-
perature are presented in Fig. 2. For all four Ceg¢7Zro.3302
samples, peaks A and B are observed due to typical charac-
teristic of Ce>* ions containing the unpaired electrons. The
features with a six-line hyperfine structure due to Mn?* impuri-
ties are marked with asterisks [19]. Peak A (g = 1.962-1.968)
corresponds to Ce3T in terms of surface structure, and peak B
(g = 1.943-1.947) is attributed to Ce>* in the bulk [20]. As
shown in Table 2, minor differences on g factor among HA,
MA, LA, and SA samples may be due to variations in the Ce3t
chemical environment. As shown in Table 2, for MA and LA,
the g factor shifts to lower value than that of HA, whereas for
SA the g factor shifts to a higher value, consistent with the
results obtained by XRD after redox and hydrothermal treat-
ments. Therefore, a change in g factor reflects the tendency of
lattice distortion.



M. Zhao et al. / Journal of Catalysis 248 (2007) 258-267 261

Ce™ Intenstiy (a.u.)

Fig. 3. Integrated Ce’t EPR intensity of Ceg g7Zr(.3302 samples.

In addition, Ce3* intensity per gram sample is obtained
by normalized double integrals of EPR spectra using Bruk-
er’s WINEPR program. As shown in Fig. 3, the MA and LA
samples have a lower Ce>* concentration than the HA sam-
ple, whereas the SA sample has a higher Ce3* concentration
than the HA sample. The Ce>* intensity in the EPR spectra
exhibits a controversial tendency between redox and hydrother-
mal treatment. Both the EPR and XRD results suggest that
redox and hydrothermal treatments induce an opposite effect
on Ce* intensity similar to lattice variation. Furthermore, LA
exhibits higher Ce3* concentration than MA, indicating the
longer reduced H» treatment is more favorable for Ce3t cre-
ation. Likewise, structure modification on ceria—zirconia under
redox treatment is also found to be related to mild oxidation and
severe oxidation treatments, where mild oxidation is more fa-
vorable for pyrochlore-related structure associated with oxygen
vacancies [18]. Here no signal of oxygen vacancies is detected,
and it is thought that low relaxation spin time at room temper-
ature makes the detection of oxygen vacancies like O, and O~
impossible. However, the signals of Ce3* and Zr3* are intrin-
sic to the corresponding oxygen vacancies, such as O5 —Ce*t
and O, —Zr**, which is the electron transfer between O, and
cation [21]. Therefore, the number of Ce3* obtained from in-
tegrating the EPR spectra can reveal the real concentration of
oxygen vacancies with the sequence of SA > HA > LA > MA
(see Fig. 3). In conclusion, hydrothermal treatment favors the
formation of the oxygen vacancies more than redox treatment
does.

3.2. OSC performance

3.2.1. Dynamic OSC with alternate dynamic pulses of CO and
0;

The representative evolution curves of CO, O,, and CO; dur-
ing the process of alternate dynamic pulse of 4% CO/1% Ar/He
and 2% O»/1% Ar/He under 0.05 Hz are shown in Fig. 4, where
only one CO-0; cycle is selected from the continuous tran-
sient CO-0; pulses to represent the dynamic OSC curve. The
solid line denotes outlet gas concentration, and the dotted line
denotes inlet gas concentration. Back-mixing in reactor is min-
imized by decreasing the reactor’s dead volume. The behavior
of doublet CO; peaks under CO-O; pulses is in a good agree-

0O, inlet

— - = =

Concentration (a.u.)

Fig. 4. Representative transition curve with alternate dynamic pulses of 4%
CO/1% Ar/He (10 s) and 2% O»/1% Ar/He (10 s) under 0.05 Hz. (Full line: gas
of outlet; dotted line: gas of inlet.)

ment with the results published in the literature [4,5,22,23]. The
CO» peak appears at the start of the CO pulse is designated as
the first CO; peak, designated CO» (1), and the second peak of
CO», designated CO; (2), occurs during the transition from CO
pulse to Oy pulse.

Fig. 5 reports the DOSC amounts of HA, MA, LA, and SA
samples from alternate dynamic pulses of CO and O, with 0.05
or 0.1 Hz, where DOSC amount is calculated by integrating
the CO; formed with one CO-O; cycle. First, DOSC increases
with increasing temperature, which may be due to the more ac-
tivated oxygen and accelerated oxygen back-spillover process.
Second, DOSC decreases with increasing pulsing frequency;
however, DOSC tendency among four Ce—Zr samples is consis-
tent under 0.05 and 0.1 Hz. Higher pulsing frequencies decrease
the residence time for CO; thus, less bulk oxygen has insuffi-
cient time to migrate to the surface for CO oxidation, resulting
in decreased CO, production.

Surface specific area greatly affects DOSC behavior. The
span of temperature sensitivity of DOSC may be divided into
three parts: 300 °C or below, 350-550 °C, and >550°C. At T <
300°C, DOSC is not sensitive to the surface structure of ceria—
zirconia because the surface oxygen is not activated (confirmed
by the TPR results presented in Section 3.2.2). Between 350
and 550 °C, DOSC follows the ranking HA > LA > MA > SA,
which is the same as the ranking of their surface area except
LA. When the temperature is increased to above 550 °C, the
DOSC ranking becomes HA > SA > LA > MA. The DOSC of
all samples except MA are almost the same at 700 °C. We can
conclude that surface contribution to OSC is more important
under dynamic OSC measurements. However, the surface con-
tribution to dynamic OSC is dependent on temperature, and this
contribution is more important in the low-temperature range
(350-550 °C). On the other hand, the surface effect on dynamic
OSC decreases with increasing temperature, as demonstrated
by the DOSC of the four samples crossing at one point at
700 °C with a loop formation. TPR results (see Section 3.2.2)
show that at 700 °C, almost all of the surface and bulk oxygen
participates in Hy reduction. Due to increased bulk oxygen ac-
tivation at high temperature, surface oxygen decreases sharply
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Fig. 5. DOSC of Ce ¢7Zr( 330, samples with alternate dynamic pulses of 4%
CO/1% Ar/He and 2% O;/1% Ar/He under 0.05 and 0.1 Hz.

to a comparably lower proportion in DOSC. To some extent,
the behavior of DOSC at high temperature (i.e., 700 °C) is sim-
ilar to the behavior of TOSC (see Section 3.2.2). For sample
MA, the comparably low TOSC amount is due to the lower lat-
tice distortion intrinsic to the bulk structure. Consistent with
the DOSC behavior of MA at 700 °C, the bulk structure plays a
more important role in DOSC at high temperature.

The abnormity between the MA and LA samples indepen-
dent of surface area suggests that other than quantity of surface
area, the structure of LA (10 h in H,), which underwent a longer
H; reduced treatment, is more favorable for OSC promotion
than that of MA (0 h in H»), even though LA has a smaller
surface area. As per the XRD and EPR results, the LA sam-
ple has greater lattice distortion than MA sample, ascribed to
the longer reduced treatment. This indicates that the LA sample
behaves more similarly to the pyrochlore-type structure than the
MA sample; accordingly, the pyrochlore-type structure is a key
factor in determining the redox response [18]. More precisely,
the promotion of reduction on ceria—zirconia is associated with
the extent of cation ordering with redox treatment, even if the
partial ordering at the surface can promote the reduction behav-
ior [24,25]. This theory is also supported by the effect of re-

peated redox treatment, which promotes the OSC performance
of ceria—zirconia due to lattice distortion under reduced at-
mosphere [7]. More importantly, it has been reported that cation
ordering is associated with the change of entropy of reduction,
resulting in changes in reduction behavior [26]. Consistent with
the results of Conesa, different arrangements with different en-
ergies, which are influenced by the preparation or subsequent
treatments, may affect the reducibility behavior [27]. Therefore,
the abnormity between MA and LA samples is derived from
structure modification, whereas lattice distortion contributes to
the higher oxygen mobility.

To quantify analysis of the rates of oxygen release, the first
peak CO; (1) of DOSC (i.e., the initial CO, produced curve
ranging in 2 s, which is more effective under high frequency
A/F fluctuation) was investigated, with CO; (1) measured as
a function of surface area. Fig. 6 shows the CO; evolution
curves during alternating CO and O, pulses at three tempera-
tures, 450, 550, and 650 °C. The corresponding DOSC amounts
shown in Fig. 5 are calculated by integrating the peak area
under the CO, curve during one CO-O; cycle. At 450 and
550°C, the slopes of CO; (1) from the start are proportional
to the CO oxidation rate of these samples and follow the or-
der HA > MA > LA > SA, the same as for BET surface areas.
However, the slopes of CO» (1) of these samples at 650 °C are
about the same. This suggests that at high temperature, surface
area no longer controls the oxidation rate, which is consistent
with the DOSC results shown in Fig. 5.

As suggested by Hori et al. [16], the CO, production rates at
the slope are calculated as

[ CO; Signal

= Rate [umol of CO,/s], (D
I —1o

where #; is the time when the stoichiometry of the catalyst
reaches Cep 772103301998, and fo is the starting time for the
CO pulse, which is always equal to O s in our study. ft;] CO»
Signal is the integrated peak area from #; to g, and Rate [umol
of CO, g~ ! s7 1] is the initial CO; production rate ranging from
1 to 1p.

As shown in Table 3, the CO; production rates for HA,
MA, LA, and SA at 450 and 550°C occur in the order
HA (19.2 pmolg™'s™!) > MA (14.8 umolg™'s™!) > LA
(10.7 umol g~ 's™1) > SA (7.5 umol g~ ! s71), the same as the
order of their surface areas. At 650°C, the CO, production
rates of HA (21.1 umol g~ ! s™1), MA (22.9 umol g~!s™1), LA
(19.0 pmol g~ s71), and SA (21.3 umol g~! s~ 1) are about the
same, regardless of surface area. This should be due to the dif-
ferent rate-determining steps at these temperatures. According
to the literature [28], the E-R pathway for CO oxidation is more
likely when the CO pulse switches to the catalyst with less ad-
sorbed CO on the surface.

Assuming that the experiment follows the E-R pathway, ac-
cording to Hori et al. [16], the concentrations of surface oxygen
are estimated as 221 pumol g~! on HA, 84 umolg~! on MA,
54 umolg~! on LA, and 36 umolg~! on SA. (The surface
oxygen is equal to the 1/4 of total number of surface oxygen
multiplied by X, where X is the Ce,Zr;_,0O; [16].) Clearly,
at low temperatures, the CO oxidation rate is determined by
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Fig. 6. CO, response peaks with alternate dynamic pulses of 4% CO/1% Ar/He
and 2% O3/1% Ar/He under 0.05 and 0.1 Hz.

the amount of surface oxygen [Og] available (step 2, Table 4).
However, at high temperatures (650-700 °C), rapid bulk oxy-
gen migration to the surface is important for CO oxidation, as
supported by the similar starting slopes of the CO; curves re-
gardless of surface area. Because of low adsorption of CO on
the ceria surface and the elevated temperatures at which we op-
erate, the E-R mechanism is thought to be predominant here.
Thus, oxygen back-spillover to the surface should be rapid [28].

Table 3
CO; production rate of Ceq g7Zrg 330, samples under 0.1 Hz

Samples  Rate of CO, production (umol g_1 sl

450°C 1 —1 550°C 11—ty 650°C 11—
HA 19.2 0.67-0s  20.1 0.67-0s  21.1 0.67-0's
MA 14.8 0.87-0s 17.8 0.81-0s 229 0.56-0s
LA 10.7 1.20-0s 156 0.82-0s  19.0 0.68-0s
SA 7.5 1.35-0s  12.7 1.01-0s 213 0.60-0 s

4 Rate of CO, production refers to as the rate at #y when CO pulse into the
catalysts. Time range from #; to # refers to as the calculated rate of CO, pro-
duction.

Fig. 7 shows the relationship between the rates of CO; (1)
and 1/T (10%) based on the calculated CO, production rates.
The slopes of the lines are related to the apparent activation en-
ergy, which are ordered as HA < MA < LA < SA. This rank-
ing is inversely proportional to the crystallite size. According to
the literature, larger crystallites are more difficult to be reduced
than smaller ones, as has been confirmed by computer simula-
tions calculating the energy demand of taking oxygen ions from
the surface of crystal cluster [29]. It is shown that the energy re-
quired to reduce the cluster generally increases with increasing
cluster size. Therefore, materials with larger surface areas and
smaller crystallite sizes are more favorable for oxidizing CO at
lower temperatures. It is also noted that CO, production rates
released from CO; (1) (Fig. 6) at 450 and 550 °C and followed
the same order, HA > MA > LA > SA, as that of the DOSC
results in Fig. 7.

A mechanism for CO; (1) at the start of the CO pulse may
be proposed involving surface reactions between CO and sur-
face oxygen sites when the solid surface is in a full-oxidation
state (step 2, Table 4). Here the CO catalytic oxidation is note-
worthy, because the overlap between CO and O, pulses may be
a source of CO, formation. Descorme et al. [4] reported that
at a 1-Hz frequency of CO-O; measurement, CO catalytic ox-
idation occurs due to the coexistence of gas-phase CO and O,
on a partially oxidized solid surface [4]. The catalytic reaction
between CO and O, must be a surface reaction on solid ceria—
zirconia. One prerequisite for CO catalytic oxidation is that CO
and O, are coadsorbed on the surface with consumption of re-
actants. It is essential that, at a CO-O; frequency of 1 Hz, CO
consumption and O consumption occur simultaneously in the
overlap range. In Fig. 4, at low frequency (0.1 and 0.05 Hz) at
the start of CO, curve overlapping between O guet and O iplet
suggests no gas oxygen consumption during the overlap. There-
fore, the effect of CO catalytic oxidation can be avoided at the
present low-frequency CO-0O; measurement due to separation
of CO consumption and O, consumption at the overlap.

After surface oxygen reduction, when the solid surface is in
a slightly reduced state, surface reaction between the adsorbed
CO and the oxygen that has migrated from the bulk (step 4,
Table 4) will affect the CO oxidation. An L-H-type reaction
cannot be ignored for strong CO adsorption at Ce3* sites on re-
duced ceria—zirconia [30]. The IR results during a CO pulse
experiment obtained by Holmgren also confirm that reduced
Ce3t sites favor CO adsorption [31,32], and peaks on CO» (1)
(designated with arrows) further suggest that CO, production
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Table 4

Proposed mechanisms for doublet CO, peaks during a single dynamic CO-O; cycle

Step number CO pulse process

Kinetic expression

1 CO(g) + * < COx*

2 COx + Og — COpx + I
3 Op + 0 — Ogx

4 COx + Ogx — COox

5 COy% & CO, () + *

O, pulse process

r1 = K1,[COI(1 — 8cox) — K1a(Ocox)

ro = Ko[COx][Os]

r3 = K3([Op] — [Os*])/L [16]

rq4 = K4[CO%][Og]

r5 = K54(0c0,%) — K5a[CO21(1 — 6c0,4)

6 COy% — COy(g) + *
7 05(g) + 0 — 204*
8 Ogx + 0 — Op + *
9

O + CO% — CO,(g) + 2%

re = Kg[COp]

r7 = K7[02][L]]

rg = Kg([Os*] — [Op])/L [16]
rg = Kg[COx][Ox]

Note. : active site; (g): gas phase; [J: oxygen vacancies; b: bulk oxygen sites; s: surface oxygen site; L: characteristic length of the diffusion.

Temperature(C)

650 600 550 500 450
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1UT(10%) (K™

Fig. 7. Arrhenius plot for different surface area Ce( g7Zrp 3302 samples.

is affected by the bulk O, diffusion when surface oxygen is
consumed. A clear effect of surface area on the CO, (1) peak
indicates the importance of the concentration of surface oxygen
sites for CO oxidation, as demonstrated in the CO; concentra-
tion of the four samples, ordered as HA > LA > MA > SA.
Noteworthy is the abnormity of CO; concentrations between
MA and LA samples, which is consistent with the DOSC re-
sults shown in Fig. 5. On the other hand, CO oxidation at this
stage determines the corresponding order of DOSC in the four
samples. Lower surface oxygen sites of the LA sample rela-
tive to the MA sample indicates that other than surface oxygen
sites, migrated bulk oxygen [Op] (step 3, Table 4) in the LA
structure obviously also affects CO, production. The greater
distorted and pyrochlore-related structures in the LA sample
should be responsible for the higher oxygen mobility. Mean-
while, the CO; curve at 650 °C shows that the CO, difference
by surface area decreases with increasing temperature, suggest-
ing the importance of [Ogx] (step 4, Table 4) to DOSC, and
they may have comparable oxygen mobility near the surface re-
gion at high temperatures. Consequently, after surface oxygen
reductions during initial 2 s, a synthetic effect of surface oxygen

sites [Os] and migrated oxygen [Oy], determines the CO; pro-
duction of step 4. It is confirmed that at high temperature, bulk
oxygen related to structure determines the DOSC performance,
consistent with the DOSC results shown in Fig. 5. Furthermore,
CO oxidation during CO-O, measurement occurs mostly on
the surface region due to the high frequency of gas alternation,
whereas for TPR measurement, the bulk structure is important,
because oxygen mobility is closely related to bulk structure.

The second CO, peak of the CO-O; pulsation experiment,
CO; (2), is marked by a solid triangle in Fig. 6. Increasing
surface area increases CO; (2). CO and CO; possibly can be ad-
sorbed simultaneously on the surface when switching from CO
to 0. Boaro et al. [5] considered that CO» (2) is formed follow-
ing a two-step sequence: CO is first adsorbed on the Ce3* sites,
forming carbonate—bicarbonate, which is then desorbed as CO»
on switching the gas stream from CO to O;. The peak intensity
of CO;, (2) is proportional to the amount of CO, adsorbed on
surface Ce3t sites. The formation of CO, (2) is also reported as
a result of the reaction between O, and the adsorbed CO via the
L—H reaction mechanism [30]. At low temperatures, oxygen ad-
sorption should be the rate-limiting step, because the adsorption
of O, is weaker than that of CO. Therefore, the active surface
area plays an important role in CO; (2) formation at low tem-
peratures. At high temperatures (e.g., 650 °C), O, adsorption
increases, however, resulting in similar CO; (2) evolution for
all materials. The disappearance of CO; (2) occurs in the order
SA < LA < MA < HA. Higher surface coverage of both CO;
and CO is thought to favor the formation of CO; (2) [22]. In
this regard, surface area plays an important role in affecting the
CO; production curve and thus DOSC performance.

Based on our experimental results, we can propose possible
mechanisms for the dynamic pulsation of CO and O, (Table 4).
A potential process for oxygen migration and transfer during
CO-0; dynamic pulses is schematically shown in Fig. 8.

3.2.2. Total OSC with CO-He pulses and H>-TPR

To study the total oxygen available under anaerobic at-
mosphere, CO pulse with He interval was used to observe
the oxygen migration behavior in intrinsic ceria—zirconia.
Fig. 9 depicts the representative OSC measurements with 4%
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Fig. 9. OSC performance of Ceq ¢7Zr( 330, samples with alternate pulses of
4% CO/1% Ar/He and pure He at 500 °C.

CO/1% Ar/He pulses at 500°C in ten repeated CO (5 s)-
He (20 s) cycles. The amount of available OSC decreases
with increasing pulse number. The amount of OSC during
each CO pulse is obtained by integrating peak area under the
CO; curve, whereas the available TOSC is calculated by sum-
ming the OSCs of ten CO pulses. As shown in Table 1, the
TOSCs of four samples are very close, with order SA (1223
umol g~1) ~ LA (1216 pmolg~") ~ HA (1155 pymolg™!) >
MA (975 umol g~ 1), which is independent of the value of spe-
cific surface area [33].

Fig. 9 shows that from the third to tenth CO pulses, OSC dur-
ing each CO pulse follows the order SA > HA > LA > MA.
Interestingly, this order is consistent with the Ce3* concentra-
tion determined by EPR measurement. In present study, the
order of CO (5 s)-He (20 s)-CO (5 s) measurement is inter-
preted as a process of oxygen migration by pulse number. He
purge intervals make the oxygen migration from bulk to the sur-
face. From this aspect, the corresponding number of CO pulse

in Fig. 9 represents the timed-resolved OSC under anaerobic
atmosphere. At initial CO pulses, CO oxidation occurs almost
with the oxygen from the surface and near-surface regions. With
the surface and near-surface oxygen reduction, latter CO pulses
are almost oxidized by bulk oxygen in a two-step process, in-
volving absorption of CO on the surface of the support and
reaction with the oxygen from bulk. Bulk oxygen migration is
the rate-determinating step, which can be seen as a function
of the intrinsic structure of the material and a rate-determining
step for the overall redox process [8]. A direct relationship
between lattice defects and OSC was detected by Mamontov
et al., suggesting that oxygen defects are the sources of OSC
in ceria-based material [34]. Moreover, intrinsic microstructure
variation of ceria—zirconia on the Zr coordination could be cor-
related to oxygen mobility [14,35]. This is the primary reason
why ceria—zirconia materials are being used in TWC in place
of pure ceria. Therefore, the bulk structures modified by hy-
drothermal and redox treatments have different influences on
the oxygen migration rate from the bulk to the surface on CO
pulses.

Defects play another role in the oxygen storage process
when precious metal is supported on ceria—zirconia, which is
the usual application in practice. This affect of precious metal
on oxygen defects is widely recognized [36,37]. Oxidation of
Pt in Pt/ceria—zirconia catalyst reflects electron transfer from
metal to ceria-zirconia, indicating slightly reduced Ce associ-
ated with oxygen vacancy formation [36]. This effect was also
supported by the finding that Pt, Rh, and Pd supports promote
the reducibility of surface ceria—zirconia [9]. Due to the higher
potential of the Ce*+/Ce>* couple (1.61 eV) compared with
the P2*/Pt?, Rh3T/Rh®, and Pd>*/Pd° couples, oxygen vacan-
cies play important roles of carriers to determine the oxygen
spillover and back-spillover processes at precious metal/ceria—
zirconia interfaces [37]. In this regard, oxygen vacancy is the
determining factor in bulk oxygen mobility. The synthetic ef-
fect between precious metal and defect structure merits further
investigation.
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Fig. 10. Hp-TPR profiles of Ceq 7Zrp 330, samples.

To confirm the consistency of the TOSC results under CO
pulses, TPR for the fresh and aged HA samples, as well as
MA, LA, and SA samples, were carried out. The TPR pro-
files are shown in Fig. 10. In agreement with the DOSC mea-
surements, oxygen reduction starts from ca. 300 °C, suggesting
that almost no oxygen is activated to oxidation below 300 °C.
The HA sample shows a single H, reduction peak at 554 °C.
The H; consumption is a result of reduction of bulk oxygen,
which is usually observed on zirconia-doped ceria samples.
Similar H reduction peaks are observed on the MA (564 °C),
LA (568 °C), and SA (552 °C) samples, in agreement with the
TPR results of Vidal et al. [8], which are less dependent on
surface area. It seems that oxygen migration occurs at lower
temperatures on hydrothermally treated samples than on the
redox-treated samples. The total H, consumption is constant
even after a reduction treatment at 800 °C, consistent with the
CO-He pulse results. The H, consumption has no correlation
with specific surface area because TPR probes the bulk struc-
ture.

Accordingly, the SA sample has the highest concentration of
Ce3* on the EPR spectra and the fastest oxygen migration rate
during CO oxidation. A correlation is found between the con-
centration of Ce>* and oxygen migration rate for all samples,
and the concentration of Ce* and the migration rate follow the
order SA > HA ~ LA > MA. The concentration of Ce>* be-
comes more significant after aging, as shown in the TPR pulse
results. Higher OSC is consistent with the high oxygen vacancy
mobility deduced from electroconductivity measurements on
ceria—zirconia materials [38]. Thus, we can conclude that diffu-
sion of oxygen vacancies related to oxygen migration is critical
to OSC performance. Previous reports have shown that the tra-
ditional hopping mechanism illustrates the oxygen migration
process by interstitial oxygen vacancies, which are closely cor-
related to OSC by TPR [17]. The migration rate of the bulk
oxygen to the surface depends mainly on the bulk structure of
the solid, especially on the number of the oxygen vacancies.
The decreased number of oxygen available by the increasing
pulse number, as shown in Fig. 9, suggests that the gradually de-
creasing migration of oxygen from the bulk to the surface may

be attributed to the lengthened migration pathway due to con-
sumption of surface oxygen ions in the anaerobic atmosphere.

4. Conclusion

We have investigated the OSC of Ce ¢7Zro.330> with three
levels of surface area by means of anaerobic CO-He pulse and
dynamic CO-0O; measurements. CO-He pulsation experiments
revealed that the amount of oxygen available for CO oxidation
is intrinsic to the structure and is independent of the surface
area. EPR showed that the oxygen migration rate from bulk to
surface is related to the structural vacancies of the material, and
these vacancies are favored by mild hydrothermal treatment to
a redox treatment.

Our dynamic experiments with CO-O, pulses showed a
strong dependence of OSC on surface area, which decreased at
higher temperatures. Oxygen migration at high temperatures is
considered as the rate-determining step for CO oxidation. The
rate of oxygen release or CO; formation is related to the amount
of surface oxygen and the crystallite size of ceria—zirconia. A
kinetic scheme has been proposed to explain the feature of CO,
doublet; this proposed mechanism can explain the pathways of
CO-0; pulses in detail.
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