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a  b  s  t  r  a  c  t

CoOx–CeO2 mixed  oxides  with  increasing  Co/(Ce  +  Co)  atomic  ratio  (1–20  mol%)  are  prepared  by sol–gel
method  and characterized  by means  of  by X-ray  powder  diffraction  (XRD),  Brunauer–Emmett–Teller
(BET)  and  Hydrogen  temperature-programmed  reduction  (H2-TPR)  techniques.  The  dynamic  oxygen
storage  capacity  (DOSC)  is  investigated  by  mass  spectrometry  with  CO/O2 transient  pulses.  The pow-
eywords:
oOx–CeO2

olubility limit
ynamic oxygen storage/release capacity
ompensation effect

der  XRD  data  following  Rietveld  refinement  reveal  that  the  solubility  limit of cobalt  oxides  in the  CeO2

was  5  mol%  based  on  Co/(Ce  +  Co). The  lattice  parameters  have  been  observed  to  experience  a  decrease
followed  by  an  increase  due  to the  influence  of  the  maximum  solubility  limit  of cobalt  oxides  in the
CeO2.  TPR  analysis  reveals  that Co introduction  into  ceria  strongly  modifies  the  textual  and  structural
properties,  which  influenced  the  oxygen  handling  properties.  DOSC  results  reveal  that  Ce-based  materi-
als containing  Co  oxides  with  multiple  valences  contribute  to the  majority  of DOSC.  The kinetic  analysis

ted  ap
indicates  that  the  calcula

. Introduction

Oxygen storage materials (OSMs) have become important after
he introduction of catalytic treatment of automotive exhaust
n early 1970s. Three-way catalysts that can eliminate CO, HCs
hydrocarbons), and NOx simultaneously have been used to control
xhaust emissions. The oxygen storage capacity (OSC) associated
ith a fast Ce(IV)/Ce(III) redox process, is one of the key proper-

ies of OSMs [1].  Various studies have shown that the reducibility
nd catalytic activity of CeO2 can be considerably enhanced by dop-
ng with small amounts of transition metals [1,2]. This is because
he high cost of noble metal catalysts such as Pt and Pd consti-
utes an economic limit for their industrial applications, despite
heir catalytic efficiency toward important reactions, such as low
emperature CO oxidation. These considerations are at the basis
f a considerable scientific and technological effort for introducing
eactive transition metal ions into the ceria lattice, with the goal of

dentifying their role into the catalytic processes and engineering
he defect chemistry accordingly.

Recently more and more research is focusing on new catalysts
ontaining cheaper transition metals with relatively high activ-

∗ Corresponding author at: Key Laboratory for Green Chemical Technology of
tate  Education Ministry, School of Chemical Engineering & Technology, Tianjin
niversity, Tianjin 300072, PR China. Tel.: +86 22 27892301; fax: +86 22 27892301.
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parent  kinetic  parameters  obey  the  compensation  effect.
© 2011 Elsevier B.V. All rights reserved.

ity and fairly good stability. Co3O4 shows the highest catalytic
activity for the combustion of carbon monoxide and of organic
compounds and it may be included in formulation of catalyst for
treatment of waste gases [3].  Moreover, cobalt oxides are an attrac-
tive choice in the hydrocracking process of crude fuels, in several
oxidation reactions, as well as in ammonia oxidation [4,5]. By utiliz-
ing the oxygen buffering effect, CoOx–CeO2 catalysts have attracted
great attention for low-temperature CO oxidation, methanol oxida-
tion, CH4 combustion, diesel soot oxidation, N2O decomposition
and Fischer–Tropsch synthesis [6–14]. During these reactions, a
catalytic synergistic effect between cobalt and cerium oxides is
observed, especially for the oxidation reaction. Furthermore, the
interactions between the ceria and Co could also change the elec-
tronic properties of Co, which results in the enhancement of its
catalytic reactivity. However, according to Noronha et al. [15], pre-
cious metal particles were covered by aggregated transition metal
species after redox ageing, and this is going to decrease the catalytic
activity severely. In order to make good utilization of transition
metal but not to poison the precious metals, it is very necessary fix
after the dopants in the lattice during the ageing. The improvement
of the catalytic activity and resistance to high temperature of these
alternative systems would be desirable in order to use them as co-

catalysts and, therefore, reduce the amount of expensive precious
metals in conventional catalytic devices. Further, it is desirable to
determine the effect of dopants on the lattice parameters and their
solubility limits in the cubic fluorite structure phase. Tailoring the
physical properties and adding new functionality to the existing

dx.doi.org/10.1016/j.cattod.2011.03.004
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:mqshen@tju.edu.cn
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aterials by engineering the structure, composition, and particle
nd/or grain size are among the new approaches in advancing the
urrent applications of materials.

As a matter of fact, despite the promising behavior of cobalt
xides and ceria, only few papers concern the solid solution con-
aining cobalt and cerium; moreover, they are only focused on
he catalytic activity of mixed oxides, while solid solution could
e an interesting choice. The present contribution focuses on the
oxCe1−xOy solubility limits by XRD Rietveld refinement analysis.
he dynamic oxygen storage capacity (DOSC) of CoxCe1−xOy sam-
les was investigated. The relationship between solid solution and

ts activity for DOSC and the structure was proposed.

. Experimental

.1. Sample preparation

Co doping ceria mixed oxides (CoxCe1−xOy, x = 0.01, 0.03, 0.05,
.07, 0.1, 0.15, 0.2) were synthesized by citric acid sol–gel method.
he nitrates of Ce and Co were used as starting materials. Citric
cid was added as complex agent, and glycol was used as additive.
fter continuous stirring for 2 h, the mixed solution was  treated
t the temperature of 353 K overnight to form the sponge yellow
el. Then, the gel was dried at 373 K for 3 h and milled before calci-
ation. The dried gel was calcined at 573 K for 30 min  and then at
73 K for 5 h. In this way, the fresh sample was obtained. The sam-
les further were calcined at 973 K, 1073 K and 1173 K in air for

 h and referred to as Co0.05Ce0.95Ox(1173 K), Co0.1Ce0.9Ox(973 K),
o0.1Ce0.9Ox(1073 K) and Co0.1Ce0.9Ox(1173 K), respectively. The
eO2 prepared with the same method were reference samples.

.2. Characterization

The structure of the mixed oxides was identified by X-ray
iffraction (XRD) on an X’Pert Pro diffractometer using Fe-filtered
o K� radiation and a power of 45 kV × 30 mA.  The intensity data
ere collected at 298 K over a 2� range of 20–90◦ with a 0.03◦ step

ize.
The X-ray diffraction analyses were carried out at room tem-

erature on a Rigaku D/max 2500 v/pc diffractometer with Cu K�
adiation a power of 40 kV × 20 mA.  The intensities of the XRD pat-
erns were obtained in the 2� range between 20◦ and 90◦ with a
tep of 0.02◦ and a measuring time of 2.0 s each point. The MAUD
material analysis using diffraction) software was applied to refine
he crystalline structures of the solids with the Rietveld method.

H2-TPR experiments were performed using a Micromerit-
cs AutoChem 2910. The catalyst was first purged under N2
30 mL/min) at 200 ◦C for 1 h and then cooled to room temperature.
he sample was then exposed to a flow of 5% H2/Ar (30 mL/min)
hile the temperature was ramped from room temperature to

00 ◦C at a rate of 10 ◦C/min.

.3. Dynamic oxygen storage capacity

Two types of OSC measurements were conducted, including
ynamic CO–He pulses and transient CO–O2 pulses [16]. Concen-
rations of CO, O2, CO2, Ar, and He in the outlet gas were monitored
nline by Hiden HPR20 quadrupole mass spectrometer. 25 mg  sam-
le diluted with 40 mg  quartz sand was placed in the heat transfer
eactor (10 mm diameter) at a height of 1.5 mm,  with additional
 mm redistributing layers of quartz wool on the two sides of cat-
lysts bed. Flow rate of every pulse is 300 mL/min. Dead volume of
he system was 3.5 mL.  Errors induced by residence time and possi-
le CO + O2 turbulent mixing involved catalytic combustion can be

imited to 2% during OSC quantifications. Before both of the testing
2 Theta (deg)

Fig. 1. XRD pattern of CoxCe1−xOy (x = 0.01, 0.03, 0.05, 0.07, 0.1, 0.15, 0.2).

modes, samples were pre-oxidized under 2% O2/1% Ar/He atmo-
sphere, and then purged under He until no 32O2 signal detected. The
two experimental modes are described as the follows: (1) Transient
oxygen release measurements at 773 K were conducted under con-
secutive CO (5 s)–He (40 s) conditions. 4% CO/1% Ar/He and He were
alternately pulsed for 10 times in sequence. (2) Dynamic CO–O2
pulses (DOSC) measurements were operated from 473 to 773 K
with the interval of 100 K. At each testing temperature, 4% CO/1%
Ar/He and 2% O2/1% Ar/He were pulsed alternately in sequence at
the frequency of 0.1 Hz. The simulated plug flows repeated for more
than 5 cycles to guarantee the reproducibility of collected response
curves.

3. Results and discussion

3.1. Characterization

3.1.1. XRD analysis
Fig. 1 illustrates the powder XRD patterns of the as prepared

samples of CoxCe1−xOy at different dopant contents. The diffrac-
tion peaks were indexed to (1 1 1), (2 0 0), (2 2 0), (3 1 1), (2 2 2) and
(4 0 0) planes, matching well those of the face-centered cubic flu-
orite structure of CeO2 (JCPDS No. 43-1002). It can be seen that
no CoOx phases (CoO or Co3O4) can be identified for Co/(Ce + Co)
ratios lower than 0.15. This demonstrates that cobalt oxide exists
as highly dispersed or amorphous surface species or the cobalt
amount is low. However, apparent CoOx peaks appear when x > 0.2.
From Fig. 1, it is seen that all diffraction peaks were broadened,
which indicated the fine nature of the small particles, in agreement
with previous result [12].

The lattice parameters of the as-prepared CoxCe1−xOy samples
were calculated by Rietveld refinement analysis. The Rietveld’s
method has given a reasonable fit of the diffraction profiles
(Rwp < 15%). As shown in Fig. 2, it indicated that the XRD pattern
could be indexed satisfactorily to the fluorite structure with a space
group Fm3m.  The values of the lattice parameters and lattice strain
for all the samples are listed in Table 1. The relationship between
the lattice parameter and the content of dopant cobalt is shown in
Fig. 3. With increasing Co content, the lattice parameter for the fluo-

˚
rite solid solutions decreases linearly up to 5.4018(10) A for x < 0.05.
It is reasonable that cobalt ions have been incorporated into the
CeO2 lattice to form solid solutions by considering the radius of Co
ions (r2+

Co = 0.075 nm; r3+
Co = 0.061 nm) is smaller than that of Ce4+

ions (0.101 nm). In the typical cubic fluorite lattice of CeO2, Ce(IV)
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Fig. 2. Rietveld refinement plots of the CoxCe1−xOy: (a) Co0.0

ations occupy one-half cube interstitial sites and are coordinated
y eight oxygen ions. When Co ions (II or III) are incorporated into
he Ce(IV) sites, oxygen nonstoichiometry is essential because of
harge compensation, i.e, with increasing content of the dopant,
he coordination of the Ce(IV) is lower than 8-fold, and the con-
entration of the oxygen vacancies (Vo••) or/and complex defect
ssociations will increase. Additionally, the effective ionic radius of
o is smaller than that of Ce(IV). These factors account for the linear
ecrease of the lattice parameter with dopant content. It is note-
orthy that the lattice parameter for Co0.07Ce0.93Oy is significantly

ncreased, suggesting that the cobalt ions segregate gradually from
oxCe1−xOy solid solutions with further increase of Co content. So
e can conclude that the solution limit of CoOx in ceria is 5%.

urther, we calculate the theoretic lattice parameters of different
oxCe1−xOy samples according to Vegard’s law. The experimental
attice parameters are slightly larger than the theoretic values. This
mplies the existence of Ce3+(1.14 Å). According to Kim [17], the
olubility limits of one element in the fluorite ceria oxides were
elated to the ionic size difference between the dopant cation and
ost cation. For a substitutional solid solution, the extent of solid

able 1
esults of texture characterizations for CoxCe1−xOy samples.

Sample BET (m2/g) Lattice parameters (Å) 

Co0.01Ce0.99Oy 37.1 5.4196 (11) 

Co0.03Ce0.97Oy 41.5 5.4049 (11) 

Co0.05Ce0.95Oy 39.4 5.4018 (10) 

Co0.07Ce0.93Oy 33.3 5.4095 (11) 
2 theta (deg)

Oy; (b) Co 0.03Ce0.97Oy; (c) Co0.05Ce0.95Oy; (d) Co0.07Ce0.93Oy.

solubility of various elements in a given host crystal lattice can be
expressed as a function of the radius difference between the solute
and host element and the valency of the solute. When a cation
whose radius and valency are different from those of the host cation
is introduced into the fluorite lattice, it creates a strain in the lat-
tice unless the influences of the two factors cancel each other out.
The elastic energy in the strained lattice governs the extent of the
solid solution in such a way that the smaller the energy required
to introduce a dopant cation, the wider the extent of solid solubil-
ity of the dopant. Glushkova et al. [18] have taken account of the
influence of both the radius difference and anion vacancy forma-
tion on the change of the lattice parameter. The contraction of the
lattice due to the creation of oxygen-ion vacancies is incorporated
through the consideration of the effective oxygen-ion radius, which
becomes smaller as the dopant concentration increases.
Fig. 4 shows the effects of calcination temperature on the XRD
patterns of Co0.05Ce0.95Oy and Co0.1Ce0.9Oy samples. The diffrac-
tion peaks of the samples were getting sharpened after calcination,
because of their larger crystal sizes. The calcined Co0.05Ce0.95Oy

still remained the single fluorite structure, whereas the calcined

Lattice strain Rwp (%) Theoretic lattice parameters (Å)

0.108 (27) 7.74 5.4036
0.202 (21) 10.95 5.3847
0.259 (16) 9.97 5.3674
0.244 (16) 11.21 5.3456



68 J. Wang et al. / Catalysis Today 175 (2011) 65– 71

876543210-1

5.4005.400

5.405

5.410

5.415

5.420

5.425

Dopant(mol%)

L
a
tt
ic

e
 p

a
ra

m
e
te

r 
(A

n
g
s
tr

o
m

)

(b)
(a)

86420
5.34

5.35

5.36

5.37

5.38

5.39

5.40

5.41

5.42

Dopan t(mol% )

L
a

tt
ic

e
 p

a
ra

m
e

te
r 

(A
n

g
s
tr

o
m

)

Soli d solubil ity

F
p
b

C
i
t
b

3

C
T
g
D
C
C
r

800600400200

In
te

n
s
it
y
 (

a
.u

)

o

δ
γ

βα

Co
0.1

Ce
0.9

O
x

Co
0.05

Ce
0.95

O
x

CeO
2

ig. 3. Dependence of the lattice parameter with [Co]/([Co] + [Ce]) (a) the lattice
arameters based on XRD Rietveld refinement; (b) the theoretic lattice parameters
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o0.1Ce0.9Oy showed visible CoOx phases. The redundant cobalt
ons segregate gradually from CoxCe1−xOy solid solutions with fur-
her increase of Co content. It suggested that the solid solution
ehave superior thermal stability.

.1.2. H2-TPR
H2-TPR profiles of Co doped samples (Co0.05Ce0.95Oy and

o0.1Ce0.9Oy) and reference samples (CeO2) are presented in Fig. 5.
he H2-TPR results demonstrate that Co doped improved the oxy-

en buffering capability, which considered the key for the superior
OSC performance. According to literature [6,13],  the reduction of
o3O4 is described as a two steps process Co3O4 → CoO → Co. For
eO2, the H2 consumption peaks are observed at 511 and 801 K,
espectively, which are attributed to the reduction of the surface

Fig. 4. XRD pattern of d
Temperature  ( C)

Fig. 5. H2-TPR profiles of (1) CeO2 (2) Co0.05Ce0.95Ox (3) Co0.1Ce0.9Ox samples.

oxygen and the bulk oxygen. It is known that CoOx can be reduced
easily in the presence of CeO2 [13]. Synergistic interaction between
Ce and Co in the mixed solid solution gives rise to low temperature
reduction. The H2-TPR analysis reveals that the reduction peaks
shift to lower temperatures when Co is doped. As illustrated in
Fig. 5, four reduction peaks at 276 (˛), 337 (ˇ), 501 (�) and 791 ◦C
(ı) can be observed for Co0.05Ce0.95Oy sample, and the four peaks
are at 277, 329, 423 and 802 ◦C for Co0.1Ce0.9Oy sample. The  ̨ and

 ̌ peaks can be ascribed to the step-wise reduction of cobalt oxide
[6,13]. When Co is incorporated into the CeO2 lattice to substitute
Ce4+ cations, a solid solution is formed. The charge unbalance and

lattice distortion take place within the structure of CeO2, and thus
lead to the generation of oxygen vacancies, which can bond less sta-
ble oxygen species. These weaker (active) adsorbates are reduced
by H2 at lower temperatures. The � peak can be attributed to the

ifferent samples.
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Table  2
The amount of oxygen releasing in different temperature range by H2-TPR.

Samples The content of oxygen releasing (mmol/g)

<400 ◦C 400–600 ◦C >600 ◦C TOSC
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x

Co0.05Ce0.95Ox 0.29 0.20 0.49 0.98
Co0.1Ce0.9Ox 0.18 0.73 0.47 1.32
CeO2 0 0.27 0.61 0.88

eduction of surface/subsurface oxygen species of ceria. It suggests
hat there is a certain synergistic interaction between Co–O and
e–O. The oxygen species being able to be reduced in such a range
f temperatures are believed to make major contributions to DOSC
nd DOSR performances. The mutual promotion effect of ceria and
o species is believed to be essential for the higher DOSC and DOCR
f the Co-doped samples. The ı peak represents the release of the
ulk oxygen of ceria.

To derive the effect of substituting transition metal ions in ceria
attice on its oxygen storage/release property, the total oxygen stor-
ge capacity (TOSC) was estimated by the integrated amount of H2
onsumed during the H2-TPR test. The results are listed in Table 2
long with ceria consumed 0.88 mmol/g. TOSC is related to the
ontents and the reducibility of the ceria components in certain
aterials. Although the ceria content is lowered in the Co doped

amples, the TOSC was improved due to the contribution of Co
opants and its synergistic effect with Ce. It noteworthy that the
mount of oxygen released at low temperatures for samples by
obalt doping was much higher than that of CeO2, indicating the
avored oxygen releasing kinetics at low temperature for Co doped
amples.

.2. Dynamic oxygen storage capacity

.2.1. Total OSC with CO–He pulses
To study the total amount of lattice oxygen available under

naerobic atmosphere, CO pulses with He intervals were used to
onitor the oxygen migration behavior of the catalysts. Fig. 6

epicts the OSC data in transient CO–He pulses. The amount of
roduced OSC decreases with increasing number of pulses. TOSC
s calculated by adding up the OSCs during the ten consecutive CO
ulses. The TOSC are increased with increasing dopant amount. In

ine with the previous observation, the values of specific surface
reas have limited correlation with the OSC activities [19].
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Fig. 7. Effect of Co doping on the DOSC with alternate dynamic pulses of 4% CO/1%
Ar/He and 2% O2/1% Ar/He under 0.1 Hz.

During initial CO pulses, CO oxidation occurs mostly by using the
surface and near-surface oxygen of the catalysts. After the deple-
tion of such a kind of oxygen species, the rest of the CO pulses are
mostly oxidized by bulk oxygen in a two-step process, including the
adsorption of CO on the catalyst’ surface and its subsequent com-
bination with bulk oxygen species. Bulk oxygen migration is the
rate-determining step here, which can be considered as a function
of the intrinsic structure of the material [20]. A direct relationship
between lattice defects and OSC was discussed by Mamontov et al.
[21] and they suggest that oxygen defects are the sources of OSC in
ceria-based material. Moreover, microstructure variation of ceria-
based materials induced by doping with aliovalent oxides could
improve lattice oxygen mobility [22]. This is the primary reason
that ceria-based oxide doping by aliovalent ions are being used in
TWC  as the improved generations of promoters or support oxides.

In the CeO2 fluorite structure, cations are in 8-fold coordina-
tion with their nearest neighbors and each anion is surrounded
tetrahedrally by four cations. The CoxCe1−xOy solid solution of the
fluorite-type oxides is obtained by the substitution of Co cations
for Ce cations. Doping the fluorite oxide with aliovalent cations,
whose valency is smaller than that of the host cation, creates oxy-
gen vacancies to achieve electronically neutrality in the substituted
fluorite lattice. The presence of oxygen vacancy is the key fac-
tor for bulk oxygen mobility. According to Gupta et al. [2],  the
dopant Co ion in CeO2 leads to formation of longer Co–O and Ce–O
bonds. The structural distortion induced by dopant ions substi-
tution result in enhanced DOSC performance compared to pure
ceria. However, redundant Co doping would influence the catalytic
activity.

3.2.2. Dynamic OSC with CO and O2 pulses
The DOSC measurement can simulate the real operating condi-

tions that the exhaust gas composition rapidly oscillates between
reducing and oxidizing environment. So, oxidation of CO carried
out under oscillating conditions is done on all the samples and
the results are shown in Fig. 7. It is obvious that the DOSC of Co
doped samples are higher than those of corresponding CeO2. It
suggests that the oxygen vacancies and the lattice distortion are
produced by Co doped for charge compensation and radius effect,

which is the essential reason for OSC promotion [1].  Further, transi-
tion metal oxide can store/release oxygen under redox conditions,
which are contributed to the superior OSC performance. So we can
concluded that Co doped may  promote formation of Ce3+ ions due
to the smaller size of cobalt cations that take part in removing the
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Table  3
DOSR for CoxCe1−xOy samples.

Catalysts DOSR(�mol  O g−1
cat s)

300 ◦C 400 ◦C 500 ◦C 600 ◦C

Co0.05Ce0.95Ox 9.5 17.7 24.4 36.0
Co0.1Ce0.9Ox 9.5 9.6 14.8 26.2
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Fig. 8. Arrhenius plot of CoxCe1−xOy samples.

Table 4
The pre-exponential factor and apparent activation energy calculated for CoxCe1−xOy

samples.

Catalysts Ea (kJ mol−1) ln A

Co0.05Ce0.95Ox 17.7 ± 0.8 6.0 ± 0.1
Co0.1Ce0.9Ox 13.5 ± 4.8 4.9 ± 0.8

the frequency factor (consequent increase of the reaction rate) can
be compensated with an increase of the activation energy. There-
fore, the order of the overall reaction performances may not always
be correlated positively with the absolute values of the apparent
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Co0.15Ce0.85Ox 14.6 23.7 33.4 42.3
Co0.2Ce0.8Ox 19.0 22.6 29.6 45.2
CeO2 0 8.8 12.0 27.4

train associated with the increase of ionic size accompanying the
e4+ → Ce3+ transition.

Generally, DOSC can be enhanced with increasing reaction
emperatures, because higher amount of lattice oxygen becomes
vailable for the reactions and the oxygen spillover processes have
een accelerated [23]. At low temperatures (below 300 ◦C), the sur-
ace and near-surface oxygen makes major contribution to DOSC
ctivity. At higher temperatures (above 300 ◦C), bulk oxygen migra-
ion plays an important role to determine the DOSC performance.
he bulk oxygen migration capability is promoted by the intro-
uction of Co, as indicated by the improved DOSC performances
f CoxCe1−xOy samples especially at high temperatures. It is noted
hat the DOSC does not linearly increase with the dopant amount.
his would mean that the increasing presence of Co at the sur-
ace modifies the interaction with oxygen. Probably, this is related
o the intrinsic arrangement of the dopant–vacancy pair, which
ould make bulk diffusion more difficult with respect to optimum
o doping samples.

.2.3. Dynamic oxygen storage rate (DOSR)
As suggested by Hori et al. [24] and Fan et al. [25], the dynamic

xygen storage rate defined as the amount of oxygen stored and
eleased in the first second of every oscillation cycle and acted
s a method to characterize oxygen storage material performance.
OSR can be calculated as:

OSR =
∫ 1

0

CO2 signal = Rate [�mol  CO2 s−1]

here
∫ 1

0
CO2 signal is the integrated CO2 peak area from 0 to 1 s.

The results of DOSR over all samples are summarized in Table 3.
t is obvious that the DOSR of samples containing Co are superior
o those of corresponding CeO2. The presence of Co ions near Ce4+

ite coordinated with O2− make the transformation of Ce4+ → Ce3+

asier than ceria, since low valance cobalt cations will disturb the
harge equilibrium and distortion in ceria lattice resulting in the
xygen vacancies formation associated with Ce3+ sites [26]. Energy
etween Ce4+ and Ce3+ couple is inferred to be altered by Co dis-
urbing. Role of oxygen vacancies and lattice distortion for DOSC
romotion should not be excluded by Co introducing. It should be
oted that the DOSR are not linearly increased with the dopants
ontent, in agreement with the DOSC results. It suggested that the
urface Co-enrichment is formed, when the cobalt dopants con-
ent are in excess of solubility limits, which can baffle the oxygen

obility.

.2.4. Kinetics analysis
To better understand the effect of Co doping for specific reaction

rocedures, kinetic parameters were investigated. Fig. 8 shows the
elationship between the ln k and 1/T  (103). As the reaction rate

onstant of CO oxidation, k is calculated by dividing from DOSR.
itting reaction rate data to the Arrhenius equation provides the
re-exponential factors (ln A) and activation energies (Ea). As listed

n Table 4, the order of Ea for different samples is inconsistent with
he order of the overall CO oxidation activities. This contradiction
Co0.15Ce0.85Ox 14.5 ± 0.5 5.7 ± 0.1
Co0.2Ce0.8Ox 11.4 ± 2.5 5.2 ± 0.4
CeO2 26.8 ± 8.3 6.8 ± 1.3

is induced by the compensation effect [27–29].  The linear corre-
lations between Ea and ln k for different samples are illustrated
in Fig. 9. According to the compensation effect, if the relations of
the specific activation energies and the pre-exponential factors of
a specific reactant for all the types of the catalysts can be fitted into
a straight line, the specific reactant will be converted through the
similar reaction pathways, replying on the same kind of active cen-
ters over different types of catalysts. This means that an increase of
5040302010

E
a
(KJ.mol

-1
)

Fig. 9. Compensation effect for CO oxidation of different catalysts.
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ctivation energies. Such an effect is mainly contributed by the het-
rogeneity of the surface with multiple active sites. The availability
f these active sites not only changes with temperature, but also
ndergoes further modifications induced by the evolutions of reac-
ants and products in gas phases [30]. As can be seen in Fig. 9, all
he points can be fitted in a linear way with limited errors, sug-
esting the reactions over different types of catalysts investigated
n this work share the similar chemical mechanisms. In this work,
ecause the strength of adsorption is weak or the surface cover-
ge by adsorbates is low, the changes of Ea may  be mainly caused
y different adsorption enthalpies, which cannot reflect the overall
atalytic activity [29,30].

. Conclusion

CoxCe1−xOy with different Co/Ce atomic ratio (1–20 mol%) were
repared by sol–gel method. The powder XRD data following
ietveld refinement revealed that the solubility limit of cobalt
xides in the CeO2 was 5 mol%. The thermal stability results
evealed that the redundant cobalt species separated out of the
eO2 and interacted with the ceria species on the surface, which
eriously influenced the oxygen handling properties. DOSC results
evealed Ce-based materials containing cobalt oxides with mul-
iple valences contribute to the majority of DOSC. From kinetic
nalysis, the confirmation of compensation effect revealed that all
atalysts share the same mechanism for the separated reactions we
nvestigated.
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