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This work investigated the effect of potassium (K) on the catalytic activity of Co304 prepared by sol-gel
method for soot combustion under loose contact. The catalysts were characterized by XRD, TPR, Raman,
FT-IR, and XPS. The results showed the deposition of 4.4wt.% K accelerated the activity of Co3;04 for
soot combustion under loose contact, the temperature of maximum soot oxidation rate (Tm) decreased
from 490°C over Co304 to 417 °C over K(0.1)/Co304(600). It was discovered that there is an exact linear
relationship between Tm and the value of active Co3*/Co for the first time, where Co represented the total

Iggf; ‘;V:;f;gustion amount Co* and Co?*. Our findings strongly suggested that potassium, as a promoter, not only favors
K/C0304 CB-catalyst contact, but also produces more active Co®* with the increase of K content. Doped K entered

the crystal lattice and aroused the lattice distortion. The Tm in TPO decreased linearly with the increase
of microstrain. The lattice distortion and the interaction of K and Co30,4 promoted the formation of the

Loose contact
Catalytic activity

surface active Co3* and active O~, and improved the activity of lattice oxygen.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The purification of exhaust emissions of diesel vehicles, espe-
cially particulate materials (PM), has now been a major challenge
for environmental protection [1]. The particulate emission, partic-
ularly soot, can be removed by the application of soot filter. It is
very important for the regeneration of filter because the overfilled
filter can damage the engine through the excessive exhaust back
pressure. One of the solutions is to deposit the catalyst with good
performance on the wall of filters, on which the soot can be retained
and oxidized continuously. However, oxidation catalysts require a
high performance at low temperatures since the temperature of
diesel tailpipe falls in the range of 200-450°C [2-5].

Many investigations have shown that some oxides, such as CeO,,
Co304 and CuO exhibit a high activity for soot catalytic combustion
[6-8]. In recent years, as an excellent catalyst for low temperature
CO oxidation [9], Co304 and Co304-based mixed oxide catalysts
have attracted much attention due to its strong redox ability [8,10].

Excellent oxidation and mobility of the active phase are two
keys for a good catalyst design. The activity and selectivity of Co304
catalyst are related to its strong redox ability of CoOx [11]. A key
obstacle to low temperature activity is the poor contact condi-
tion between soot and catalysts in the low temperature regime
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[2,12-14]. One of the promising candidates to burn off soot is
alkaline compounds and alkali doped materials [13,15-19], espe-
cially potassium-containing materials due to their high mobility
[20-26].

Several studies [12,20,27] do agree that K, as an electron donor,
shows positive effects on soot combustion due to the formation
of low melting point compounds or eutectics, which improve the
mobility of the active species and favor the soot—catalyst contact.

Querini et al. [3,13] investigated the activity of Co or Co-K sup-
ported on MgO and proposed a redox mechanism directly related
to the reducibility of cobalt. Mir6 et al. [27,28] studied the activ-
ity of Co-K supported on MgO, CeO, and La,03 and found that
potassium greatly promoted soot combustion involving surface
carbonate species. Moggia et al. [29] reported that Co, K/La, O3 cata-
lysts showed the highest catalytic activity with the highest content
of surface carbonated species.

However, considering that many previous studies have system-
atically investigated cobalt oxide for soot combustion, the study
of this reaction mechanism remains difficult to address and what
we know about the combustion process on this catalyst is still lim-
ited. Although tight contact mode favors the evaluation of intrinsic
kinetics [30,31], realistic soot—catalyst contact condition (loose
contact) is necessary for the design of a rational catalyst in a real
application.

In this paper, K/Co304 catalysts with different K contents were
prepared and the catalytic performance under loose contact was
evaluated. The effect of K on the structural and surface properties,
redox properties and catalytic activity of Co304 was also investi-
gated.
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2. Experimental
2.1. Catalyst preparation

K/Co304 catalysts were prepared by a sol-gel method. An appro-
priate amount of Co(NOs3),-6H,0, citric acid and the required
amount of potassium nitrate were dissolved into de-ionized water.
The amount of KNO3; was decided by the K/Co molar ratio. The
mixed aqueous solution was evaporated under stirring until the
transparent gel was formed. The resulting gel was dried at 100°C
for 2 h, followed by the decomposition at 450 °C for 2 h to remove
organics and the final calcinations at 600°C for 3 h under static
air. After grinding, the catalyst powder was obtained. The K/Co30,4
catalysts prepared was marked as K(x)/Co(600), in which x repre-
sented the molar ratio of K/Co (x=0.02, 0.04, 0.1, 0.2 and 1.0). The
real contents of K in different catalysts were measured by ICP-AES
instrument (Varian 710).

2.2. Catalyst characterization

The powder X-ray diffraction (XRD) pattern analysis was per-
formed on a Bruker D8 powder diffractometer using Cu Ko
radiation (40kV and 40 mA). The diffractograms were recorded in
the 26 range of 10-80° with a 26 step size of 0.02° and a scan-
ning speed of 6° min~!. Rietveld refinements were carried out with
the program Jade 5.0 and the average crystal size (D) and lattice
microstrain of the catalysts were determined by the expressions of
Scherrer and Stokes and Wilson, respectively.
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Fig. 1. (a) The direct TPO of CB and TPO profiles of CB over Co304 and K(x)/Co(600)
catalysts, and (b) the TPO stabilities of the K(0.1)/Co(600) in 10 times of TPO recycles.

The XPS spectra were acquired with a Thermo ESCALAB 250
spectrometer by using Al Ko (hv=1486.6 eV) radiation as the exci-
tation source. Charging of samples was corrected by setting the
binding energy of adventitious carbon (C 1s) at 284.8 eV.

Hydrogen Temperature Programming Reduction (H,-TPR)
measurements were carried out using a commercial temperature-
programming system. 30mg catalyst was heated in the flow of
5vol.% Hy/N; (45 ml/min) at a heating rate of 10 °C/min from 100
to 550°C. The amount of H, uptake during the reduction was mea-
sured by thermal conductivity detector (TCD).

Raman spectra were recorded with thin wafer on a Renishaw
spectrometer using a 514 nm Ar* laser as the excitation source. The
laser beam intensity and the spectrum slit width were 2 mW and
3.5cm™!, respectively.

2.2.1. Catalyst evaluation

Commercially available carbon black (CB) (Printex-U Degussa:
97.23wt.% C, 0.73wt.% H, 1.16 wt.% O, 0.19wt.% N, 0.45wt.% S)
was used as a model soot. The activity of catalyst for CB oxida-
tion was evaluated in a stainless steel tube fixed-bed reactor at
atmospheric pressure with a reaction gas of 8% O, /Ar at a constant
rate of 100 mlmin~?!. The amount of sample was maintained con-
stant at 50 mg with a CB/catalyst mass ratio of 1/9. 5.0 mg of CB
was mixed with 45.0 mg of the catalyst in an agate mortar with a
spatula for 2 min in order to achieve “loose” soot-catalyst contact.
200 mg of SiO; granules (0.3-0.5 mm) were also added to the mix-
ture to reduce the pressure drop and to prevent thermal runaways.
A K-type thermalcouple was finally inserted in the fixed-bed to
detect the bed temperature. The reaction temperature was heated
from 200 °C to 600°C at a 5°Cmin~! rate after the pretreatment at
200°C for 30 min under Ar flow.

The same procedure was also used to evaluate the carbon ther-
mal reduction of catalyst using pure Ar instead of 8% O, in Ar.

3. Results
3.1. Carbon black catalytic oxidation on K/Co304

Fig. 1(a) shows the temperature programmed oxidation (TPO)
profiles of CB over the K(x)/Co(600) catalysts under the loose
contact. For the TPO of pure CB, Ti (the ignition temperature of oxi-
dation) and Tm (maximum soot oxidation rate temperature) were
475 and 600 °C, respectively. The catalysts can remarkably accel-
erate the CB oxidation significantly, and the Ti and Tm over Co304
decreased to 350 and 490°C, respectively. The catalyst activities
were further enhanced after the deposition of K. The activities of
K(x)/Co(600) catalysts for CB oxidation increased with the increase
of K content up to 4.4wt.% (K/Co=0.1). To increase the K con-
tent continuously to K/Co = 1.0, the catalyst showed almost similar
activities for CB oxidation. K(0.1)/Co(600) exhibited the highest
activity with the Tm of 417 °C. At the same time, the K(x)/Co(600)
catalysts showed good selectivity for soot oxidation, and CO was
not detected during the experiments.

K(0.1)/Co(600) showed high stability for CB oxidation (Fig. 1(b)).
The temperature of Ti, Tm and To (complete conversion of CB) kept
nearly stable during the 10 times over recycle tests, in which the
CB was re-added to catalyst bed after the complete oxidation of
CB.

3.2. Catalyst characterization

XRD patterns in Fig. 2 showed that Co304 prepared had single
spinel-type structure. The diffraction peaks of K(x)/Co(600) with
lower K content (K/Co<0.2) were similar with that of Co304, the
characteristic peaks of K species were not observed. The phases
of KNO3 and K,;CO3 were observed with a further increase of K
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Table 1

The structure parameters of Co304 and K/Co(600) determined by XRD.
Sample Phases D311 (nm) Lattice parameter (A) Microstrain (%) K (wt.%)?

Scherrer

Co0304(600) Spinel 34 8.060 - -
K(0.02)/Co(600) Spinel 35 8.066 0.0214 0.57
K(0.04)/Co(600) Spinel 37 8.071 0.0461 14
K(0.1)/Co(600) Spinel 33 8.072 0.0621 3.9
K(0.2)/Co(600) Spinel, KNOs 32 8.068 0.0698 7.1
K(1.0)/Co(600) Spinel, K>CO3 29 8.049 0.0784 20

2 The content of K was measured by ICP-AES.

content. It indicated that K was highly dispersed on the surface of
Co304 or entered the lattice of Co304. It was reasonable to believe
that some K species probably existed as KNO3 and K;CO3 on the
surface of Co3 04, although it cannot be detected over K(x)/Co(600)
with lower K loading. The phase structures of K(x)/Co(600) with
different K contents are listed in Table 1.

At the same time, the characteristic peak of Co304 shifted to
lower 26 degree after the deposition of K, which indicated some
K inserted the lattice of Co304 and aroused the increase of lattice
constant due to the larger ion radius of K. The lattice constants
of samples calculated by Rietveld refinement are listed in Table 1.
The deposition of K increased the lattice constant of Co304 signif-
icantly, and K(0.1)/Co(600) showed the largest lattice expansion,
which implied the obvious lattice distortion and microstrain of
K(0.1)/Co(600). The microstrain of K(x)/Co(600) catalysts obtained
by Stokes and Wilson method are listed in Table 1. It can be seen
that the microstrain of K(x)/Co(600) increased with the increase of
K content.
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Fig. 2. XRD of Co304 and K(x)/Co(600).

H,-TPR was used to examine the redox properties of Co304 and
K(x)/Co(600) with different K loadings, and the results are shown
in Fig. 3. For the TPR of Co304, a broad reduction peak was observed
in the temperature range of 300-450°C. Arnoldy and Moulijn
[32] observed a single step reduction of Co304. Viswanathan and
Gopalakrishnan [33] reported that the reduction of Co304 was a
two-step process. After the deposition of K, the broad reduction
peak split into two peaks. The first reduction peak in the range
of 250-350°C can be attributed to the reduction of Co®* to Co?*
dispersed in the Co304 phase, while the latter one around 400°C
corresponded to the reduction of Co%* ions [34,35]. At the same
time, the first reduction peak shifted to the lower temperature obvi-
ously with the increase of K/Co up to 0.1. However, this reduction
peak shifted to higher temperature with the further increase of K
content. K(0.1)/Co(600) exhibited the lowest temperature reduc-
tion peak, corresponding to the highest activity for CB oxidation.
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Fig. 3. (a) H,-TPR of K(x)/Co(600): (a) 0; (b) 0.02; (c) 0.04; (d) 0.1; (e) 0.2; (f) 1.0 and
(b) H>-TPR of the mixture of CB and K(x)/Co304(600) pretreated at 400 °C under Ar
flow.
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Fig.4. Carbon thermic reduction of K(0.1)/Co(600) and Co304 under loose and tight
contacts.

Moreover, in order to confirm the role of Co3* and Co2* in the TPO
of CB over different catalysts, the TPR experiments were performed
after the pretreatment of the mixed CB and catalyst in Ar at 400°C
for 0.5 h, the results are shown in Fig. 3(b). The low reduction peak
ascribed to the reduction of Co3* in Fig. 3(a) disappeared, which
indicated the elimination of Co3* in the process of pretreatment
due to its reaction with CB. It was implied that the Co3* played
more important role than Co2* in the CB catalytic oxidation.

Toinvestigate the activity of lattice oxygen on K(x)/Co(600) cata-
lysts, the carbon thermal reduction of catalysts in the flow of pure Ar
under loose and tight contacts were performed, and the results are
shown in Fig. 4. For the reaction under loose contact, K(0.1)/Co(600)
showed similar activity as Co304. However, K(0.1)/Co(600) showed
significantly higher activity than Co304 under the tight contact, and
the Tm decreased from 560 °Con Co304 to 475 °ConK(0.1)/Co(600).
Haneda et al. [36] reported that traces of added alkali metals could
weaken the Co-O bond strength and promote the oxygen desorp-
tion from Co304 due to the interaction with alkali metals. Together
with the TPR results, it could be drawn that the activity of lat-
tice oxygen could be improved on K(0.1)/Co(600) due to the strong
interaction between K and surface Co species (or Co304).

The Raman spectra of Co304 and K(x)/Co are shown in Fig. 5. For
pure Co30y4, four Raman peaks at 482, 520, 620 and 692 cm~! were
observed clearly, which corresponds, respectively, to the Eg, Fgg,

Fgg and Az modes of crystalline Co304 [37]. K(x)/Co(600) showed
a similar Raman spectra with that of Co30y4, but the vibrations of
Co304 shifted to higher frequencies with the increase of K con-
tent. Lopes et al. [38] reported that the shift of Co304 vibration was
induced by the change of unit-cell parameter and particle size. The
Raman results indicated the lattice constant expansion of Co304
after doping K, which coincided with the results of XRD.

Fig. 6 shows the XPS spectra of O 1s and Co 2p on different
catalysts. The broad O 1s spectra on all samples indicated the exis-
tence of several kinds of surface oxygen species [39]. The species
o and 3 at the binding energies of ca. 529.8 and 531.4eV can be
attributable to lattice 02~ and surface O~ species, respectively [40].
The quantitative XPS analysis is listed in Table 2.

Table 2
Surface composition of the K(x)/Co(600) after different treatment as determined by
XPS.

Sample Treatments Co>*/Co? K/Co? 0-/Co?
K(0.04)/Co(600) Fresh 0.39 0.19 0.57
K(0.1)/Co(600) Fresh 0.45 0.22 0.61
K(0.1)/Co(600)+CB 430°C, 8% Oy /Ar 0.44 0.84 1.19

2 The total amount of Co3* and Co?*.
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Fig. 5. Raman spectra of Co304 and K(x)/Co(600) catalysts.

The surface atomic concentrations of O~ and Co3* increased
with the increase of K content. After the pretreatment of mixture of
K(x)/Co and CB in 8%0,/Ar at 430°C, surface Co3* remained nearly
unchanged, while the surface O~ concentration increased signifi-
cantly, which demonstrated that more O~ species were produced
during the reaction. In addition, the surface K/Co ratio was higher
than that expected from the bulk composition, which revealed the
surface richness of K. The surface enrichment of K can be promoted
significantly after the pretreatment in the reaction gas correspond-
ing to the increase of K/Co ratio due to its high mobility.

Some researchers suggested that the surface carbonate species
played an important role in the soot oxidation [41]. In order to
investigate the oxidation of soot by consuming the carbon to form
carbonate species, the K,CO3/Co(600) and K(0.1)/Co(600) cata-
lysts were analyzed by FT-IR before and after 10 reaction cycles
presented in Fig. 7. The adsorption peaks at 570 and 660 cm™!
on all samples belong to the characteristic peaks of spinel Co304
and peaks at 3440 (not shown in Fig. 7) and 1640cm~! cor-
respond to the surface absorbed water. For K;CO3/Co(600), the
adsorption peak at 1390 cm~! was associated with the surface car-
bonate potassium. The two new broad peaks at 1086cm~! and
460 cm~! were detected on K,CO3/Co(600) after reaction, which
can be signed to a carbonate-type intermediate on the surface
involving the reaction [42]. The peaks at 1387 and 830cm~! on
K(0.1)/Co(600) were assigned to the surface nitrate species, which
were induced by the undecomposed nitrate salts in the process
of catalyst preparation. The adsorption peaks of free nitrate can
still be observed on K(0.1)/Co(600) after 10 reaction cycles, but
its intensity decreased slightly. It indicated that the surface nitrate
species participated in the soot oxidation and owned relatively high
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Fig. 6. XPS spectra of O 1s and Co 2p on fresh K(0.04)/Co(600), fresh K(0.1)/Co(600) and K(0.1)/Co(600) + CB pretreated at 430°C in 8% O, /Ar for 0.5 h.

stability. At the same time, a new adsorption peak at 1100 cm™!
was observed on the used K(0.1)/Co(600), which was similar to
that over K;CO3/Co(600) and ascribed to the surface carbonate-
type intermediate. It was suggested that the CB oxidation occurs
by mainly forming a carbonate-type intermediate, which instanta-
neously decomposes in the oxidation temperature range.

4. Discussion

Co304 with outstanding redox ability is a good candidate for CB
combustion. The K-doping usually promotes the catalyst activity
for soot oxidation due to its high mobility, favoring the contact
between catalyst and soot [27,43]. As expected, the deposition of K
significantly promoted the activity of Co304 for CB oxidation, and
the activity of catalyst increased with the increase of K content
(Fig. 1).

XRD results showed that some doped K entered the lattice of
Co304, and some existed on the surface in the form of K,CO3 or
KNOs. The K species in the form of salts inclined to highly disperse
on the catalyst surface provides better contact condition for CB oxi-
dation due to its high mobility. XPS results showed the surface
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Fig. 7. FT-IR spectra of K,CO3/Co(600) and K(0.1)/Co(600) (A.F. = after reaction).

richness of K on the K(x)/Co(600). For example, the surface K/Co
ratio of K(0.04)/Co(600) and K(0.1)/Co(600) were 0.19 and 0.22,
which were 4.8 and 2.2 times of that in bulk, respectively. The sur-
face concentration of K can be further improved greatly after the
reaction. These results suggested that under reaction condition,
highly mobile K species can accommodate underneath or nearby
the soot particles, promote the contact between catalyst and CB,
and accelerate the CB oxidation.

In the oxidation reaction, Co3* was generally regarded as active
site[9], and the redox ability of Co?* has great effects on the catalytic
activity. In H,-TPR, a new reduction peak at the lower temperature
(250-350°C) induced by the deposition of K can be ascribed to the
reduction of Co3*, and the peak area increased with the increase
of K content. Meanwhile, the reduction peak at low temperature
decreased significantly after the pretreatment of catalyst and CB
mixture at 400°C in pure Ar. In fact, the reduction at lower tem-
perature range was difficult to be observed on K(x)/Co(600) except
on K(1.0)/Co(600). It indicated that the Co3* species corresponding
to the low temperature reduction can be ascribed to active Co3*
species and played a key role in the soot oxidation. The peak area
ratio of low temperature reduction peak and the total reduction
peak was used to characterize the percentage of active Co3* in the
total Co species.

Combining TPR and TPO, a straightforward relationship between
Tm and the value of active Co3*/Co was observed in Fig. 8 (blue
line), where Co represented the total amount of Co3* and Co?".
It was implied that the activity of Co3* and the amount of active
Co3* directly affected the catalytic activity of catalysts for CB oxi-
dation. The increase of active Co3* with the increasing of K content
revealed that the deposition of K can produce more active Co3",
corresponding to the increase of surface concentration of Co3* in
XPS.

Furthermore, the XRD and Raman results showed the deposition
of K can arouse the lattice distortion of Co304 due to the insertion
of Kinto Co304 lattice, and increase the inner microstrain with the
increase of K content. It was very interesting that the Tm in TPO
decreased linearly with the increase of microstrain in Fig. 8 (red
line).

Liu et al. [44] investigated the total oxidation of propane on
Co304, and found the amount of active O~ was an approximately
linear function of the lattice microstrain due to the lattice distor-
tion. Krishna et al. [45] reported that the activation of oxygen and
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spill over of active oxygen from gas by the catalyst to soot particles
are important intermediate steps in the soot oxidation. XPS results
showed the surface O~ concentration increased with the increase
of K content, and more O~ species can be produced in the reac-
tion. It indicated the doped K accelerated the adsorption of oxygen
and encouraged the formation of active O~. The carbon thermic
reduction experiment showed that the activity of lattice oxygen
was promoted by the deposition of K.

The lattice distortion and interaction between the K and Co304
promoted the formation of more active Co®* on the surface. The
active Co3* species on K/Co catalysts accelerated the activation of
oxygen molecules and enhanced the reactivity of the active oxygen
species due to the weakening of the Co-O bonds, which were sug-
gested to be the main reasons of positive effects of K on the Co304
for soot oxidation.

The soot oxidation mechanism was reported to involve the for-
mation of a carbonate on the catalyst, which decomposed in the
range of soot oxidation temperatures [41]. In our experiments,
the formation of carbonate-type species on the catalyst after the
10 reaction cycles can be detected by FT-IR, and these carbonate
species kept stable in the soot oxidation. It was suggested that
carbonate-type species probably was the reaction intermediate.

5. Conclusion

The K/Co304 catalysts with high catalytic performance were
prepared by citrate sol-gel method and the activity of catalyst
increased with the increase of K content.

The addition of K enhanced the contact condition between
CB and K-containing catalysts under loose contact by the surface
enrichment of K due to its high mobility.

Kinserted into the lattice of Co304 can arouse the lattice distor-
tion. With the help of the interaction between the K and Co304, the
highly distorted Co304 nano-crystals weakened the Co-O bonds,
and consequently improved the activity of lattice oxygen and pro-
moted the formation of the surface active Co3* sites, which were
considered to accelerate the adsorption of oxygen and encourage
the formation of active O~.
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