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Abstract—High surface area powders, La,,Sr,,CoO; (LSCO), were prepared by a hard template method with a tem-
plate of SBA-15. In the preparation process, the solvent was ethanol, the mixture of ethanol and water, and water,
respectively. Characterizations were performed to understand the properties of the catalysts. When the solvent is a mix-
ture of ethanol and water, the prepared LSCO has the most easily extracted surface adsorbed oxygen in the H, atmo-
sphere, exhibiting the best light-off performances for CO oxidation. However, the LSCO prepared in ethanol solvent
has the best lattice oxygen mobility, resulting in the best light-off performance for C;H, oxidation. Moreover, the LSCO
prepared in ethanol also shows the best catalytic activity for both CO and C;H; oxidation under the conditions of sim-
ulated diesel exhaust. Furthermore, Pd was impregnated on the LSCO, which was prepared by a sol-gel method and a
hard template method, separately; the later one shows higher CO and C;Hj catalytic oxidation activity.
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INTRODUCTION

With the advantage of higher fuel efficiency, diesel engines are
widely used and CO, hydrocarbon (HC) and NOx are considered
as their exhaust gases [1]. In the diesel engine system, some after-
treatment devices are installed [2]. Among them, diesel oxidation
catalyst (DOC), which can make CO, unburned HC and NO oxi-
dized to CO,, H,O and NO,, is considered as the important part
[3]. Generally, supported noble metals are applied to a commercial
DOC because of their good oxidation activity. However, some draw-
backs still exist such as expense and ease of agglomeration [4,5]
and perovskite oxide is considered as a promising alternative [6,7].

The general formula for perovskite oxides is ABO; and the oxi-
dation activity of the perovskite is mainly controlled by B site cat-
ions [8,9]. Furthermore, when lanthanum as A site cation and Co,
Mn, Fe, Cr or Ni as B site cations, the perovskite oxides achieved a
high catalytic activity [10,11]. Meanwhile, among them, LaCoO;_;
has been reported as a promising perovskite oxide for the oxida-
tion reaction [12,13]. To further increase the catalytic activity of
LaCoO;_ 5 Sr is used to partially substitute La. It has been well
established that the Sr doping in LaCoO;_; can generate oxygen
vacancies, favoring the oxidation activity [14]. Sr-doped LaCoO;_s
perovskites have been widely used for many applications [15-17].
Kim et al. [2] tested the NO oxidation activity of LayeSr,;CoO;
under realistic automotive conditions, and the results showed that
Lay,¢Sr,;CoO; displayed a comparable activity to Pt-based catalysts.
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Onrubia et al. [14] prepared a series of La, ,Sr,CoO; perovskites
(x=0.1, 0.2, 0.3, 0.4 and 0.5) with citric acid sol-gel method and
used NO-to-NO, oxidation reaction as the target reaction. The results
showed that La,,Sr,;CoO; achieved the highest catalytic activity,
which showed the maximum NO conversion of 83% at 300 °C.
They attributed the high oxidation activity of La,,Sr,;CoO; to the
high oxygen mobility. As discussed above, Sr-doped LaCoO;_ dis-
played a good catalytic activity toward NO to NO, oxidation reac-
tion. However, for CO and HC oxidation reaction, it showed high
conversion temperature, which restricts its application in DOC [8,
15,18,19].

When using perovskite oxide as the DOC, the structural prop-
erties, such as particle size and surface area, influence catalytic oxi-
dation activity [12]. Meanwhile, Xiao et al. [19] also pointed out
that increasing the surface area of perovskite oxide is an effective
way to improve the low-temperature catalytic oxidation activity.
Therefore, high surface area of Sr-doped LaCoO,_; catalysts needs
to be synthesized to enhance the catalytic activity toward CO and
HC oxidation. To obtain catalysts with high surface area, silica-based
mesoporous materials, such as SBA-15 and KIT-6, can be applied
as the template due to their well-ordered pore structure and high
surface area [20,21]. In our previous work, we prepared La,St,; CoO;
(LSCO) perovskite with SBA-15 as the template and the solvent
was the mixture of ethanol and water in the preparation procedure
[22]. This catalyst exhibited higher CO and C;H; catalytic oxida-
tion activity than the LSCO prepared with sol-gel method. In this
work, LSCO oxides were prepared in different solvents by a hard
template method, and the influence of solvent on the CO and C;Hj
catalytic oxidation activity was investigated. In addition, we also
investigated both CO and C;Hy catalytic oxidation activity under
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simulated diesel exhaust conditions with different LSCO catalysts.
EXPERIMENTAL

1. Preparations of Catalysts

The template, SBA-15, was prepared following a procedure which
has been shown in the literature [23]. LSCO powders were synthe-
sized with SBA-15 as the template. For a typical synthesis, La(NO;),-
6H,0, Sr(NO,),, Co(NO,),-6H,0, and citric acid were dissolved in
ethanol, a mixture of ethanol and deionized water (v/v=1/1), and
deionized water, respectively. The preparation procedure of LSCO
has been shown in our previous work. The samples prepared in
ethanol, a mixture of ethanol and deionized water (v/v=1/1), and
deionized water were labeled as LSCO (E), LSCO (E/W) and LSCO
(W), respectively. In addition, LSCO powders were also synthe-
sized by the sol-gel method and denoted as LSCO (S). The syn-
thesis processes have been also described in our previous work.
All the catalysts were calcined at 700 °C for 6h to form the per-
ovskite structure. Furthermore, 1.4wt% Pd was impregnated on
LSCO (E) and LSCO (S) using PA(NO;), (Alfa Aesar) precursor
aqueous solution. The as-prepared samples were calcined at 500 °C
for 4 h [24] and labeled as Pd/LSCO (E) and Pd/LSCO (S), respec-
tively.
2. Catalytic Reaction Tests

The light-off performance was tested in a fixed-bed quartz tube
reactor and the catalysts were put into the tube with a weight of 50
mg [25]. For CO oxidation reaction, the inlet gas was balanced with
N,, and the concentration of CO and O, was 0.4% and 10%, respec-
tively. The conversion of CO followed an equation of

Xco=(Ceo,i=Ce0,0u)(Ceo,x) X 100% (1)

where Cg ;, and Ceg ,, represent the inlet CO concentration and
outlet CO concentration.

For C;H; oxidation reaction, the inlet gas was balanced with N,
and the concentration of C;Hg and O, was 0.1% and 10%, respec-
tively. The corresponding conversion of C;H, followed an equation
of

Xen,= (CclH(,, in~ CC;H(,, out)! (CCJHG, in)x100% 2

where Ccy i, and Cey, o Tepresent the inlet C;Hg concentra-
tion and outlet C;H, concentration.

For the simultaneous oxidation tests, the simulated diesel emis-
sions were also balanced with N, and the concentration of CO,
C,H,, NO, O,, and H,0 was 0.4%, 0.1%, 0.05%, 10%, and 5%,
respectively. The WHSV for all these three reactions was 240,000
mL gh™" and a gas analyzer was applied to detect the outlet gases.
The conversions of CO, C;H have been described above and the
conversion of NO to NO, is defined by the following equation;

Xno-No,= (CNOZ, out™ CNOE, i)/ (Cno, in) X 100% 3

where Cygin Cyo, i a0d Cyo, o Tepresent the inlet NO, inlet
NO, and outlet NO, concentrations, respectively.
3. Characterization

A Rigaku (Smartlab) instrument was used to record the X-ray
diffraction (XRD) patterns of the catalysts. The samples were sub-
jected to Cu-Ka radiation with a voltage of 40kV and a current of
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44 mA in a continuous scan mode from 15° to 90° with a step size
of 0.02°. Textural properties of the samples were detected at —196°C
by N,-physisorption instrument (ASAP2020). The samples were
degassed under vacuum condition before the measurement follow-
ing our previous procedure. The morphology of various LSCO
powders was studied with a Hitachi S-4800 scanning electron micro-
scope (SEM). A JEM 2100F electron microscope (JEOL, Japan)
was used to record the transmission electron microscopy (TEM)
images. H,-temperature-programmed reduction (H,-TPR) was used
to measure the reducibility of catalysts following the same opera-
tion procedure as described in our previous work [23,25]. TGA meas-
urement was performed on TA Instruments (Q500) to test the oxy-
gen loss rate in H, atmosphere. Before the measurement, the sam-
ple was first pretreated in N, atmosphere at 300 °C for 1 h and then
cooled to 50 °C. Then the oxygen loss rate was measured in 10%H,/
90%N, atmosphere from 50 °C to 500 °C following the procedure
shown in Fig. S1 [25]. Furthermore, to analyze the deep-available
oxygen, the catalysts were heated to 850 °C in a flow of N, with a
ramp rate of 10°C min ™', and the total weight loss was recorded
by TGA.

RESULTS AND DISCUSSION

1. Structural Properties

Fig. 1 displays the XRD patterns of various LSCO catalysts. The
XRD patterns of these three samples match well with the standard
XRD patterns of LayeSry;CoO; (JCPDS # 28-1229). As to LSCO
(E), it shows the lowest peak intensities, indicating that LSCO (E)
shows the lowest degree of crystallinity. Therefore, in the synthesis
process, the addition of water increases the degree of crystallinity
of LSCO, suggesting that water is important for obtaining a per-
ovskite phase. This may be because the nitrate can be completely
ionized in adequate water [26]. Furthermore, some Co,0, peaks
are observed in all the LSCO catalysts, suggesting that a relatively
low concentration of Co,0O, exists in the catalysts.

The N, adsorption-desorption isotherms and the correspond-
ing Brunauer-Emmett-Teller (BET) surface area of the various cat-
alysts are shown in Fig. 2. The BET surface areas of LSCO (E),
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Fig. 1. XRD patterns of LSCO (E), LSCO (E/W) and LSCO (W).
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Fig. 2. N, adsorption-desorption isotherms of different catalysts.

LSCO (E/W) and LSCO (W) are 107.9, 94.77 and 92.04m’ g,
respectively, showing that the addition of water in the synthesis
process decreases the surface area. Fig. S2 and Fig. 3 show the SEM
and TEM images of these three catalysts. The particle sizes of these
three catalysts are in the range of 30-50 nm. The morphologies of
these three catalysts are different from that of the SBA-15 tem-
plate [27], indicating that the porous structure of the catalysts stem
solely from the stacking of nanoparticles [23].
2. Reducibility
2-1. H,-TPR

Fig. 4 shows the H,-TPR results of the LSCO catalysts, which
reflects the reducibility of the various catalysts. There are three main
peaks that correspond to the reduction of Co’ to Co™", reduction
of Co™ to Co” in Co,0, and further reduction of Co** to Co’ in
LSCO structure, respectively [14,19]. For the first peak, the reduc-
tion temperature of LSCO (E) is close to that of LSCO (E/W) and
LSCO (W) shows the highest reduction temperature, suggesting
that the reduction of Co™ to Co™ is easier to happen in LSCO (E)
and LSCO (E/W) than in LSCO (W). The reduction temperature
of the second peak for these three catalysts is 488.0, 481.8 and
493.1°C, which are much similar, because the reduction of Co™ in
Co,;0, happens at the temperature range of the second peak [25]
and the presence of Co;0, has been observed in XRD patterns.

Fig. 3. TEM images of (a) LSCO (E), (b) LSCO (E/W) and (c) LSCO (W).
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Fig. 4. H,-TPR profiles of different catalysts.

Furthermore, for the third peak, the reduction temperatures of LSCO
(E), LSCO (E/W) and LSCO (W) are 614.2, 590.2 and 591.9°C,
respectively, suggesting that the addition of water in the synthesis
process can decrease the reduction temperature of Co™* to Co’. As
a result, LSCO (E) and LSCO (E/W) process the highest reducibil-
ity for Co”*—Co"". In addition, for Co**—Co’, LSCO (E/W) exhib-
its the highest reducibility.
2-2. Oxygen Loss Rate

It has been established that the catalytic oxidation activity of the
catalysts is much correlated to the mobility of the oxygen, and the
oxygen migration capacity of the catalyst can be reflected by the
oxygen loss rate of the catalyst under a hydrogen atmosphere [28,29].
In this work, TGA techniques were used to measure the oxygen
loss rate. The oxygen release loss of all the catalysts in H, environ-
ment from 50 °C to 500 °C is shown in Fig. 5. The oxygen loss rate
increases with the increasing temperature for these three catalysts.
When T<200 °C, the order of oxygen loss rate is LSCO (E/W)>
LSCO (E)>LSCO (W). The released oxygen belongs to the sur-
face oxygen and the higher oxygen loss rate means higher oxygen
mobility from the surface of LSCO [30]. When 200 °C<T<450 °C,
LSCO (E) shows the highest oxygen loss rate and LSCO (W) shows
the lowest oxygen loss rate. Combined with H,-TPR results, the
oxygen released in this region is probably due to the reduction of

Korean J. Chem. Eng.(Vol. 38, No. 5)



Ne}
=
3

$ 00204 EALsc0®) =
2] LSCO (E/W) 7l
R LSCO (W) ;

0.015 =, 1m0

0.010+

0.005 4

Oxygen release rate (mmol [O]/g_/s)

0.000

= T T e, . T 2 T
100 200 300 400 500
Temperature (°C)

Fig. 5. Oxygen loss rate of different catalysts under versus tempera-
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Co™ cations, implying that the lattice oxygen surrounding Co™
cations in LSCO (E) has the highest mobility. When T>450°C,
LSCO (E/W) displays the highest oxygen loss rate and the oxygen
released above 450 °C is mainly the lattice oxygen surrounding
Co™" cations in LSCO. Therefore, at low temperature region (T<
200°C) and high temperature region (T>450°C), oxygen in LSCO
(E/W) has the highest mobility, while at intermediate temperature
region (200 °C<T<450°C), oxygen in LSCO (E) has the highest
mobility in H, environment. It has been reported that more oxy-
gen vacancies would facilitate the mobility of lattice oxygen and
then further improve the catalytic activity of oxidation reactions
[23]. To investigate the mobility of lattice oxygen, the operation of
TGA in N, flow was used by heating the material from room tem-
perature to 850 °C. The measured weight loss curves are shown in
Fig. S3. Generally, the weight loss below 700 °C is considered due
to desorption of surface-adsorbed OH and nonstoichiometric oxy-
gen. The weight loss above 700 °C is attributed to the release of lat-
tice oxygen in LSCO, indirectly reflecting the oxygen vacancies
[31]. LSCO (E) shows the most weight loss and LSCO (W) exhib-
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its the least weight loss, indicating that LSCO (E) shows more oxy-
gen vacancies. Furthermore, from the corresponding derivative
thermogravimetry (DTG) curves shown in Fig. S3, LSCO (E) shows
the lowest peak, indicating that LSCO (E) could facilitate the mobil-
ity of lattice oxygen.

3. Catalytic Activity for CO and C;H, Oxidation

3-1. LSCO Catalyst

CO and C;H; oxidation reactions over the LSCO (E), LSCO
(E/W) and LSCO (W) catalysts were performed, and the light-off
curves are shown in Fig. 6. The light-off temperature is defined as
the temperature at 50% conversion (Ts,) and its values of 148, 146
and 153 °C are achieved on LSCO (E), LSCO (E/W) and LSCO (W)
for the CO oxidation reaction, respectively. LSCO (E/W) shows
the lowest T5, indicating a highest catalytic activity for CO oxida-
tion. As to C;Hj oxidation, the corresponding T, values are 239,
258 and 276 °C for LSCO (E), LSCO (E/W) and LSCO (W), respec-
tively. LSCO (E) shows the lowest light-off temperature, exhibiting
the highest C;Hj catalytic oxidation activity.

It has been demonstrated that for CO oxidation reaction, the sur-
face oxygen adsorbed on LSCO catalysts reacts with the adsorbed
CO to generate CO,, but in the C;Hj oxidation reaction, the involved
oxygen is the lattice oxygen, mainly derived from Co’*—Co™ [22].
In this work, the highest mobility of the surface adsorbed oxygen
was found in LSCO (E/W) (Fig. 5), exhibiting the lowest Tj, for
CO oxidation reaction. Furthermore, combined with the results
shown in Fig. 4 and Fig. 5, the highest mobility of the lattice oxy-
gen surrounding Co™ cations was observed in LSCO (E), con-
firming that LSCO (E) shows the highest catalytic activity towards
C,H; oxidation.

For further examining the hydrothermal stability of various LSCO
samples, all the catalysts were hydrothermally treated in flowing of
10% H,O/Air at 750 °C for 120 min and the results are shown in
Fig. S4. The Ts, values of 158, 155 and 168 °C were achieved on
aged-LSCO (E), aged-LSCO (E/W) and aged-LSCO (W) for the
CO oxidation reaction, respectively. As to C;Hj oxidation, the cor-
responding T, values were 242, 268 and 294 °C for aged-LSCO
(E), aged-LSCO (E/W) and aged-LSCO (W), respectively. The trend
of catalyst activity after hydrothermal treatment is consistent with
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Fig. 6. Light-off curves of (a) CO and (b) C;H; oxidation over different catalysts. Reaction conditions: (a) 0.4% CO, 10% O, balanced with N,

and (b) 0.1% C,H,, 10% O, balanced with N,.
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Fig. 7. Catalytic oxidation activities of CO, C;H and NO on different catalysts in the simulated diesel exhaust (a) Light-off curves of CO; (b)

Light-off curves of C;Hg; (c) Conversions of NO to NO,.

that before treatment.

Furthermore, to evaluate the catalytic activity for the simultane-
ous oxidation of CO, C;H, and NO over various LSCO catalysts,
the various catalysts were tested in simulated diesel exhaust condi-
tions. Fig. 7 shows the light-off curves for the simultaneous CO,
C;H,, and NO oxidation on the LSCO catalysts. T, of LSCO (E),
LSCO (E/W) and LSCO (W) are 217, 223, and 230 °C, respec-
tively for CO oxidation reaction. In addition, the Ts, of LSCO (E),
LSCO (E/W) and LSCO (W) for C,H, oxidation are 315, 338, and
363 °C, respectively. For the oxidation of NO to NO,, the maxi-
mum conversions are 57.0, 56.6 and 14.3% over LSCO (E), LSCO
(E/W) and LSCO (W), respectively, and the corresponding tem-
peratures are 387, 383 and 414 °C, respectively. Among them, LSCO
(E) shows the best catalytic oxidation ability for CO, C;H,, and
NO oxidation. Furthermore, compared to the results shown Fig. 6,
the T, values of various LSCO catalysts are increased for CO and
C;H, oxidation in the simulated diesel exhaust, indicating that the
co-existence of CO, C;H,, NO and H,O will inhibit the catalytic
oxidation reaction. LSCO (W) exhibits the lowest catalytic activity
for CO and C;H; oxidation; in order to explore the role of H,O in
the feed stream, the CO and C;H, oxidation performance for LSCO
(W) catalyst was investigated in CO+0O,+H,O and C;H+O,+H,O
conditions and the results are shown in Fig. S5. When the reac-
tion was carried out in CO+0,+H,O, the T, of CO oxidation for
LSCO (W) increased from 153 °C to 201 °C, indicating that the

existence of H,O will inhibit the CO oxidation reaction. Further-
more, the presence of H,O also affected the Ts, of C;H, oxidation
in C;H¢+0O,+H,O, which then increased from 276 °C to 335 °C.
3-2. Pd/LSCO Catalyst

As discussed above, LSCO (E) shows the best catalytic activity
for CO, C;H,, and NO oxidation in the simulated diesel exhaust.
In addition, it has been demonstrated that loading of PGM met-
als, such as Pd, can improve the catalytic activity toward oxidation
reaction due to the hydrogen spill-over mechanism [28,32]. Because
LSCO (E) shows the best catalytic oxidation activity, Pd/LSCO (E)
catalyst was synthesized. Furthermore, Pd/LSCO (S) catalyst was
also prepared to compare the effect of the synthesis method of
LSCO. The TEM images of Pd/LSCO (E) and Pd/LSCO (S) are
shown in Fig. S6, and Pd particles in each catalyst are similar in
size and evenly distributed. In addition, the oxygen loss rates of
Pd/LSCO (E) and Pd/LSCO (S) are shown in Fig. S7. Pd/LSCO (E)
exhibits higher oxygen loss rate than Pd/LSCO (S). Furthermore,
the oxygen loss rate of Pd/LSCO (E) is higher than LSCO (E), con-
firming that Pd loading facilitates the oxygen release, which is
probably because of the H, spillover mechanism.

Fig. 8 reflects the performance curves of Pd/LSCO (E) and Pd/
LSCO (8S) catalysts for the catalytic oxidation of CO and C;H,. For
the CO oxidation reaction, Pd/LSCO (E) exhibits similar catalytic
oxidation activity as Pd/LSCO (S), and their Ty, values are both
147 °C. However, for the oxidation reaction of C;H, Pd/LSCO (E)

Korean J. Chem. Eng.(Vol. 38, No. 5)
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shows a good catalytic activity; its Ts, is 205 °C, which is about
20 °C lower than the Ty, of Pd/LSCO (S). Furthermore, compared
to the light-off performance on LSCO (E), Pd/LSCO (E) shows
almost the same Ty, value for CO oxidation reaction, but lower
Ts, value for C;H, oxidation, indicating that Pd loading can facili-
tate the mobility of the lattice oxygen, which mainly surrounds

May, 2021

Co’" cations in LSCO.

Similarly, Fig. 9 shows the light-off curves for the simultaneous
CO, C;H,, and NO oxidation on the Pd/LSCO catalysts. As to CO
oxidation reaction, Ts, of Pd/LSCO (E) is 210 °C, which is 12°C
lower than that of Pd/LSCO (S). In addition, for C;H, oxidation,
the Ty, of Pd/LSCO (E) and Pd/LSCO (S) are 259 and 292 °C,
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respectively. The maximum conversion of NO oxidation corre-
sponding to Pd/LSCO (E) and Pd/LSCO (S) are 61.5% and 68.0%,
respectively, while the corresponding temperatures to the maxi-
mum conversion are 358 and 336 °C, respectively. Therefore, for
both CO and C;H; oxidation, Pd/LSCO (E) shows higher catalytic
activity but for the NO oxidation, Pd/LSCO (S) displays the higher
catalytic activity. The reason for this phenomenon needs to be fur-
ther investigated.

CONCLUSIONS

Lay¢Sr,,Co0; (LSCO) powders were prepared by a hard tem-
plate method with a template of SBA-15. In the preparation pro-
cess, the solvents were ethanol, a mixture of ethanol and water, and
water, respectively. All the catalysts show a perovskite structure and
a little content of Co,0,. From various characterization results, the
oxygen adsorbed on the surface of LSCO (E/W) was the easiest to
extract in the H, atmosphere. However, LSCO (E) showed the best
lattice oxygen mobility, which in turn led to the best C;H, oxida-
tion performance of LSCO (E). For the CO oxidation reaction, the
T, of CO catalytic oxidation under the action of LSCO (E), LSCO
(E/W) and LSCO (W) catalysts were 148, 146 and 153 °C, respec-
tively. For C;Hj oxidation, the T5, values corresponding to LSCO
(E), LSCO (E/W) and LSCO (W) were 239, 258 and 276 °C, respec-
tively. Furthermore, LSCO (E) showed the best catalytic activity for
the simultaneous oxidation of CO and C;H, under the conditions
of simulated diesel exhaust. In addition, Pd/LSCO (E) displayed
better CO and C,Hj catalytic oxidation activity than Pd/LSCO (S).
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Fig. S1. Oxygen release rate measurements procedure.

Fig. S2. SEM images of (a) LSCO (E), (b) LSCO (E/W) and (c) LSCO (W).
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Fig. $3. Thermogravimetric curves of various LSCO catalysts in the N, flow.
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Fig. $4. Light-off curves of (a) CO oxidation and (b) C;H, oxidation over various aged-LSCO catalysts after hydrothermally treated. Reac-
tion conditions: (a) 0.4% CO, 10% O, balanced with N, and (b) 0.1% C;H,, 10% O, balanced with N,.
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Fig. S5. Light-off curves of (a) CO oxidation and (b) C;H, oxidation over LSCO (W) catalyst at different conditions (Il 0.4% CO, 10% O,,
5% H,O balanced with N,; @ 0.1% C,H,,10% O,, 5% H,O balanced with N,).



Fig. S6. TEM images of (a) Pd/LSCO (E) and (b) Pd/LSCO (S).
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Fig. §7. Oxygen loss rate of Pd/LSCO (E) and Pd/LSCO (S) catalysts under various temperatures.



