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Lag 7-Sry3-Co-O nano-composite shows stable and improved
low-temperature activity for CO oxidation, with temperature
for ignition and full CO oxidation at 70 and 174 °C,
respectively. Benefitted from the perovskite component, the
catalyst shows stable activity during the reaction without
appreciable loss after 36 h. Together with the characteristic
results from XRD, XPS and TEM, it is inferred that the high
activity of Lagy;-Sry3-Co-O is attributed to its porous
structure, optimized Sr substitution, and especially a phase
cooperation effect between the perovskite and metal oxides.

Perovskite oxides are attractive material in catalysis and have
been widely investigated in recent years because of their unique
structures, in which the cation at either A- or B-site can be
substituted by a foreign one without destroying the matrix
structure, thus the oxidation state of B-site cation and the content
of oxygen vacancy can be controlled as desired, offering a
feasible way to correlate physicochemical properties with
catalytic performances of a material. '* Also, their low-cost, high
thermal and hydrothermal stability, straightforward synthesis as
well as considerable catalytic performance make them potential
material to substitute noble metal catalysts for industrial use. *

One application of perovskite oxides is for catalytic oxidation
removal of CO, which is an unwanted gas produced in
automobile exhaust and solid oxide fuel cell (SOFC). *'2 In
contrast to metal oxide or noble metal catalysts, the perovskite
oxides need to be performed at a higher temperature. For
instance, the temperature of full CO oxidation over LaCoOs is
near to 200 °C, 3 which is far higher than that over Co;04 16,17
and gold catalysts. ' ' This limits largely their use in practice.
The improvement of low-temperature activity of perovskite
oxides for CO oxidation thus is essential before its possible
industrialization.

Four strategies have been suggested to improve the catalytic
activity of perovskite oxide in literature: the first is to use a
suitable preparation method, to generate desired surface
properties and compositions; 2* %' the second is to optimize the
metals at either A- or B-site, to enhance the physicochemical
properties; 2> the third is to fabricate the material in nano-sized
or porous structure, to increase the surface area and to expose
more active site on the surface; >*2® and the last is to synthesize a
multi-phase material, by which synergistic effect between the
perovskite and other phases that facilitates the reaction can be

90

induced. 2%

In this work we report a highly active Lag7-Srj3-Co-O nano-
composite for CO oxidation. This sample has all the virtues
mentioned above, that is, optimized A-site cation, nano-sized
structure and mixed phases that can induce synergistic effect for
the catalytic reactions. As expected it shows improved low-
temperature activity for CO oxidation relative to the perovskite
(e.g., Lag 7S1y3C00;) and the simple oxide (e.g., Co30,4), with the
temperature for ignition and full CO conversion at 70 and 174 °C,
respectively. Moreover, the catalyst is stable with no appreciable
loss in the activity after reaction for 36 h, showing potential
application for oxidation removal of CO in practice.

XRD results of the La-B-O (B = Fe, Co, Ni, Cu) samples show
that La-Fe-O and La-Co-O have a relatively good perovskite
structure, while La-Ni-O and La-Cu-O exhibit a lot of impurity
peaks (see Figure S1 of the supporting information, SI). This
indicates that Fe and Co are more suitable metals than Ni and Cu
in the formation of oxides with perovskite structure. A possible
reason could be that Fe and Co can exist in +3 oxidation state
easier than Ni and Cu, which exist mainly in +2 oxidation state,
thus facilitating the formation of LaBO; perovskite structure from
the viewpoint of electroneutrality, since La has +3 and O has -2
oxidation state. In addition, screening tests on CO oxidation over
the samples show that La-Co-O is the best catalyst for the
reaction (see below, Figure 3A). We thus choose cobalt as
objective metal for further investigations.

Figure 1A presents the XRD patterns of the series of cobalt
based samples, showing that sample without Sr addition (La-Co-
O) has a good perovskite structure, but the structure is gradually
destroyed and simple metal oxides, e.g., Co30,4, appear with the
increase of Sr content, indicating that the Sr addition suppressed
the formation of perovskite structure. The proportion of Co;0,
increases with the Sr content, as reflected by the intensity ratio of
peak at 37° (for Co304) to that at 33° (for LaCoOj;), which
increases from 0 to 1.26 and to 1.44 with the Sr content from 0 to
0.1 and to 0.3, respectively. The perovskite structure is fully
collapsed at 70% Sr percentage (i.e., Laj;-Sry;-Co-O). The
suppressing effect of Sr however can be overcome by supplying
sufficient energy to the system. For example, La, ;Sry;CoO; with
pure perovskite structure can be formed by increasing the
calcination temperature to 800 °C with otherwise identical
conditions (see Figure 1A). It is noted that the peak at about 26 =
33° was split, suggesting the formation of two possible perovskite
phases: LaCoO3; and SrCoOs, which is similar to results reported
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Figure 1. (A) Wide-angle XRD patterns for the series of investigated
s catalysts; (B) Typical TEM image for Lag 7-Sry3-Co-O

Figure 1B presents a typical TEM image for sample La, 7-Sry 3-
Co-O, showing a nano-sized structure, with the average particle
size of ca. 60 nm. The nano-sized structure is also observed for
Co030,4 and LaCoO; (see Figure S2 of the SI), indicating that the
current sol-gel method using ethylene glycol and formic acid as
complexing agent is effective for preparing nano-sized oxides. N,
physisorption measurements show that the BET (five points)
surface areas of these nano-sized Lal-x-Srx-Co-O samples are
considerable, in the range of 11 - 15 m* g™,

s For CO oxidation conducted over oxides catalyst the surface
oxygen and metal species are two major factors influencing the

=5

activity as they are components of the active site. For this XPS
measurement, which is a surface-sensitive technique and provides
information on the surface elemental compositions and surface
20 chemistry of material, are conducted to supply information for the
surface oxygen and cobalt species of the samples. Figure 2
presents the XPS spectra surveyed from Co 2p and O 1s of the
samples. For Co 2p the peak area decreases in order of Co;0, >
Lag 7-Sry3-Co-O > Lag;Sry3Co0;, indicating that Lag 7Sr;3C00;
»s has the least number of surface cobalt species, due to the
enrichment of La and Sr on the surface as justified by the surface
(La+Sr)/Co ratio listed in Table 1. In contrast Lag;-Sry3-Co-O
shows high percentage of surface Co species, with (La+Sr)/Co
ratio of 0.65. The higher percentage of exposed surface Co
species suggests that there is more active site on the Lag5-Srq3-
Co-0O than that on the Lag;Sry3C00;. In order to analyze the
surface composition of Co species, the peaks were deconvoluted
using XPS peak analysis software (XPS Peak) and the calculated
results are listed in Table 1. From literature and our previous
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work it is known that the peak fitted at 779.5 and 782.8 eV is
assigned to surface Co®" and Co?', respectively, and the peak
fitted at 789.4 eV is to a satellite peak of Co®" species '>3'. The
Co**/Co*" ratio for Lag,-Srg3-Co-O is 1.38, which is lower than
that for Co30, and LagSry3Co0O; (1.65 and 1.63, respectively).
The low Co**/Co*" ratio implies that oxygen vacancy is generated
and Co3;0, phase is formed in the sample. From the principle of
electroneutrality and the composition of Co;0,, it is known that
the generation of oxygen vacancy and the formation of Co;0,
would lead to the presence of Co*" species. The closer to unity of
Co*"/Co®" ratio might also suggests a easier transformation
between Co*" and Co®" (Co3*[e~] < Co?*). This is important as
catalysis is a redox reaction which requires the redox cycling of
the active site. The binding energy of Co®>" species for Co;0,
shifts to a higher position relative to that of the other two,
possibly due to a different coordinate environment.

Table 1 Surface compositions of each atom for the samples,
determined from XPS spectra
Sample (La+Sr)/Co
Co0504 —

Lay ;-Sr(3-Co-O 0.65

Lag 7Sry3Co0s5 1.78

Co>/Co*
1.65
1.38
1.63

Oads./olatt.
1.25
1.31
2.61

i

o

794 792 790 788 786 784 782 780 778 776
Binding Energy / eV

Intensity / a.u.

B 528.5
O1s

4

La,,-Sr,,-Co-O ; - {

536

Co,0

Intensity / a.u.

T T T T T
534 532 530 528 526

Binding Energy / eV

Figure 2. XPS spectra surveyed from the (A) Co 2p and (B) O 1s of
C0304, Lao,7Sro,3C003 and Lao,7—Sro,3—C0—0

538

Similarly, the O 1s spectra was also deconvoluted and the

0 peaks fitted at 528-529 eV and 530-532 eV are assigned to lattice

oxygen and oxygen adsorbed on the oxygen vacancy,
respectively, Figure 2B.*> By comparison, it is seen that the peak
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fitted for Lay ;-Sry 3-Co-O is shifted to a higher position relative to
that for La, ;Sry;C00;, indicating a more reactive oxygen species
(the oxygen is more liberal). From the surface O,y /Oy, ratio it is
seen that the value increases in sequence of Co304 < Lag ;-Srq 3-
Co-O < Lag;Sry3Co00;. This indicates that the generation of
oxygen vacancy, on which adsorbed oxygen (O,4 ) is produced,
is more feasible in perovskite than that in simple oxide. By
comparing with the shift in oxygen binding energy and the
O,4s/Ony, ratio of the samples, it is inferred that the Lag;-Srg 3-
Co-O sample is composed of perovskite and simple metal oxide,
that is, a multi-phase structure. The peak fitted at above 533 eV is
suggested to be attributed to the adsorbed oxygen and/or water.'
33 The XPS spectra for La 3d, Sr 3d, as well as the Co 2p and O
1s of samples with different Sr contents are presented in Figure
S3 of the SI).

O,-TPD and H,-TPR measurements are conducted to supply
information for the physicochemical properties of oxygen and
cobalt atoms. Results are presented in Figure S5A and S5B of the
SI, respectively. O,-TPD profiles show that the temperature for
oxygen desorption is the lowest (588 °C) for Lag;-Srg3-Co-O.
Considering that this sample has low Co*"/Co*" and O,gs /O
ratio, and its composition is in between Lag ;Sry3Co03 and Co;0,,
the low oxygen desorption temperature must be due to a
synergistic effect between the phases that facilitates the oxygen
mobility. H,-TPR profiles indicate that the reduction temperature
for Laj 7-Srj 3-Co-O begins at 240 °C, which is the same as that of
Co050, and is lower than that of La, ;Sr3C0Qs3. This is acceptable
as Co;0y4 is one component of Lag 7-Srj3-Co-O and simple metal
oxide normally is more reducible than perovskite oxide. As
expected the reduction peak area and the stability of Lag;-Srg3-
Co-O are in between that of La, ;Sr;3C00; and Co;0,, the latter
shows the largest reduction peak area and is completely reduced
at temperature below 530 °C.

Catalytic tests on the series of La-B-O (B = Fe, Co, Ni, Cu, Zn)
oxides show that La-Co-O is the best and La-Zn-O is the worst
catalyst for CO oxidation, with an activity order of La-Co-O >
La-Cu-O > La-Ni-O > La-Fe-O > La-Zn-O, Figure 3A, indicating
that the type of transition metal influences greatly on the CO
oxidation activity. The high activity of La-Co-O could be that, on
the one hand, La-Co-O with perovskite structure possesses more
oxygen vacancy and has better redox ability relative to La-Ni-O
and La-Cu-O, which are in mixed metal oxide status, as verified
by H,-TPR results (see Figure S5), and on the other hand, the
surface oxygen on La-Co-O is more liberal and reactive than that
on La-Fe-O, because of the weaker affinity of La-Co-O to surface
oxygen.**

On preparing active perovskite catalyst for CO oxidation, Dai
et al. report that LaCoO; fabricated in porous structure shows
better activity for CO oxidation than that in the bulk structure due
to the improved surface area and physicochemical properties.'* In
this respect we compared the catalytic performances of LaCoO;
prepared with and without PMMA template (which is used to
create pores inside the structure) for CO oxidation, finding no
appreciable change in the activity is observed throughout the
reaction (see Figures S2C, S4 and S6 of the SI). This indicates
that the herein catalyst has comparable catalytic performances to
porous sample, due to its nano-sized structure (see Figure 1B).
The nano-sized particles exhibit improved activity for the

reaction similar to that of porous sample.
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Figure 3. CO oxidation over catalysts (A) La-B-O (B = Fe, Co, Ni, Cu,
6s Zn) oxides; (B) La;x-Sr-Co-O (x = 0, 0.1, 0.3, 0.7); (C) Co0304,
Lay 7Sr93C00s3, Lag7-Sr3-Co-O and a mechanically mixed sample Co;0s4-
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Lay 7Sr93C00s5; (D) the long-time stability of Lag 7-Sry3-Co-O composite at
reaction temperature 140 °C.

Further optimizations by substitution of Sr** for La** show that
sample with Sr** molar percentage of 30%, i.e., Lay 7-Srj3-Co-0O,
is more favorable for the reaction, Figure 3B. The reason could
be due to the segregation of simple metal oxide, e.g., Co3;0y4, in
the sample induced by the Sr addition. The cooperation between
Co030,4 and the perovskite oxide results in a synergistic effect
which enhanced the activity.”” ** By comparing with the phase
structure and activity of La; -Sr,-Co-O, it is inferred that the
presence of both Co;0, and LaCoOj is essential to the reaction,
with a preferred ratio at x = 0.3. At the beginning (x < 0.3) the
increase of Sr content leads to the segregation of Co3;0,4, which
contributes to the reaction by cooperation with LaCoOs, but with
the further increase of Sr content (x = 0.7) the perovskite structure
was destroyed and thus decreased the activity.

To confirm that synergistic effect between the phases occurs,
catalytic activity of Co;04, Lay ;Sr;3C003, Lag 7-Srg3-Co-O and a
mechanically mixed sample containing 60% Co;0, and 40%
LaCoO; (C0304-LaCo0Os;, prepared based on the phase
composition of Lag ;-Sry3-Co-O) for CO oxidation are tested and
compared, Figure 3C. The activity increases in the sequence of
Lao_7Sr0_3COO3 < C03O4-LaSrCOO3 < C0304 < Lao_7-Sr0_3-C0-O,
indicating that the high activity of La, 7-Srg3-Co-O should not be
due to a simple overlapping in the activity of LaCoO; and Co;0,,
as the physically mixed sample shows low activity for CO
oxidation. In other words, a synergistic effect between the phases
of Lagy;-Sry3-Co-O nano-composite that contributes to the
reaction is induced. It is noted that Lag;-Sry3-Co-O shows 96%,
while Lay;Sry3Co0; shows only 10% CO conversion at
temperature below 150 °C, demonstrating clearly the importance
of'the presence of Co;0, in the sample.

For CO oxidation catalyzed by perovskite oxides it is generally
accepted that the sample with more oxygen vacancy and/or
higher metal oxidation state is more favorable for the reaction.*®
37 Herein, Lag;-Srg3-Co-O with lower surface Co**/Co?" and
O,4s/Ony. ratio (see Table 1) however exhibits higher activity
than La, 7St 3C00;. The reason is that the structure of the former
is not totally perovskite, thus the activity is not solely contributed
from the perovskite, but from a synergistic effect induced from
the multi-phases. The synergistic effect can be verified by the
dynamical results obtained from the O,-TPD and H,-TPR
measurements (see Figure S5 of the SI). For example, the oxygen
desorption or mobility is more facilitated over Lag;-Srj3-Co-O
than that over Lag;-Sry;3-Co-O, although the former has lower
O,4s./Opaye. TatIO.

The long-time stability of Lag7-Srg3-Co-O composite for CO
oxidation reaction was conducted to test if the material benefits
from the thermal stability of perovskite oxide. To ensure that the
results are reliable, the temperature is controlled at 140 °C with
activity of ca. 80%. Result in Figure 3D shows that the activity is
stable and no appreciable change in the activity is observed even
after running for 36 h, indicating that the material has good
stability in the reaction. In contrast, a slight decrease in the
activity of Co;0, is observed after 36 h (see Figure S7 of the SI),
indicating that the presence of perovskite oxides is essential in
stabilizing the catalytic behavior. Characterizations by XRD,
XPS and BET confirm that the sample has stable structure (see

60

©
S

Figure S8 of the SI). This directs a way of designing low-
temperature active perovskite-based catalyst for CO oxidation.
Table 2. Comparison in the activity (Tig,, Tso and T g0) of Lag ;-
Srg3-Co-0 with that of LaCoOj; reported in literature

Entry Catalyst Tign. T50 TIOO Refs.
(O () (o

1 Lay 7-Sr(3-Co-O 75 130 174  This work
2 La-Co-O 100 150 200 This work
3 LaCoOj5 (porous) 60 145 175

4 LaCoO; (Nano-sized) 100 161 200

5 LaCoOj (spherical) 70 131 170 8

6 LaCoO; (3DOM) 50 162 190

7 LaCoO; 120 182 215

8 LaCoOs (porous) 110 170 207 °

9 LaCoO; 1490 187 237 °

10 LageKy,CoOs 160 245 335 ¥

11 LaCoO, 130 205 246 ¥

12 LaCoO, 160 238 270

13 LaCoO, 115 172 210 #

14  LaCoO, 260 280 400 °°

“Ignition temperature for CO oxidation; ” Temperature for 50%
CO conversion; “ Temperature for 100% CO conversion

In order to illuminate the superiority of the La,;-Srj3-Co-O
nano-composite, we compare the activity of CO oxidation over a
large number of LaCoOj catalysts reported in literature, as listed
in Table 2 (for reaction conditions see Table S1 of the SI). Lag ;-
Srg3-Co-O shows comparable activity to LaCoO; prepared with
special structures (porous, spherical and 3DOM, see entries 3, 5
and 6) and the activity is higher than that of the others.
Considering the easy synthesis procedure and energy savings of
Lag 7-Sry3-Co-O (the preparation of spherical and 3DOM LaCoOs
needs special steps and is energy costing, which can be inferred
by comparing the preparation procedures), we believe that this
sample would be more interesting for future use.

In summary, we report a low-temperature active La 7-Sr 3-Co-
O nano-composite for CO oxidation. The sample is prepared by
sol-gel method using ethylene glycol and formic acid as
complexing agents, and possesses a multi-phase and nano-sized
structure. Because of the nano-sized structure and especially the
phase cooperation effect, the Laj;-Sry3-Co-O shows improved
low-temperature activity for CO oxidation, with the temperature
for ignition and 100% CO conversion reached at 70 and 174 °C,
respectively. Long-term stability test shows that the sample is
stable in the reaction, without appreciable loss in the activity for
at least 36 h. The improved catalytic performance and good
stability demonstrate that the current strategy of designing nano-
sized samples with mixed phases is an effective way to prepare
low-temperature active oxides catalyst for CO oxidation in future.

Financial support from the National Science Foundation of
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and the National Demonstration Center of Experimental Teaching
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Lag 7-Sro3-Co-O nano-composite shows improved catalytic activity to CO oxidation relative to

Lag 7Sre3Co0; and Cos0,4, which is suggested to be due to a synergistic effect induced by the
phase cooperation.



