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Abstract

Mixed oxides with perovskite-type structure (ABO;) present interesting physico-chemical properties to be used as catalyst
for atmospheric pollution control. In this work, a series of CuX/Ba,;MnO; catalysts (being x: 0, 4, 8 and 12 wt%) has been
synthesized, characterized and tested for CO oxidation reaction. All the catalysts were active for CO oxidation in the two
reactant mixtures tested: low CO mixture (0.1% CO and 1% O, in He) and near stoichiometric mixture (1% CO and 1%
O, in He). Copper-free perovskite is the most active catalyst in the less demanding conditions (0.1% CO and 1% O,), as it
presents the highest amount of oxygen vacancies working as active sites. However, at higher CO concentrations (1% CO in
near stoichiometric mixture), copper-containing catalysts were more active than the perovskite support because, due to the
saturation of the oxygen vacancies of perovskites, CuO seems to participate as active site for CO and O, activation. Cu4/
Ba, ;MnOj; and Cul2/Ba, ;MnOj; are more active than Cu8/Ba, ;MnO; catalyst, since they present a larger amount of active
sites on surface. These two copper-containing catalysts present a high stability and recyclability during the reaction at 300 °C
in an ideal near stoichiometric mixture (1% CO and 1% O,).
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1 Introduction

Nowadays, global greenhouse gas emissions still presenting
very high levels that seem not to have reached their maxi-
mum. As a consequence, the average temperature on Earth is
1.1 °C higher than the recorded at the end of the nineteenth
century [1]. In fact, one of the most significant conclusions
achieved by the Paris Agreement was to limit the increase in
the average temperature on Earth (respect to pre-industrial
levels) to a maximum of 1.5 °C. To reach this purpose, quite
ambitious measures have to be turned out [2], being some of
them currently applied, such as, among others, the limitation
of the use of diesel vehicles as well as the transition towards
electric vehicles and those based on fuel cells. However, it
is foreseeable that gasoline vehicles will not be completely
replaced in 2040 [3]. As some of the pollutants generated
by gasoline vehicles cause several environmental and health
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problems, the design of effective catalysts to control the
composition of exhaust gases generated by these engines
will continue being a challenging issue [4].

To accomplish the current and future legislation, it is
required the development of a new generation of three-way
catalysts (TWCs) presenting, among other characteristics,
higher activities at lower temperatures than current TWCs
[5]. An example is the challenging objective called “Target
1507, which implies achieving a 90% reduction in HC, CO
and NO, emissions at 150 °C. The new catalytic systems to
be developed must present high Oxygen Storage Capacities
(OSC), to avoid unwanted NO, and CO emissions, and a
very high stability which assures the minimal deactivation
during the useful life. Additionally, in the formulation of
these new TWCs, the use of noble metals (mainly Pt, Pd and
Rh) has to be minimized as much as possible. In this sense,
mixed oxides with perovskite-type structure (ABO;) [6-9]
are considered as an interesting family of catalysts for the
fulfillment of the above mentioned objectives.

Recently, the authors analyzed the activity for CO oxida-
tion of a series of under-stoichiometric Ba,MnO; perovs-
kites, concluding that Ba, ;MnOj is the best catalyst due to
the presence of a high amount of oxygen vacancies working
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as active sites [10]. Additionally, the high selectivity to CO,
found for a series of BaMn,_,Cu,O; perovskites used for die-
sel-soot oxidation revealed a high capacity to oxidize CO to
CO, [11]. Based on these statements, in this paper, a series
of copper-containing catalysts supported on Ba,;MnO; have
been synthesized, characterized and tested for CO oxidation
reaction in ideal conditions that simulate the required for
the new TWCs. The samples have been referred as BO.7M
for the raw perovskite used as support (Bay,MnO;), and as
CuX/B0.7M for the impregnated perovskites, where X indi-
cates the nominal weight percentage of Cu in the catalysts
(4, 8 and 12 wt%).

2 Experimental
2.1 Synthesis and Characterization of Catalysts

The Bay,MnO; perovskite used as support (B0.7M) was
synthesized using the sol—gel method adapted to aqueous
medium [12, 13]. Briefly, a 40 mL solution (containing
EDTA as chelating agent in a 1:2 molar Mn:EDTA ratio) at
60 °C was prepared. Ba(NO;), and Mn(NO;),*4 H,O were
added as metal precursors and, after, citric acid was incor-
porated using the same molar ratio (1:2, Mn:citric acid).
Subsequently, the temperature was increased to 80 °C for
assuring the gel formation. The described procedure was
carried out keeping the pH in 9 by employing an ammonia
solution (30% wt). Finally, the obtained gel was dried at
150 °C during 12 h and, as the last step, the solid was cal-
cined at 850 °C for 6 h.

For copper addition to perovskite support, the incipient
wetness impregnation method was used. For that, the sup-
port was kept in contact with the volume of a Cu(NO;),*3
H,O solution (with a concentration depending on the Cu
amount) needed to wet the solid. The wet catalyst is stirred
at room temperature during 24 h, dried at 90 °C during 24 h
and, finally, calcined at 600 °C during 3 h.

For sample characterization, the following techniques
have been employed.

The copper content was measured by ICP-OES on a Per-
kin-Elmer device model Optimal 4300 DV. For this analy-
sis, the elements were extracted by the mineralization of the
samples using a diluted aqua regia solution (HNO;:HCI, 1:3)
and stirring at 60 °C for 1 h.

The textural properties were determined by N, adsorp-
tion at — 196 °C using an Autosorb-6B instrument from
Quantachrome (Anton Paar Austria GmbH). The samples
were degassed at 250 °C for 4 h before the N, adsorption
experiments.

The crystalline structure was obtained using X-ray Dif-
fraction (XRD). The X-ray patterns were recorded between
20 and 80° 20 angles with a step rate of 0.4°/min and using
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Cu K, (0.15418 nm) radiation in a Bruker D8-Advance
device. FT-IR spectra from 4000 to 500 cm™'were also
obtained using a BRUKER IFS 66/S apparatus and with a
spectral resolution of 4 cm™!.

The morphology of catalysts was analyzed by electronic
microscopy, using a ZEISS Merlin VP Compact for Field
Emission Scanning Electronic Microscopy (FE-SEM).

The surface chemistry was assessed by X-ray Photo-
electron Spectroscopy (XPS) using a K-Alpha Photo-
electron Spectrometer by Thermo-Scientific with an Al
K, (1486.7 eV) radiation source. To obtain XPS spectra,
the pressure of the analysis chamber was maintained at
5% 107! mbar. The binding energy (BE) and kinetic energy
(KE) scales were adjusted by setting the C 1 s transition
at 284.6 eV, and the BE and KE values were then deter-
mined with the peak-fit software of the spectrometer. The
O;/(Ba+Mn), Oy/(Ba+Mn), Cu/(Ba+Mn + Cu), and
Mn(IV)/Mn(IIT) XPS ratios were calculated using the area
under the suggested deconvoluted bands of O 1 s, Mn 2p>?,
Cu 2p*? and Ba 3d>”.

Reducibility of catalysts was determined by Temperature
Programmed Reduction with H, (H,-TPR) in a Pulse Chem-
isorb 2705 (from Micromeritics) provided by a Thermal
Conductivity Detector (TCD) and using 30 mg of sample
which was heated at 10 °C/min from 25 to 1000 °C in 5%
H,/Ar atmosphere (40 mL/min). The quantification of the H,
consumption was carried out using a CuO reference sample.

O,-TPD experiments were performed in a TG-MS
(Q-600-TA and Thermostar from Balzers Instruments
(Pfeiffer Vacuum GmbH, Germany) respectively), with
16 mg of sample heated at 10 °C/min from room tempera-
ture to 950 °C under a 100 mL/min of helium atmosphere.
18, 28, 32 and 44 m/z signals were followed for H,O, CO,
0O, and CO, (respectively) evolved during the experiments.
The amount of evolved oxygen was estimated using a CuO
reference sample and the weight data recorded by the TG
system was used to obtain the mass loss profiles.

2.2 Activity Tests

To determine the catalytic activity for CO oxidation, Tempera-
ture-Programmed Reaction experiments (CO-TPR) have been
developed using two ideal reactant mixtures composed by: (i)
0.1% CO and 1% O, in He (low CO reactant mixture) and (ii)
1% CO and 1% O, in He (near stoichiometric reactant mix-
ture, which simulates the CO concentration in the actual TWC
working conditions). For the experiments, 50 mg of catalysts
and 100 mg of SiC were loaded into a U-shape quartz reactor,
and a 10 °C/min heating rate from room temperature to 500 °C
has been applied. The mixture catalyst-SiC is pre-heated for
1 h at 600 °C in a 5% O,/He gas mixture to clean the surface
of the catalysts. The most active catalysts were also tested
at 300 °C during 5 h, using the near stoichiometric reactant
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mixture. In order to determine the recyclability of catalysts,
two reaction cycles were developed. For reaction products
quantification, a HP6890 gas chromatograph, provided with
a Thermal Conductivity Detector and two packed columns
(Porapack-Q and MolSieve-13X), was used.

The CO conversion was determined using the following
equation.

(Coin - COout) .

100
Cco

COconversion(%) =
3 Results and Discussion

3.1 Chemical, Morphological and Structural
Characterization

Table 1 features the BET surface area, determined by N,
adsorption, and the copper content (nominal and actual

obtained using ICP-OES) of the B0.7M and CuX/B0.7M
catalysts. All samples present very low surface areas, as
expected for solids with an almost negligible porosity as per-
ovskite mixed oxides are [14, 15]. As expected for impreg-
nated samples, actual and nominal copper content are closer
at low metal loadings than at high copper loadings.

Figure 1a shows the X-ray patterns of the BO.7M and
CuX/B0.7M catalysts. The bare support exhibits a hexagonal
BaMnO; perovskite structure, which is also identified after
copper loading. In a previous study, it has been concluded
that due to copper insertion into the perovskite lattice, the
hexagonal perovskite structure is modified to a BaMnOj; pol-
ytype structure [11], as the difference between manganese
and copper ratios modifies the chemical bond lengths [16].
Thus, as polytype structure is not identified for CuX/B0.7M
catalysts series, it seems that copper has not been inserted
into the perovskite lattice. Figure 1b shows the FT-IR spectra
for CuX/B0.7M catalysts and for the BO.7M perovskite used
as support, where the following peaks are identified: (i) from
500 to 786 cm™!, associated to the stretching vibration of

Table 1 Specific surface area,

4 XRD d Catalyst BET surface Nominal Cu Actual Cu Cell parameters (A)a Average
copper content an ata area (mz /g) (Wt%) (Wt%) — crystal size
values for BO.7M and CuX/ a c (nm)
B0.7M catalysts

B0.7M 5 - - 5.68 4.82 18.24

Cu4/B0.7M 12 4 4 5.69 4.80 15.24

Cu8/B0.7M 5 8 7 5.69 4.81 12.60

Cul2/B0.7M 6 12 9 5.69 4.79 12.72

Calculated using the main XRD hexagonal perovskite peak
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Fig.1 XRD patterns (a) and FT-IR spectra (b) of BO.7M and CuX/B0.7M catalysts
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Mn-O bonds in the MnOg octahedra of perovskite structure,
and (ii) at 858 and 1443 cm™, corresponding to the asym-
metric stretching of the carbonate ion, which confirms the
presence of BaCO; [36-38].

The average crystallite size and the cell parameters of
the hexagonal perovskite phase (a =b#c) have been cal-
culated using the Williamson-Hall method [17], being the
values included in Table 1. The data reveal that the average
crystallite size of perovskite decreases as copper content
increases, achieved a minimum value for Cu8/B0.7M and
Cul2/B0.7M. So, as observed for other copper-containing
perovskites [11], the presence of copper seems to hinder the
crystal growth. For CuX/B0.7M catalysts, a slight distortion
of the hexagonal structure is featured because ¢ parameter
decreases respect to bare perovskite (B0.7M). However, this
distortion seems not to directly depend on the copper content
as it is similar for the two copper containing catalysts with
higher copper content (Cu8/B0.7M and Cul2/B0.7M).

Note that in CuX/B0.7M catalysts, the very low intensity
of tenorite peaks for CuO species (observed at 35.6° and

38.8° 20 values in Fig. 1a) seem to reveal that copper is so
well dispersed on the perovskite surface that the average
crystal size is close to the detection limit of the XRD tech-
nique [18]. Otherwise, it also could indicate that the CuO
phase is not crystalline. In Fig. 1b, the CuO phase existing
in the catalysts should feature the stretching vibration peaks
of the Cu—O bond at 433, 508 and 606 cm™! [39], however,
these active modes are not detected as they are located in the
same wavenumber range than perovskite modes.

Finally, the FE-SEM images of catalysts shown in Fig. 2
reveal the presence of amorphous particles with different
sizes that hinders the measure of the average particle size
and, consequently, the particle size distribution cannot be
obtained. Note that a significant effect of copper on the mor-
phology of catalysts is not detected.

3.2 Surface Properties

XPS analysis provides information about the surface compo-
sition of catalysts. The experimental profiles (colored line)

Fig.2 FE-SEM images of BO.7M a Cu4/B0.7M b, Cu8/B0.7M ¢ and Cul2/B0.7M d catalysts
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have been included to show the accuracy of the deconvolu-
tions (black lines). Figure 3a displays the Mn 2p;,, XPS
spectra, where the following contributions can be found:
(i) Mn(III) at lower binding energies with maximum at
around 640 eV (ranging from 639.70 eV for Cu4/B0.7M to
641.60 eV for B0.7M), and (ii) Mn(IV) at higher binding
energies with a maximum at ca. 642 eV (from 642 eV for
Cu4/B0.7M to 642.70 eV for BO.7M). The presence of the
satellite peak at 644 eV confirms that Mn(III) exists on the
perovskite surface [19-21]. The Mn(IV)/Mn(III) ratios, cal-
culated using the corresponding area under the deconvoluted
peaks and shown in Table 2, reveal that the support presents
a higher amount of Mn(III) than of Mn(IV) on surface and
that, after the addition of copper, the amount of Mn(IV)
notably increases as the Mn(IV)/Mn(I1I) ratio is higher than
1. This trend, which is also observed when cation defects
exist on the perovskite surface [10], is the result of the oxida-
tion mechanism [a fraction of Mn(II) is oxidized to Mn(IV)]
taking place to achieve the electroneutrality due to the pres-
ence of Cu(Il) on surface [22]. A shift in the position of the
maximum of Mn(IV) and Mn(III) peaks is detected for the
CuX/B0.7M catalysts respect to the B0.7M support, as con-
sequence of the higher electronic density in the Mn environ-
ment due to its contact with Cu. In fact, for copper-impreg-
nated samples, the Mn(III) deconvoluted peak (continuous
black line) is divided into two contributions that could cor-
respond with Mn(III) species close to Cu (named as Mn(III),
in Fig. 3a) and those far from Cu (named as Mn(III);). Note

MII(IH)C Ml’l(HI)f

Normalized signal (a.u)

Mn(IIT)

640 642 644
Binding energy (eV)

638

Mn(I1I) satellite

Fig.3 XPS spectra of the Mn 2p;,, a and O 1 s b transitions

B0.7M

Table2 Mn and Cu XPS characterization data in the fresh catalysts

Catalyst Mn(1V)/ Mn(ID/ XPS Cu/ Cug/Cu,,;
Mn{Il) Mn(ID); (Ba+Mn+Cu)
(nominal)
B0.7M 0.5 - - -
Cu4/BO.7M 1.3 0.2 0.10 (0.07) 1.6
Cu8/B0.7M 1.3 0.3 0.12 (0.10) 0.8
Cul2/B0.7M 14 0.2 0.18 (0.15) 1.3

that the values of Mn(III)./Mn(III); ratio in Table 2 seem not
to significantly depend of the copper content.

In the O 1 s transition spectra recorded for all the catalysts
shown in Fig. 3b, four different contributions can be identi-
fied: (i) the lattice oxygen (O ), corresponding to the band
located at binding energy values between 528 and 529 eV,
(ii) oxygen vacancies (Oy,y), corresponding to defect sites
with low oxygen coordination, associated to the band located
at approximately 531 eV, (iii) adsorbed oxygen, hydroxyl
and carbonate groups, that appear at 532 eV, and (iv) chem-
isorbed water at binding energies over 533 eV [19, 23-27].
This last band has been only detected for the bare perovs-
kite (B0.7M), as during the thermal treatment used in the
incipient wetness impregnation, the moist has been removed.
Note that the lattice oxygen contribution of the impregnated
catalysts is divided in two peaks that could correspond to the
lattice oxygen of the perovskite and of the CuO phase. By

Chemisorbed

Normalized signal (a.u)

Defect sites

526 522/ 536
Binding energy (eV Adsorbed oxygen,
Lattice oxygen hydroxyl and

carbonate groups
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comparing the O;/(Ba+Mn) XPS ratios included in Table 3
with the nominal value (1.76 for Bay;MnO; perovskite),
information about the presence of oxygen vacancies on the
catalysts surface can be obtained. Thus, oxygen defects are
present in all catalysts, because the experimental ratios are
lower than the nominal one, but a slight decrease is featured
for CuX/B0.7M catalysts as the O, /(Ba+ Mn) ratio is higher
than in BO.7M. Note that the lower amount of oxygen vacan-
cies in the copper catalysts is confirmed by the decrease in
the O4.¢/(Ba+ Mn) ratio (see Table 3) which, however, seems
not to be significantly affected by the Cu percentage.
Finally, the XPS profiles corresponding to the Cu 2p5,,
transition are presented in Fig. 4. For reduced copper species
[such as Cu(I) and Cu(0)] a XPS signal at binding energy
values below 933 eV is expected and, for Cu(Il) species, the
XPS signal appears at binding energies over 933 eV, which
also has to present satellite peaks at 940 eV and 943 eV
[19, 24]. As in Fig. 3, a signal around 933 eV is detected
for all copper containing catalysts (as well as the satellite
peak), Cu(Il) seems to be present at the catalysts surface.
The Cu4/B0.7M catalyst shows a XPS band at binding ener-
gies slightly below 933 eV, probably due to a rich electronic
density around Cu due to the charge transfer from an elec-
tropositive atom as barium [19, 23, 24, 28] which affects
more to this catalyst due its lowest Cu content. As found
for other copper-containing perovskites [10-12, 26, 29], in
the Cu(II) band for all CuX/B0.7M catalysts two different

Table 3 Oxygen XPS characterization data in the fresh catalysts

contributions are found: (i) the signal located at lower bind-
ing energies which corresponds with surface Cu(Il) spe-
cies with a stronger interaction with the perovskite support
(Cuy), thus, presenting a higher electronic density in their
environment, and (ii) the signal placed at higher binding
energies, which is associated with surface Cu(Il) ions with
a weaker interaction with the perovskite (Cu,;) [10-12, 26,
29]. The proportion of these two contributions (showed in
Table 2 as Cug/Cu,,; ratio) depends on the copper content,
being Cu8/B0.7M the catalyst showing the lowest proportion
of copper with a strong interaction with perovskite.

To obtain information about the distribution of cop-
per in the catalyst, XPS value and nominal value of Cu/
(Ba+Mn + Cu) ratio (calculated based on the areas of the
XPS signals and on the nominal metal contents of the cata-
lyst formula, respectively) are compared [10-12, 26, 29]. A
Cu/(Ba+Mn+ Cu) XPS ratio value higher than the nominal
one is expected if CuO phase is being accumulated on the
catalyst surface, and the opposite will indicate that copper
is inserted into the lattice. Therefore, as Cu/(Ba+ Mn + Cu)
XPS ratio is higher than the nominal one for all the catalysts,
it seems that the copper (as CuO) located on the surface is
the main copper species. Note that the Cu4/B0.7M catalyst
presents the highest CuO accumulation on the perovskite
surface as the XPS ratio is 1.4 times higher than the nomi-
nal, meanwhile it is 1.2 times for Cu8/B0.7M and for Cul2/
BO.7M. This is consistent with the more pronounced Oy
band corresponding to CuO phase identified in the O 1 s
XPS spectrum (Fig. 3b) of Cu4/B0.7M.

Catalyst 0,/(Ba+Mn) O4/Ba+Mn) 3.3 Redox Properties
BO.7M 1.2 0.7 Reducibility and redox properties of catalysts were analyzed
Cu4/B0.TM 1.4 0.2 by Temperature Programmed Reduction with H, (H,-TPR),
Cu8/B0.7M 1.2 0.1 being the H, consumption profiles shown in Fig. 5a, includ-
Cul2/B0.7M 13 01 ing the H, profile for CuO used as a reference. In the H,-TPR
Fig.4 XPS spectra of the Cu
2p;, transition s
=
o
TE e Cul2/B0.7M
ST TR T T
w1
el
g
= TUNNETT CqS/BO.7M
g =
Z e
TR COBOTM
929 X 944
Binding energy (eV)
Cu(Il) with strong | 1 11y with weak Cu(I)
. Suppor‘t Support satellites
interaction (Cus) interaction (Cuy)
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profiles, several peaks are identified [10—12, 26, 29]. For the
perovskite support (B0.7M), a peak between 420 °C and
480 °C corresponding to the Mn(IV) and Mn(III) reduction
to Mn(II) is found. The intensity of this peak increases with
the Cu amount, and its maximum is shifted to temperatures
between 210 and 340 °C for copper-supported catalysts sug-
gesting a Mn-Cu synergic effect. For the CuO reference, the
peak at temperatures between 200 and 370 °C corresponds to
Cu(II) reduction to Cu(0). Thus, the peak for Cu reduction in
the CuX/B0.7M catalysts is overlapped with the correspond-
ing to Mn(IV) and Mn(III) reduction [11]. A similar syner-
gic effect between Cu and B metal in perovskite has been
observed by Zhang et al. [31] for LaFe, ,Cu,O; perovskites
and by Torregrosa-Rivero et al. for BaFe, ,Cu,O5 perovs-
kites [14]. Finally, the very small peak at around 730 °C cor-
responds to the reduction of oxygen species on the catalysts
surface, meanwhile, at around 850 °C, it is detected a very
small peak corresponding to the reduction of bulk Mn(III)
to Mn(II).

In Fig. 5b, the nominal H, consumption calculated con-
sidering that manganese [as Mn(III) or Mn(IV)] is reduced
to Mn(II) and that Cu(II) is reduced to Cu(0), is compared
with the experimental H, consumption (determined from
the area under the H,-TPR profiles). All the experimen-
tal values are closer to the nominal one corresponding to
Mn(I1II) and Cu(Il), even though the values are lower. Thus,
it seems that Mn(III) is the main oxidation state in the bulk
catalysts. However, according to XPS results, the Mn(IV)
is the main oxidation state on the surface for CuX/B0.7M
catalysts, and this is because the presence of the CuO phase
on surface promotes the oxidation of Mn(III) to Mn(IV). A

a
Cul2/B0.7M
=
<
E Cu8/B0.7M
&
A Cu4/B0.7M
@)
=

N\

0 150 300 450 600 750 900
Temperature (°C)

CuOx 1/4

H, volume/mmol cat (mL/mmol)

similar conclusion has been published by Wang et al. [30]
for La, 3Str ,MnO; |5 perovskites.

3.4 O, Release During a Temperature
Programmed Desorption in He (O,-TPD)

The profiles corresponding to the O, released by catalysts
during a TPD in He are shown in Fig. 6a. Three peaks are
usually observed for perovskites [31-33]: (i) a low tempera-
ture peak, between 150 and 350 °C, due to the desorption of
oxygen adsorbed on surface vacancies (a-O,); (ii) a medium
temperature peak, from 350 to 700 °C, where the desorbed
oxygen comes from the adsorbed on the lattice defects ("~
0,); and (iii) at high temperature peak over 700 °C, which
corresponds to the release of lattice oxygen ($-O,), which
is related with the Mn(IV) to Mn(IIl) reduction and with
the presence of oxygen defects that facilitate the desorption.
This high temperature peak informs about the lattice oxygen
mobility though perovskite which is related with oxidation
ability [10, 11].

For all perovskites, the O, desorbed corresponds mainly
to lattice oxygen ($-O,). BO.7M perovskite shows also a
very small O, desorption at around 600 °C, correspond-
ing to a’-0,, which is due to oxygen adsorbed on the lat-
tice defects. For CuX/B0.7M catalysts the profile of $-O,
shows also a peak at lower temperatures, whose intensity
increases with the copper percentage. This suggests that it
could be related with the presence of CuO phase, so it could
correspond to lattice oxygen from tenorite phase. In fact,
the Cu4/B0.7M catalyst, which evolves the lowest -O, at
lower temperatures, presents the highest CuO accumulation
on the perovskite support [based on Cu/(Ba+Mn+ Cu) XPS

40 b
Nominal
Mn(IV)+Cu(Il)
30
Nominal
20 Mn(IIT)+Cu(II)
Experimental
10
0 & G C C
T, “%
% % N 4,
> : 7
o

Fig.5 H,-TPR consumption profiles for the catalysts and the CuO reference sample (a) and H, consumption (mL/mmol of catalyst) (b)
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Fig.6 a O,-TPD profiles a
and b weight loss profiles of
the B0.7M and CuX/B0.7M
Catalyst | BO.JM | Cu4/BO.JM | Cu8/BO.JM | Cul2/B0.7M
catalysts Desorbed | 126 124 100 f
’5‘ oxygen /
&;/ (pmol/g)
N
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g B0.7M
=
go Cud/B0.7M
w2
%’ Cu8/B0.7M
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f—\‘
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WF:‘ et Se———— v ———
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= B0.7M B-02
O ~—
= 9% Cu4/B0.7M
Cu8/B0.7M
92 Cul2/B0.7M
......... CuO
90
200 300 400 500 600 700 800 900

ratios shown in Table 2], so it should contain CuO particles
with the largest average size and, consequently, will evolve
a lower amount of B-O,. In conclusion, the presence of cop-
per decreases the total amount of oxygen evolved (except
for Cu8/B0.7M) but allows the evolution of B-O, at lower
temperatures than the perovskite support due to the presence
of CuO phase, thus, increasing the oxygen mobility.

The weight loss profiles during the O,-TPD experi-
ment for BO.7M and CuX/B0.7M catalysts are presented in
Fig. 6b, including the corresponding to a CuO sample used
as reference. The loss of weight registered for all samples
is mainly due to the release of the different oxygen species
present in perovskite samples. Note that the most significant
weight loss takes place over 700 °C, so, it is associated to the
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Temperature (°C)

evolution of lattice oxygen ($-O,). Additionally, the other
very small weight loss observed in Fig. 6b correspond to: (i)
chemisorbed water release at low temperatures, (ii) thermal
decomposition of BaCO; (to BaO and CO,) at approximately
815 °C [34] and (c) the reduction of CuO to Cu,O (which
takes places over 700 °C in inert atmosphere [35]) observed
for the CuX/B0.7M catalysts.

3.5 Catalytic Activity

Figure 7a and b shows the CO conversion profiles obtained
for the catalysts in the two reaction mixtures tested (see
Experimental section for details) and Table 4 features the
temperature required to reach 50% of CO conversion (Tsq).
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Figure 7 reveals that all catalysts are active for CO oxi-
dation in the two conditions used, as CO is not converted
to CO, in the absence of catalysts (denoted as blank in the
figure). However, at low CO content mixture (0.1% CO,
1% 0O,), the copper-supported catalysts show a lower activ-
ity than the perovskite support (Fig. 7a). The opposite is
observed in Fig. 7b for stoichiometric mixture (1% CO, 1%
0,), as CuX/B0.7M catalysts are more active than the B0.7M
support, even though, the CO conversion does not linearly
increase with copper content and Cu8/B0.7M presents the
lowest activity. The low activity of Cu8/B0.7M could be
related with the lower reducibility observed during H,-TPR
(Fig. 5), as consequence of the lower amount of surface cop-
per species with a strong interaction with perovskite support

Fig.7 CO-TPR conversion

Table 4 Ts, values for B0.7M and CuX/B0.7M catalysts

Catalyst Ts09 (0.1% CO, 1% O,)  Ts4q (1% CO,
®) 1% Oy (°C)
B0.7M 224 351
Cu4/B0.7M 253 253
Cu8/B0.7M 234 291
Cul2/B0.7M 274 242

respect to the other two catalysts (see XPS data in Table 2).
On the other hand, comparing Ts,, values for the two reac-
tant mixtures tested, it is observed that: (i) Ts,, increases
for CO rich mixture for BO.7M and for Cu8/B0.7M, being
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Fig.8 CO conversion profiles 100
at 300°C for Cu4/B0.7M and
Cul2/B0.7M catalysts
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the increase higher for the perovskite support than for the
copper catalyst and (ii) it is not modified for Cu4/B0.7M
and for Cul2/B0.7M catalysts, being even lower in the rich
CO mixture. Considering the data for surface composition
obtained by XPS (Table 2), it seems that the CuX/B0.7M
catalysts with a high proportion of surface copper with a
strong interaction with perovskite, as Cu4/B0.7M and Cul2/
B0.7M, would be more stable against the fluctuations in the
composition of the exhaust mixture evolved by GDI engines.

For the two catalysts revealing as the most active in the
near stoichiometric conditions (1% CO, 1% O,), that is, Cu4/
B0.7M and Cul2/B0.7M, two cycles of CO oxidation at
300 °C were performed, being the profiles shown in Fig. 8.
The CO conversion percentages for these two catalysts, that
are similar to the observed in the Temperature-Programmed
Reaction conditions (CO-TPR in Fig. 7), remain almost con-
stant during reaction time at 300 °C and for the two cycles
carried out, so, the two catalysts present and high stability
and recyclability.

Nevertheless, it is observed that Cu4/B0.7M shows a
slight deactivation during the reaction time. According to
literature [43, 44], the deactivation could be related with
the carbonate formation on the perovskite surface which
modifies the interaction of reactants with the active sites.
In order to obtain information about the potential modi-
fication of the surface during reaction, the two used cata-
lysts were analyzed by XPS after first reaction cycle at
300 °C, being the most relevant results shown in Tables 5
and 6. The amount of barium carbonate (calculated based
on the deconvolution of Ba 3d%? XPS band corresponding
to this species) is not significantly modified after reac-
tion, so, the formation of barium carbonate seems not to
be causing the slight deactivation. For both catalysts, the
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Table 5 Ba and Mn XPS characterization data of the Cu4/B0.7M and
Cul2/B0.7M used catalysts (data for fresh catalysts in brackets)

Catalyst BaCO; (% wt) Mn(IV)Mn(Ill) Mn(IIT)/Mn(IIT),
Cu4/BO.TM 11 (14) 1.1(1.3) 0.3 (0.2)
Cul2/B0O7M 10 (9) 1.3 (1.4) 0.9 (0.2)

Table 6 Cu and O XPS characterization data of the Cu4/B0.7M and
Cul2/B0.7M used catalysts (data for fresh catalysts in brackets)

Catalyst Experimental Cu/  Cug/Cu,; O, /(Ba+Mn)
(Ba+Mn+Cu)

Cu4/B0.7M 0.14 (0.10) 0.5 (1.6) 1.3(1.4)

Cul2/B0.7M 0.21 (0.18) 1.0 (1.3) 1.4 (1.3)

Cu/(Ba+ Mn + Cu) XPS ratio increases during reaction
(suggesting that the decrease in CO conversion could be
related with a lower amount of CuO active sites due to par-
ticles sintering) and the Mn(IV)/Mn(III) ratio decreases.
Note that the sintering process seems to decrease the Cug/
Cu,, ratio more significantly for Cu4/B0.7M catalyst. So,
it seems that the surface copper species with a strong inter-
action with the support promote a higher catalytic activity
and stability than those with a weak interaction with the
perovskite. Thus, as the two modifications observed are
more significant for Cu4/B0.7M than for Cul2/B0.7M, so
Cu4/B0.7M catalyst experiments more relevant changes
during the reaction than Cul2/B0.7M catalyst, and this
fact could justify its slightly lower stability during reac-
tion time. However, these modifications do not affect the
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recyclability as the two catalysts show almost the same
performance during the second reaction cycle.

According to literature, two mechanisms for catalyzed CO
oxidation reaction are accepted [41]: (i) the Langmuir-Hin-
shelwood mechanism which implies a reaction between the
two adsorbed reactants, and (ii) the Eley—Rideal mechanism
which proposes that reaction takes place with only one of
the reactant adsorbed on the catalyst surface. In previous
studies [27], it has been concluded that the Langmuir—Hin-
shelwood mechanism works for catalyzed CO oxidation in
the presence of oxygen vacancies, in which the preferential
adsorption of O, on oxygen vacancies takes place to form
highly active O~! species [27, 42]. Accepting this mecha-
nism is working, the following discussion of the results for
both reactant mixtures could be offered:

(i) Inthe low CO mixture (0.1% CO, 1% O,), oxygen is
preferably chemisorbed on the surface oxygen vacan-
cies/defects (forming active 07!y as it is in excess
and, after, the CO molecules are also adsorbed on
the free oxygen defects (not occupied active sites).
So, oxygen defects seem being the active sites and,
consequently, CO conversion decreases for copper-
containing catalysts, due to their lower amount of
oxygen defects on surface (Table 3).

(ii) In near stoichiometric conditions (1% CO, 1% O,),
as the CO concentration is higher (1% versus 0.1%),
the surface CuO species seem working also as active
sites and, consequently, the CO conversion increases
in the presence of copper.

Finally, the catalytic performance of CuX/B0.7M cata-
lysts series has been compared with the corresponding to
two previously studied catalysts series with stoichiometric
composition, i.e., BaMn,; ,Cu,O; and CuX/BaMnOj; [40]:

e B0.7M catalyst shows a higher catalytic activity
(T59q, =224 °C) than stoichiometric BaMnOj; perovs-
kite (T5yq, =280 °C) synthesized by using the sol-gel
method (named BM) for low CO gas mixture (0.1% CO,
1% O,), because the amount of surface oxygen vacancies
is higher in BO.7M than in BM. However, in 1% CO, the
catalytic activity of B0.7M perovskite (Tsy, =351 °C)
is lower than for BM catalyst (T5,q, =320 °C), reveal-
ing that the barium-deficient perovskite is more affected
than the stoichiometric perovskite (BM) by the increase
in the CO concentration. Thus, as it has been discussed
above, the addition of copper to B0.7M seems to solve
this drawback because it increases the activity of CuX/
B0.7M catalysts in 1% CO/ 1% O, atmosphere, as surface
CuO species seems to act also as active sites.

e All the CuX/B0.7M catalysts (Table 4) show a better cat-
alytic performance in the two reactant mixtures than the

stoichiometric BaMn,, ;Cu,, ;05 perovskite obtained by
the sol—gel method (named BMC3), with Ty, of 280 °C
and 295 °C for 0.1% CO and 1% CO, respectively. This is
because a lower amount of CuO active sites exists on the
surface of BaMn,, ;Cu,, ;05 perovskite than on the surface
of CuX/B0.7M catalysts.

e Finally, the catalytic activity of 7.8-Cu/BM (obtained
by impregnation of the stoichiometric perovskite BM)
is higher (T5q, of 210 °C and 205 °C for 0.1% CO and
1% CO, respectively) than the found for any of the CuX/
B0.7M catalysts series (see Table 4), as the amount of
oxygen defects (acting as active sites) is higher for 7.8-
Cu/BM than for CuX/B0.7M.

Torregrosa et al. [40] probed that by using hydrother-
mal method for the synthesis of BM and BMC3 (denoted as
BM-H and BMC3-H), the catalytic performance is improved
respect to the BM and BMC3 catalysts, as this synthesis pro-
cedure allows a barium deficiency for BaMnO; perovskites.
Thus, the next step for optimizing the catalytic activity of
B0.7M perovskite for CO oxidation in near stoichiometric
conditions will be the synthesis of this formulation by hydro-
thermal method. After the optimization, the catalytic perfor-
mance of this perovskite formulation for CO oxidation under
more realistic conditions, as well as for other applications
(i.e. CO preferential oxidation reaction, CO-PROX, com-
monly employed as an effective procedure for removing CO
in H,-rich gas mixtures generated by reforming processes, to
be used in fuel cells [43, 45—-48]) should be explored.

4 Conclusions

The Bay,;MnO; perovskite synthesized using the sol-gel
method has been used as support to prepare a series of Cu
impregnated catalysts (4, 8 and 12 wt%).

The characterization results reveal that Cu is located on
the perovskite surface as CuO, which partially covers the
oxygen defects of the perovskite and promotes the Mn(III)
oxidation to Mn(IV) on the surface.

CuO improves the reducibility of the perovskite through a
Mn-Cu synergic effect, and the release of p-O, (oxygen from
the lattice of perovskite) which enhances oxygen mobility
through perovskite.

The presence of CuO allows increasing the catalytic
activity for the CO oxidation in ideal near stoichiometric
conditions (1% CO, 1% O, in He), as the CuO participates
in the activation of CO and O, as active site. Consequently,
the presence of CuO increases the stability of the catalysts
against the reactant concentration fluctuations, and it induces
a higher stability and recyclability in isothermal conditions,
being the most active catalysts those presenting a high
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proportion of copper with a strong interaction with the per-
ovskite support.
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