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Abstract

In this contribution several LaCoO3 based nanocomposites have been prepared and tested for
application as Three-Way Catalytic Converters (TWC): the aim is in developing Platinum Group
Metal (PGM)-free catalysts. To reach this objective we designed and realized nanocomposites in
which active CuO nanoparticles are deposited on active LaCoOs. This perovskite is active in
oxidation while copper is active in reduction: catalytic bifunctionality is thus built-in via a tailor-
made and controlled nanocomposition. The deposition was carried out by means of an innovative
Ammonium-Driving-Deposition  precipitation (ADP) procedure allowing to obtain
nanocomposites in which CuO is highly dispersed on LaCoOs. This increases the reducibility of
the nanocomposites, as revealed by the TPR measurements. The deposition of copper does not
alter significantly the surface composition which remains rich in lanthanum oxide/hydroxide, the
main effect consisting in a slight increment of surface hydroxylation. Moreover, the copper
amount on the LaCoOs surface does not increase linearly with the nominal composition but

reaches a plateau.

Both model reactions (CO oxidation and CO assisted NO reduction) and tests with a synthetic
automotive exhaust mixture, including 10% steam, were carried out. Activity before and after
high-temperature aging in steam was also evaluated. We compared the obtained results with the

ones of CuO/nickelates of a previous work, to highlight the functionalities gained.



In simple CO+NO and CO+O> mixtures, the deposition of copper oxide on LaCoOs greatly
increases the activity of the nanocomposites in NO reduction (100% conversion at 350°C)
without significantly affecting the reactivity in CO oxidation. Results with the synthetic
automotive exhaust mixture show that Cu loading on ADP-prepared catalysts can significantly
improve the NO reduction activity of LaCoQs. Still, NO reduction remains more relevant in O»-
poor mixtures (about 100% conversion around 400°C in the 10% Cu loaded), even slightly
below the stoichiometric. Some deactivation on hydrocarbon oxidations occurs at low
temperatures due to thermal aging, apparently due to coking and surface Cu depletion. Compared
to CuO deposited by ADP on LaNiOs of our earlier studies, cobaltites gain in oxidation activity,
but NO reduction remains easier on nickelates. However, the promising performance and the
absence of noble critical metals are promising features to develop PGM-free catalysts for the

automotive industry.

1. Introduction

Among perovskites, lanthanum cobaltite has been observed to be active in oxidation [1].
Although Libby suggested in 1971 the possible use of LaCoOs as a catalyst in Three Way
Catalysts (TWC), [2] the materials for automotive are still based on noble metals (Platinum
Metal Group — PGM). Nowadays, the development of innovative catalysts in which the use of
PGMs is reduced or avoided is fundamental considering the cost and the problems related to the
limited supply. Several researchers focused on perovskite-based catalysts for exhaust control
trying to enhance catalytic activity by means of doping [3-9]. For this purpose it has to be
considered that NO reduction is still the most difficult outcome to be achieved (even more
considering the need to decrease or avoid the use of noble metals). In our previous study, we

discovered an enhanced NO reduction activity by doping LaCoOs; with copper [10]. In the



LaCo1-xCuxOs3 catalysts the presence of copper inside the perovskitic lattice increases the oxygen
vacancies and mobility [10-11] that are considered to play a significant role in the NO reduction.
A crucial step in NO reduction on perovskites, in fact, is NO dissociative adsorption, which is
particularly difficult at low temperature [12]; considering that NO interacts dissociatively with
oxygen vacancies, doping with copper, should favor the formation of vacancies [13] and
increases the reactivity of perovskites with respect to NO reduction [10]. Oxygen mobility is
important because it can also favor the conversion of CO into CO», whereas cations reducibility
can facilitate the CO, desorption, preventing the catalyst deactivation. Oxygen vacancies and
mobility are a consequence of the insertion of copper inside the perovskitic cell but also the
effect of the presence of copper species surface segregated on perovskite reducibility should be
considered. Tien-Thao et al. [11,14], in fact, hypothesized that under reducing conditions copper
diffuses towards the surface acting as a catalyst for hydrogen dissociation and enhancing
reducibility, particularly for grain boundaries species. The surface segregation of copper on the
perovskite surface was frequently observed under reaction conditions; moreover, traces of highly
dispersed copper oxide have been revealed on the surface of largely Cu-doped LaCoixCuxO3
perovskites. These observations suggest that surface dispersed copper oxide could play a role in
reactivity.

Many composite catalysts with copper oxide supported on other metal oxides are used in
different reactions, including steam reforming and oxidative steam reforming of alcohols [15],
preferential CO oxidation [16-18], methanol synthesis [19, 20]. In these reactions, the best
performances are obtained when copper is highly dispersed [15]. Inspired by those evidences, we
investigated CuO/LaCoO3 nanocomposite materials in which copper oxide is highly dispersed on

the surface of LaCoOs. Several nanocomposites were synthesized, by depositing different



amount of copper oxide on LaCoOs and carefully characterized by means of X-Ray
Photoelectron Spectroscopy (XPS), X-Ray Diffraction (XRD), BET, Temperature Programmed
Reduction (TPR), Scanning Electron Microscopy (SEM), and Energy Dispersive X-Ray (EDX)
analysis, Inductive Coupled Plasma Optical Emission Spectrometry (ICP-OES), and

Transmission Electron Microscopy (TEM).

For the copper deposition onto the perovskite, we applied an innovative ammonia based
impregnation method. The so-called ammonia driven deposition precipitation method was first
reported by Guo et. al. as a simple and efficient preparation approach for silica supported copper
catalysts [21]. The formation of copper tetra-ammonia complex [Cu(NH3)4(H20):2]*" provides an
excellent steric hindrance between the individual Cu ions. The overall result after the calcination
is a well dispersed CuO phase on to the surface of supporting material. In the current paper, we
optimize and adapt the existing method in order to enhance the dispersion degree on perovskite
surfaces. For comparison, a Cu loaded LaCoO; catalyst was also prepared by using the

conventional wet impregnation method.

The effect of copper oxide deposition on the reactivity of LaCoOs; was investigated in CO
oxidation and in CO assisted NO reduction. Beside this, the TWC activity with complex
mixtures simulating an automotive exhaust was also tested, in order to evaluate the effective
applicability of such catalytic materials. The mixtures include steam, CO> and hydrocarbons:
exhaust composition and temperature can severely differ with respect to common laboratory
conditions (eg. large NO and CO concentrations, lack of O,) being extremely challenging to
prove the effective activity of the nanocomposites. Sulphur effects have not been addressed at
this stage of investigation. Although ultra-low (10-15 ppm) [22] and sulphur-free [23] fuels are

spreading, and technologies to remove sulphur oxides upstream of the catalyst converter are in



use [24], resistance of novel catalytic materials to sulphur poisoning remains an issue. It will be
investigated on catalysts where HC and oxidation, and NO reduction activity proved competitive
with current TWC catalysts. Thermal deactivation is also a challenge for industrial scaling [25,
26], possibly causing sintering of the catalytic particles, decrease of catalytic surface area,
coking. In this work the resistance to thermal degradation was investigated by a protocol that

cycles the catalyst temperature from RT up to 800°C, for several hours.

We already studied the performances of several nanocomposites obtained depositing via ADP
different amounts of CuO on LaNiOs [27], to match the reduction capability of copper with the
activity in oxidation of perovskite. In the present work, the catalytic activity of Cu-doped

cobaltites vs nickelates is also discussed.

2. Experimental

2.1 Synthesis

2.1.1 Synthesis of LaCoQOs support

The perovskite support was synthesized with the conventional citrate route [10]. Briefly, citric
acid monohydrate (Sigma-Aldrich > 99.0%) was added to the aqueous solution of the cations
precursors (obtained by mineralization with nitric acid (Sigma-Aldrich 65.0 %) the
stoichiometric amounts of the corresponding oxides, La>O3 (Sigma-Aldrich 99.9%) and CoO
(Acros 99%), respectively) under vigorous stirring. The total number of moles of cations to that
of citric acid was 1:1.9. The solution was heated at 80°C in a water bath to promote solvent

evaporation and obtain a wet-gel, which was then treated at 400°C for 2 hours in air to



decompose the organic framework. The ash-like material was finally grinded and calcined in air
at 650°C with 6°C/min of heating rate for 6 hours to obtain the desired perovskite phase.

2.1.2 Synthesis of the CuO/LaCoO3 nanocomposites by ADP and by WI

CuO-loaded LaCoO; materials with increasing amount of copper were prepared by the
Ammonium-Driving Deposition precipitation (ADP). Typically, 500 mg LaCoOs perovskite was
suspended in 25 mL of de-ionized water containing the appropriate amounts of copper
(Cu(NO3)223H20, >99%, Merck) and ammonia (NH4OH, 28-30 %, Sigma Aldrich) with a molar
Cu/NHj ratio of 1/6. The whole suspension was then stirred for 48 h at room temperature,
followed by a drying step at 60°C overnight. After cooling, the dried samples were calcined at
550°C for 8 h with a heating rate of 1°C/min. The samples were denoted as CuX, where the X
represents the amount copper in weight % (Table 1).

As reference, a CuO/LaCoO; sample containing 15 wt.% of Cu was also prepared by the
conventional wet impregnation (WI) method. In this method LaCoO3; was added into a 25 mL
solution containing a required amount of Cu(NO3)2¢3H20 ( > 99%, Merck) so that the metal
loading reached 15 wt.% in the final catalyst. The mixture was stirred at room temperature for 48
h and dried at 60°C overnight. Finally, the solid was calcined at 550 °C with a heating rate of

1°C/min for 6 h. The synthesized samples are summarized in Table 1.



Tablel: BET Specific Surface Area, Cu/Co ICP atomic ratios, as a function of the nominal composition for the
CuO/LaCoOs nanocomposites.

Sample Deposition Sample Cu/Co¢ Cu/Co! SBET
method” name’ (ICP) (m%g)

LaCoOs3 - LaCoOs 179
10% wt. Cu on LaCoOs3 ADP Cul0 0.4 0.4 11.6
15% wt. Cu on LaCoOs3 ADP Cul5 0.6 0.5 9.1
20% wt. Cu on LaCoO; ADP Cu20 0.8 0.8 9.8
30% wt. Cu on LaCoO; ADP Cu30 1.1 1.0 8.9
15% wt. Cu on LaCoOs3 WI Cul5 WI 0.6 0.4 6.4

¢ = Ammonium-Driving Deposition Precipitation (ADP) and Wet Impregnation (WI) procedures
b = short name used in this article

¢ =nominal, from precursors’ weighted amounts.

4= from inductively coupled plasma optical emission spectrometry (ICP-OES).

2.2 Characterization

The XPS measurements were carried out with a Perkin Elmer @ 5600ci Multi Technique System.
The spectrometer was calibrated by assuming the binding energy (BE) of the Au 4f7, line to be
84.0 eV with respect to the Fermi level. Both extended spectra (survey - 187.85 eV pass energy,
0.5 eV-step™!, 0.05 s-step™!) and detailed spectra (for La 3d, Co 2p, Cu 2p, O Is and C 1s —23.50
eV pass energy, 0.1 eV-step!, 0.1 s'step™') were collected with a standard Al Ka source working
at 250 W. The standard deviation in the BE values of the XPS line is 0.10 eV. The atomic
percentage, after a Shirley-type background subtraction [28], was evaluated by using the PHI
sensitivity factors [29]. The peak positions were corrected for the charging effects by considering
the C 1s peak at 285.0 eV and evaluating the BE differences [30].

The XRD analyses were performed with a Bruker D8 Advance diffractometer with Bragg-
Brentano geometry using a Cu Ka radiation (40 kV, 40 mA, A = 0.154 nm). The data were
collected each 0.03° at a counting time of 10 s/step in the (20) range from 10° to 90°. The

crystalline phases were identified by the search-match method using the JCPDS database.



The TPR measurements were carried out with an Autochem II 2920 Micromeritics, equipped
with a TCD detector, by using 50 mg of sample in a quartz reactor and heating from RT to
900°C at 10°C min' under a constant flow of H, at 5% in Ar (50 mL-min'). TPR samples were
previously outgassed with He (50 mL-min') at RT.

N2 adsorption and BET specific surface area measurements were determined by Quantachrome
Quadrasorb SI automated gas adsorption system. The measurements were carried out at liquid
nitrogen temperature. The specific surface area was calculated using the Brunauer-Emmet-Teller
(BET) equation. Prior to N»-sorption, all samples were degassed at 200°C for 16 h. Field
emission-scanning electron microscopy and EDX measures were carried on a Zeiss SUPRA
40VP. Morphological analysis was carried out setting the acceleration voltages between 17 and

18 kV, 20 kV have been used for EDX analysis.

Inductively coupled plasma optical emission spectrometry was performed with an ICP-OES
Perkin Elmer Optima 4200 Dual View. The samples for ICP analysis were prepared by
dissolving the powder (about 20 mg exactly weighted) in a solution of 10 mL of HCI (Sigma-

Aldrich, > 37%) and 10 mL HNO3 (Sigma Aldrich, > 65 %) under stirring at about 80°C for 2h.

TEM analysis was performed with Tecnai G2 (FEI) transmission electron microscope operating
at 100 kV. Images were captured with a Veleta (Olympus Soft Imaging System) digital camera.

Samples dispersed in ethanol were drop cast on carbon-coated grids (400 mesh Cu).

2.3 Catalytic tests

Two series of activity tests were carried out. The first set of measurements used simplified

mixtures to understand the basic reaction mechanism. 40 mg of sample was loaded in a quartz



reactor of 6 mm internal diameter; the temperature was monitored by a thermocouple inserted
right upstream of the bed. In this configuration we studied two model reactions: CO assisted NO
reduction and CO oxidation. As reported in Table 2 both reactions, NO + CO and CO + O,, were
studied using a stoichiometric mixture of reactants and a total flow rate of 100 ml/min at
atmospheric pressure. The inert carrier was always Ar. The flows were controlled by thermal
mass flowmeters (Vogtlin Instruments). The temperature of the bed was varied between RT and
400°C with a stepped temperature program. The reaction products were monitored with an
Agilent 7890A gas chromatograph, equipped with a TCD detector. The columns are a molecular
sieve 13X (60/80 mesh, 1.8 m) and a Porapak Q (1.8 m). The calibration was done using
standard gases containing known concentrations of the components.

The second set of activity measurements aimed at approaching actual conditions of an
automotive exhaust, exploring the interferences of higher hydrocarbons, H», and large amount of
steam and CO,. The experimental set-up has been already presented [10]. The operating
conditions were modified as described below and summarized in Table 2. We used a quartz flow
reactor, 8 mm ID. The gas mixtures were measured by GC (Agilent 7820) with Porapak Q and
MSS5A packed columns in series; both TCD and FID detectors were used. The GC is online with
the gas outlet and programmed to continuously sample the mixture, so that measurements can be
collected at approx. each 10 min. A direct-access, 0-200 amu mass spectrometer (Hiden QID-20)
was also used, to measure NO. The analysis with the MS is almost continuous (each less than 1
min). The feed mixture detailed in Table 2 is quite complex, trying to approximate a real
automotive exhaust. The flow rates were controlled by a set of 6 thermal mass flow meters
(Brooks Instruments and Bronkhorst High-Tech); H,O was fed via an isothermal bubbler. Note

that stoichiometry of O; is based on all the fuels plus the amount expected from NO conversion
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to N> and Os.

Table 2: Feed compositions used for the catalytic measurements.

Inert CO; H,0 O CO NO H; CHy C;H¢ GCsHg A? Mea:  Flow GHSV?
(balance) %° %° %° % %t % ppm ppm  ppm mg  SmL/min 1/h
Ar - - - 4 4 - - - - - 40 100 150000
Ar - - 2 4 - - - - - 1.0 Stoich 40 100 150000
He 15 10 0777 0.7 0.1 0233 230 450 230 1.0 Stoich 200 200 60000
He 15 10 0609 09 0.1 0300 300 600 300 0.6 Rich 200 200 60000

* A = Oz fed/Oz stoichiometric = [02]/(0.5 [CO] + 0.5 [H2] + 2 [CH4] + 4.5 [C3Hs] +5 [C3Hs] - 0.5 [NOJ)
® For GHSV we used a bulk density of 1 g/mL for all the powders.
°vol%

Note that 10 vol % of steam was always fed, reflecting actual conditions, quite challenging for
the catalysts. The standard testing sequence in the second set of measurements proceeds through
the steps: 1) heating the catalyst at 10°C/min up to 600°C, under flow of air, 2) 2h of pre-
conditioning at 600°C in flowing air, 3) 1 h of conditioning at 600°C with reacting mixture
without NO to identify on the MS the m/e=30 baseline (zero) partial pressure value, 4) 2 h of
conditioning at 600°C with the complete reacting mixture, 5) slow temperature decrease (-
2°C/min) to measure the catalyst activity at different temperatures. It has been verified that the
selected cooling rate of -2°/min is sufficiently low to achieve steady-state operation of the
catalyst, at each temperature scanned. The reaction temperature was monitored by a K-type

thermocouple, 5 mm downstream of the catalytic bed.

Finally, catalyst thermal stability has been investigated. The aging protocol followed different
steps, alternating low and high temperatures, up to 800°C. The stoichiometric mixture simulating
the actual exhaust, including 10% of steam, was continuously fed during the whole sequence.

The first step is the standard testing procedure used and described for ordinary activity test. A

11



second thermal cycle follows, in which the catalyst is rapidly brought up to 700°C, at 15°C/min
and kept for 3 hours. After decreasing the temperature to 600°C, step 5) of the standard testing
sequence is performed. Then, the catalyst is rapidly reheated to 800°C at 15°C/min and
maintained at such temperature for 3 hours; finally step 5) follows. The catalyst activity was
continuously monitored, including the high temperature steps. Total aging treatment took approx.
35 hours. The catalytic activity has been evaluated on the fresh sample and after each high-

temperature treatment.
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3. Results and discussion

3.1 Chemical, structural, and morphological characterization

Two phases can be identified in the diffraction patterns of the nanocomposite systems (Figure 1):

the rthombohedral LaCoOs of the perovskite support and the monoclinic CuO (35.61° and

38.85°). The contributions of CuO become more evident as copper content increases (from 10 to

15%). In the Cul0O sample CuO peaks are not well defined, suggesting that copper is highly

dispersed on the support. It is noteworthy that there is no shift of the patterns toward lower angle

values with respect to the LaCoQOs, indicating that Cu did not enter in the unit cell of the

perovskite (see insert in Figure 1).
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Figure 1: XRD patterns of the CuO/LaCoO3 nanocomposites and of the LaCoOs support; in the insert a detail of the

more intense signal of the perovskite.(+ = CuO; %= LaCo03).

13



The deposition of CuO on the LaCoOs3 is confirmed by the TEM images (Figure 2) reported for
Cul0 and Cu30 in order to underline the increment in the number of particles observed with
increasing the deposited amount of copper. In CulO the deposited CuO particles are visible on
the surface of the perovskitic grains; their dimension ranges around 10-12 nm. In the Cu30
sample the CuO particle are more difficult to distinguish being increased greatly in number;

however, their dimension is similar to the Cul0 ones.

Cul0 ADP

Figure 2: TEM images of the Cul0 and Cu30 prepared by ADP.
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XPS spectra are reported in the Supporting Material (Figure S1). La 3d peaks shape (shake-up
structures at about 838 and 855 eV [31-33]) and position suggest the presence of La(Ill). A
careful analysis of La 3ds» reveals two components at 833.4-833.6 and 834.6-834.9 eV. The
comparison with literature suggests their attribution to the perovskite (833.2 eV) [34-35] and to
hydroxide/oxide species such as La(OH)3 (835.0 eV) and LaOOH (834.8 eV) [31-33, 36-38]. In
the Co 2p spectra both the peak positions (779.8-780.6 and 795.2-795.5 eV) and shape (absence
of the shake-up contribution at about 786-788 eV) are consistent with the presence of Co(III)
[30,32-34].

La 3d and Co 2p XPS regions are not significantly affected by the deposition of Cu: no relevant
differences can be revealed between the bare support and the nanocomposites. Only in the higher
Cu containing composite (Cu30) a broadening toward higher BE values of the La 3ds» and Co
2p32 peaks can be observed, indicating some hydroxylation of the surface (lanthanum and cobalt
hydroxylation) and a different chemical surrounding. The Cu 2p peaks shape and position are
consistent with the presence of Cu(Il), as confirmed by the shake-up contributions at 942-943 eV
and 962-963 eV. The position of the Cu 2p3/2 signal (933.2-934.2 eV) is in accordance with the
standard binding energy of Cu(Il) in CuO [29]. Only in the CulO the lower intensity of the
shake-up contribution suggests also the presence of Cu(I) [29]. Consistently, the position of the
Cu 2p3» peak shifted toward slightly lower BE (933.2 instead of 934.1 eV). Two main signals
compose the O 1s spectra: the peak at 528.9-529.6 eV is characteristic of the lattice oxygen in
metal oxides whereas the one at 531.3-531.8 eV can be attributed to oxygen in hydroxides and
carbonates [30-33]. In general this latter contribution becomes more evident with increasing the
amount of copper, suggesting a higher hydroxylation of the surface, as confirmed also by the

higher amount of oxygen present in the Cu30 sample (Table 3). The main difference observed in
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the sample prepared by Wet Impregnation is the more evident presence of lanthanum
oxide/hydroxide species (contribution around 835 eV) and of the O Is contribution due to
hydroxide/carbonate species. The XPS quantitative analysis (Table 3) reveals, as expected, that
Lanthanum is surface segregated in the supporting LaCoOs (La/Co atomic ratio = 1.7). This is
strictly a surface phenomenon as confirmed by the EDX composition which is near the nominal
one (EDX La/Co atomic ratio = 1.1). The deposition of copper does not change this behavior and
lanthanum results surface segregated in all the nanocomposites (La/Co atomic ratio around 1.5-
1.6). Concerning the nanocomposite prepared by ADP, the Cu amount on the surface,
determined by means of XPS, increases with Cu loading but not as expected. The Cu/La atomic
ratios, in fact, are always lower than the nominal ones. This trend suggests a slight diffusion of
the copper in the subsurface layers. This hypothesis was confirmed by EDX. EDX sampling
depth, in fact, is higher than XPS one (around 1 um vs 50—100 A for XPS) and reveals that the
Cu/Co and Cu/La atomic ratios values are in good agreement with nominal ones (within the
experimental error). The EDX values are also in agreement with ICP data (see Table 1). The
limited diffusion of the copper, confirms that there is no shift of perovskite diffraction patterns.
If we compare the XPS quantitative data of the Cul5 ADP with the analogous Cul5 WI it is

evident that ADP allows to deposit a higher amount of copper on the perovskite surface.
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Table 3: XPS and EDX atomic compositions obtained for LaCoOs; and CuO/LaCoO3 nanocomposites; inside
brackets the atomic composition determined considering only the cations are reported. The nominal compositions
(from the weighted amounts) are reported for comparison.

Samples La Co Cu o La/Co Cu/Co Cu/La
LaCoOs3 XPS 17 10 - 73 1.7 - -
(62) (38)
EDX 23.0 22 - 55 1.1 - -
(52) (48)
Nominal 20 20 - 60 1.0 - -
(50) (50)
Cul0 XPS 17 11 3 69 1.5 0.3 0.2
(55) (35) (10)
EDX 17 18 7 58 0.9 0.4 0.4
(40) (43) (17
Nominal 17 17 7 59 1.0 0.4 0.4
(42) (42) (16)
Cul5s XPS 20 12 7 61 1.6 0.6 0.4
(5D 31) (18)
EDX 18 19 11 52.0 0.9 0.6 0.6
(38) (40) (23)
Nominal 16 16 10 58 1.0 0.6 0.6
(38) (38) (24)
CU15 WI XPS 15 10 4 71 1.5 0.4 0.3
(52) (34) (14)
EDX 13 17 12 58 0.8 0.7 0.9
3D (40) 29)
Nominal 16 16 10 58 1.0 0.6 0.6
(38) (38) (24)
Cu20 XPS 16 9 8 67 1.8 0.9 0.5
(49) 27) (24)
EDX 15 17 14 54 0.9 0.8 0.9
(33) (37) (30)
Nominal 15 15 12 58 1.0 0.8 0.8
(36) (36) (28)
Cu30 XPS 12 8 7 73 1.5 0.9 0.6
(44) (30) (26)
EDX 14 16 18 52 0.9 1.1 1.3
(29) (33) (38)
Nominal 14 14 16 56 1.0 1.1 1.1
(32) (32) (36)
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3.2 N2 Sorption

The adsorption-desorption isotherms of the samples (Supporting Material - Figure S2) reveal,
according to the IUPAC classification, that all of the samples exhibit type V isotherms
accompanied by a type H3 hysteresis loop. Typically for the perovskite materials, the samples

contain only non-rigid aggregates of sheet-like particles which give rise to slit-shaped pores.

This aggregated morphology is confirmed by the SEM image of the LaCoOs; (Supporting
Material — Figure S3). It is interesting to notice a drop of the BET specific surface area (Table 1)
with increasing of copper content deposited onto the perovskite. This drop is caused by the CuO
particles which cover the support’s surface entering into the slit-shaped pores. This behavior is in
line with the XPS, EDX and ICP compositions and is consistent with the morphology changes

observed in SEM images.

On the other hands, catalyst prepared by the conventional WI method seemed to have a poor
dispersion of the metal oxide particles and, in spite of the lower copper content, the morphology
is not deeply different with respect to Cu30 prepared by ADP. Moreover, the surface area of the
sample obtained by WI has a strong decrease of 64 % while it is only 50 % for ADP sample.
This significant difference indicates that ADP is a superior impregnation method compared to
WI for guaranteeing a good dispersion state of the metal oxide on the surface. Evidently, it is

also expected that the ADP sample will have a better catalytic activity.
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3.3 Temperature Programmed Reduction

The redox behavior of the CuO/LaCoO3 materials is determined by H>-TPR measurement (Table

4 and Supporting Material — Figure S4).

For the pure LaCoO; support, mainly two reduction signals can be observed. The broad band
centered at around 440°C is attributed to the reduction of Co(Ill) to Co(Il), while the second
reduction peak centered at 600 °C with a tail at a higher temperature can be ascribed to the
further reduction of Co(Il) to Co(0). These results agree with literature: Co(IIl) is reduced to
Co(II) at about 400-440°C, the complete reduction of Co(Il) to Co(0) takes place at higher

temperatures (620-670°C) [4, 39-44].

Focusing on the nanocomposites, it is clear that the deposition of copper oxide alters the redox
properties of the catalysts. First, an additional reduction signal around 300-320°C can be
observed, which is a good evidence of the presence of CuO on the surface and, consistently with
the XRD results, it suggests that copper is not inside the perovskitic structure. Bulk CuO has,
generally, been reported to reduce around 300°C [45]; in the present case, the reduction
temperature observed for a reference commercial CuO sample was 316°C.

Beside the appearance of this signal, another difference concerns a shift of the peaks attributed to
cobalt reduction which are observed to move from 440 to 400-420°C and from 600 to 560-580°C
(Table 4, Peaks 2 and 3, respectively). The decrease of the cobalt reduction temperature in
presence of copper was already observed in literature. Tien-Thao et al. [11,14] studying copper
doped LaCoOs perovskites hypothesized that under reducing conditions copper exits from the
perovskite cell and move toward the surface creating clusters that act as a catalysts for hydrogen

dissociation. This causes the decrease of the Co(Ill) reduction temperature particularly for the
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grain boundaries cobalt species. We observed the same behavior in LaCoi.«CuxO3 [10, 15, 46] in
which the reduction temperatures shift at lower values with increasing copper content.

In this contribution, in contrast, copper oxide is deposited on the perovskite surface and a
different behavior is expected. The deposition of copper oxide, even in lower amounts, facilitates
the reduction of cobalt to Co(0). This phenomenon was also observed for the LaCoxCuxO3
perovskites, but in this case the effect was more significant on Co(III) and Co(Il) reduction
temperature (the temperature shift being around 140°C instead of 50°C). When copper is
deposited on the perovskite surface instead of being inside the unit cell the temperature shift is
less evident, but a relevant part of cobalt is reduced at oxidation states lower than Co(Il) at
around 420-440°C.

The H> consumption values determined for LaCoOs; and for the CuO/LaCoOs3, catalysts are
compared in Table 4. The values obtained for the total consumption are very similar to the ones
calculated considering the presence of Cu(Il) and Co(Ill). The deposition of copper, beside
decreasing the reduction temperature, promotes cobalt reduction to oxidation states lower than
Co(II) at 420-440°C, as revealed by the low relative intensity of the signal at higher temperature
(named Peak 3); this behavior is much more evident than in LaCo1xCuxO3 underlining the effect
of the presence of surface dispersed copper on the reduction behavior of catalysts. The high
intensity of the signal at 410-440°C with respect to the total amount of cobalt suggests that also

copper reduction, to Cu(I) or Cu(0), contributes to this signal.
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Table 4: TPR H> consumption data determined on LaCoO3 and on the nanocomposites obtained by depositing CuO
by ADP and WI,; the consumption values are compared with the expected ones and the contributions of the single
signals are evaluated by fitting procedure.

H; [mol/g] H,[mol/g] Peak1 Peak1® Peak2 Peak2® Peak3 Peak 3"

Measured Expected® T (°C) T (°C) T (°C)
LaCoO; 0.0058 0.0061 440 0.0383 600 0.0325
(66) (34)
66 34
Cul0 0.0070 0.0067 323 0.0007 411 0.0038 572 0.0026
© (54) (37)
17 28 55
Cul5 0.0074 0.0070 320 0.0005 420 0.0042 568 0.0027
(7 (57) (36)
23 26 51
Cu20 0.0074 0.0072 318 0.0022 407 0.0030 563 0.0022
(30) 41) (29)
29 24 47
Cu30 0.0081 0.0076 387 0.0025 422 0.0038 552 0.0019
(30) @7) (23)
38 20 41
Cul5 WI 0.0067 0.0070 421 0.0027 430 0.0006 583 0.0014
(41) (39) (20)
23 26 51

& = determined considering the presence of copper as Cu(Il) and of cobalt as Co(I1I).

® = first row effective consumption for the specific peak as obtained from fitting procedure; second raw, inside
brackets, % of this peak with respect to the total; third raw expected consumption for this peak calculated attributing
Peak 1 to Cu(IT) —Cu(0), Peak 2 to Co(IIl) —Co(II) and Peak 3 to Co(I[) —Co(0).

Focusing on copper, its reduction seems to follow the expectations for CuO (peak at 310-320°C)
but with increasing deposited amount of copper, the reduction temperature increases at 387°C
suggesting that, in general, lower reduction temperatures are observed for copper oxide only in
case of high dispersion. The increase of the Cu(II) reduction temperature observed in the samples
richer in copper confirm this statement.. This is further confirmed by the results obtained on the
sample prepared by wet impregnation, in which less dispersed copper oxide is present. In this
case the reduction temperatures of cobalt are similar to those observed in LaCoO3 (430°C instead
of 440°C for Co(III) to Co(Il) and 583°C instead of 600°C for Co(II) to Co(0)) and the Cu(II)

reduction is observed at 420°C, so almost simultaneous to Co(Ill). This behavior can be
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explained by the formation of a more compact CuO layer on the perovskite surface resulting in a
higher energy requirement for reduction, consistently, in the nanocomposite richer in copper the
peak due to the CuO is not observed at 300° C and the signal at about 400°C shows two
contributions at 385°C and 420°C suggesting that the reduction of Cu(Il) and of Co(Ill) are
almost concomitant. Support effects on the dispersion and reducibility of copper oxide have been
documented in the literature [47-48]. A behavior similar to the one observed in this work was
also observed by Fang et al. on CuO/LaCoOs catalysts used for higher alcohol synthesis from
syngas [49], whereas a significant decrease of the reduction temperatures of both CuO and of the
support was observed in nanocomposites obtained by depositing copper oxide on supports
different from LaCoOs [18, 50-52], suggesting a different interaction mechanism. The different

degree of hydroxylation could play a role.

3.4 Catalytic activity

3.4.1 Reactivity with CO + NO

The catalytic tests with CO+NO mixtures were performed using stoichiometric amounts of CO
and NO, each at 4 vol % dilution (See Table 2). Figure 3 shows the NO and CO conversions, as

well as the yields to N> and CO; respectively, as a function of temperature for all the catalysts.

The yield is defined as:
N2 yield (%) = 0.5 * molar flowrate of N> / molar flowrate of NO fed * 100 (1)
CO; yield (%) = molar flowrate of CO> / molar flowrate of CO fed * 100 (2)

The higher Cu-loaded samples (Cul5, Cu20 and Cu30) reach total NO conversion at 400°C with
a common light-off temperature > 250°C (Figure 3a). The LaCoOs3 support, as expected, has no

activity in this reaction. Poor activity is also shown by the CulO sample, but it is interesting to
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notice that, switching from 10% to 15% loaded nanocomposite, there is a remarkable increase in
the activity. Further increasing of Cu content does not lead to an enhancement of the activity of
the catalyst: on the contrary, CulO and Cu20 nanocomposites show higher activity below 300°C

with respect to the highest Cu containing sample (Cu30).
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Figure 3:NO conversion and yield to N2 (a), CO conversion and yield to CO: (b) as a function of temperature,
obtained for LaCoO3 and CuO/LaCoO:s catalysts in the CO assisted NO reduction; W1 indicates the catalyst obtained
by wet impregnation, all the other catalysts are prepared by Ammonia Driving Deposition Precipitation.
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All the ADP samples display an almost perfect match between NO conversion and yield of N>
(Figure 3a), proving that N> is the only reduction product. Similarly, CO conversion matches
CO> yield (Figure 3b), confirming the direct, quantitative oxidation of CO to CO,, for any
catalyst tested. It must be observed that the sample prepared by wet impregnation (Cul5 WI)
shows a N> yield lower that NO conversion, Figure 3a. The difference grows with the
temperature (thus the extent of reaction). The gap is entirely due to N,O, whereas NO» has not
been detected.

These considerations suggest that an optimized composition is needed to obtain the maximum
catalytic activity. A synergic effect of copper and perovskite surface may be strictly involved in
the reactivity, so an excessive coverage of the support appears not so effective. The comparable
activity of Cul5, Cu20 and Cu30 is thus consistent with the diffusion of copper below the
surface observed in the characterization studies. The lower activity exhibited by the CulO

catalyst could be due to the presence of an insufficient amount of copper.

3.4.2 Reactivity with CO + O

The catalytic activity in CO oxidation was evaluated using a stoichiometric mixture of CO and
Oz (4 and 2 vol %, respectively). In Figure 4 the CO conversions as a function of temperature
achieved by all the nanocomposites prepared and the bare LaCoOs support are shown. The
activity of all the nanocomposite catalysts is very similar to LaCoO3’s one, which is well known
to be a good oxidation catalyst [53]. The presence of CuO, deposited on the LaCoOs surface to

enhance the reactivity toward NO reduction, is not detrimental to CO oxidation.
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Figure 4: CO conversion as a function of temperature obtained for LaCoOs and CuO/LaCoOs catalysts in the CO
oxidation; WI indicates the catalyst obtained by wet impregnation, all the other catalysts are prepared by Ammonia
Driving Deposition Precipitation.
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All the materials reach 100% conversion at 400°C and light-off temperature lower than 200°C,
except for the Cul0 nanocomposite whose activity is again poorer compared to the other
catalysts, apparently because of low active phase content. Again, the catalyst obtained by

traditional wet impregnation is less active than the one having the same Cu loading, prepared by

ADP.

3.4.3 Reactivity with a synthetic automotive exhaust

The complex mixture (see Table 2) more realistically evaluates the materials’ activity, at
conditions approaching the effective automotive exhaust. In addition to a larger number of
species, including a relevant amount (10 vol %) of steam, we compared the catalysts behavior at
both stoichiometric amount of O, based on the ‘fuels’ (i.e. species than can be oxidized), and in
a lack of Oy (fuel rich conditions). With the complex mixture we tested only the catalysts that

exhibited substantial differences in activity using the simpler mixtures (Figures 3 and 4), related,
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according to the results collected so far, to the existence of an optimum CuO composition. This
evidence is better clarified by Figure 5: the conversion of CO in direct oxidation and in CO-
assisted NO reduction is plotted against the amount of Cu, at a fixed temperature. To highlight
the effect of Cu loading, the reference temperatures were chosen within a range where kinetics is
the rate-determing step. Thus, for CO+O> reaction, the selected temperature is 250°C; 400°C for
NO+CO reaction. The catalyst from WI is not considered because of its lower activity in NO

reduction (Figure 3a) compared to the ADP-synthetized sample, even at the same Cu loading.
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Figure 5: CO conversion as a function of Cu loading, for the stoichiometric CO+0O: oxidation at 250°C (M, red line)

and for the stoichiometric CO-assisted NO reduction at 400°C (O, blue line). All samples synthetized by ADP.

As seen in Figure 4, a very high oxidation activity at 250°C is proved by all the samples, despite
the presence of Cu, with CO conversion between 85% and 90%, including the case of LaCoOs3,
1.e. 0% Cu. In addition, the improvement in reducing NO is extremely clear at 400°C (Figure 3).
As Cu loading increases from 0% to 15%, a correspondent increase of CO conversion is

observed, from 0% to 90%. Higher Cu loadings, i.e. 20 and 30%, to do not appear to affect the
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catalytic activity: for this reason, in addition to LaCoO3, Cul0 and Cul5 were the only selected

to be tested with complex mixture.

In Figures 6 to 11 we compare the different materials’ activity in the removal of each single
species within the complex mixture, at both stoichiometric and fuel rich conditions. Note that a
different experimental setup and operation mode compared to the simpler mixtures allowed to
collect data at a higher frequency, over a larger temperature range (up to 600°C), better spotting

the onset of activity.
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Figure 6. CO conversion as a function of temperature, using synthetic automotive exhaust as feed mixture, at
stoichiometric (a) and fuels-rich (b) conditions. x LaCoOs3; A Cul0; e Cul5.

Concerning the CO oxidation shown in Figure 6, the deposition of copper does not affect the
activity insofar O is sufficient. Comparing with the simple CO+O> mixture, Figure 4, the
activity in the complex mixture appears to be lower, as reflected by a higher activation
temperature (approx. 50°C) notwithstanding the larger contact time (i.e. 1/GHSV) used with the
complex mixture. This can be the result of the lower concentrations of CO, which reduces its
adsorption rate on active sites. This can be limiting for the overall reaction since CO
chemisorption on the perovskite surface is the first step for oxidation. Beyond this, the presence
of 10% steam is most likely the responsible for the differences in CO oxidation observed
between Figure 4 and Figure 6. In fact, steam was observed to strongly affects the interaction
between CO and cobalt oxide surfaces and then the reactivity of Co-containing oxides in CO
oxidation [54]. However, note that the activity in CO oxidation at stoichiometric oxygen is the
same for all the catalysts, Figure 6a, including CulO which was less reactive in the model CO
oxidation. This difference could be attributed to the activation treatment carried out by heating in

air at 600°C and supports the hypothesis of a lower reactivity of Cu(l) in CO oxidation.

In fuel rich conditions (deficiency of O», Figure 6b) we observe a comparable temperature for the
onset of activity, irrespective of the Cu loading, but the light off temperature is higher than at
stoichiometric conditions, confirming a sort of self-poisoning of the catalyst by the fuels
themselves. In this view, the more consistent presence of reductants (HCs, H> and CO) under
reach conditions could be significant. Moreover, the CO oxidation on metal oxides is supposed
to happen through a Mars and van Krevelen mechanism involving the use of perovskite lattice

oxygen and this can be more difficult under fuel rich conditions than under stoichiometric ones
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[10]. At higher temperature, the conversion of CO increases less, and it is less affected by the
temperature increment, as the copper loading increases. In a condition of competition for O,, CO
loses its ease of oxidation in the presence of Cu. That is a clear indication of Figure 6b: at fixed
temperatures, in reducing conditions, as Cu loading increases, the CO conversion slightly
decreases. Again, the co-reactants and the ‘inerts’ (steam and CO») appear to modify the activity
of the catalysts and the role of copper. It is interesting to note that cobalt was observed to
facilitate the desorption from a perovskite surface of the CO, formed from CO oxidation [55]
suggesting that the cobalt presence on the catalyst surface is fundamental for successful

oxidation.
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Figure 7. NO conversion as a function of temperature, using synthetic automotive exhaust as feed mixture, at
stoichiometric (a) and fuels-rich (b) conditions. x LaCoOs3; A Cul0; e Cul5.

The conversion of NO is presented in Figure 7. It is evident that the presence of O, prevents any
significant NO reduction. This is consistent with the mechanism proposed for perovskites that
considers the interaction between NO and the oxygen vacancies present on the perovskite
surface, as the rate determining step for NO reduction [10]. Much better results are achieved
under fuel-rich conditions, but the activity is not proportional to the Cu-loading. Cul0 appears
more effective in NO reduction than Cul35, allowing 100% NO reduction to be achieved slightly
above 400°C. Note that at fuel rich conditions two aspects become relevant: 1) the high
dispersion of CuO particles in the Cul0, and 2) the presence of Cu(I), at not-oxidizing conditions
[56]. Lu et al. [57] already observed, investigating the mechanism of NO reduction on copper in
presence of oxygen and isobutene at 770 K, that the CuO needs to be reduced to Cu(]) to activate
the NO reduction process. Moreover, they observed that the reductant of NO is not the
hydrocarbon, but a reactive intermediate, the aldehydic form, resulting from a partial oxidation
of hydrocarbons. This then leads to a reduction of Cu(I) to Cu(0) and a fast consumption of NO.

A rapid conversion of NO can only be observed in a narrow range of O2/HC ratio. A high ratio
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leads to deactivation by complete oxidation of the copper surface to Cu(ll), inactive in NO
reduction. A low ratio limits both the reaction of oxidation of the hydrocarbon and consequently
the formation of aldehydic intermediate and finally the conversion of NO. In absence of oxygen,
NO is mostly decomposed instead of reacting with the reactive intermediate. The mechanism is

even more complex in presence of water [58].

The complex mixture includes Hz, whose consumption is shown in Figure 8. In the presence of
02, we expect that the H» oxidation occurs quite easily, at both feed compositions, and that the
increasing amount of Cu makes it even easier (Figure 8a). This is not unexpected, considering
the higher activity of copper in H; activation with respect to cobalt (confirmed also by the TPR
measurements). At fuel rich conditions, the higher reactivity of H> consumes the available O, at
temperature lower than other species. In case of smaller Cu loading (including LaCoO3), the
consumption rate is not high enough to deplete the available O, before other species (CO, C3s)
activate; thus, all O, is consumed when H; is still available, as evident from Figure 8b. In
addition, at higher temperature two other opposite processes are active: the consumption of H»
used in reducing NO and H» production by HCs reforming. The latter process is extremely clear
with LaCoOs at rich conditions (Figure 8b) represented by a drop of H> conversion above 450°C.
This behavior reflects an emerging contribution of H> production in parallel to its consumption

processes (oxidation and NO reduction).
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Figure 8. H> conversion as a function of temperature, using synthetic automotive exhaust as feed mixture, at
stoichiometric (above) and fuels-rich (below) conditions. x LaCoOs3; A Cul0; e Cul5

The onset of reforming is clear also from the C3s conversion profiles (later discussed in Figure
10). Note that CO production by reforming is not reflected in a lowering of CO conversion in
Figure 6, because it occurs at such high temperature (when O is totally depleted) that the extra
CO produced immediately supports the NO reduction, as proved by the tests on the simple

CO+NO mixture (Figure 3).
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The HCs (propene, propane and methane) conversion is summarized in Figure 9, at
stoichiometric conditions, and Figure 10, for O-lean conditions. At stoichiometric conditions, it
is clear that unsaturated linear C3 are oxidized more easily (i.e. lower temperature), and the Cu
loading slightly improves the ease of activation, proportionally to its amount. At the same time,
Cu limits propene total oxidation, even at fairly high temperature: CulO has a stronger limitation
effect than Cul5. Saturated linear C3 is more difficult to activate, and Cu loading does not help,
again limiting the high temperature conversion if present at 10 wt % load. The methane
activation remains very limited notwithstanding the high temperature reached and the availability

of Oy. In this case, Cul0 suppresses any methane oxidation below 600°C.

Concerning the HCs conversion in Oz-lean mixtures (fuel-rich), Figure 10, the activation of
propene dramatically improves with Cu loading, decreasing by some 150°C the onset of
measurable conversion compared to LaCoOs. However, the beneficial activity improvement is
not duplicate with propane, nor it provides any activity in the CHy activation, that remains
negligible when O» is lacking. When activity is measured, a common pattern emerges, with a
maximum of conversion well below 100% at an intermediate temperature, followed by a
lowering of conversion. Comparing with the O consumption, shown in Figure 11, we can
identify the maximum as the temperature at which O» disappears completely. This limits the
propene conversion, which must compete for O, with the now well-activated CO. C3s
conversion increases again at even higher temperature because of the onset of reforming already

anticipated.
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Finally, Figure 11 shows the O, consumption as a function of temperature, which is a key to
understand all the results above. We do not observe a remarkable effect of Cu loading at
stoichiometric conditions, where Cu loading leads to a very small decrease of O> consumption, at
any temperature. On the other hand, in Oz-lean mixtures Cu determines a higher consumption of
O, compared to LaCoO3; between 330°C and 430°C; this is due to LaCoOs3 that does not activate

the propane oxidation at that temperature, as seen in Figure 10.
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Figure 11. O> conversion as a function of temperature, using synthetic automotive exhaust as feed mixture, at
stoichiometric (a) and fuels-rich conditions (b). x LaCoOs3; A Cul0; e Cul5.
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3.4.4 Comparisons with CuO/LaNiO3

In a previous work [27], we investigated the reactivity of several nanocomposites obtained by
depositing an increasing amount of copper oxide on lanthanum nickelate. The preparation of the
samples followed the same route used in the present contribution: LaNiOs was synthetized by
means of the citrate method, while the CuO was deposited via ammonia driven deposition
precipitation (ADP) method. In both cases the purpose is to combine the bi-functionality given
by the reduction properties of copper and the oxidation capability of LaNiO3 and LaCoOs. In
Figure 12 we compare the catalytic activity for LaCoO3, Cul0 (LC Cul0), Cul5 (LC Cul5) and
for LaNi1O3, 15% CuO loaded LaNiOs (LN Cul5), 30% CuO loaded LaNiO; (LN Cu30). For this
evaluation, the most representative reagents have been chosen: CO and propene for oxidations in
stoichiometric conditions and NO reduction for rich ones. The feed mixture is the one
approaching actual exhaust composition (Table 2).

CO oxidation is clearly easier on cobaltites than on nickelates (Figure 12a). CuO loading
markedly improves the oxidation of nickelates, as already seen [27], bringing the light off
temperatures to approx. 180°C like cobaltites (with or without CuQO), whereas bare LaNiO3
ignites the combustion of CO at 230°C. Still, LaNi1Os-based composites remain less active than
those based on LaCoO3, at comparable CuO loading, even less than LaCoOs itself.

The distinction between the activity of CuO/LaCoO3 and CuO/LaNiO3z observed for CO is
confirmed in the oxidation of propene (Figure 12b). The presence of CuO has a positive effect in
lowering the ignition temperature only on doped LaCoOjs catalysts. Beside this effect, the activity
increase with temperature appears limited by CuO doping on LaCoO3 and less markedly on
LaNiOs. As a consequence, the temperature needed to obtain the same conversion among

LaNiOs catalysts increases with CuO loading.
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We finally compare the NO decomposition obtained while feeding the rich mixture, a
requirement to observe the NO reduction, with much less limitations on the reactivity given by
the presence of oxygen, as discussed before. From Figure 12c it is evident that LaCoO3 based
samples are not able to achieve the consumption of NO until all Oz is almost completely
depleted. At the same time, copper loading greatly enhances the capability of LaCoOs to reduce
NO: temperature needed to obtain 40% NO conversion decreases from 600°C of LaCoOs to
440°C of LC Cul5 and 380°C of LC Cul0. LC Cul0 is confirmed to be the material that better
combines the activity in oxidation with NO reduction capability, as it shows a NO conversion
that has a higher dependence from temperature if compared with the other cobaltites, quite
similar to LaNiOs. The activity achieved by nickelates however is not replicated by cobaltites:
the presence of copper improves further the reactivity in NO reduction on LaNiOs, that is already
active itself, lowering the onset of conversion in LN Cul5 and LN Cu30, independently from the
amount loaded. We speculate that the different behavior could be associated with the higher

activity of the nickelates in steam reforming, producing H» that can support NO reduction.
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3.4.5 Aging effects

We selected LC CulO (i.e. 10% CuO deposited by ADP on LaCoO3) to investigate the effect of
aging on this class of nanocomposites. The treatment exposed the catalyst at high temperature
twice, each time for 3h, the first at 700°C and the second at 800°C, with intermediate cooling to
ambient temperature. The stoichiometric synthetic automotive exhaust mixture (including 10%
vol steam) was continuously fed. This is quite challenging for the catalysts. In Table 5 we
compared the activity of the fresh and the aged catalyst (LC Cul0) in terms of increment of
temperature needed to achieve 10% and 50% of conversion for Hy, CO, O,, C3Hs and CsHg,
before and after the thermal aging. We observe some activity loss, implying that higher
temperature is required to achieve the same performance, after aging. The relative drop of
activity is significant for C3s, so that approx. +70°C and +80°C are required to achieve 50% of
conversion for C3Hg and C3Hg respectively. There are evidences that a higher activation energy
is needed to catalyze all the oxidations, as confirmed by the positive AT associated to O»; the
same activity of the fresh catalyst requires a temperature between 55°C and 64° higher, after the
aging treatment. Interestingly, the H> oxidation is much less affected by aging, resulting in
temperature increments of 34°C and 26°C, to reach 10% and 50% of conversion respectively.
The CO consumption, is not uniformly reduced; its light-off is significantly delayed after aging,
1.e. +62°C to obtain a conversion of 10%, but the activity after ignition appears much less
affected by aging. Indeed, the ATso represents the 67% of ATio. Finally, the slight activity of LC
Cul0 in NO reduction at stoichiometric conditions has been totally lost after thermal aging (data

not shown).
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Table 5. Measurements of AT10 and ATso for H2, CO, 02, C3H6 and C3HS8 between the fresh and the aged Cul0.

AT =T of aged sample — T of fresh sample.

ATi1o[°C]  ATso [°C]
H> 34 26
CcO 62 43
O 55 64
CsHs 66 70
CsHs 48 80

The activity monitored during the high temperature steps is shown in Figure 13. As expected, the

conversion is almost quantitative, particularly at 800°C and stable for most species, with the

exception of CHs and NO. The conversion of CH4, always very high at the beginning, drops

dramatically. On the other hand, the highest temperature appears to activate some appreciable

NO reduction activity.
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Figure 13. Conversion during aging at 700°C (a) and 800°C (b) on Cul0.
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We compared the activity results to the XPS quantitative analysis of the aged material, given the
same information on the fresh one. XPS revealed an atomic composition of C on the aged
catalytic surface approx. 30% larger than the fresh one, suggesting that coking could be
responsible for the loss of activity. The deposition of carbon from the reacting mixture is so slow
that it cannot be quantified by the instantaneous C balance, between inlet and outlet, that is
always closed within an experimental error of 1.5% for the whole 35-hour treatment. Still, C
buildup on the surface proved by XPS can be enough to gradually deactivate the catalytic
surface, as reported in Table 5 and support some NO reduction activity.

The XPS analysis on the sample after aging still reveals the presence of Cu(Il), but a decrease of
copper from 10 % (fresh catalyst — Table 3) to 6% is evident, suggesting a further diffusion of
copper in the subsurface layers. This could be very likely responsible for the depletion of the
slight activity towards NO obtained by Cul0 in stoichiometric conditions and it is coherent with

the reduction capability of LaCoOs.

4. Conclusions

In this paper several composite catalysts prepared by depositing CuO on a LaCoO3 powder have
been developed aiming at TWC applications. The nanocomposites have been obtained by means
of a new method: the Ammonium-driven Deposition Precipitation (ADP). The procedure allows
to obtain a high dispersion of the copper oxide. The samples have been characterized by means
of X-Ray Photoelectron Spectroscopy, X-Ray Diffraction, Temperature Programmed Reduction,
N2-Adsorption, Scanning Electron Microscopy, Energy Dispersive X-Ray analysis, Transmission
Electron Microscopy, Inductive Coupled Plasma Optical Emission Spectrometry and the

obtained results are consistent with a homogeneous deposition of highly dispersed CuO on the
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surface of the perovskite. XRD shows that copper oxide is deposited on the perovskite surface
and do not enter the crystalline cell. However, when the amount of copper deposited increases
beyond a certain limit it tends to diffuse below the surface. The deposition of copper oxide
increases the reducibility, as confirmed by TPR, affecting also the reactivity. The reactivity in
two model reactions, CO oxidation and CO assisted NO reduction was studied to evaluate the
role of the different species. The activity with respect to CO assisted NO reduction increases
with Cu loading, without losing activity in CO oxidation: 90-100% NO conversion is observed
around 350°C for the nanocomposites richer in Cu. The characterization and reactivity results are
compared with those obtained on a composite prepared by means of the traditional wet
impregnation procedure, confirming the superior activity of the ADP-prepared catalysts. The
activity of some samples (LaCoOs, 10% and 15% Cu loaded LaCoO3) have been also compared
using a synthetic, complex mixture reflecting automotive exhaust composition, including 10%
steam to evaluate the real applicability of the catalysts in TWC. Interesting differences have been
revealed by comparing the activity using simplified and realistic feed mixtures. Cu loading on
ADP-prepared samples proved effective in improving propene and H» oxidation, particularly in
Oz-lean mixture. However, the most important result is a significant improvement of NO
reduction activity given by the Cu loading. NO reduction is relevant in O2-poor mixtures (around
100% at about 400-450°C), even slightly below the stoichiometric. The effects are more
pronounced with 10% Cu loading, rather than 15%, suggesting the need to optimize the
dispersion procedure. Compared to similar catalysts based on LaNiOs that we prepared by the
same ADP technique [27], we gained in oxidation activity, but the CuO doping is not enough to
achieve the same NO reduction activity given by nickelates. The catalysts lose some activity

after high temperature aging in steam, most likely because of carbon formation onto the surface
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and copper depletion. A combination of Cu-doped LaCoO3 and LaNi1O3; may also be an option to

take advantage of complementary features.

The obtained results indicate that interesting catalytic performances for TWC applications can be
obtained in noble metal free catalysts by means of high dispersion of copper oxide on the surface
of perovskites. Although not fully competitive with actual PGM-based TWCs, the materials
prepared and tested in this work could be considered downstream of a low-PGM, close-coupled

converted, as already successfully proved [59].
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