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Abstract SrTi0_7COO.303, SrTi0_7Cu0.3O3, SrTi0_7C00_15
Cuy.1505 were prepared by the “citrate route” and char-
acterized (XRD, XPS, SEM, TPR). Their reactivity with
respect to CO oxidation and NO reduction was investigated
and compared with that of CuO/SrTig;Coy 303 nanocom-
posite. High conversions were obtained in CO oxidation
(90 % at 350 °C for StTip7C0(303). Only CuO/SrTig 5
Co(.305 was observed to be active in NO reduction (100 %
at 350 °C).

Keywords Titanates - CO oxidation - NO reduction -
Nanocomposites - TWC

1 Introduction

Conventional three-way catalysts (TWCs) are required to
be extremely efficient in the reduction of nitrogen oxides
and in the oxidation of CO and unburned hydrocarbons.
Cost considerations as well as the need to develop catalysts
highly effective toward lean-burn exhaust emissions sug-
gest to consider alternative approaches and materials.
Perovskite based oxides have been studied as promising
alternatives to noble metal catalysts for automotive emis-
sion control since 1970s. ABO5; oxides exhibit good
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catalytic activity for CO and HC oxidation reactions: La-
based cobaltates and manganites appear to be among the
best-performing [1-5]. These perovskite catalysts show
good activities for CO and HC oxidation but their effi-
ciency in NOx elimination is often rather poor.

In principle, A and B sites doping inducing the forma-
tion of structural defects (anionic or cationic vacancies)
and different oxidation states (in the B site) can be fun-
damental for the catalytic activity [3, 6-12]. Perovskites
are particularly interesting because their properties and
reactivity can be tuned by means of doping [13]. On the
basis of the reaction mechanisms [14] the perovskite has to
be built so to be able to promote CO and hydrocarbons
oxidation (and thus the oxygen mobility/exchange) and the
dissociative interaction of NO. Surface anion vacancies are
also suggested to play a key role. Following this strategy
several systems have been investigated as catalysts for the
reaction between NO and CO or between NO and hydro-
carbons [15-24]. In all these perovskites the A cation is
usually a Rare-Earth Element (REE, typically lanthanum)
whereas very few efforts have been done to obtain REE-
free perovskites active in TWC reactions. In this respect,
very few studies concerning titanates have been carried out
and focus on the activity of iron titanates in NH3-selective
catalytic reduction [25, 26] and of Cu doped strontium
titanate for diesel soot combustion by NO and O,. [27]
Doped SrTiOs, in particular, seems to be a valuable starting
point for NOx treatment. [28-33]. The aim of the manu-
script is to investigate the possibility of obtaining by means
of doping, SrTiOs-based catalysts active in the TWC
reactions, with particular reference to the NO reduction. To
this end we selected cobalt and copper as the doping active
cations. Cobalt has been considered due to its high activity
in oxidation reactions whereas copper is more significant in
reduction reactions [29].
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2 Experimental
2.1 Synthesis

Samples were prepared by the citrate method starting from
Sr(NO3),, (Sigma-Aldrich 99.9 %), Ti (Sigma-Aldrich
99.9 %), CuO (Strem Chemicals 99.999 %) and CoO
(Strem Chemicals 99.999 %). Citric acid monohydrate
(Sigma-Aldrich >99 %) is added to an aqueous solution of
the cations [obtained by mineralization of CuO and CoO
with nitric acid and treatment of Ti with HC1 37 % (Sigma-
Aldrich)] with a molar ratio of 1.9:1 with respect to the
total amount of cations. Then the solution is heated up to
80 °C in air to promote water evaporation and to obtain a
wet-gel. The gel is heated to 400 °C (0.5 °C/min heating
rate) for 2 h in air to decompose the organic framework. At
the end of the heat treatment, the powder is grinded and
calcined at 950 °C, for 6 h. The same procedure was
adopted for the synthesis of undoped SrTiOs.

The nanocomposite (CuO/SrTiy;Cog303) was obtained
by wet impregnation of SrTiy;Coy305; with an aqueous
solution obtained by mineralization of CuO with HNO;.
The obtained suspension was maintained under stirring for
2 days and then kept in rest for 1 day. Water was evapo-
rated in air and the obtained solid was dried at 110 °C for
1 h and at 500 °C for 5 h (in air).

2.2 Characterization

XPS measurements were carried out with a Perkin Elmer ®©
5600 ci 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 Sr 3d, Ti
2p, Cu 2p, Co 2p, O 1s and C 1s—23.5 eV pass energy,
0.1 eV/step, 0.1s/step) were collected with a standard Al
Ko source working at 250 W. The standard deviation in BE
values of the XPS line is 0.10 eV. The atomic percentage,
after a Shirley-type background subtraction, [34] was
evaluated by using the PHI sensitivity factors [35]. The
peak positions were corrected for the charging effects by
considering the C 1s peak at 285.0 eV and evaluating the
BE differences [36].

XRD analyses were performed with a Bruker D8
Advance diffractometer with Bragg—Brentano geometry
using a Cu Ka radiation (40 kV, 40 mA, 4 = 0.154 nm).

Temperature Programmed Reduction (TPR), and BET
specific surface area measurements were performed with
an Autochem II 2920 Micromeritics, equipped with a TCD
detector. TPR measurements were carried out in a quartz
reactor by using 50 mg of sample and heating from RT to
900 °C at 10 °C/min under a constant flow of H, 5 % in Ar
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Fig. 1 XRD patterns obtained for SrTiOz (black dotted line);
SI'Ti()V7C00.3O3 (black line); SI‘TiO.7CUQ'3O3 (red line); SI‘Ti()47C0()V15
Cuy 1503 (green line). In the insets patterns of SrTig7Cog 305 (black
line) and of CuO/SrTip-Co¢ 303 (blue line) are compared

(50 ml/min). The specific surface areas were determined
(BET single point method) by means of N, absorption at
liquid nitrogen temperature on samples previously out-
gassed at 350 °C in He.

2.3 Catalytic Tests

The catalysts were tested for the following reactions:
2CO + 0, =2C0O,
2CO + 2NO = 2CO; + N,

(feed compositions: 4 % CO + 2 % O, + He 94 % and
4 % CO + 4 % NO + He 92 %, respectively). The cata-
Iytic tests were carried out by loading about 40 mg of the
sample in a “U” shaped glass reactor (GHSV 42,000 h™");
the temperature was checked by means of a thermocouple
inserted into the reactor. The effluent gases from the
reactor reached the GC (Agilent 7890 A equipped with
TCD) for the analysis. Tests were performed between RT
and 400 °C.

3 Results
3.1 Co and Cu-Doped SrTiO;

XRD patterns obtained for SrTijp;Cug 303, StTip;Cog 303,
StTig7Cog.15Cug.1505 (Fig. 1) indicate that the main phase
is the perovskitic one; in the Cu-doped sample, however,
traces of cubic CuO are also evident. This is consistent
with the lower thermodynamic stability of the Cu-doped
titanate, as predicted by Carlotto et al. [37]. The SEM
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Fig. 2 SEM images obtained for the doped titanates: SrTig7Coo 303
(a, b); for SrTip;Cup30; (¢) and for the impregnated CuO/SrTig 7
Co0p303 (d). The line corresponds to 1 um in a), ¢), and d) and to
200 nm in b)

images reveal a different morphology in the Co- and Cu-
doped samples. The morphology of the Co-doped SrTiO; is
rather homogeneous and characterized by a globular
structure. In the Cu-doped SrTiOs, a less homogeneous
morphology is evident. The particle dimensions range from
30 to 40 nm (Fig. 2). The BET specific surface area is
18 Inz/g for SrTi0,7Cuo_3O3, and SrTi0V7C00_15Cu0_1503, and
20 m*/g for SrTip~,Co305.

XPS spectra obtained for the different catalysts are
compared in Figs. 3 and 4. The Ti 2ps, XPS signal is
centred at 458.0 eV, the typical position of titanium in ti-
tanates, both in the undoped and in the Co-doped samples.
A slight shift can be observed as a consequence of the Cu
doping (458.5 eV) suggesting the slight increment of sur-
face hydroxyl groups (Fig. 3c).

The Sr 3d signal in the undoped and Co-doped sam-
ples, is centred at 133-134 eV, a value slightly higher
than the one expected for the Sr in SrTiO;
(132.8-133.0 eV) that suggests the presence, besides
perovskite, of SrCO;. Moreover, the peak shifts toward
higher BE (134.7 eV) when copper is present suggesting
the presence of strontium oxides and hydroxides [38, 39].
The O 1s peak shows two contributions due to the
perovskite (529.5 eV) and to the hydroxyl/carbonate
species (531.8-532.0 eV). The signal due to the surface
contaminants increases in the doped catalysts. Particularly
interesting are the signals due to cobalt and copper
(Fig. 4). In the Co-doped sample the peak position
(780.9 eV) and shape (absence of the shake-up contribu-
tion at about 785 eV) are consistent with the presence of
Co(II). In SrTip7Cug305; the Cu 2p peak position
(933.2 ¢V) and the absence of the shake-up signal (at
about 942-943 eV), suggest the presence of Cu(l).

The atomic composition (Table 1) reveals an oxygen
overstoichiometry that confirms the surface hydroxyl/
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Fig. 3 XPS spectra obtained for: SrTiO; (black dashed line),
SrTi0_7C00_3O3 (black line); SI'Ti()_7Cll()_303 (red line); SrTi0_7C00_15
Cuy 1503 (green line); in the inserts the spectra of CuO/SrTij7Cog 303
(blue line); and SrTiy-,Coo 305 (black line) are compared. a Ti 2p;
b Sr3d; ¢ O 1Is

carbonate contamination. Moreover, the comparison with
the nominal composition, determined from the weighted
amounts, suggests that Sr surface segregation occurs in the
Cu-doped samples. It is also evident the different behaviour
between the Co-doped and Cu-doped samples: cobalt is
surface segregated whereas copper is highly depleted from
the surface.

TPR results are displayed in Fig. 5. The profile of
StTip7Cog 305 shows two well evident peaks at about 400
and 700 °C corresponding to the reduction of Co(Ill) to
Co(II) and of Co(II) to Co(0), respectively. Another signal
at lower temperatures (around 200 °C) suggests the pre-
sence of an easy accessible cobalt (III) species Concerning
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Fig. 4 XPS spectra of Co 2p (a) and Cu 2p (b) obtained for:
STTi0_7C0().3O3 (black lll’lé) SrTi047Cu0_3O3 (red line); and CuO/
SrTip7Co¢ 305 (blue line). The spectra obtained on the catalysts after
reaction (CO + %20, for 9 h at 400 °C: black dotted line; CO+NO
for 9 h at 400 °C: blue dotted line) are also reported

Table 1 XPS and nominal (N) atomic composition determined for
the doped-titanates as a function of doping; the XPS atomic compo-
sition obtained after reaction (AR) is also reported for comparison:

SrTig7C0p303 (CO oxidation) and CuO/SrTip7Co0303 (NO
reduction)
Sample Sr Ti Cu Co (0]
SrTip.7Cup 303
XPS  25.1(75.8) 7.4 (224) 0.6 (1.8) 66.9
N 20.0 (50.0) 14.0 (35.0) 6.0 (15.0) 60.0
SrTiy7Cog 305
XPS 15.7 (46.2) 8.7 (25.6) 9.6 (28.2) 66.0
AR 16.5 (45.2) 10.0 (27.4) 10.0 (27.4) 63.5
N 20.0 (50) 14.0 (35.0) 6.0 (15.0) 60.0
SrTip 7Coo.15Cu0,1503
XPS 217 (64.6) 4.5 (13.4) 0.6 (1.8) 6.8 (20.2) 66.4
N 20.0 (50.0) 14.0 (35.0) 3.0 (7.5) 3.0(7.5) 60.0
CuO/SrTip7C00 305
XPS 16.8 (50.00 9.5 (28.3) 2.0(5.9) 5.3 (15.8) 65.6
AR 154 (41.6) 95 (25.7) 8.1(21.90 4.0 (10.8) 63.1
N 15.8 (43.4) 11.1 (304) 4.8 (13.1) 4.8 (13.1) 635

Inside brackets the atomic composition obtained only considering
cations

StTip7Cog,15Cug.1503 a general decrease of the intensity of
the signals due to cobalt is observed. Moreover, the Co(I)
to Co(0) reduction temperature decreases from 700 to
580-600 °C. Only two small signals around 450 and
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Fig. 5 TPR curves obtained: SrTip;Coo30;5 (black line); SrTig;
Cll0>303 (red line); Sl‘Tio_7C00_15CU0_|503 (green line); CUO/SI‘Tin
Coo 3053 (blue line)

Table 2 Experimental (Exp) and estimated (Ext) (TPR) hydrogen
consumptions measured for the doped-titanates as a function of
doping

Sample Exp (mol/mol)  Ext (mol/mol)  Exp/Ext
SrTiy7Co¢ 305 0.39 0.45 0.87
SrTiy7Cug 305 0.03

Cu (II) 0.30 0.10

Cu (D) 0.15 0.20
SrTip7Cop15Cug 1503  0.16 0.38 0.42
CuO/SrTip7Co( 303 0.79 0.75 1.05

600 °C corresponding to the two steps reduction of copper
are observed in the SrTig;Cug;0s.

The comparison between the experimental (TPR) and
nominal hydrogen consumptions (Table 2) reveals for the
StTip7Co 305 catalyst a slightly lower value that agrees
with the residual presence of Co(Il) into the powder bulk.

On increasing the copper content the difference between
the theoretical and experimental consumption becomes
more and more evident. In literature it is reported that
copper cations reduction depends on the A-cation, and it is
particularly difficult if A=Sr [29].

SrTi0'7Cu0A3O3, SrTi0A7COOA303, and SrTi()A7CO().15CU()'15
O catalysts were investigated for the reactivity with
respect to CO+"20, and CO+NO.

The CO conversion in the reaction with CO + %20,
reaches 90 % at 350 °C on SrTip7Cog303, whereas the
values are lower for SrTiy,Cuy3053, and SrTip,Cog s
Cuy.1505 (13, and 26 %, respectively at 400 °C) (Fig. 6). In
contrast, no activity was observed in the NO reduction. The
comparison with the XPS and TPR results suggests that the
absence of activity in reduction could be attributed to the
low amount of copper present on the catalyst surface and to
its low reducibility. To better investigate this aspect, cop-
per oxide was deposited on the surface of the catalyst more
active in the oxidation reaction: SrTip7Cog305.

@ Springer
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Fig. 6 Conversion values obtained for: SrTip,Coy 303 (black);
SrTip7Cup305 (red); SrTip;Cog15Cug 1503 (green); and for the
CuO/SrTigp7Coo 303 (blue); a in CO oxidation; b in NO reduction;
¢ durability test carried out (at 400 °C) considering the reactivity of
SrTig7Co0y 303 in CO oxidation (black) and of CuO/SrTiy,Cog 305 in
NO reduction (blue)

3.2 CuO/Co-Doped SrTiO;

The XRD pattern reveals, beside the perovskite, the for-
mation of cubic CuO (Fig. 1, inset). Concerning BET
surface area, no significant variations are observed after
copper oxide deposition. Also morphology is not affected
by copper oxide deposition (Fig. 2d).

Concerning the XPS results, the main difference with
respect to the supporting titanate concerns the copper
spectral region. The Cu 2ps3,, peak position (934.1 eV) and
shape are consistent with how expected for Cu(Il) in CuO.
Consistently the shake up signals (about 942 and 962 eV)
are evident.

The cations-only composition suggests the surface seg-
regation of Sr and Co. The amount of copper, in contrast, is
lower than the nominal value suggesting the diffusion of
this element inside the perovskite.

@ Springer

In TPR curve of CuO/SrTip;Cop 303, (Fig. 5), two main
signals are evident around 400 (Cu(II) to Cu(0) and Co(III)
to Co(II)) and 800 °C (Co(II) to Co(0)) whereas a shoulder
is observed at about 300 °C. The low temperature contri-
bution already determined in the substrate before the
impregnation is still evident at about 200 °C. It is inter-
esting to observe the behaviour of copper which is reduced
in a single step when present as CuO and in a two step
process when inserted into the perovskite structure. This
behaviour, already revealed in copper doped manganites
and cobaltates, depends on the amount of dopant: when
copper is present in low amount it follows the behaviour of
the main B cation whereas a different TPR result was
observed in copper rich perovskites [40]. The comparison
between the estimated and measured consumption
(Table 2) suggests that, in this case, cobalt is present as
Co(IIl) and copper as Cu(Il), and both these cations are
completely reduced.

The CO conversion (Fig. 6) in the reaction with
CO + NO reaches 100 % at 350 °C; the conversion in CO
oxidation only slightly decreases (from 90 to 80 % at
400 °C) respect to SrTij7Co(303. The obtained results are
particularly relevant if compared with those obtained in La-
containing perovskites.

Several La-containing perovskites have been investi-
gated as catalysts for TWC reactions considering the
reaction between NO and CO or between NO and hydro-
carbons. Among these the more significant are LaFeO;
[15], LaCoOj; [16, 17], LaMnOs, [19, 20, 22, 41, 42]. As a
general consideration doping is fundamental to obtain
interesting NO conversions. The NO conversion in CO
assisted reduction, as an example, is 21 % at 451 °C for
LaFeO; but increases reaching 76-84 % when doping in
the La site (with alkali elements) and in the Fe site (with
copper, as an example) [23]. Similar considerations hold
for LaCoO5; and LaMnOs;. In this contribution the com-
posite catalyst was obtained by combining the capability of
perovskites to disperse and stabilize the copper oxide
particles (which is fundamental for activity and selectivity
[43] with the catalytic activity in CO oxidation of the
doped titanate thus obtaining a double functionality.

3.3 Durability Tests

The reactivity of titanate based catalysts was investigated
as a function of time at 400 °C. In particular SrTig;Cog 303
was tested in CO oxidation whereas the composite CuO/
SrTig7Cop305 was studied in the NO reduction. The
reactivity of the composite with respect to NO does not
decrease with time (Fig. 6¢) whereas the CO conversion on
SrTip,Cog 303 decreases of about 5 % in 9 h.

As it can be observed in Table 1, the cobalt amount does
not change after the CO oxidation; however, the
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comparison between the Co 2p signal observed before and
after the reaction (Fig. 4) is consistent with the cobalt
reduction. In the spectrum after reaction, in fact, the shake-
up structure characteristic of the Co(II) (around 785 eV) is
more evident.

In contrast to that, no significant change is observed for
the shape of the Cu 2p peak after NO reduction (Fig. 4),
even though qualitative analysis show (see Table 1) that
the quantity of copper increases.

4 Conclusions

In this manuscript several cobalt and copper doped cata-
lysts have been prepared by means of the “citrate route”:
SrTip7Cug 303,  SrTig7C00303,  SrTig7Cog.15Cu0,1503.
XRD confirms the formation of the perovskite phase at
950 °C; the particle dimensions range around 30-40 nm, as
revealed by SEM. The sample morphology changes with
the doping: a homogeneous globular morphology is
observed in the Co-doped titanate whereas a higher heter-
ogeneity is evident in the Cu-doped sample.

XPS reveals that surface contamination increases with
increasing the copper content; moreover in the Cu-doped
sample strontium is surface segregated whereas in the Co-
doped sample the segregation phenomenon mainly con-
cerns cobalt.

StTip7Cog 305 is very active in the CO oxidation reac-
tion (90 % at 350 °C) but the reactivity severely decreases
when it is co-doped with copper; neither SrTij 7Coy 303 nor
Cu-doped SrTiO5 show activity in the NO + CO reaction.

When copper oxide is deposited on the SrTij;Cog 303
surface, reactivity with respect to NO 4+ CO (100 % NO
conversion at 350 °C) greatly increases, whereas the reac-
tivity in the CO oxidation reaction only slightly decreases.

The comparison between the obtained results underlines
the different role played by copper and cobalt in the
investigated reactions: cobalt, in fact, seems to be active in
oxidation whereas copper is necessary for the reduction.
Further investigations are in course for better understand-
ing the reaction mechanism.
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