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Oxide materials with high mixed (electron/ion) con-
ductivity are now in the focus of research on account of
their potential for use as materials for cathodes in high-
temperature fuel cells, oxygen pumps, various oxygen
pickups, and selective oxygen-permeable, electrocata-
lytically active membranes.

The oxygen ion conductivity in perovskite complex
oxides is due to the existence of anion vacancies. Vary-
ing the dopant concentration in the cation sublattice,
the oxygen partial pressure, or temperature offers a
means for intentionally varying the density of anion
vacancies. For a sample with a fixed cation composi-
tion, the change in the oxygen deficiency is accompa-
nied by a change in the charge of the transition element,
which in turn changes the concentration of the majority
charge carriers and thus the total conductivity of the
material. It was demonstrated [1, 2] that materials
based on cuprates with a distorted perovskite structure
and the composition La

 

1 – 

 

x

 

Sr

 

x

 

CuO

 

2.5 – 

 

δ

 

 (0.15 < 

 

x

 

 < 0.3)
have high electrical conductivities (mostly of the

 

p

 

 type). As a result of the high density and mobility of
anion vacancies, cathodes based on such phases have
sufficiently low absolute values of the polarization
resistance [3].

Cuprates of composition La

 

2 – 

 

x

 

Sr

 

x

 

CuO

 

4 – 

 

δ

 

 also have
an anion-deficient structure; this is a K

 

2

 

NiF

 

4

 

-type struc-
ture in which perovskite layers alternate with NaCl-
type layers. When the strontium concentration in these
phases is low, they have metal-type conductivity [4]. At
a significant strontium concentration, however, the
anion vacancy density increases; in view of the high
oxygen mobility in this structure [5], an oxygen elec-

trode based on this phase is expected to have a high
reversibility. The catalytic activity of a cathode material
in oxygen reduction is also an important criterion.
Thus, the investigation of the surface layers of complex
cuprates is very topical. X-ray photoelectron spectros-
copy (XPS), which enables the profiling of the near-
surface layers with 0.5–1.0 nm steps [6, 7], is a useful
tool in this context.

The goals of this work were to synthesize complex
cuprates La

 

0.85

 

Sr

 

0.15

 

CuO

 

2.5 – 

 

δ

 

 and La

 

2 – 

 

x

 

Sr

 

x

 

CuO

 

4 – 

 

δ

 

 (

 

x

 

 =
0.15, 0.6, or 1.0) and to study the surface cation compo-
sition of these samples using XPS.

EXPERIMENTAL

Ceramic technology was used to prepare lanthanum
strontium cuprates. The starting chemicals used were
commercially available La

 

2

 

O

 

3

 

 and SrCO

 

3

 

 (pure for
analysis grade) and CuO prepared by the decomposi-
tion of malachite at 300

 

°

 

C. Before weighing, La

 

2

 

O

 

3

 

was calcined at 900

 

°

 

C and SrCO

 

3

 

 was at 400

 

°

 

C. The
synthesis schedules are displayed in Table 1.
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Abstract

 

—Complex cuprates La

 

0.85

 

Sr

 

0.15

 

CuO

 

2.5 – 

 

δ

 

 having an anion-deficient perovskite structure and
La

 

2 

 

−

 

 

 

x

 

Sr

 

x

 

CuO

 

4 – 

 

δ

 

 (

 

x

 

 = 0.15, 0.6, 1.0) having a K

 

2

 

NiF

 

4

 

 layered structure have been prepared by ceramic tech-
nology. X-ray powder diffraction verified that single-phase samples were obtained. X-ray photoelectron spec-
troscopy (XPS) was used to determine the surface composition of compacted samples. It was found that both
the photoionization cross-section and the photoelectron mean free path should be taken into account when cal-
culating the surface composition. The surface was enriched in strontium as a result of segregation, regardless
of the bulk composition of the cuprate sample.
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Table 1.

 

  Parameters of cuprate synthesis

Sample composition Annealing schedule

La

 

1.85

 

Sr

 

0.15

 

CuO

 

4 – 

 

δ

 

1273 K, 20 h,
furnace cooling

La

 

0.85

 

Sr

 

0.15

 

CuO

 

2.5 – 

 

δ

 

La

 

1.4

 

Sr

 

0.6

 

CuO

 

4 – 

 

δ

 

1393 K, 15 h, quenching 
to room temperature

LaSrCuO

 

4 – 

 

δ

 

1473 K, 7 h, quenching 
to room temperature
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The phase composition was monitored by X-ray
powder diffraction (Guinier-deWolf camera, Cu

 

K

 

α

 

radiation, germanium internal standard). Powders were
compacted into disks (two disks for each cuprate) under
a load of ~4 t/cm

 

2

 

. After heat treatment at 600

 

°

 

C for
20 h, the disks were subjected to XPS surface analysis.

The surface analysis was carried out on a Leybold
LHS-10 electron spectrometer. X-ray photoelectron
spectra were measured at 10

 

–7

 

 Pa pressure in the ana-
lyzer chamber. The exciting radiation used was Mg

 

K

 

α

 

with a photon energy of 1253.6 eV and a line width of
~0.7 eV. A hemispherical energy analyzer was used for
the electron energy expansion. The energy analyzer
was calibrated against the Au 4

 

f

 

1/2

 

 line with 

 

E

 

b

 

 =
83.9 eV; the instrumental resolution for this line was
0.9 eV. The 

 

E

 

b

 

 measurement accuracy was ~0.1 eV. The
signal detector/amplifier used was an EMI electron
multiplier, which ensured an amplified signal intensity
of 10

 

4

 

 to 10

 

5

 

 pulse/s. From the measured spectra, the
copper, strontium, and lanthanum line intensities were
determined and the surface cation composition was cal-
culated. The interpretation of the XPS spectra was
based on the peak intensities, peak shapes, and binding
energies.

RESULTS AND DISCUSSION

X-ray powder diffraction verified the absence of
impurities in the samples: all X-ray diffraction lines

from La

 

2 – 

 

x

 

Sr

 

x

 

CuO

 

4 – 

 

δ

 

 (

 

x

 

 = 0.15, 0.6, 1.0) and
La

 

0.85

 

Sr

 

0.15

 

CuO

 

2.5 – 

 

δ

 

 samples were indexed in a tetrago-
nal unit cell. The unit cell parameters calculated from
the results of indexing are listed in Table 2.

From the XPS analysis of the surface, the kinetic
energies of photoelectrons were derived. The binding
energies corresponding to copper, strontium, and lan-
thanum lines were calculated from the photo effect law:

(1)

Here, 

 

E

 

kin

 

 is the kinetic energy of a photoelectron, 

 

E

 

b

 

is the binding energy of an electron, 

 

h

 

ν

 

 is the Mg

 

K

 

a

 

photon energy, 

 

ϕ

 

 is the photoelectron work function
(equated to zero in the experiment). The peaks associ-
ated with the La 3

 

d

 

5/2

 

, Sr 3

 

d

 

, Cu 2

 

p

 

3/2

 

, and O 1

 

s

 

 levels
have close spectral parameters; above all, they differ in
their intensities (Table 3).

Thus, in all samples the surface contains copper,
lanthanum, and strontium cations; this means that qual-
itatively the surface composition does not differ from
the bulk composition. For quantifying the surface cat-
ion composition, we used the intensities of the lines
associated with the La 3

 

d

 

5/2

 

, Sr 3

 

d

 

, and Cu 2

 

p

 

3/2

 

 core
levels. The energy difference between XPS lines is suf-
ficiently great, and the calculations from

(2)

are not quite adequate (this simplified relationship only
accounts for the photoionization cross-section 

 

σ

 

).
Therefore, calculating the concentration of each cation,
we took into account not only the photoionization
cross-section, but also the electron mean free path 

 

Λ

 

,
using the relationship

(3)

Here, 

 

n

 

i

 

/  is the element concentration for
each cation, 

 

E

 

i

 

 is the kinetic energy of 

 

i

 

th cation (

 

Λ

 

 ~

), 

 

I

 

i

 

 is the peak intensity for the 

 

i

 

th cation, and 

 

m

 

 is
the number of cations (in the case at hand, 

 

m

 

 = 3) [6].
The photoionization cross-sections were 26.5 (La 2

 

d

 

5/2

 

),
5.29 (Sr 3

 

d

 

), and 15.9 (Cu 2

 

p

 

3/2

 

). The results of the cal-
culations are displayed in Table 4.

It seemed pertinent to compare the surface and bulk
compositions of the samples. Containing alkaline-earth
and rare-earth elements, the complex oxides in question
are chemically reactive to water and carbon(IV) oxide.
As a consequence, the surface of the samples under
ambient conditions can contain either adsorbed or
chemisorbed water and carbon dioxide molecules, as
well as chemical compounds such as carbonates or
hydroxocarbonates [8]. Table 5 displays the cation
composition in the cuprates synthesized as determined
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Table 2.  Unit cell parameters for cuprates synthesized

Sample
composition

Space 
group

Unit cell parameters

a, b, Å c, Å

La1.85Sr0.15CuO4 – δ I4/mmm 3.7801(8) 13.228(4)

La1.4Sr0.6CuO4 – δ I4/mmm 3.7722(7) 13.189(3)

LaSrCuO4 – δ I4/mmm 3.7602(2) 13.005(1)

La0.85Sr0.15CuO2.5 – δ P4/mbm 10.861(3) 3.8584(7)

Table 3.  Binding energies for XPE peaks and relevant lines

Cu

Eb, eV 1070 954 934 124 78

Line 2s 2p1/2 2p3/2 3s 3p

Sr

Eb, eV 358 280 260 134 37

Line 3s 3p1/2 3p3/2 3d 4s

La

Eb, eV 851 834 274 210 195 102

Line 3d3/2 3d5/2 4s 4p1/2 4p3/2 4d
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by XPS and iodometry. The cation concentration in all
samples corresponds to their bulk composition to the
experimental error.

Analyzing the results compiled in Tables 4 and 5, we
infer that the surface segregation of strontium occurs
regardless of the as-batch (bulk) composition of the sam-
ple. Cuprates surfaces have highly reactive surfaces. For
this reason, selective strontium segregation to the surface
occurs and, thus, the surface free energy decreases. Sur-
face enrichment with strontium was also observed in pre-
vious XPS investigations of complex oxides of 3d ele-
ments and alkaline-earth elements [9–11].
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Table 4.  Cation surface composition

Sample
composition

Cation composition (including σ) Cation surface composition (including σ and λ)

n (La) % n (Sr) % n (Cu) % n (La) % n (Sr) % n (Cu) %

La0.85Sr0.15CuO2.5 – δ 21.9 51.3 26.8 17.0 64.9 18.1

LaSrCuO4 – δ 12.1 60.9 27.0 9.0 73.5 17.5

La1.4Sr0.6CuO4 – δ 32.4 48.7 18.9 25.2 61.9 12.9

La1.85Sr0.15CuO4 – δ 23.1 49.5 27.4 18.0 63.2 18.8

Table 5.  Average oxidation number of copper (ZCu) and cation composition of the samples synthesized

As-batch sample
composition ZCu

Element concentration*, at. %

La Sr Cu

La0.85Sr0.15CuO2.49 2.13 ± 0.02 18.7 ± 0.3 (18.9) 3.5 ± 0.6 (3.4) 22.1 ± 0.4 (22.3)

La1.85Sr0.15CuO3.99 2.13 ± 0.03 26.6 ± 0.4 (26.5) 2.2 ± 0.5 (2.2) 14.5 ± 0.4 (14.3)

La1.4Sr0.6CuO3.81 2.22 ± 0.02 20.5 ± 0.6 (20.6) 8.6 ± 0.3 (8.8) 14.8 ± 0.4 (14.7)

LaSrCuO3.61 2.22 ± 0.02 15.1 ± 0.8 (15.1) 14.9 ± 0.4 (15.1) 14.8 ± 0.5 (15.1)

* In parentheses, the theoretical concentration of the element to be determined in a sample of the given composition is indicated.
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