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In this work the electrochemical intercalation of oxygen in
La2CuO4 phases has been studied. Oxygen intercalation has been
performed at different anodic potentials for fixed time in alkaline
solution (1M NaOH) at room temperature. The electrochemis-
try of the phenomena taking place at the oxide—solution interface
has been investigated by cyclic voltammetry (CV), controlled-
potential coulometry, and electrochemical impedance spectro-
scopy (EIS). The homogeneity of processed samples and the
lattice parameters prior to and after oxygen intercalation have
been verified by X-ray powder diffraction. SEM has been used to
relate surface modification to the potential applied after electro-
chemical oxygen intercalation. The recent theories and know-
ledge of mechanisms of oxygen intercalation into the oxide
lattice have been related to the experimental results. Oxygen
intercalation seems to occur at potentials slightly lower than that
of the oxygen evolution reaction (OER) and proceeds on a paral-
lel pathway to O2 evolution at more anodic potentials. ( 1999
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INTRODUCTION

Perovskite oxides have long been studied because of
technologically relevant chemical and physical properties
such as ferromagnetism (e.g., La

0.5
Sr

0.5
MnO

3
), antifer-

romagnetism (e.g., LaCrO
3
), ferroelectricity (e.g., BaTiO

3
),

and superconductivity (e.g., BaPb
1~x

Bi
x
O

3
) (1, 2). Since the

discovery of the new class of high-temperature oxide ce-
ramic superconductors by Bednorz and Muller in 1986,
much work has been done to find new materials with higher
critical temperatures (3).

One of the most important characteristics in determining
the conductive, magnetic, and superconductive perovskite
properties is the oxygen content or mixed-valent state of
transition metal ions in the oxides. Thus a deep knowledge
of the process which involves oxygen intercalation into the
oxide is essential for the systematic design and tailoring of
the material properties.
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Because of the relative simplicity of its structure and
chemical composition, La

2
CuO

4
has been extensively used

as a host material for oxygen insertion study. La
2
CuO

4
was

the first layered cuprate to become a superconductor upon
Ba and Sr doping, with a ¹

#
ranging between 30 and 40 K

(4), and later upon oxygen doping at high pressures,
with ¹

#
up to 34 K (5). A pressure of 3 kbar at 873 K was

used to obtain proper superconducting La
2
CuO

4`d with
¹

#
+34 K (6).
Further research dealing with La

2
CuO

4
oxidation dem-

onstrated that oxygen intercalation into oxide networks is
successfully obtained by electrochemical oxidation on high-
ly basic media at room temperature (7, 8). In this case the
intercalation reaction is of particular interest because of the
oxidized phase that is a bulk superconductor with an onset
transition temperature of 45 K.

The advantage of this technique is related not only to
a higher ¹

#
with respect to the usual oxygenation but also to

the simplified procedure. In fact, the working room temper-
ature and simple control of oxygen input in the oxide
structure make this procedure interesting in preparing high-
ly oxidized oxides.

In the attempt to obtain oxygen oversaturation in the
oxide lattice, the OER in alkaline solution has been ex-
ploited. The main principle of this technique of obtaining
perovskite superconductivity stems from research on OER
electrocatalysis carried out in the last decades (9—13). This
process can be written in the general form

A
1`n

B
n
O

3n`1
#2dOH~

%A
1`n

B
n
O

3n`1`d#dH
2
O#2de~, [1]

where A is a lanthanide, B is a transition metal, and n50.
Although the electrochemical methods are beginning to

be widely used, the oxygen intercalation mechanism is still
not entirely understood.

Casan-Pastor et al. (14) in their study of the thermal
behavior of La

2
CuO

4`d observed that a mild heating of the
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electrochemically oxidized samples at 373 K causes radical
changes in the structures. This was assigned to a rearrange-
ment of the inserted oxygen atoms. They assumed the exist-
ence of O~ species at room temperature and internal
redistribution of the charge carries at 373 K in accordance
with the schematic model

La
2
(Cu2`

1~x
Cu3`

x
)O2~

4
(O~)d

% La
2
(Cu2`

1~x~dCu3`
x`d)O2~

4`d . [2]

Chronoamperometric experiments (15) and synchrotron
X-ray powder diffraction studies (16) of La

2
CuO

4
single-

crystal electrodes prepared by electrochemical oxidation
show that the O2~ insertion is limited in diffusion length
and extremely slow (D

O2~:10~16 cm2/s) in comparison
with other diffusion processes in solids (17). Moreover, the
study of the electrochemical behavior of La

2
CuO

4`d and
La

2~x
Nd

x
CuO

4`d clearly showed that the rate-determining
step of the process involves the formation of O~ species on
the electrode surface whose diffusion coefficient would be
D

O~:10~9 cm2/s (18).
From the literature, the results of studies of La

2
CuO

4
regarding the preparation of the oxidized phase via electro-
chemical oxidation demonstrate the effectiveness of this
method (8, 14, 19, 20). From the electrochemical point of
view, the oxygen evolution on perovskites has been the
object of extensive study (12, 13, 21—23) but there is a lack of
experimental works which attempt to electrochemically
characterize the La

2
CuO

4
phase in alkaline solution.

The present study brings another view to this frame, with
the help of electrochemical methods to systematically inves-
tigate the surface reactions of La

2
CuO

4
phases, including

oxygen evolution and adsorption after oxidation in alkaline
solution at 295 K. An attempt to link the electrochemistry
of the La

2
CuO

4
oxidation phenomenon with the oxygen

intercalation in the oxide bulk has also been made.

EXPERIMENTAL

La
2
CuO

4
samples were prepared by solid-state reaction

using powders of La
2
O

3
(99.99%) and CuO (99.99%). The

mixed powder was calcined in air at 1120 K for 15 h, re-
ground, pressed into pellets (H"10 mm, h"3 mm), and
sintered at 1300 K for 15 h. Phase recognition was per-
formed by XRD analysis using a Philips 1710 X-ray powder
diffractometer with CuKa radiation.

Such prepared single-phase samples were used for the
electrochemical investigation and electrochemical ageing.

The electrochemical behavior of the La
2
CuO

4
was inves-

tigated in sodium hydroxide aqueous solution (1 MNaOH)
at room temperature A three-compartment cell setup was
used: the La

2
CuO

4
samples (working electrodes) were fixed

in a PVC holder; a platinum net was used as a counter
erlectrode and a saturated calomel electrode (SCE) as refer-
ence electrode. Cyclic voltammetry (CV) was employed to
study the kinetics of the electrode processes. Controlled-
potential coulometry measurements were performed at vari-
ous electrode potentials; pure nitrogen was used to deaerate
the electrolytic solution. The oxygen dissolved in the solu-
tion was continuously checked by an O

2
meter. The CV

measurements and the controlled-potential coulometry
were performed with a 273 G&G Princeton Research re-
mote-controlled potentiostat—galvanostat with dedicated
M 342 G&G Princeton Research software. Electrochemical
impedance spectroscopy (EIS) was carried out with the
same potentiostat and a 1255 Solartron frequency response
analyzer. The impedance measurements were made over
a frequency range of 0.05 Hz to 100 kHz (5 points per
decade) with a 10-mV signal amplitude. During the CV,
potential coulometry, and EIS measurements, the working
electrode was kept in a controlled hydrodynamic condition
with a rotating disk electrode (RDE) at 1000 rpm.

The electrochemical oxidation was carried out with the
described cell setup in quiescent conditions and at different
electrode potentials for a fixed time. For this purpose an
AMEL Model 552 potentiostat was used.

Surface morphology was observed with an ISI SS40
scanning electron microscope (SEM).

RESULTS AND DISCUSSION

Cyclic Voltammetry and Controlled-Potential
Coulometry Measurements

The oxide was subjected to anodic polarization in sodium
hydroxide aqueous solution (1 M NaOH) at room temper-
ature.

The shape of characteristic cyclic voltammograms ob-
tained and reported by several authors (8, 14) is displayed in
Fig. 1. After an initial polarization (region a), where no
faradaic current is observed (the slow current increase is
related to the charge equilibration at the oxide—solution
interface), the E—I curve shows a broad peak (region b). In
this second area the current demand is mainly ascribed to
oxidation of Cu(II) to Cu(III) (8, 14, 20). Afterward, the
current starts to build up because of copious O

2
evolution

(region c). Controlled-potential measurements were then
recorded, and the charge passed within 500 s is reported in
Fig. 2. The trend of the charge shows that a possible
transition to higher valence of Cu occurs at E+

560 mV/SCE. Up to an electrode potential equal to
700 mV/SCE, the same charge can be achieved from integ-
ration of the current. After this plateau, the charge increases
linearly.

The current demand recorded in the CVs has to be
considered as the sum of at least two contributions: (i) the
current needed to oxidize the oxide surface (i

C62`@C63` )
and (ii) the current demand for OER (i

OER
). The first



FIG. 1. Typical cyclic voltammogram of La
2
CuO

4
obtained in alka-

line solution (5 mV/s).

FIG. 3. Comparison of CVs consecutively performed on the same
La

2
CuO

4
sample.
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contribution starts at low anodic potentials and slows down
after the first oxide layer has been oxidized. The second
contribution becomes significant when E enters the OER
region and increases together with E. At high anodic poten-
tial, diffusion of OER reactants controls the process.

The experimental results on a La
2
CuO

4
sample subjected

to several cyclic voltammograms show that the behavior
described in Fig. 1 is mainly encountered in the first cycle;
after that, a decreasing of the charge involved in the pro-
cesses is displayed (Fig. 3). The trend of the charge involved
for five consecutive CVs is reported in Fig. 4. Furthermore,
comparison of the CVs shows a decreasing of current de-
mand in the OER region as the CV is repeated. These two
facts lead us to consider that the oxide surface undergoes an
irreversible oxidation, probably through the adsorption of
FIG. 2. Total charge passed by controlled potential coulometry.
electroactive species which occupy active sites inhibiting
oxygen evolution. The X-ray diffraction pattern of the oxide
surface after such a treatment showed a modification of
the lattice parameters with respect to the original ones. The
same analysis performed after mechanical polishing of the
sample surface (ca 100 lm beneath the original surface)
showed oxide lattice parameters close to the original ones.

The electrochemical oxidation was performed by polariz-
ing the samples at two different electrode potentials for
a fixed period of time (20 h): at E @"600 mV/SCE, where
OER begins, and at E@@"900 mV/SCE.

The comparison of the CV obtained before and after the
electrochemical oxidation performed by polarizing at E@
and E@@ is reported in Fig. 5. It is evident that the area
included in the curves changes remarkably. This difference
could be ascribed to the charge associated with oxygen ion
FIG. 4. Charge involved in the consecutive CVs performed on the
same La

2
CuO

4
sample.



FIG. 5. Cyclic voltammogram comparison before (curve a) and after
electrochemical oxidation; E@"600 mV/SCE (curve c), 900 mV/SCE
(curve b).

FIG. 6. SEM micrographies of La
2
CuO

4
surface: starting material (a);

after 20 h of electrochemical oxidation at E@"600 mV/SCE (b) and
E@@"900 mV/SCE (c).
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intercalation in the La
2
CuO

4
lattice; it may occur more

easily on the untreated electrode than on the electro-
chemically oxidized electrode, where the available oxygen
sites are occupied. The curve obtained for the sample polar-
ized at 900 mV/SCE shows a greater electrocatalytic activ-
ity when compared to those of the sample oxidized at
600 mV/SCE. This would be contradictory to that pre-
viously stated, also considering that in the latter curve
a non-negligible charge is still involved. However, a certain
increase of the electrode conductivity due to the grade of
oxidation of the La

2
CuO

4
phase could decrease the ohmic

drop in the electrode, improving, to some extent, its elec-
trocatalytic activity.

The morphological aspects of the specimens subjected to
electrochemical oxidation were then investigated by SEM
(Fig. 6). The presence of characteristic pores due to sinteriz-
ation and the size and boundary of the grains prior to
electrochemical oxidation are displayed in Fig. 6a. Fig-
ures 6b and 6c respectively show the morphology of the
specimens submitted to electrochemical oxidation at E"E@
and E"E@@ for 20 h.

The oxidation at E@@"900 mV/SCE induces a significant
modification of the surface (Fig. 6c). Here, the oxygen ion
intercalation in the oxide lattice is likely to be mainly
accompanied by oxygen evolution, which subjects the elec-
trode surface to strong stress by bubble formation on the
surface and porosity. Instead, the oxidation at E@"
600 mV/SCE leaves the surface intact (Fig. 6b). This may be
due to the decreased oxygen evolution rate. The important
change in the surface morphology which occurred at the
more anodic oxidation could further justify the anomalous
behavior described in Fig. 5; the high surface area created
by oxidation damage would support the high electro-
catalytic activity.
XRD Characterization of La
2
CuO

4`d Electrodes

The copper oxidation state in the cuprate materials can
be determined directly and indirectly by several techniques
(25, 26). As oxygen content in La

2
CuO

4
is altered, not only



FIG. 7. Trend of La CuO lattice parameters (a, b, c) with d obtained
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does the oxidation state of the copper change, but a detect-
able modification of the crystal structure occurs. These
structural changes are measured by the variation of the
lattice parameters. Thus, the cell dimensions and its sym-
metry can be used as an indirect measurement of oxygen
content and/or copper oxidation state (27).

Table 1 summarizes the room temperature lattice para-
meters a, b, and c for the starting materials and La

2
CuO

4`d
as a function of d obtained by several research groups. It is
worth noticing that the c-axis increases from 13.154 to
13.214 As with increasing oxygen content. This c elongation
is consistent with that of high-pressure oxygenated
La

2
CuO

4`d (28), in which oxygen is believed to be inserted
in an interstitial site in (La

2
O

2
) layers. This interstitial

oxygen is at the center of a tetrahedron formed by four La
atoms.

The lattice parameters for La
2
CuO

4`d are plotted against
the oxygen excess (d) in Fig. 7, where it is shown how
a decreases linearly with increasing d, b decreases with in-
creasing d over the composition range 04d40.05 and
subsequently increases steeply when d'0.1, and c slowly
increases with increasing d for low d values and stays con-
stant for d50, 1.

The dependence of the lattice parameters (a, b, c) cal-
culated in this work from the X-ray powder diffraction
pattern versus the applied potential in the electrochemical
oxidation at fixed time is plotted in Fig. 8. The lattice
parameters of the starting material were a"5.364 As ,
b"5.412 As , and c"13.166 As , whereas the orthorhombic
distortion, calculated as f"2(a!b)/(a#b), was about
0.90%. After electrochemical oxidation at E@"
600 mV/SCE, the lattice parameters were a"5.345 As , b"
5.399 As , and c"13.217 As and f:1.00%. The oxidation at
E@@"900 mV/SCE gave a"5.345 As , b"5.425 As , c"
13.219 As , and f:1.4%.
TABLE 1
Lattice Parameters (a, b, c) of La2CuO41d Phase

as a Function of Oxygen Excess (d)a

d a (As ) b (As ) c (As ) Ref.

0 5.370 5.406 13.150 36
0 5.363(5) 5.409(5) 13.17(1) 37
0 5.3572(6) 5.4011(7) 13.1542(12) 38
0.03 5.3609(5) 5.3827(5) 13.1841(11) 38
0.032 5.350(1) 5.398(3) 13.148(6) 39
0.05 5.350 5.398 13.148 40
0.09 13.203 20
0.11 5.3408(6) 5.4043(6) 13.2188(13) 38
0.138 5.341(0) 5.403(0) 13.219(1) 41
0.178 5.328 5.427 13.194 42
0.18 5.3394(15) 5.4093(15) 13.2136(68) 38
0.186 5.333(0) 5.423(0) 13.222(1) 43

aValues obtained from the literature as listed in the last column.

2 4
by other research works.
Comparison of these experimental results with those al-
ready reported by other authors (Fig. 7) confirms that the
oxidation of La

2
CuO

4
has been obtained. In particular,

these results show that the c parameter changes steeply at
high anodic potential, the b parameter shows an initial
decrease followed by an increase at higher anodic potential,
and a decreases very slowly with the potentials. These trends
correspond well with those already reported by Grenier
et al. (29).

Electrochemical Impedance Spectroscopy Analysis

To better investigate the steps involving oxygen intercala-
tion into the perovskite lattice, EIS measurements were
performed at various electrode potentials. Typical results
are shown in Fig. 9.



FIG. 8. Comparison of Room temperature La
2
CuO

4
lattice para-

meters a (j ), b (m), c (d) for starting materials and after the electrochemical
oxidation.

FIG. 9. Impedance spectra obtained for: E"E
%2

(a); E"600 mVSCE
(b); E"900 mV/SCE (c).
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The EIS results show a three-loop response typical of
most ceramics (30) where the electrochemical phenomenon
at the electrolyte—oxide interface and that in the oxide are
displayed. In the high- and medium-frequency domains the
impedance refers to the polycrystalline oxide; grain bound-
ary electrical properties differ from those of interior grain,
and thus different resistivity and space charge can be detec-
ted by EIS measurement. It is worth noticing that the
high-frequency response is weakly dependent on the elec-
trode potential applied to the system. At low frequencies
((10 Hz) the contribution to the impedance of the reac-
tions at the oxide—electrolyte interface is shown. The fre-
quency at which the loops show their maximum ( f

.!9
) is

linked to the capacitance and resistance by

f
.!9

"1/2nq, [3]

where q (relaxation time) is

q"RC. [4]

The high-frequency loop ('104 Hz) is due to the electro-
chemical response of the grain under the effect of the electric
field applied. It appears at a higher frequency than the grain
boundary loop (104—102 Hz) because of the dimension dif-
ference of the charged space, which is smaller with the grain
boundary. In fact, the thin distribution of the charge in the
grain boundary involves a higher capacitance (C) than in the
grain interior. The resistance (R) of the grain and grain
boundary is available from the intercept of the loops with
the real axis of the impedance diagrams. In our case the
relaxation times are sufficiently postponed in the frequency
dispersion to recognize the two phenomena; however, the
response is not so clear as sometimes observed in other
works (30).
While the high- and medium-frequency dispersion of the
spectra refer to the bulk properties of the La

2
CuO

4
, in the

low-frequency domain ((10 Hz) two main situations can
be singled out: (i) for E below the OER region and (ii) for
E into the OER region. When E is below the OER region,
a third capacitive loop is partially displayed. According to
theory (31), this loop could be related to the adsorption
pseudocapacitance at the oxide—solution interface; in fact,
the impedance values at very low frequency ((0.5 Hz) tend
toward a vertical line, indicating that the electrochemical
process is limited to adsorption reaction (Fig. 9a). Another
interpretation of this response at low frequencies takes ac-
count of a very weak insertion of charged species in a host
lattice limited by the diffusion into the material (32).

When E approaches the OER region (E5600 mV/SCE),
the last capacitive loop is clearly obtained (Fig. 9b), indicat-
ing the values of the charge-transfer resistance (R

#5
, dia-

meter of the third loop) of the oxygen evolution reaction
(33). At more anodic potentials an inductive loop is partially
revealed (Fig. 9c). Such impedance diagrams, in the
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low-frequency domain and anodic region, are typical for the
mainly charge-transfer-controlled OER taking place on
a nonhomogeneous electrode surface (34). Generally, induc-
tive loops are ascribed to an adsorption phenomenon (35).

A possible interpretation of the EIS spectra by the theor-
etical equivalent circuit of the two situations described is
shown in Fig. 10.

The oxygen intercalation in the lattice could then be
explained by the diffusion of a limited amount of oxygen
temporarily bonded at the surface—solution interface.
Grenier et al. suggested that O~ is present at the oxide
surface (Eq. [5]) and can diffuse through the bulk and react,
creating O2~ species by an electronic exchange on the metal
cation (Eq. [6]) (20):

OH~N(OH)
!$4

NO~
!$4

[5]

Cu2`#O~
!$4

% Cu3`#O2~ [6]

The cyclic voltammetry and controlled-potential coulo-
metry results suggest that La

2
CuO

4
oxidation occurs at

a potential (ca 560 mV/SCE) slightly lower than that where
oxygen evolution takes place. In particular, in EIS measure-
ments, made at electrode potentials close to 560 mV/SCE,
the low-frequency loop is still open, indicating that the OER
process does not take place. This agrees with a probable
La

2
CuO

4
oxidation process whose rate is controlled by

displacement of oxygen into an inner lattice-free position by
FIG. 10. Typical EIS spectra and theoretical equivalent circuits:
C

"
"bulk capacity of the grains, R

"
"bulk resistivity of the grains,

C
'"
"grain boundary capacitance, R

'"
"grain boundary resistance,

C
$-
"double layers capacitance, R

4
and C

4
"resistance and capacitance of

adsorption phenomena, R
#5
"charge transfer resistance of the faradaic

process (OER).
diffusion. At higher potentials this process is hindered
by OER, which develops parallel and can cause destruction
of the electrode surface.

CONCLUSIONS

The characterization of the processes responsible for the
La

2
CuO

4
oxidation has been discussed in the light of elec-

trochemical results and with the analysis of its structural
properties.

Oxygen intercalation via electrochemical oxidation in
alkaline media seems to come earlier than OER, and after,
to occur on a parallel pathway to oxygen evolution by the
O2~/O~ diffusion in the oxide bulk.

Electrochemical oxidation may result in a significant sur-
face modification; the correct anodic overpotential has to be
carefully estimated to prevent such a modification, provid-
ing, however, an acceptable oxidation kinetics.

The present scientific results highlight a possible way in
which oxygen inserts itself into the oxide lattice, and al-
though some controversy about the theory of such a process
still remains, the results reported are in agreement with
those of various authors.
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