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Electrochemical oxidation and reduction of La4Ni3O10 in alkaline media
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Abstract In this work we used electrochemical polari-
zation for oxidizing and reducing, in a controlled way,
the Ruddlesden-Popper phase La4Ni3O10. With a careful
choice of electrochemical parameters, we were able to
obtain samples of La4Ni3O10±d never obtained before.
The oxygen stoichiometry can range between 9.78
(d=)0.22) and 10.12 (d=0.12). The oxidized phase,
La4Ni3O10.12, was obtained using a galvanostatic mode
(I=20 lA) and the reduced phase, La4Ni3O9.78, using
potentiostatic conditions (E=0.46 V). The evolution of
the electrical conductivity has been studied as a function
of d.

Keywords Electrochemical oxidation Æ Electrochemical
reduction Æ Oxygen intercalation Æ Ruddlesden-Popper
phases

Introduction

In the last few years, the electrochemical intercalation of
oxygen in alkaline solution has been extensively and
successfully used to control and extend the oxygen
stoichiometry of oxides. The efficiency of this so-called
‘‘Chimie Douce’’ method was well illustrated by the
electrochemical oxidation of relevant compounds such
as Sr2M2O5 (M=Fe, Co) or La2MO4+d (M=Cu, Ni) [1,
2, 3, 4, 5, 6, 7, 8, 9, 10, 11] and by the reduction of
La2Cu1)xNixO4+d (0 £ x £ 1) compounds [11].

Concerning compounds with the brownmillerite
structure, the intercalated oxygen atoms are localized in
the oxygen vacancy sites, while for the K2NiF4-type
phases the location of the interstitial oxygen atoms in
the La2O2 layers has been clearly demonstrated [7, 10,
12]. These studies have also shown that after the elec-
trochemical treatment the samples remain well crystal-
lized and oxidized/reduced in the bulk. In addition, it
was demonstrated that the intercalated species are in-
deed the oxygen ions [2, 10, 11] and the method allows
one to obtain metastable compounds.

Thus, electrochemical treatment of such compounds
should be able to affect simultaneously the content of the
oxygen vacancies of the perovskite LaNiO3)x layers,
which can vary in a large way [13, 14, 15], and/or that of
additional oxygen atoms inserted into the La2O2 layers
of the La2NiO4-type structure, as has been demonstrated
in previous work [6, 12].

The n=3 member of this family is particularly
interesting from this point of view. During recent years,
the preparation of La4Ni3O10 has been reported using
different synthesis methods [16, 17, 18, 19] and the ob-
tained materials are almost oxygen stoichiometric. To
our knowledge, a few over-stoichiometric phases have
been mentioned, the most oxidized one being the air-
prepared La4Ni3O10.03, corresponding to a small over-
stoichiometric value (d=0.03) [20, 21].

Conversely, some oxygen-deficient La4Ni3O10)d

phases have been obtained after thermal treatment un-
der a reducing atmosphere (d=0.24) [16] or during TGA

In this work we used this electrochemical interca-
lation technique in order to control the oxygen
stoichiometry of the n=3 term of Lan+1NinO3n+1±d

Ruddlesden-Popper phases. These compounds can be
described as n(LaNiO3) perovskite blocks alternating
with (LaO) rock salt layers along the crystallographic
c direction. The n=1 term of this family corresponds
to La2NiO4 with the K2NiF4-type structure, while the
n=¥ term is the well-known LaNiO3 phase with the
perovskite structure.
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measurements using either a diluted (d=1) [17, 22] or
pure hydrogen flow (d=2) [22]. All these phases are
strongly oxygen deficient, exhibiting a tetragonal struc-
ture and semiconductor-type behaviour. We have pub-
lished a report [23] highlighting the close relation
between the oxygen stoichiometry and the transport
properties of the La4Ni3O10±d phases.

We describe in the present work an electrochemical
study of the La4Ni3O10 phase in alkaline media
(1 mol L)1 KOH), which allowed us to select the elec-
trochemical parameters for preparing the oxidized and
reduced samples (anodic and cathodic polarization,
respectively). The different compounds were character-
ized by XRD and electrical resistivity measurements
before and after the electrochemical treatment.

Experimental

Samples with nominal composition La4Ni3O10.02 were prepared by
a nitrate-citrate method previously described [24]. Pelleted samples
of the as-prepared La4Ni3O10.02 compound, with a density of about
65% (8 mm diameter, 2 mm thickness, weight �0.4 g) were used as
the working electrode. The determination of the porosity of the
electrode was estimated after calculation of the density of the pel-
lets (qexp=m/V, where m and V represent the mass and the volume
of the pellet). Then the value was compared with the crystallo-
graphic data, and the porosity was obtained by the ratio qexp/qcryst.

Electrical contact was made using a silver paste, which was
separated from the electrolyte with a resin (Mecaprex KM, Presi).
The electrochemical experiments were carried out using a three-
electrode arrangement in a two- (cyclic voltammetry) or one-
(oxidation and reduction experiments) compartment cell filled with
1 mol L)1 KOH solution. A Hg/HgO electrode (XR400, Tacussel;
E�=+0.098 V/SHE at pH 14) was used as the reference electrode.
All potentials quoted in this work are referred to this electrode. The
counter electrode was a large gold foil. The experiments were
performed at 25 �C in air. The electrochemical reactions (oxidation
and reduction) were carried out either at steady potential (poten-
tiostaticmode) or at constant current intensity (galvanostaticmode).

A cyclic voltammogram was first run using a rotating polished
disk (rotating disk electrode EDI 101T, Tacussel, x=1000 rpm) as
the working electrode, which allowed us to determine the electro-
chemical conditions to be applied. This curve was obtained after
stabilization at the open circuit voltage (Eocv=0.26 V).

After the electrochemical experiments, the pellets were removed
from the cell, washed with water and acetone and then dried. The
samples were characterized by powder X-ray diffraction (XRD)
using a Philips PW 1730 diffractometer with Cu-Ka radiation after
and before the electrochemical treatment. The oxidation state of
nickel was determined by standard iodometric titration [25]: in the
presence of an excess of potassium iodide, a mass (m) of the sample
was dissolved in dilute HCl under nitrogen. The iodine formed was
then determined by titration with a thiosulfate solution, in the
presence of starch.

Electrical resistivity measurements were carried out on the
pellets in the temperature range 4.2–300 K, using a standard four-
probe technique.

Results and discussion

Voltammetry studies

A cyclic voltammogram of the La4Ni3O10.02 electrode in
alkaline solution is shown in Fig. 1. On the basis of this
voltammogram, three oxidation (Oi) and three reduction
(Ri) phenomena can be identified. As a general trend, the
shape of this curve is similar to the one published for
La2MO4+d (M=Cu, Ni) phases [1, 2, 6].

It can be also noted that the cyclic voltammogram is
rather similar to those previously reported for the
LaNiO3)d perovskite phase [23, 24, 25, 26, 27, 28, 29],
for which, before oxygen evolution, the anodic peak was
associated with the redox couple Ni2+/Ni3+ [27, 28].

Considering these facts, the curve can be described as
following. The linear variation (O1) of the potential,
usually assigned to the double layer charging of the
porous electrode, is observed in the range )0.40 to
+0.40 V. The O2 process, for 0.40<E<0.60 V, corre-
sponds to the oxygen intercalation reaction into the
oxide, a diffusion phenomena, described by Eq. 1:

La4Ni3O10 sð Þ þ 2dOH� aqð Þ
! La4Ni3O10þd sð Þ þ dH2O aqð Þ þ 2de� ð1Þ

These results are in agreement with previous work, as it
was concluded that the process occurring just before the

Fig. 1 Cyclic voltammogram of
the La4Ni3O10.02 electrode in
alkaline solution (2.5 mV/s)
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oxygen evolution reaction, usually identified by a well-
defined plateau, is the signature of the oxidation process
of the material.

The last process (O3) appears clearly for E>0.60 V,
and corresponds to the oxygen evolution reaction. For
E>0.70 V, a gas evolution was observed on the surface
electrode. However, it has to be noted that a clear sep-
aration between the O2 and O3 processes is not visible.
These processes are superimposed and their deconvolu-
tion can only be carried out by a judicious choice of the
electrochemical parameters. This fact is not surprising
once it is known that the rate-determining step is the
same for both the oxygen intercalation and oxygen
evolution processes of the compound, and is described
by the appearance of the O) species on the electrode
surface [30, 31].

Concerning the cathodic part of the voltammogram,
the peak R1 around E=0.30 V is likely due to the
reduction of the superficial molecular oxygen absorbed
during the oxidation process. The extended plateau R2

()0.50<E<0.20 V) corresponds to the reverse of Eq. 1,
in agreement with previous work [10, 29], and is the
signature of the reduction of the phase, by oxygen
deintercalation.

A large increase of current intensity is observed for
E<)0.60 V, which can be due to the reduction pro-
cesses. This last process (R3) concerns solvent reduction,
with hydrogen formation, and is associated with the
redox couple H2O/H2.

Electrochemical treatment of the as-prepared samples

From the cyclic voltammetry data, the experimental
conditions to perform the oxidation and reduction of the
as-prepared oxide samples were selected, and are sum-
marized in Table 1. Two polarization modes, potentio-
static and galvanostatic, were used. Concerning the first
one, a steady potential of Eox=0.46 V (t=480 h) for the
oxidation process (beginning of the oxidation wave) was
selected in order to avoid significant oxygen evolution.
For the reduction treatment, the clear separation of the
processes allowed us to choose an intermediate value of
Ered=)0.025 V (t=480 h) on the cathodic plateau.

Concerning the galvanostatic mode, previous studies
dealing with electrochemical oxygen intercalation on
oxides have shown that the current intensity should be
always much smaller than those obtained by cyclic vol-
tammetry [2, 6, 10, 32], in order to ensure that the only

occurring process is the desired reaction. From these
considerations, various values of the current intensity
were tested (2.5, 5, 10 and 20 lA), which led us to
conclude that the value of 20 lA (t=300 h) appeared to
be the best one to optimize the oxygen intercalation of
the as-prepared compound. It is noteworthy that such a
value was previously used for the electrochemical oxi-
dation of the La2CuO4+d phases [32]. Attempts were
carried out to reduce the oxide samples using current
intensities of I=)150 lA and I=)100 lA. No results of
these experiments are presented, owing to the degrada-
tion signs presented by the reduced samples after the
electrochemical treatment. Attempts with lower current
intensities could be considered, but they would demand
times of polarization much longer, which could involve
chemical degradation.

In the case of the potentiostatic mode, when plotting
the current intensity dependence with time polarization,
it should be possible to follow the evolution of the
reaction. However, for this kind of working electrode
constituted by a pellet with large porosity, capacitive
phenomena have to be taken into account and the
interpretation of the I=f(t) curves becomes very difficult
[33, 34], owing to the double layer charging in the por-
ous electrode. In such a case, the steady state may take
quite a long time: times of the order of 10–104 s are
indicated by Grens and Tobias [35]. Moreover, an
electroactive surface variation, even small, associated
with oxygen/hydrogen evolution, disturbs significantly
the current intensity.

On the other hand, for the galvanostatic mode
polarization, provided that the applied current intensity
is small in order to consider the oxygen/hydrogen evo-
lution to be insignificant, it is possible to follow the rate
of the reaction by representing E as a function of time.
Moreover from Eq. 1 it is possible to calculate the
content (del) of intercalated/deintercalated species
quantified by the following relation:

del ¼
M
2mF

It ð2Þ

where I is the current intensity (A), t the polarization
time (s), M the molar mass of the starting compound (g)
and m the pellet mass (g).

Figure 2 shows the variation of the oxide electrode
potential with time, and with del under galvanostatic
conditions, during the oxidation (Iox=20 lA). The
curve can be understood by taking into account two
phenomena. For t<150 h, the curve describes the oxy-
gen intercalation mechanism into the host lattice of the
oxide electrode material, and can be interpreted on the
basis of some kind of extension of the Nernst law,
according to the Armand equation [36, 37] described in
accordance with Eq. 3:

E ¼ Eocv þ Er þ
nRT

F
ln

y
1� y

� �
ð3Þ

Table 1 Experimental conditions for the different electrochemical
treatments

Oxidation
conditions

Reduction
conditions

O1 I=20 lA; 300 h E=)0.025 V; 480 h R
O2 E=0.46 V; 480 h
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The Eocv (open circuit voltage) term stands for the
equilibrium potential of the working electrode in a given
electrolyte. R, T and F represent respectively the gas
constant, the temperature and the Faraday constant and
y corresponds to the fraction of occupied sites. The value
of n can be 1 or 2, depending on the intercalation process
mechanism and Er takes into account the structure of
the host lattice, the interaction effects between the
intercalated species and the lattice, the diffusion path,
etc. In a first approximation, for a given compound, this
term should be almost constant. For t>150 h, a gas
evolution was observed on the electrode surface, corre-
sponding to the oxygen evolution occurring at the elec-
trode/electrolyte interface. So, the process is described
by a simple Nernst law, the potential remains almost
constant (�0.50 V) and corresponds to the equilibrium
potential of the redox couple OH)/O2.

From these results and under the experimental con-
ditions used, one can approximate the end of the inter-
calation of oxygen within the compound to t=150 h,
corresponding to d=0.12.

Characterization of the materials

The X-ray diffraction patterns of the two oxidized
samples (O1, O2), as well as the reduced one, did not
reveal any significant differences between them, inde-
pendently of the electrochemical conditions used for the
experiments. At first sight, the typical diagrams reported
in Fig. 3 can be considered almost identical and it can be

Fig. 3 X-ray patterns of the as-prepared, oxidized and reduced
compounds

Fig. 2 Variation of the oxide electrode potential with time and with
del under galvanostatic conditions, during the oxidation process
(Iox=20 lA)
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concluded that the orthorhombic structure of the start-
ing material is maintained after the oxidation and
reduction treatments.

However, the X-ray pattern of the reduced sample
exhibited some additional peaks due to the presence of
La(OH)3, but no traces of NiO were detected, which
points to the possible formation of a soluble nickel
phase. Indeed, according to the Pourbaix diagram [38],
the presence of NiOOH) soluble species is possible in the
conditions used in this study.

Since the amount of La(OH)3 present in the reduced
compounds is very small, the calculation of the oxygen
non-stoichiometry (dtit, determined from the chemical
analysis) appears acceptable, although it is a value by
default. The corresponding results of the iodometric
titrations as well as the cell parameters refined for all the
samples are reported in Table 2. It has to be noted that
the oxygen content value calculated by this method for
the sample O1 (La4Ni3O10.12) is almost identical to the
composition deduced from the analysis of Fig. 2, i.e.
La4Ni3O10.14 (del=0.12).

Considering the values of the oxygen non-stoichi-
ometry for the different samples studied (reported in
Table 2), it is quite surprising to observe any change in
the cell parameters. Actually, we expected a slight de-
crease of the cell parameters for the oxidized samples, as
a consequence of the oxidation of Ni2+ to Ni3+ and,
conversely, an increase of them for the reduced sample.
However, considering other results on La2NiO4+d and
La3Ni2O7)d phases [6, 7, 22, 39], we note that an
appreciable change of the cell parameters is evidenced in
these Ruddlesden-Popper phases only when the devia-
tion from the oxygen stoichiometry is meaningful.
Therefore the results obtained in our work are in
accordance with the rather narrow non-stoichiometry
domain scanned ()0.22 £ d £ +0.12) with the oxygen
deintercalation-intercalation processes [6, 7].

In order to check the effect of the oxygen non-stoi-
chiometry of the samples on the transport properties, we
plot in Fig. 4 the resistivity versus temperature curves
for the oxidized and reduced phases, respectively. The
metal-metal transition detected around 140 K for the as-
prepared La4Ni3O10.02 is no more perceivable for both
oxidized O1 and O2 compounds which exhibit the same
behaviour. Moreover, a slight decrease of the resistivities
is observed as the oxygen content increases. For the
reduced sample, a more pronounced transition is ob-
served, as well as an increase of the resistivity values. In
a recent study, we have concluded that the electrical

resistivity, the Seebeck effect and the magnetic properties
of these phases are closely related to their oxygen stoi-
chiometry [23]. Slight differences in oxygen stoichiometry
explain why several authors have not detected the
anomaly on the electrical conductivity curve of the
La4Ni3O10 phase. This points to the necessity of control-
ling the oxygen content of these phases using electro-
chemical polarization, as shown in the present work.

The characterizations of the obtained La4Ni3O10±d

compounds led us to conclude that under the polariza-
tion conditions used (either in oxidation or in reduc-
tion), the oxygen stoichiometry has been successfully
changed. However, the presence of La(OH)3 detected in
the reduced sample cannot be disregarded. It clearly
shows that some degradation of the surface occurred.
Actually, it is quite difficult to explain simply the
degradation phenomena according to the dissolution-
precipitation mechanisms because of the large porosity
(35%) of the electrodes.

Conclusion

From this preliminary work we are able to conclude that
electrochemical polarization is a promising method in

Table 2 Non-stoichiometry content calculated by iodometric titration and cell parameters of the prepared compounds

dtit Ni3+ (%) Sample a (nm) (±0.0002) b (nm) (±0.0002) c (nm) (±0.001) V (nm3) (±0.010)

As-prepared 0.02 68 La4Ni3O10.02 0.5414 0.5468 2.796 0.828
O1 0.12 75 La4Ni3O10.12 0.5422 0.5466 2.796 0.829
O2 0.06 71 La4Ni3O10.06 0.5423 0.5461 2.796 0.828
Ra )0.22 52 La4Ni3O9.78 0.5420 0.5469 2.797 0.829

aThe small amount of La(OH)3 detected in this sample was not considered in this calculation

Fig. 4 Thermal variation of the electrical resistivity of the
compounds

704



order to oxidize and reduce, in a controlled way, the as-
prepared La4Ni3O10.02 phase. It is noteworthy that there
is the possibility of extending this conclusion to other
Ruddlesden-Popper phases and it could also be helpful
in studying the possible existence of other phases.

In these studies, we point out that the best oxidation
conditions are the ones used in the galvanostatic mode
(I=20 lA), which permit us to obtain the La4Ni3O10.12

phase. The reduction experiments allowed us to prepare
the La4Ni3O9.78 phase using potentiostatic conditions.
However, it contains small amounts of La2O3 whatever
are the polarization parameters. Different studies of the
reduction conditions have to be explored in order to
avoid degradation phenomena.

Recently, we have demonstrated that small changes
in the oxygen stoichiometry (and consequently in the
ratio Ni2+/Ni3+) play an important role in the electrical
conductivity and more generally in the electronic prop-
erties of these phases [23]. It is then of great interest to
control the oxygen content of the Ruddlesden-Popper
phases, which can be precisely done by electrochemical
polarization, as we have shown.
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