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Abstract The effect of partial substitution of nickel by
cobalt in perovskite LaNi,_,Co,0; (0<x<0.6) oxides,
synthesized by the sol-gel method, using nickel and/or
cobalt nitrates, lanthanum nitrate, citric acid as chelating
agent has been studied. The obtained samples were char-
acterized by several techniques. XRD and IR analysis show
that the formation of the perovskite phase occurs at 750 °C.
Scanning electron microscopy (SEM) revealed that pow-
ders were composed of particles with different shape and
size. The increase in the fraction of the doped-Co leads
to highly agglomeration of particles while the porosity
decreases. The electrochemical measurements shows that
the presence of cobalt leads to a decrease of the catalytic
activity attributed to the Co—Ni alloy formation. The high-
est electrode performance is achieved with LaNi, (Co, 405
electrode. The band gap energy was calculated from the
UV-Visible and it is found above 3 eV.

Keywords LaNi,;_,Co,O; - Perovskite - Sol—gel -
Thermal analysis - Electrochemical properties - Optical
properties

1 Introduction

The Perovskite-type mixed oxides are ceramic materials
that combine metals elements with non-metallic ones usu-
ally can be described by the general stoichiometric formula
ABO;, where A represents a lanthanide or alkaline earth
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ion and B a trivalent ion of a transition metal. The perovs-
kite lattice can accommodate multiple cationic substitu-
tions with only small changes since the values of the struc-
ture factors (t) is between 0.75 and 1 [1]. In this structure,
the properties are mainly determined by the occupancy of
B sites, which usually are partially substituted [1, 2]. Dur-
ing these last years, theoretical and technological studies
for mixed oxides with perovskite structure have devel-
oped based on their physical (ferroelectric, piezoelectric,
magnetic, electro-optic, dielectric, conducting and super-
conducting properties and catalytic properties) [3-5]. The
perovskite type catalysts containing nickel, such as LaNiO;
have received much attention because of their potential
application as electrode materials in solid oxide fuel cells,
gas sensors. They have a structure relatively stable when
heated and a good activity for the steam reforming which
produces CO, and H,O under oxidative conditions [6, 7].
The effect of the routes of preparation and calcination (tem-
perature, time and atmosphere) and substitutions of A and/
or B sites on the phase composition and crystalline struc-
ture of LaNiO; materials are considered important because
of their effects on the electronic properties, which affect the
conductivity and catalytic properties of the final product
[8-11].

There are several chemical methods which can be used
to synthesize metal oxide nanoparticles. Among these prep-
aration methods, the sol-gel synthesis method has several
advantages over other methods including good homogene-
ity, low cost, high purity and low heat treatment [12—-14].

LaNiO; oxide has been much studied by doping of a
nickelate site for practical applications. It was found that
catalytic activities of LaNi;_ M,0; (M=Mn, Al, Co) com-
plex oxides were much higher than that of LaFeO; sample
due to the increase of the valence of B-site cations and lat-
tice oxygen content [15]. In recent years, some research on
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the LaNi,_,Co,O; system was conducted. Valderrama et al.
[16] have prepared LaNi,_,Co,0; (0<x<1) oxides by cal-
cining the precursors at 750 °C for 4h using the propionic
acid as the solvent via a sol—gel resin method, used them
as catalysts in the drying reforming of methane. Moreover,
Androulakis et al. [17] have studied the electrical resistiv-
ity and the magneto-resistance of the metallic members
of the LaNi,_,Co,0; series with 0.3 <x<0.6, synthesized
via Pechini (citrate—gel) method. Some years later, Silva
et al. [18] have synthesized a series of LaNi,_,Co,O; com-
pounds (x=0, 0.2 and 0.4) by the combustion method and
used them as catalysts precursors in the partial oxidation of
methane (POM). Recently, Zhong et al. [19] have prepared
the series oxides of LaNi;_,Co,0; (x=0, 0.1, 0.3, 0.7, 1.0)
by a co-precipitation method, investigated the catalytic oxi-
dation of NO. Furthermore, Zhao et al. [20] have reported
the catalytic properties for steam reforming of ethanol
using LaNi,_,Co,0; as catalysts obtained by calcining the
precursors at 700 °C for 5h via one step-citrate complexing
method.

To our best knowledge, there is no works in the literature
on the thermal stability, oxygen evolution reaction in alka-
line media and optical properties of LaNi;_,Co,O; oxides.

In this present work, we started ours investigations on
LaNi,_,Co,0O; (0<x<0.6) oxides by the thermal evolu-
tion of the precursor powder prepared via sol-gel method,
to the point of the formation of the perovskite phase, fol-
lowed by means of thermal analysis, IR spectroscopy and
powder X-ray diffraction (XRD). Thereafter, electrochemi-
cal measurements were performed with cyclic voltammetry
at a scan rate of 20 mV/s in the potential range 0-0.8 V,
aiming to determine the best material composition for the
oxygen evolution reaction. Finally, optical band gap values
were estimated using UV-Visible spectroscopy to measure
the potential of our materials to be used as photo-catalysts.

2 Experimental Method
2.1 Preparation

LaNi;_,Co,0; (0<x<0.6) perovskites were synthesized
by sol-gel method using lanthanum, nickel and cobalt
nitrates as starting materials and citric acid as a complexing
agent. Precursor solutions were prepared from stoichiomet-
ric amounts of precursor salts La(NO;);-6H,0O (biochem),
Ni(NO3),-6H,0 (biochem), and Co(NO;),-6H,0O (biochem)
and along with citric acid were dissolved in ethanol. The
solution with metal ions and citric acid in the molar ration
1:1:2 (lanthanum-nickel, cobalt—citric acid) are heated at
60-70°C for 3h with a continuous stirring until a gel was
achieved. To remove residual ethanol, the gel was dried at
100°C for 24 h. Thereafter, the powder was calcined in an

oven at different temperatures (550-850°C) for 6h with a

heating rate of 5°C min~!.

2.2 Powder Characterization

Several techniques were used for characterization of the
perovskites. The thermal decomposition process of the
precursor powder was carried out by thermogravimetric
and differential thermal analysis TG/DTA using a SETA-
RAM LABSYS evo at a heating rate of 10°C.min"! in air.
The eventual presence of organic material after calcina-
tion was determined by infrared spectroscopy in an (FT-
IR) SHIMADZU 8400 S spectrometer using KBr pellets.
The phase identification of the synthesized powders, which
were calcined at various temperatures, was performed from
a X-ray diffraction (XRD, BRUKER-DS8) by scanning the
angular range 10°-80° using CuK,, radiation. The identifi-
cation of crystalline phases was performed using data from
the cards of JCPDS (International Center for Diffraction
Data). The lattice parameters of the structure were deter-
mined by refinement of the peak positions of the XRD pat-
tern using the program CELREF. Morphological aspects of
the powders were examined by using a ESEM-FEI scan-
ning Electron microscopy (model Quanta 600 FEG).The
ultraviolet and visible diffuse reflect spectra were measured
at 200-850nm wavelengths with a Perkin—Elmer—Lambda
950 spectrophotometer. The electrochemical experiments
for O, evolution reaction were performed using a potenti-
ostat/galvanostat instrument model Parstat 4000 and were
carried out using three electrodes. Electrodes of oxides
LaNi,_,Co,O; were obtained by painting on nickel support.
Pt and Hg/HgO were used as auxiliary and reference elec-
trodes, respectively.

3 Results and Discussion
3.1 TG/DTA Analysis

To further study the details in the whole chemical reaction
process, the DTA-TG curves heating from 25 to 900 °C for
LaNij Cog 405 is shown in Fig. 1. The whole process of
weight loss can be divided into four stages: (1) 51-145°C,
(2) 208-311°C, (3) 311-436°C, (4) 744-820°C. At the
first stage of weight loss, which is correlated with a strong
DTA endothermic peak at about 126 °C representing the
evaporation of water and organic compounds in the gel
[21]. The second stage of weight loss can be explained
by the transformation of the citrate to aconitate which is
accompanied by a broad endothermic peak around 239 °C
[22, 23]. The third step between 311 and 436 °C, two small
endothermic peaks detected on the DTA curve are centered
at 344 and 399 °C. They can be probably attributed to some
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Fig. 1 TG and DTA curves of LaNi, 4Co ,O; precursor heated in air
at 10°C min™'
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Fig. 2 XRD patterns of the LaNi, (Co, ,0; powder calcined at differ-
ent temperatures: (*) LasO;NOj;. (+) La,0;, (=) NiO; (0) Co;0,4; (R)
rhombohedral phase

chemical reactions of the organic—metal complexes with
emitting some gas species like CO, [21]. The last endother-
mic peak at about 782 °C, can be possibly assigned to the
gradual formation of LaNi, (Co, ,O; crystal.

3.2 X-ray Diffraction

The XRD diffractograms of LaNi,,Co,,O5 oxide calcined
at different temperatures (550-850°C) are presented in
Fig. 2. After calcination at 550 °C, the precursor is a mix-
ture containing LasO,;NO; (PDF:00-038-0891), La,0,
(JCPDS: 01-074-1144), Cos0, (JCPDS: 00-42-1467)
and NiO (JCPDS: 01-089-3080). At 650°C, the charac-
teristic diffraction peaks of La;O;NO; and NiO become
weaker while those of Co;0, disappear. The intensity of
La,0; peaks becomes relatively more intense whereas the
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Fig. 3 X-ray diffraction patterns of perovskite LaNi;_,Co,O;
(0<x<0.6) samples calcined at 750°C

Table 1 Values of unit cell parameters for LaNi;_,Co,O5

Nominal compositions a=b (A) c (;%) \'% (A3)
LaNiO; 5.4360 6.5502 167.63
LaNi ¢Co,,05 5.4293 6.5136 166.28
LaNi (Co, 405 5.4314 6.5435 167.17
LaNi,Co, 05 5.4481 6.5667 168.80

characteristic peaks of the rhombohedral phase appear.
With the increase of calcination temperature, the peaks
attributed to La;O,NO;, La,05 and NiO disappear totally at
750°C, where the crystallinity of the LaNi, (Co,,O; phase
is improved. After further heating at 850 °C, the diffracto-
gram presents a single perovskite phase without secondary
phases. The difference in the crystallization temperature of
LaNij Co, 405 as observed in DTA and XRD could be to
the difference in heating program of the samples.

XRD patterns of the LaNi,_,Co,05 (0<x<0.6) calcined
at 750°C for 6h in air (Fig. 3) indicated the formation of
a crystalline phase of perovskite type with rhombohedric
structure (PDF: 00-034-1181). There is no distinguish-
able difference between the XRD patterns of LaNiO; and
LaNi,_,Co,0O;.

The Lattice parameters a, b and ¢ and the unit cell vol-
ume V as a function of cobalt content (x) are summarized
in (Table 1). We observe that the both parameter decrease
slightly with increasing x from O to 0.6. This is due to
the incorporation of cobalt ions with bigger ionic radius
(0.078 nm) in comparison with the smaller nickel ion
(0.069 nm) [24]. Similar tendency has been found already
for LaNi;_,Co,O; samples [16, 18, 25]. A linear variation
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with respect to the substitution degree confirming the solid
solution formation.

3.3 IR Spectroscopy

The sample LaNi, 4Co, 4,05 is characterized by IR spectra
in the range 400-2000 cm™! (Fig. 4). From the spectra of
the sample heated at 550 °C, several bands were observed
with central point at 676, 800, 925, 1400 and 1596 cm™h
The band observed at 676 cm™ can probably be attrib-
uted to the stretching deformation of O-Ni-O [26], which
becomes more strong at higher temperature. The bands
which appear at about 800 and 925 cm™! characterize prob-
ably the carbonate [27] and nitrate anions [28], respectively.
After heating (T > 500°C), the intensity of these bands
decreases and they become less visible at higher tempera-
ture (T=850°C). The bands observed at 1400 cm™~' were
assigned to stretching vibrations of carbonate [29]. This
last has weakened with increasing calcination temperature.
Moreover, the band at 1596 cm™ corresponds to the asym-
metric and symmetric carbonyl group stretching vibrations
of ionized carboxylate [30]. It decreases rapidly in the tem-
perature range 650-850 °C. The decrease in the characteris-
tic bands of the carboxylic group and nitrate anions in the
IR spectra of as burnt powder shows that ions of carbox-
ylic group and NO;™ take part in the reaction during com-
bustion. Consequently, it can be considered as a thermally
induced anionic redox reaction of the anionic gel wherein
the carboxylic group acts as oxidant and nitrate ions act as
reducers [31]. A weak band appears at ~468 cm™! at 750°C
and becomes much visible at 850 °C, which corresponds to
the vibration of the Ni—-O bond [32].
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Fig. 4 Infrared spectra of LaNi,¢Co,,0; powder calcined at differ-
ent temperatures

Figure 5 shows the IR spectra of LaNi,_,Co,O; gels
calcined at 750°C for 6h. All these spectra are similar in
shape. Tow absorption bands located at 468 and 667 cm™!
can be attributed to the stretching vibration of the Ni-O
bond and the stretching deformation of the O-Ni-O,
respectively. They confirm the formation of perovskite
structure [26, 32].

3.4 Structural and Morphological Characterization

The average crystallite size (D) was calculated from
the broadening of the XRD line width by using the
Debye—Scherrer relationship (Fig. 6). For that, it was nec-
essary to consider the peaks (202) of LaNi;_,Co,O; oxides.
The oxides present an average crystallite size in the range
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Fig. 5 Infrared spectra of LaNi;_ Co,O; (0<x<0.6) samples cal-
cined at 750°C
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Fig. 6 Crystallite size of LaNi;_,Co,0; (0 <x<0.6) powders
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of 20.6-26.2 nm indicating that the perovskite powders
prepared by the sol-gel method are composed of nanomet-
ric particles. It is observed that the crystallite size increases
with increasing cobalt content. This is probably due to the
incorporation of Co?* into the LaNiOs lattice, which leads
to the crystallite growth. Moreover, Similar results were
also found previously for LaNi,_,Co,O; samples syn-
thesized by co-precipitation method [19], LaNi;_,Co,O;
[25] prepared by microwave -assisted citrate method and
LaCr,_,Zn,0; (x=0-0.3) [33].

The morphologies of LaNi;_,Co,03(x=0-0.6) sam-
ples studied by SEM are shown in (Fig. 7). The micro-
graphs images indicate that particles of different shapes and
sizes are formed with very well pronounced agglomera-
tion for doped samples (x>0.2). The perovskites LaNiO;
and LaNi, 3Co,,05 are composed of almost parallelepiped
grains, while samples with higher cobalt content (x> 0.2)
various shapes of grains are observed. The increase in the

mode| HV |spot| WD ‘7 mag O |
SE [22.00 kV| 3.0 [7.9 mm | 120 000 x

HV spot| WD
SE [20.00 kV[ 3.0 |9.3 mm [50 0

fraction of the doped-Co leads to highly agglomeration
of particles while the porosity decreases. Similar trend of
changing in size and shape were also found previously [25,
34, 35]. Indeed, it was reported that the increasing amount
of cobalt in substituted calcium hydroxyapatite (HAp)
increases the tendency of crystallites to stick together, lead-
ing to the formation of large particles (aggregates).

3.5 Cyclic Voltammetry

Cyclic voltammograms were registered for the elec-
trodes LaNi;_,Co,0O; calcined at 750°C in 1 M KOH at
25°C, the potential range 0<E <0.8 V with the scan rate
of 20 mV s~!. Figure 8 shows the anodic current—poten-
tial curves of air electrode with different substitutions of
cobalt content. We observe in general that these electrodes
have a qualitatively similar behavior. The coated electrode
films showed a good cohesion through polarization. All

500 nm

md;‘w HV  [spot| WD | mag O | 1/5/
JUST NANO CENTER

2016
SE [22.00kV| 3.0 | 8.0 mm | 160 000 x | 10:56:14 AM

Fig. 7 SEM micrographs of LaNi;_,Co,05. a x=0; b x=0.2; ¢ x=0.4; d x=0.6 calcined at 750°C
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Fig. 8 The i-E polarization curves for LaNi,_,Co,O; electrodes in
1 M KOH

voltammograms exhibit two redox peaks. The first anodic
(470.10<Epa<514.27 mV) is observed in the forward
scan followed by the oxygen evolution reaction. The sec-
ond one (327.26 <Epc<360.53 mV) is observed in the
reverse scan. These last correspond to a pseudo capaci-
tance of the Ni(III)/Ni(Il) surface redox couple [36]. The
electrocatalytic activity of LaNiO; was much higher than
that of doped samples. This is probably due to that nickel
is more active than cobalt [37]. The same trend was also
found already by Sierra et al. [38]. It has been shown that
the presence of cobalt leads to a decrease of the catalytic
activity attributed to the Co-Ni alloy formation. Further-
more for samples doped with cobalt, LaNi, (Co, 405 shows
the high catalytic activity. This is possibly due to the poros-
ity structure, which acts positively on the catalytic activity
by increasing the number of reactant accessible catalyst
sites [39].

3.6 Band Gap Study by UV-Visible Spectroscopy

The effect of doping on the energy band-gap was investi-
gated by UV-Vis absorption spectroscopy. Figure 9 shows
the Kubelka—Munk conversion spectra of as-prepared
LaNi;_,Co,O; nanoparticles in the reflectance range of
200-850nm. The range of 300-570 nm is related to the
metal and metal transition [40]. These spectra show that
samples have similar behavior. The optical band-gap val-
ues were found to be 3.802, 3.825, 3.826 and 3.820 eV
for x=0, 0.2, 0.4, 0.6, respectively. They are higher than
3 eV, which confirms that the perovskite compounds are
semiconducting in nature. The values of E, are ranging
from O to 5 eV, therefore the optical absorption spectra of
these materials are owing probably to the highest intraband
electronic transitions related to O2p and La 5d states [41].
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Fig. 9 Kubelka—-Munk conversion
LaNi,_,Co,O; calcined at 750°C

spectra of the samples

These results indicate that the as—prepared LaNiO; and Co-
doped LaNiO; nanopowders can be utilized for the photo-
catalysis in the degradation process of organic pollutants
[42].

4 Conclusion

Co-doped LaNiO; nanopowders in the composition range
x=0-0.6 were successfully prepared via sol-gel method,
employing nitrate salts of lanthanum, nickel and cobalt as
cations precursors, citric acid as a chelating agent. TG-
DTA curves show the thermochemical behavior of the
compounds with respect to temperature. According XRD
characterization, the formation of the perovskite pure phase
was obtained at 750 °C with no detectable secondary phase,
as well confirmed by IR spectroscopy. The morphology
of samples that were examined by SEM shows that differ-
ent shapes and sizes of particles are formed with very well
pronounced agglomeration for doped samples (x>0.2).
In electrochemical study, LaNi,Co,,0; electrode exhib-
its a significantly higher catalytic activity, indicating that
this material is the best electrocatalyst for oxygen evolu-
tion reactions. The UV reflectance spectra indicate that the
optical band gap values of LaNi;_,Co,O; nanoparticles are
above 3 eV. This finding in optical properties indicates the
potential for these doped materials to be employed in pho-
tocatalytic applications.
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