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A B S T R A C T   

LaNi1-xCoxO3 perovskite materials were synthesized by a sol-gel method for use in electrochemical reactions 
which involve molecular oxygen. The metal oxides were characterized by different physicochemical techniques 
and it was observed that the incorporation of Co induces some changes in the surface of the materials that affect 
the electrocatalytic activity. The different perovskite metal oxides were mixed with carbon black (Vulcan) to 
improve their electrocatalytic performance. The results from TPR and TPD techniques supported the XPS 
interpretation suggesting that a stronger interaction between carbon material and metal oxides can be obtained 
by physically mixing the two materials. This interaction improves the electron transfer and enhances the catalytic 
activity. Among the as-prepared materials, it was observed that the electrocatalytic performance of LaNi1-xCoxO3 
perovskite/Vulcan materials is higher than that of LaNiO3/Vulcan for ORR, but similar towards OER. It is 
claimed that Co3+ is more catalytic for ORR, while Ni3+ favors the OER. Moreover, the presence of Co stimulates 
the formation of chemisorbed oxygen species, which also favor the electron transfer. Metal oxides containing 
both cations show higher stability, being this effect more notorious for OER. LaNi0.5Co0.5O3/Vulcan seems a 
suitable bifunctional catalyst for both electrochemical reactions.   

1. Introduction 

The depletion of fossil fuels together with the environmental prob-
lems associated to their use has intensified the search for alternative, 
cleaner, and more sustainable energy sources. However, the complete 
replacement of fossil fuels is not feasible without adequate reduction in 
cost, efficient energy storage, and optimal integration of smart grid 
energy supply. Then, it is necessary to develop systems capable of 
storing energy when production from renewable sources exceeds de-
mand and releasing it into the opposite case. In this context, hydrogen 
fuel cells, metal-air batteries, and electrolyzers appear as promising 
devices to meet future energy requirements [1,2]. However, two of the 
electrochemical reactions involved in these devices, the oxygen reduc-
tion reaction (ORR) and the oxygen evolution reaction (OER), exhibit 
slow reaction kinetics which makes necessary the use of electrocatalysts 
to increase the reaction rate [3,4]. At present, the most extended ma-
terials for this purpose are based on scarce and expensive metals such as 
platinum for ORR [5,6] and iridium or ruthenium for OER [7]. 
Designing new catalysts with a lower economic cost is then essential to 

develop these electrochemical technologies. 
One of the most studied properties of new catalysts is their bifunc-

tional character which, inspired by the selectivity of enzymatic catalysis, 
arises from specific chemical interactions with the reactants. In this 
context, perovskite-based metal oxide materials are expected to play a 
key role in the future for both ORR and OER reactions, due to the pos-
sibility of tailoring their chemical composition and physicochemical 
properties [8–11]. In particular, lanthanum-based perovskites of general 
formula LaBO3, where B is a 3d transition metal cation, were reported to 
serve as bifunctional catalysts for ORR and OER [12–14]. In these ma-
terials, moderate interactions between surface B-site cations and 
oxygen-containing intermediates are required for good performance 
towards both electrochemical reactions [15,16]. It is also known that 
higher catalytic activity can be reached when the B-cation eg orbital fills 
with approximately one electron and an increase of the B–O bond 
covalency occurs [17]. 

Acting as a B cation, cobalt provides the catalyst with improved 
bifunctionality and stability under ORR and OER working conditions 
[13,18]. In addition, recent studies demonstrated that the partial 
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substitution of cobalt by manganese, to form LaMn1-xCoxO3 structures, 
yields even better performance due to the synergistic effect of both 
metals [19–21]. By using nickel instead of cobalt, one can obtain the 
LaNiO3 perovskite which provides, on the one hand, more covalent B–O 
bonds thanks to the presence of Ni3+/Ni2+ redox couple and, on the 
other, additional oxygen vacancies resulting in higher electronic con-
ductivity. In fact, the OER reaction is faster on LaNiO3 but this material 
shows poor activity towards ORR [22–25]. To overcome this problem, 
some researchers proposed the use of a combination of cobalt and nickel 
in B sites [26–29]. Certainly, as it was expected, nickel substitution in 
LaCoO3 enhanced the electrocatalytic activity towards OER [26,28] but 
the LaNiO3 perovskite could still show higher performance under certain 
conditions [27]. 

Perovskite metal oxides are generally poor electrical conductors, a 
feature that limits their catalytic activity in electrochemical reactions. 
However, by mixing the catalyst with suitable conducting substrates, a 
better overall catalytic response can be achieved. Carbon-based mate-
rials such as carbon black or carbon nanotubes are interesting options 
due to their low price, high surface area and high electrical conductivity 
[30–33]. They are known to catalyze the ORR reaction through a 
two-electron transfer pathway but, unfortunately, they do not exhibit 
any activity towards OER [33,34]. In the modified mechanism for ORR, 
peroxide produced at the carbon support decomposes on the perovskite 
oxides surface, thus favoring the reduction of oxygen [35]. For OER, the 
O2 produced on the perovskite surface seems to undergo spillover onto 
the carbon material surface which, in practice, results in a higher 
number of available perovskite active sites [36]. Several groups reported 
a synergistic effect between perovskite and carbon materials that in-
creases the activity towards both reactions [21,37,38]. It was also sug-
gested that a strong interaction between both components can be 
generated, which results in an enhanced electron transfer during elec-
trochemical reactions. For materials consisting of metal oxides in situ 
synthesized at carbon materials, such an interaction was deduced from 
electrochemical results [37,38]. Usually XPS is the technique chosen to 
demonstrate the existence of this kind of interaction by a shift in the 
signal XPS of the cation spectra [34,39,40], however this shift could be 
due to the presence of carbon material that has an electronegative 
character. Thus, to support XPS results complementary characterization 
techniques should be applied. 

In the present work, we report the synthesis of bifunctional elec-
trocatalysts for ORR and OER based on the general formulation LaNi1- 

xCoxO3. The physicochemical properties of these perovskite metal oxides 
materials will be characterized by employing microscopic, spectroscopic 
and diffraction techniques. The perovskite oxides materials will be 
mixed with carbon black (Vulcan XC-72R) to improve both electrical 
conductivity and electrochemical performance. Moreover, TPR and TPD 
experiments in combination with XPS analysis will be employed to 
confirm the existence of a strong interaction between metal oxides and 
carbon materials. 

2. Experimental 

2.1. Materials and reagents 

Reagents used in this work were lanthanum (III) nitrate hexahydrate 
(La(NO3)3⋅6H2O) (Sigma-Aldrich, 99.99%), nickel (II) nitrate hexahy-
drate (Ni(NO3)2⋅6H2O) (Merck, ACS reagent), cobalt (II) nitrate hexa-
hydrate (Co(NO3)2⋅6H2O) (Sigma-Aldrich, ACS reagent), citric acid 
(Sigma-Aldrich 99%), ethylenediaminetetraacetic acid (EDTA) (Sigma- 
Aldrich, ACS reagent) and ammonia (NH3) (VWR Chemicals, analytic 
reagent). All these chemicals were used with no further purification. 

Moreover, commercial Vulcan XC-72R carbon black (Vulcan) (Cabot 
Corporation), potassium hydroxide (KOH) (VWR Chemicals), iso-
propanol 99.5% (Acros. Organics), Nafion® 5% w/w water and 1-prop-
anol (Alfa Aesar) and 20 wt% Pt/C (Sigma-Aldrich) were also used. The 
solutions were prepared using ultrapure water (18 MΩ cm from a 

Millipore Milli-Q system) and the gases, N2 (99.999%), O2 (99.995%) 
and H2 (99.999%) were provided by Air Liquide and were used without 
any further treatment. 

A commercial Pt (20 wt%) on graphitized carbon (Sigma-Aldrich) 
was used as an ORR reference electrocatalyst (Pt/C), whereas a com-
mercial Ti mesh electrode coated with IrO2 (Magneto, The Netherlands) 
was used for OER reference (IrO2/Ti). 

2.2. Synthesis procedure 

LaNi1-xCoxO3 perovskites (x = 0, 0.3, 0.5, 0.7, and 1) were synthe-
sized by the modified sol-gel method described previously [41]. The 
mass of reagents was adjusted to obtain 1.0 g of product, employing a 
2:3:1:1 M ratio for EDTA, citric acid, La(NO3)3⋅6H2O and the sum of Ni 
(NO3)2⋅6H2O and Co(NO3)2⋅6H2O, respectively. First, EDTA was dis-
solved in a mixture of 41 mL deionized water and 3.3 mL NH3. The metal 
precursors and citric acid were added to the EDTA solution. NH3 was 
slowly dropped into the solution to set the pH at 9 to form a stable sol 
complex. Then, the solution was stirred at 80 ◦C for 6 h and subsequently 
dried at 150 ◦C for 12 h in the stove. Then, the sample was heated at 
500 ◦C for 30 min until a fluffy product was obtained. Finally, this 
product was ground and calcined at 700 ◦C for 6 h to form the perovskite 
metal oxide material. Each LaNi1-xCoxO3 perovskite was physically 
mixed with Vulcan in a 50 wt% concentration using an agate mortar for 
10 min until a homogenous material was formed, thus obtaining the 
LaNi1-xCoxO3/Vulcan catalysts. 

2.3. Physicochemical characterization 

Perovskite materials were characterized by X-ray diffraction (XRD) 
employing Cu Kα radiation source at a step of 0.05◦ in the 2θ range from 
10◦ to 80◦ on a Bruker D8 Advance diffractometer (Billerica, USA) with 
Goebel (non-planar samples) with high-temperature Chamber (up to 
900 ◦C) with an X-ray generator KRISTALLOFLEX K 760-80F (power: 
3000 W, voltage: 20–60 KV and current:5–80 mA). The Scherrer equa-
tion was applied to estimate the crystallite sizes [42]: 

Dc =
kλ

β cos (θ)
(1)  

where Dc is the crystallite size (nm); k is the constant associated to the 
grain shape that has a value of 0.89; λ is the wavelength of the radiation 
source used whose value is 0.15406 nm; β corresponds to the full width 
at half maximum (FWHM) (radians), and θ is the Bragg angle. To correct 
the instrumental broadening factor from the measured FWHM value, a 
crystalline quartz pattern was used. The following equation was applied 
to calculate the corrected FWHM value of the sample [43]: 

β2
real = β2

obs− β2
inst (2)  

where βreal is a value obtained only from the crystal size, βobs is the 
measured value, and βinst is the value associated with the instrument 
obtained from the quartz pattern. 

The perovskite metal oxides and those mixed with carbon black were 
characterized by X-ray photoelectron spectroscopy (XPS) in a VG- 
Microtech Multilab 3000 equipment (Thermo-Scientific, Waltham, 
MA, USA), equipped with an Al Kα radiation source (1253.6 eV). 
XPSPEAK41 software was used to deconvolute the XPS data; experi-
mental curves were adjusted by a combination of Lorentz-Gaussian 
functions and a Shirley line was used as the background. 

The morphologies and microstructures of the samples were charac-
terized by scanning electron microscopy (SEM, Hitachi S–3000 N, 
Chiyoda, Japan). Then, the freshly synthesized perovskite powders were 
covered by a thin layer of gold. Transmission electron microscopy (TEM, 
JEOL-2010, 200 kV accelerating voltage, Akishima, Japan) has been also 
used. The bulk composition of the perovskites was analyzed by energy- 
dispersive X-ray spectroscopy (EDX) with an X-ray detector device 
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attached to the SEM. 
The surface area of perovskite oxides and perovskite/Vulcan mate-

rials was obtained by physical adsorption of N2 (− 196 ◦C) using an 
automatic adsorption system Autosorb-6 and an Autosorb Degasser from 
Quantachrome Instruments. Before the adsorption, the samples were 
outgassed at 250 ◦C under vacuum for 8 h. The nitrogen adsorption data 
were used to calculate Brunauer-Emmett-Teller (BET) surface area 
values. 

Temperature-programmed desorption (TPD) measurements were 
performed to get information about the interaction between the carbon 
material and the metal oxides. The samples were heated up to 920 ◦C at a 
heating rate of 20 ◦C/min under a helium flow rate of 100 mL/min. The 
experiments were performed in a thermogravimetric system (TA In-
struments, SDT Q600 Simultaneous) coupled to a mass spectrometer 
(PRISMA PRO QMG 250 M). The amounts of CO and CO evolved during 
the experiments were quantified by calibration of the 28 and 44 m/z 
signals using calcium oxalate. 

In addition, the perovskite oxides and perovskite/Vulcan materi-
alswere analyzed by temperature-programmed reduction (TPR) (5 vol % 
H2 in Ar (35 mL/min), 10 ◦C/min up to 950 ◦C) employing a Micro-
meritics Pulse Chemisorb 2705 with a thermal conductivity detector 
(TCD) (Norcross, GA, USA). 

2.4. Electrochemical characterization 

To electrochemically characterize the samples, an ink was prepared 
by sonicating a suspension containing 1 mg of the material and 1 mL of a 
solution composed of 20 vol% isopropanol, 80 vol% water and 0.02 vol 
% Nafion®. The electrochemical measurements were done at 25 ◦C 
(using a thermostatic bath) in a three-electrode cell in 0.1 M KOH me-
dium using an Autolab PGSTAT302 (Metrohm, Netherlands). A rotating 
ring-disk electrode (RRDE) from Pine Research Instruments (USA), 
equipped with a glassy carbon (GC) disk (5.61 mm diameter) and a Pt 
ring was used as a working electrode. A graphite rod was used as a 
counter electrode and a reversible hydrogen electrode (RHE) immersed 
in the working electrolyte as a reference electrode and all the potentials 
are referred to this electrode. 

120 μL of the dispersion were deposited on the glassy carbon disk and 
a uniform catalyst layer of 480 μg/cm2 of active material was obtained. 
Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) experi-
ments were performed. The ORR was studied by LSV experiments using 
different rotation rates between 400 and 2025 rpm at 5 mV s− 1 from 1 to 
0 V (vs RHE) in 0.1 M KOH solution. The Pt ring electrode potential was 
kept at 1.5 V during all the measurements. The electron transfer number, 
ne− , was calculated from the hydrogen peroxide oxidation at the Pt ring 
electrode, according to Ref. [19]: 

HO−
2 [%] = 200x

Iring
/

N
Idisk + Iring

/
N

(3)  

ne− =
4Idisk

Idisk + Iring
/

N
(4)  

where Idisk and Iring are the current measured at disk and ring electrodes, 
respectively, and N is the collection efficiency of the ring electrode that 
was experimentally determined as 0.37. To study the electroactivity of 
samples in OER, LSV experiments were performed from 1 to 1.8 V in an 
N2-saturated atmosphere using a rotation rate of 1600 rpm at 5 mV s− 1 

in 0.1 M KOH. 

3. Results and discussion 

3.1. Surface structure and composition 

Porous catalytic materials are preferred because the diffusion of re-
actants and products is facilitated, and they also provide a higher 

amount of active sites for electrochemical reactions. The method 
employed for the synthesis of LaNi1-xCoxO3 perovskites is expected to 
favor the formation of porosity [19]. The surface of perovskites was 
examined by SEM, which revealed a fairly similar morphology: irregular 
globular structures formed by small particles of variable size, around 
200 nm, which appear aggregated forming pores of different di-
mensions, as can be observed in Fig. 1Sa. Since the bulk and surface 
composition of perovskite metal oxides may differ noticeably [41], XPS 
was applied for an appropriate chemical characterization of the surface. 
In addition, such a technique allows distinguishing oxidation states at 
the surface B-site cations, which play a significant role in electro-
chemical reactions involving molecular oxygen. 

Fig. 1 displays XPS spectra in La 3d, Co 2p, Ni 2p, and O 1s regions for 
a set of perovskite samples at increasing cobalt substitution levels. The 
La 3d spectrum (Fig. 1a) is characterized by two well-separated signals 
at 833.1 eV and 849.9 eV that split into two contributions. The two main 
signals are associated with La 3d5/2 and La 3d3/2, respectively, while the 
16.8 eV spin-orbit splitting suggests a trivalent valence state for 
lanthanum [44]. The spectrum of Co 2p (Fig. 1b) displays two asym-
metric peaks at about 779.6 eV and 794.7 eV, which are attributed to Co 
2p3/2 and Co 2p1/2, respectively. It is known that Co2+ and Co3+ show 
similar binding energies, but the elucidation of the main cobalt species is 
based on two facts. On the one hand, the spin-orbit splitting, which is 
close to 15 eV, suggests Co3+ as the main surface oxidation state. On the 
other hand, it is known that visible satellites appear usually at about 
785 eV for Co(II) containing compounds. So, the lack of features in this 
region supports the prevalence of Co3+ at the perovskite metal oxide 
surface [45,46]. The Ni 2p core-level spectrum is shown in Fig. 1c, which 
is characterized by a low intensity Ni 2p1/2 signal at 871.7 eV and a more 
intense Ni 2p3/2 feature at 854 eV. The latter overlaps with the La 3d3/2 
signal, making it difficult to isolate the contributions coming from Ni2+

and Ni3+ species. This can be done however from the main Ni 2p3/2 
signal or using the Ni 2p1/2 satellite at around 865 eV [47–49]. Finally, 
Fig. 1d shows the shift of the O 1s signal from 528.3 eV up to 528.7 eV as 
the cobalt substitution is increased. This phenomenon is related to the 
number of electrons in the 3d orbital, which can affect the electron 
density around O. In this case, Co has fewer electrons than Ni which 
produces a lower back-bonding effect to O, thus the progressive intro-
duction of Co increases the binding energy [50]. 

For a more accurate evaluation of the different oxidation states at 
perovskite B sites, XPS spectra are deconvoluted as presented in Fig. 2 
and quantified in Table 1. The main Co 2p3/2 and Co 2p1/2 signals can be 
easily separated into two peaks corresponding to (II) and (III) redox 
states: Co2+ (781.3 and 796.5 eV) and Co3+ (779.6 and 794.7 eV) [26, 
28]. The Ni 2p3/2 signal was separated into two contributions at 871.6 
and 873.1 eV, which can be associated with Ni2+ and Ni3+, respectively 
[47,51]. Furthermore, the deconvolution of Ni 2p1/2 satellite into peaks 
at 862.2 and 865.3 eV supports the presence of these two oxidation 
states [47,52]. Finally, four peaks are identified for O 1s, being the peaks 
at 528.4 and 529.1 related to lattice oxygen (OL) in lanthanum oxide and 
B-site oxide, respectively. While the peaks at 530.9 and 532.4 eV 
correspond to surface chemisorbed oxygen species (OC) and adsorbed 
water (OW) [53,54]. 

Table 1 shows atomic ratios obtained for A and B cations and oxygen 
species. As the first column shows, lanthanum predominates at the 
surface of all samples, but a surface depletion of this species occurs as 
cobalt is introduced. Interestingly, the B species that replaces lanthanum 
at the surface is predominantly cobalt, as deduced from its higher atomic 
ratio against its nominal value. In particular, the surface enriches in 
Co3+ species over Co2+ at increasing cobalt substitution. The effect is the 
opposite for nickel, the other B-cation, whose predominant oxidation 
state at the surface is Ni2+. Such a behavior differs from that reported for 
LaMn1-xCoxO3 perovskites [41], for which high cobalt-substitution 
levels seemed to stimulate the surface enrichment of B cations in their 
respective higher oxidation states (Mn4+ and Co3+ against Mn3+ and 
Co2+). The concentration and nature of surface cations govern the 
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formation of surface oxygen species, which in turn affects the catalytic 
performance. Among the detected oxygen species, the high content of 
chemisorbed oxygen can improve the electrocatalytic activity of the 
perovskite materials. The chemisorbed oxygen species are related to 
surface hydroxyls [55] that are occupying the position of missing lattice 
oxygen. For this reason, many studies have related these chemisorbed 
oxygen species to oxygen vacancies produced on the surface due to the 
B-cations being surrounded only by 5 oxygen anions rather than 6 [56]. 
Moreover, these surface hydroxyl groups play an important role in the 
electrochemical reaction mechanisms that will be explained later. 

To understand better the positive effect of chemisorbed oxygen 
species, the ratio of chemisorbed and lattice oxygen was calculated 
(although only the lattice oxygen at B-site oxide was considered because 

Fig. 1. X-ray photoelectron signals obtained from (a) La 3d; (b) Co 2p; (c) Ni 2p and (d) O 1s spectral regions for different LaNi1-xCoxO3 perovskites.  

Fig. 2. Deconvolution of XPS signals of: (a) Co 2p; (b) Ni 2p and (c) O 1s for a set of LaNi1-xCoxO3 perovskites.  

Table 1 
Atomic ratios obtained after deconvolution of XPS from data in Fig. 3.  

Sample Ni + Co
La 

Ni
Ni + Co 

Co 2p Ni 2p O 1s 

Co3+/Co2+ Ni3+/Ni2+ OC/OL(B) 

LaNiO3 0.28 1.00 – 0.8 1.9 
LaNi0⋅7Co0⋅3O3 0.37 0.54 0.9 1.0 1.9 
LaNi0⋅5Co0⋅5O3 0.46 0.53 1.1 0.8 2.0 
LaNi0⋅3Co0⋅7O3 0.45 0.20 1.3 0.6 2.2 
LaCoO3 0.46 0.00 1.6 – 2.8  
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of its lower surface concentration and relevance in the mechanisms of 
electrocatalytic reactions). Table 1 shows that OC/OL(B) ratio increases 
at higher cobalt content and, accordingly, it can be deduced that the 
presence of cobalt supports the formation of chemisorbed oxygen spe-
cies, i.e., the oxygen vacancy formation. These vacancies enhance the 
electrical conductivity and increase the covalency of the B–O bond, 
resulting in better electrocatalytic performance [20,57]. 

3.2. Bulk structure and composition 

Among the factors influencing the activity of electrocatalysts, par-
ticle size and other structural parameters are both of critical importance. 
Small particle size provides more accessible active sites, which results in 
better catalytic performance. TEM microscopy was employed to char-
acterize the morphology of perovskite metal oxides and the results are 
presented in Fig. 1S. Nanoparticles are apparently of polyhedral shape, 
with an average size that increases from 30 nm, for the unsubstituted 
LaNiO3 perovskite, up to 60 nm after complete cobalt substitution, 
LaCoO3. The replacement of nickel by cobalt has also an effect on the 
microstructure, as deduced from the lower particle agglomeration 
shown at increasing cobalt levels. 

The bulk composition of the metal oxides was characterized by SEM- 
EDX mapping and the results revealed that cations are homogeneously 
dispersed in the material, with no phase segregation detected, as can be 
observed in Fig. 2S for LaNi0⋅5Co0⋅5O3 perovskite. As the crystal struc-
ture plays a significant role in the metal oxides electroactivity, the LaNi1- 

xCoxO3 materials were characterized by X-ray diffraction technique and 
the XRD patterns are displayed in Fig. 3. The LaNiO3 diffractogram 
shows peaks at 2θ values close to 23◦, 33◦, 41◦, 47◦, 59◦ and 69◦ that can 
be indexed to a rhombohedral hexagonal LaNiO3 belonging to the space 
group R-3c (LaNiO3, PDF code: 96-100-0310). Diffraction peaks coming 
from La2O3, La(OH)3 or Co3O4 impurities were not detected. On the 
contrary, the appearance of small peaks at 2θ values close to 37◦, 43◦, 
and 63◦ indicates that there is a small nickel (II) oxide impurity in the 
diffractogram of LaNiO3 (x = 0, black curve) [25]. This minor compo-
nent results from the use of a too low calcination temperature, as tem-
peratures higher than 750 ◦C are required to obtain pure perovskite 
phases [27]. In this case, mild calcination temperatures were preferred 
to circumvent an increase in crystallite size of the cobalt-based 
lanthanum perovskite oxides [58]. Partially substituted LaNi1-xCoxO3 
perovskites, with x = 0.3, 0.5, and 0.7, are indexed to a rhombohedral 
hexagonal LaNiO3, with no detection of NiO impurities in these samples. 
Finally, the LaCoO3 diffractogram (x = 1, green curve) shows peaks at 2θ 

values close to 23◦, 33◦, 41◦, 47◦, 59◦ and 69◦ that can be indexed to a 
rhombohedral hexagonal LaCoO3 belonging to the space group R-3c 
(LaCoO3, PDF code: 96-153-3634) [28]. 

Fig. 4b shows the magnified XRD signal in the region of 46◦-48◦

corresponding to the (024) plane of the rhombohedral hexagonal 
structure. An increase in the cobalt level has two effects. Firstly, the 
diffraction peak shifts slightly towards a higher angle, which suggests a 
progressive cell contraction. Secondly, the signal becomes narrower. It 
can be then concluded that the crystallinity of these materials seems to 
be positively influenced by higher cobalt content. The lattice parameters 
can be obtained from Bragg’s equations [43]: 

d=
λ

2 sin θ
(5)  

1
d2 =

4
3

(
h2 + hk + k2)

a2 +
l2

c2 (6)  

where d is the interplanar distance, (hkl) are the Miller indices corre-
sponding to the interplanar distance and a and c are the lattice param-
eters. The average crystal size was calculated using the Scherrer 
equation for angles at 22◦-23◦ and 47◦-48◦. The mean crystallographic 
values obtained from the XRD data are summarized in Table 2. The ef-
fect of cobalt substitution is twofold. On the one hand, it results in an 
enlargement of the crystallite size and, on the other hand, it promotes a 
lattice contraction due to the lower ionic radius of Co3+ (0.52 Å) versus 
Ni3+ (0.58 Å) [26,59]. 

The BET specific surface area of perovskite oxides and perovskite/ 
Vulcan catalysts was determined by N2 adsorption isotherms at − 196 ◦C 
and the results are listed in Table 2. As expected, perovskite metal oxides 
materials exhibit quite a low BET surface area. The BET surface area of 
Vulcan is about 255 m2 g− 1, and those obtained for the perovskite/ 
Vulcan samples agree with the mixtures rule [60]. The 
LaNi0⋅5Co0⋅5O3/Vulcan sample shows a slightly higher surface area that 
could provide better electrochemical properties than the other mate-
rials. This hypothesis will be tested in the next section. 

3.3. Electrochemical characterization 

From the electrochemical characterization of unsubstituted LaCoO3 
and LaCoO3/Vulcan catalysts (Fig. 3S), it can be concluded that the 
presence of carbon material is essential to enhance the electrochemical 
behavior of perovskites. This is mainly (but not exclusively, as it will be 
explained later) due to an increase in electrical conductivity [21]. 
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Fig. 3. (a) X-ray diffraction patterns for a set of LaNi1-xCoxO3 perovskites at the increasing level of Co-substitution and (b) zoom in the diffraction line at 47◦.  
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Several electrochemical parameters, such as the double layer capaci-
tance, current density, electrochemical activity or selectivity (especially 
for ORR) are enhanced in the presence of carbon material. As the cobalt 
substitution level influences the physicochemical properties of LaNi1-x-

CoxO3 perovskites, it is expected that the electrochemical response of 
these catalysts can be also modified and their performance, in terms of 
ORR and OER, can be modulated. 

LaNi1-xCoxO3/Vulcan were first characterized by cyclic voltammetry 
in 0.1 M KOH solutions saturated with either N2 or O2 (the results can be 
seen in Fig. 4S). The unsubstituted LaNiO3/Vulcan (black curve) and the 
fully substituted LaCoO3/Vulcan (green curve) display significant dif-
ferences related to the redox activity of the B-site cation. The voltam-
metric peaks at 0.65 V/0.33 V are ascribed to the Ni(II)/Ni(III) redox 
process [61,62], whereas redox processes involving cobalt are not 
observed for LaCoO3/Vulcan within the potential window of the vol-
tammogram. As a result, increasing the cobalt content in LaNi1-xCoxO3 
materials causes a progressive vanishing of nickel redox peaks on the 
voltammetric curves. It is worth noting that the voltametric charge of 
LaNi0⋅5Co0⋅5O3/Vulcan is higher than expected, an effect that could be 
connected to the higher BET surface area of this material. In the presence 
of dissolved O2 (Fig. 4Sb) the CV for all samples show a sharp cathodic 
peak at around 0.7 V, which is related to oxygen reduction reaction. This 
electrochemical process will be studied by means of the RRDE technique 
to obtain representative electrochemical parameters of the reaction. 

The ORR activity was tested by LSV recorded at 1600 rpm in 0.1 M 
KOH medium saturated with O2 and the results are depicted in Fig. 4a. 
These samples show almost identical onset potentials but different 
limiting current densities. The number of electrons transferred in the 
electrochemical reaction is depicted in Fig. 4b, from which a range of 
2.4–3.6 is found. The unsubstituted LaNiO3 sample (black curve) seems 

the less selective material for the 4-electron reaction pathway. In fact, 
nickel redox states are more active for producing hydrogen peroxide 
than for the direct reduction of the oxygen molecule to hydroxide. To 
compare the electroactivity of the as-prepared materials, a commercial 
20%Pt/C was tested. As was expected, it has a great activity and selec-
tivity for 4-electron pathway, however, it is cost and expensive and 
shows lower activity for OER in comparison with other electrodes like 
IrO2. 

The 4-electron pathway is the most effective mechanism for ORR 
because it produces the highest power and avoids the formation of 
corrosive peroxide species [63]. At perovskite metal oxides materials 
this reaction involves four steps, which include the interaction of surface 
B-site cations and oxygen-containing species, that is, surface hydroxide 
displacement, surface peroxide formation, surface oxide formation and 
surface hydroxide regeneration (see a detailed mechanism described in 
the supporting information from Eq. (5S) to Eq. 8S). The first and the last 
one appear as rate-determining steps, Eq. S5 and Eq. S8 respectively [15, 
64]. As reported [21,65], the interaction of perovskite metal oxides and 
carbon materials causes a synergistic effect on ORR. The carbon material 
component plays two main roles: to improve the electrical conductivity 
and to act as a co-catalyst, by supplying HO2

− species to the perovskite 
for further reduction to hydroxide [35,65]. Table 3 summarizes the 
electrochemical parameters obtained for all samples from Fig. 4. For the 
limiting current density parameter, we selected the potential 0.4 V 
because above this potential both materials work in the ORR simulta-
neously. At lower potential not only the reduction of the oxygen but also 
the reduction of the peroxide is produced as it can be observed from pure 
perovskite (Fig. 3Sc). Thus, the influence of carbon material might be 
more prominent for the reduction of oxygen species rather than perov-
skite oxides at lower potentials. According to this, LaNiO3/Vulcan seems 
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Fig. 4. a) RDE linear sweep voltammograms for LaNi1-xCoxO3/Vulcan and 20%Pt/C in 0.1 M KOH solution saturated with O2 at 1600 rpm, v = 5 mV s− 1; b) Number 
of electrons transferred in ORR at increasing potential as obtained from Eq. (2) by using the current measured at the ring electrode. 

Table 2 
Average crystallite size, lattice parameters and unit cell volume for LaNi1-xCoxO3 perovskites obtained from XRD patterns. BET surface area obtained from N2 
isotherms.  

Sample Crystallite size (nm) Lattice parameters Lattice volume (Å3) BET/m2 g− 1 

a c Perovskite Perovskite/Vulcan 

LaNiO3 17 5.464 13.161 392.949 14 118 
LaNi0⋅7Co0⋅3O3 27 5.464 13.142 392.325 13 118 
LaNi0⋅5Co0⋅5O3 27 5.458 13.155 391.925 18 125 
LaNi0⋅3Co0⋅7O3 49 5.459 13.105 390.467 13 114 
LaCoO3 55 5.443 13.090 387.794 13 119  
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the less active material for ORR with lower onset potential, current 
density and number of transferred electrons, a characteristic attributed 
to the lower catalytic performance of Ni compared to other 3d metals 
such as Mn or Co [12,13,66]. As a consequence of the higher activity of 
Co3+ compared to Ni3+, the electrocatalytic activity of samples increases 
with the concentration of cobalt. Apart from the surface concentration of 
cobalt, the OC/OL(B) ratio increases at higher cobalt contents, thus 
proving that the presence of the surface hydroxyl groups affects posi-
tively the ORR performance. In addition, the fact that Co3+ has a better 
eg orbital filling than Ni3+ facilitates the charge transfer in the surface 
hydroxide displacement step (the first stage in ORR mechanism), which 
results in an improved ORR performance [57]. However, the electro-
catalytic activity not only depends on this parameter, but nanoparticles 
size can also influence in the activity, being strongly recommendable to 
have small nanoparticles for a great catalytic activity. The nanoparticle 
size could influence in the electrochemical surface area (ECSA) shown in 
Table 3 (the detaited protocol and calculation is provided in supporting 
information, Fig. 5S). For example LaNi0⋅3Co0⋅7O3/Vulcan has the 
lowest ECSA value which can be related to a large nanoparticle size. 
Thus, despite of having a higher cobalt content and Co3+ species, it 
catalytic performance is lower than LaNi0⋅3Co0⋅7O3/Vulcan due to the 
higher particle size and lower ECSA value. 

Partially substituted LaNi1-xCoxO3/Vulcan materials show Tafel 
slopes slightly above 60 mV dec− 1, which are similar to those reported in 
literature (Fig. 6Sa) [13,22,67]. The stability of materials with x = 0.5, 
0.7 and 1 was studied under ORR conditions by chronoamperometry. 
The experiments were carried out on an RRDE at 1600 rpm and 0.65 V in 
an O2-saturated 0.1 M KOH medium. Results were compared against a 
commercial 20%Pt/C material and, additionally, tolerance to methanol 
was tested by adding this compound 3 h after the experiment started 
(Fig. 5). As expected, the platinum-based material (black curve) exhibits 
long-term stability with a 5% loss of current after 180 min. However, 
after methanol addition, the recorded current drops to almost zero due 
to the poisoning of the active metal. The behavior of LaNi1-xCox-

O3/Vulcan materials is quite similar prior to methanol addition (up to 
10% decrease of the initial activity). On the contrary, these samples 
exhibit higher methanol tolerance than Pt-based electrocatalysts as 
deduced from the minor loss of activity (an additional 5–10%) detected 
in the presence of this alcohol. Among the LaNi1-xCoxO3/Vulcan mate-
rials, the ones with both cations exhibit slightly better stability due to 
the presence of two different redox pairs, which can make it easier to 
maintain electroneutrality avoiding the structure collapse. 

We shall examine now the OER reaction at perovskite/Vulcan ma-
terials, which can proceed over two different pathways depending on 
the applied potential [36]. At low overpotential, the peroxide generated 
through a 2-electron step from hydroxide can disproportionate into 
oxygen and hydroxide (Eq. (3S)). At high overpotential, the mechanism 
involves 4 steps, as in ORR but in the reverse direction (see the mech-
anism described from Eq. 9S to Eq. 12S): surface oxide formation, sur-
face hydroperoxide formation, deprotonation of the hydroperoxide 

group to form peroxide and the replacement of O2 by surface hydroxide. 
The two intermediate stages are rate-determining i.e., Eq.10S and Eq. 
11S, respectively [16]. Vulcan undergoes oxidation at lower potentials 
to those required for OER. Thus, when combined with perovskite metal 
oxides, its main role consists on liberating catalytic sites at the active 
component through the spillover of oxygen [22,30]. 

An RRDE was employed to examine the electrocatalytic activity of 
LaNi1-xCoxO3 perovskite/Vulcan materials towards OER in an alkaline 
medium and the results are presented in Fig. 6. Moreover, the com-
mercial IrO2/Ti electrode was tested to compared with the as-prepared 
materials. Those materials with lower cobalt substitution exhibit 
anodic peaks at 1.35–1.45 V that can be associated with the oxidation of 
Ni2+ to Ni3+ prior to the eventual OER [26]. The onset potential for OER 
slightly increases at increasing cobalt levels and, consequently, the best 
material for this reaction would be LaNiO3/Vulcan. A similar result can 
be deduced from the volcano plot reported by Bockris et al. [68]. As 

Table 3 
Onset potential, number of electrons transferred, and limiting current density 
obtained for ORR reaction at LaNi1-xCoxO3/Vulcan materials.  

Sample Eonset/V (at 
− 0.10 mA 
cm− 2) 

ne−

(at 
0.7 V) 

jlim/mA 
cm− 2 (at 
0.4 V) 

Tafel 
slope/ 
mV 
dec− 1 

ECSA/ 
cm2 

LaNiO3/Vulcan 0.77 2.53 − 2.99 63 4.5 
LaNi0⋅7Co0⋅3O3/ 

Vulcan 
0.77 2.97 − 3.44 61 3.3 

LaNi0⋅5Co0⋅5O3/ 
Vulcan 

0.79 3.11 − 3.77 64 3.8 

LaNi0⋅3Co0⋅7O3/ 
Vulcan 

0.77 3.04 − 3.81 64 3.0 

LaCoO3/Vulcan 0.78 3.40 − 3.87 59 3.3 
20% Pt/C 0.98 3.99 − 5.51 60 –  
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Fig. 5. Comparative stability test for LaNi1-xCoxO3/Vulcan and 20% Pt/C car-
ried out at 0.65 V and 1600 rpm in O2-saturated 0.1 M KOH at 25 ◦C and 
tolerance to methanol added 180 min after the experiment started (final alcohol 
concentration: 1 M). 
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expected, the commercial electrocatalyst shows the best response for 
OER, but the activity of the as-prepared materials was quite close. This 
makes them promising electrocatalysts for such a reaction. Although 
oxygen vacancies reinforce the covalency of the B–O bond, which pro-
motes charge transfer between surface B-site cations and oxygen inter-
mediate species [23], they seem not to affect substantially the overall 
activity in OER. The nature of B-site cation seems a more significant 
parameter and, obviously, Ni3+ is the preferred species. 

Tafel slopes measured for OER at partially substituted materials are 
lower than those obtained for single Ni or Co perovskites (Fig. 6Sb). That 
means that the electron transfer kinetics can be substantially better on 
those samples. Slopes close to 120 mV dec− 1 show that the surface hy-
droxide displacement is the electron transfer determining step of the 
process [67]. Despite that LaNi0⋅3Co0⋅7O3/Vulcan has smaller Tafel slope 
than LaNiO3/Vulcan, the overall reaction kinetics for LaNiO3/Vulcan is 
faster due to the higher ECSA and Ni3+ concentration making this ma-
terial the best for OER. 

A proper method to evaluate the bifunctionality of LaNi1-xCoxO3/ 
Vulcan materials for ORR and OER involves the analysis of ΔE, the 
difference between EOER

j10 and EORR
j− 1 (which is the ORR potential recorded 

at − 1.0 mA cm− 2). This has been done in Table 4, where smaller ΔE 
values represent improved bifunctional electrochemical performance. 
The best bifunctionality corresponds to the half-substituted sample, 
LaNi0⋅5Co0⋅5O3/Vulcan, which shows ΔE values similar to noble-metal 
benchmark materials (1.16 V for 20% Pt/C and 0.92 for 20% Ir/C 
[54]) or to other perovskite-based materials such as 
La0⋅8Sr0⋅2Mn0⋅6Ni0⋅4O3 (ΔE = 1.074 V) [23], LaNiO3-nanorod/reduced 
graphene oxide (ΔE = 1.0775 V) [25], LaMn0⋅7Co0⋅3O3 (ΔE = 1.19 V) 
[19], La0⋅6Sr0⋅4CoO3-δ (ΔE = 1.13 V) [36], and LaCoO3/N-doped 
reduced graphene oxide (ΔE = 1.02 V) [18]. It should be noted that 
some previous studies reported even lower values for perovskite oxide 
hybrid materials: La(Co0⋅55Mn0.45)0.99O3− δ nanorod/graphene (ΔE =
0.96 V) [69], LaMn0.9 Co0⋅1O3/N-doped CNT (ΔE = 0.96 V) [32] and 
encapsulated LaNiO3/N-doped CNT (ΔE = 0.79 V) [38]. However, all of 
them were synthesized by in situ methods, which are more complex than 
the one presented in this work. 

In addition to the analysis of stability under ORR conditions, a 
comprehensive characterization of bifunctional catalysts should also 
include stability and durability tests for OER. Both chronoamperometry 
[70] and cyclic voltammetry [18] techniques can be used for this pur-
pose. In this case, we employed low scan rate in the CV experiments to 
test Ni-containing samples, as they exhibit better electrocatalytic per-
formance. The potential was swept from 1.0 to 1.8 V at 5 mV s− 1 and the 
current at 1.75 V on the forward scans was recorded. Fig. 7 shows how 
the current decreases during the first 20 consecutive potential cycles. 
Although LaNiO3/Vulcan exhibited the best response for OER, Fig. 8 
reveals its low stability, as the oxygen production drops by 80% at the 
end of the experiment. Indeed, the stability of materials is clearly 
enhanced after cobalt incorporation with, typically, more than 80% 

Table 4 
Electrochemical parameters obtained from LaNi1-xCoxO3/Vulcan materials 
under OER and ORR conditions: Potential required to obtain 10 mA cm− 2 in 
OER, Tafel slope for OER, Potential required to obtain − 1.0 mA cm− 2 in ORR 
and bifunctional electrocatalytic activity.  

Sample EOER
j10 /V OER Tafel slope/ 

mV dec− 1 
EORR

j− 1 /V ΔE/V (EOER
j10 −

EORR
j− 1 )

LaNiO3/Vulcan 1.70 136 0.71 0.99 
LaNi0⋅7Co0⋅3O3/ 

Vulcan 
1.71 120 0.72 0.99 

LaNi0⋅5Co0⋅5O3/ 
Vulcan 

1.71 126 0.73 0.98 

LaNi0⋅3Co0⋅7O3/ 
Vulcan 

1.73 110 0.71 1.01 

LaCoO3/Vulcan 1.76 160 0.73 1.03 
IrO2/Ti 1.68 89 – –  
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Fig. 7. Stability of LaNi1-xCoxO3/Vulcan samples as revealed by the current 
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current retained. The higher crystallinity induced by cobalt seems to be 
at the origin of the lower degradation detected for these samples, with 
no significant differences found between them. Hence, the presence of 
cobalt seems to be necessary for the proper operation of these materials 
under OER conditions. 

3.4. Interaction between the B-site cation and carbon material 

Previous studies [34,39,40] have reported on the importance of the 
in situ synthesis of metal oxide/carbon materials to generate a covalent 
bond between the B-site cation and carbon to enhance the electron 
transfer and, consequently, the overall reaction. However, it was also 
reported [21] that a physical mixing may generate a strong interaction 
between both materials that could enhance the ORR performance. In the 
present context, additional characterization tools are required to prove 

the existence of such interaction between LaNi1-xCoxO3 and Vulcan and 
to gain more insight on its true nature. The experimental techniques 
selected to achive this purpose were temperature programmed reduction 
(TPR) and temperature programmed desorption (TPD). Both are quite 
sensitive to measure reducibility and gas desorption from metal oxides 
with (and without) carbon material. In this way, Fig. 8 displays the TPR 
profiles of LaNi1-xCoxO3 (solid lines) and LaNi1-xCoxO3/Vulcan (dashed 
lines) materials. All materials have two well-differentiated regions 
related to different reduction processes [53,59,71]. The pure LaNiO3 
perovskite has one region related to the reduction of Ni3+ to Ni2+

(200–450 ◦C) and a the second one related to the reduction of Ni2+ to Ni0 

between (450–650 ◦C). Whereas for the LaCoO3 perovskite, both regions 
appear at higher temperatures; the first region at 200–510 ◦C includes 
the reduction of Co3+ to Co2+ and the second region at 510–700 ◦C the 
reduction of Co2+ to Co0. Therefore, in the metal oxide materials that 

Fig. 9. a) CO and b) CO2 TPD profiles of LaNi1-xCoxO3/Vulcan materials.  
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contain both cations, there is a progressive shift from the temperature 
range of the LaNiO3 perovskite to the one of LaCoO3 perovskite. In these 
cases, both regions are related to the reduction processes of nickel and 
cobalt species. 

Before analyzing the LaNi1-xCoxO3/Vulcan samples, the Vulcan ma-
terial was studied by TPR technique observing a low hydrogen con-
sumption; thus, the carbon material does not contribute significantly to 
the reduction processes observed in the TPR. Fig. 8 displays the TPR 
profiles of the LaNi1-xCoxO3/Vulcan referred to the mass of metal oxides 
(dashed lines), for a proper comparison with the pure metal oxides 
profiles. The results show a similar hydrogen consumption profile 
compared to pure perovskite materials. However, the presence of carbon 
black produces some changes in the reduction temperature of the LaNi1- 

xCoxO3/Vulcan materials, which are more relevant with increasing the 
Ni content. As it can be observed in the second reduction region, there is 
a shift to lower temperatures in the presence of carbon material. Thus, 
the reducibility of the LaNi1-xCoxO3/Vulcan increases in comparison to 
the pure perovskite samples. These results indicate that there is an 
interaction between both materials produced by the physical mixing, 
affecting positively the electrochemical performance [21]. However, the 
shift in the temperature depends on the cobalt content, at low cobalt 
substitution (0.3 ≤ x ≤ 0.5) the shift is higher, whereas at high cobalt 
content (0.7 ≤ x ≤ 1) the shift is almost negligible. 

At this point TPD was applied to confirm the existence of strong 
interaction after physical mixing. First, LaNi1-xCoxO3 (x = 0, 0.5, and 1) 
and Vulcan materials were characterized individually (see Fig. 7S). As 
expected, carbon black shows low content of surface oxygen groups. 
Perovskite metal oxide materials show low content of surface oxygen 
groups, desorbing mainly as CO2 which is related to surface carbonate 
species [72,73]. From the studied perovskite metal oxides, the material 
with both Ni and Co cations seems to have the ability to form a higher 
amount of carbonate species due to the synergistic effect between both 
metal cations. 

Fig. 9 displays the CO and CO2 profiles for the LaNi1-xCoxO3/Vulcan 
materials showing that the combination of both materials generates 
large CO and CO2 formation. In carbon materials, the desorption of these 
gases are related to the decomposition of surface oxygen groups [74]. 
However, in the metal oxide/carbon composites the large amount of CO 
and CO2 must be the due to the carbothermal reduction reaction of the 
metal oxide by the carbon material that occurs at high temperatures 
[75]. This reaction might be favoured by the strong interaction between 
the perovskite metal oxide and the carbon material through the C–O–B 
bond. It is clearly observed differences in desorption profiles of the 
LaNi1-xCoxO3/Vulcan materials, especially, for the CO2 TPD profiles. 
The materials with high Ni content show a sharp desorption peak at 
around 700–800 ◦C, which tends to decrease its intensity and almost 
combine with the signal at around 800–900 ◦C with decreasing the Ni 

content, as can be observed from the LaCoO3/Vulcan material. This 
indicates the higher reactivity of Ni-based materials with the carbon 
material at a lower temperature, which might not be caused by the 
strength of the interaction between both components, but due to the 
nickel species properties. 

Table 5 presents the results of the quantification of the oxygen- 
containing compounds determined from the TPD experiments. More-
over, the total amount of oxygen desorbed from the surface and lattice 
oxygen species according to the desorption temperature is also shown. 
The surface oxygen is related to species such as adsorbed carbonates, 
water and hydroxyls, thus only the contribution of CO2 and H2O profiles, 
at temperatures below 600 ◦C, are considered for its calculation. As it 
can be observed for Vulcan-containing materials the amount of surface 
oxygen species increases. Thus, it seems that the procedure employed for 
the synthesis of the mixed materials generates surface oxygen species, 
which might be adsorbed over new available B-site cations, which can 
participate and enhance the overall electrochemical reactions. The 
desorption of CO and CO2 related to the lattice oxygen removal 
(calculated by subtracting the surface oxygen to the total amount of 
oxygen desorbed) might be the result of the reaction between the metal 
oxide and the carbon material. As it can be observed, this value is almost 
half of the theoretical oxygen content in the metal oxide. This suggests 
that the perovskite metal oxide material is preferentially reduced at the 
interphase between both materials where there is a more intimate 
contact. Moreover, observing the values of the lattice oxygen, all the 
samples exhibit a similar value, indicating that the interaction between 
both the metal oxide and carbon material is quite similar for all mate-
rials regardless of the B-site cation. Thus, the mechanical energy pro-
vided during the physical mixing seems to be enough to produce an 
interaction between both materials. We can observe that the final 
desorption temperature of both gases increases with the cobalt content, 
thus, the thermal stability of the material is affected by the cobalt sub-
stitution; we can corroborate this with the enthalpy of formation of pure 
LaNiO3 and LaCoO3 having the latter a higher value [76]. 

To further corroborate the results from TPR and TPD experiments, 
LaNi1-xCoxO3/Vulcan materials were analyzed using X-ray photoelec-
tron spectroscopy (XPS) and compared to LaNi1-xCoxO3 oxides. The O 1s 
and Co 2p spectra are presented in Fig. 8S to observe any possible 
changes in the binding energies as a result of the interaction. In this case, 
the Ni 2p spectra are not included because they are very noisy to observe 
any change. 

Fig. 8Sa shows the O 1s spectra of the metal oxides mixed with 
Vulcan compared to the Vulcan spectrum. The carbon black exhibits two 
peaks at around 532.2 and 533.6 eV which are related to the oxygen 
bonds C––O, and C–O and O–C––O, respectively [77]. Regarding the 
LaNi1-xCoxO3/Vulcan samples, two main peaks at around 528.5 and 
532.3 eV can be distinguished, being the former related to the lattice 

Table 5 
TPD quantification of the LaNi1-xCoxO3 (x = 0, 0.5, and 1), Vulcan and LaNi1-xCoxO3/Vulcan materials. Moreover, the theoretical O concentration per gram of oxide 
material is shown in the Table.  

Sample μmol H2O/g μmol CO/g μmol CO2/g Experimental (μmol O/g) Theoretical lattice (μmol O/g) 
aSurface bLattice 

Vulcan 211 257 184 836 – 
LaNiO3 338 154 132 547 209 12215 
LaNi0⋅5Co0⋅5O3 562 151 704 1034 1087 12209 
LaCoO3 349 166 165 650 195 12203 
LaNiO3/Vulcan 1150 712 1070 1287 2715 6108 
LaNi0⋅7Co0⋅3O3/Vulcan 1020 581 1550 1225 3476 6106 
LaNi0⋅5Co0⋅5O3/Vulcan 1230 862 1160 1381 3031 6105 
LaNi0⋅3Co0⋅7O3/Vulcan 1240 688 1210 1393 2955 6103 
LaCoO3/Vulcan 889 1050 1230 981 3418 6102  

a The determination of μmol O/g provided by the surface was calculated by summing the μmol of H2O and CO2 evolved until 600 ◦C. It is considered that under this 
temperature the surface components are evolved. 

b The determination of μmol O/g provided by the lattice is the difference between the surface μmol O/g and the total concentration of μmol O/g evolved in each 
experiment. 
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oxygen species (OL and OB). The latter peak can be deconvoluted in four 
different contributions associated with the metal oxide, Vulcan and the 
possible interaction between both materials. The peak at 531 eV is 
related to surface chemisorbed oxygen species from the metal oxide 
material. The peaks at around 532 and 533.6 eV are related to the ox-
ygen groups in the carbon material. Finally, the new peak at around 
533.2 eV is associated with the C–O–B interaction produced between the 
carbon black and perovskite materials [39,40]. 

The interaction produced between both components can also be 
confirmed in the Co 2p spectra (Fig. 8Sb). The spectra show that there is 
a positive shift of around 0.5 eV, which can be associated with the 
interaction between both materials. This can result in a displacement of 
the electron cloud from the metallic cations to the lighter elements, thus 
increasing the binding energy in the cations [69]. This displacement was 
also observed in the O 1s spectra, where there is a negative shift of 0.2 eV 
(532 eV) in the mixed materials. Thus, both results support the existence 
of the C–O–B interaction between both components, which enhances the 
electrocatalytic performance of the materials due to the better electron 
transfer. 

4. Conclusions 

LaNi1-xCoxO3 perovskites were successfully synthesized by a sol-gel 
method. An increase in the size of the crystallites as the cobalt content 
is increased has been observed. Besides, the presence of cobalt generates 
different oxidation states at B site cations, which positively participate in 
the reaction mechanisms. 

Due to their low electrical conductivity and low active surface area, 
metal oxides should be mixed with carbon black to achieve better per-
formance. The electrocatalytic response of LaNi1-xCoxO3/Vulcan mate-
rials for ORR generally improves with increasing cobalt content due to 
the higher surface concentrations of Co3+ (a more active site) and Oads 
(which favor the charge transfer). However, the samples containing both 
Co and Ni cations stand out over LaCoO3/Vulcan in terms of stability and 
methanol poisoning. 

On the other hand, LaNi1-xCoxO3/Vulcan materials with higher 
nickel content exhibit better electrocatalytic performance for OER. 
Particularly, the response of LaNiO3/Vulcan is better due to the highest 
surface concentration of Ni3+ supplied, which is the most active cation. 
However, it was found that little cobalt substitution results in an elec-
trocatalytic behavior quite similar to that of LaNiO3 and, in addition, 
provides better material stability while maintaining current density. 
Therefore, in terms of electrocatalytic activity, stability and bifunc-
tionality, LaNi0⋅5Co0⋅5O3/Vulcan shows the best compromise for ORR 
and OER. The combination of TPR and TPD experiments revealed sig-
nificant changes in the reducibility and in the amount of CO and CO2 
evolved when carbon black is used. These observations together with the 
XPS data analysis strongly suggest that the strong interaction between 
carbon material and metal oxide is caused by the formation of C–O–B 
species, which enhance the electron transfer and, as a consequence, the 
overall reactions. 
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