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• LNO impregnation improved LSM’s ORR 
and OER performance. 

• LaCrO3 formation was detected after 
LNO/Cr reaction. 

• LSM.LNO anode showed a stable 
behavior against Cr-poisoning. 

• Gradual formation of LaCrO3 continu
ously impeded the ORR activity of the 
LSM.LNO cathode. 

• Detrimental phase formation was totally 
inhibited in the LSM.LNO anode.  
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A B S T R A C T   

As the solid oxide cells (SOCs) are becoming durable, their air electrode materials require investigation for their 
tolerance against chromium (Cr) poisoning. Herein, La2NiO4±δ (LNO), a highly electroactive and nucleation 
agent-free material, is infiltrated into the (La,Sr)MnO3-δ (LSM) backbone to diagnose its’ influence on the Cr- 
poisoning of LSM. While the non-impregnated LSM’s degrades by Cr contaminant, LNO-infiltrated LSM (LSM. 
LNO) shows less sensitivity to Cr presence specifically during the electrolysis mode. LNO’s presence inhibits the 
formation of detrimental phases at the electrode/electrolyte interface during the anodic polarization in Cr- 
containing ambient. Moreover, surface promotion by LNO nanoparticles reduces, but not inhibits, the forma
tion of undesirable phases during the cathodic polarization in the Cr presence. According to the electrodes’ 
overpotential trends, the electrochemical impedance spectroscopy (EIS) responses in addition to the distribution 
of the relaxation times (DRT) analysis, the presence of Cr alters the LSM.LNO’s electrochemical characteristics 
via reacting with the nanoparticles. As the XRD analysis proves, LaCrO3 formation on the LNO nanoparticles’ 
surface gradually decays the LSM.LNO’s cathodic performance. However, LNO’s higher activity for oxygen 
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evolution than oxygen reduction reaction accompanied by slower LNO/Cr reaction kinetics during anodic po
larization improve and stabilize the LSM.LNO’s anodic performance in Cr-containing environment.   

1. Introduction 

One of the significant aspects guaranteeing the endurance of solid 
oxide cells’ (SOCs) air electrode is the materials’ resistivity towards the 
presence of chromium (Cr) species. In the SOC operational condition, a 
Cr2O3 scale forms on the surface of metallic interconnects, leading to the 
vaporization of CrO3 and CrO2(OH)2 in the gas phase [1–4]. In this re
gard, developing Cr-tolerant electrode materials and coated in
terconnects with suppressed Cr volatilization were the object of many 
studies during recent years [1,2,5–9]. Two primary mechanisms have 
been attributed to Cr poisoning, including: 1) chemical reaction of Cr 
content with nucleation agents (e.g., Mn, Sr) in both solid oxide fuel and 
electrolysis cell (SOFC and SOEC) modes; and 2) direct electrochemical 
reduction of Cr containing phases on the active sites in SOFC mode [1]. 
Regardless of which poisoning mechanism is dominating, determining 
how the electrodes’ oxygen reduction and evolution reactions (ORR and 
OER) kinetics would vary in the presence of Cr strongly depends on the 
electrodes’ composition and physiochemical characteristics [10–12]. 

Perovskite (La,Sr)MnO3 (LSM) material has been extensively studied 
as a promising air electrode for SOCs. However, some drawbacks limited 
LSM’s exploitation, including its’ poisoning by Cr content and its’ 
negligible ionic conductivity [13]. The major detrimental products 
formed by the reaction of Cr with the LSM electrode are Cr2O3, (Cr, 
Mn)3O4, and SrCrO4 solid phases producing at variable conditions [10, 
12,14–17]. Under SOFC mode, the Mn oxidation state becomes reduced, 
leading to the LSM’s electrochemical activation because of the simul
taneous formation of Mn2+ ions and oxygen vacancies on the LSM’s 
surface [18,19]. In the presence of Cr, the Mn2+ ions, which were readily 
migrated towards the electrolyte surface, result in the formation of 
Cr2O3 and (Cr,Mn)3O4 detrimental phases [12,15–17]. Formation of 
these phases will not only occupy the triple phase boundaries (TPBs), 
but also deteriorate the oxygen ion transfer (charge transfer subprocess) 
from the LSM electrode to the electrolyte [1,3,12–17]. Under SOEC 
mode, LSM will experience an initial deactivation stage because of the 
simultaneous Sr segregation and oxygen vacancies annihilation after 
anodic current passage. Subsequently, an improvement will occur 
because of the TPB extension after crack formation near the electro
de/electrolyte interface. Moreover, as the final stage is usually accom
panied by the delamination of the LSM anode, it was suggested that the 
entrapment of the accumulated oxygen gas within the electro
de/electrolyte interface resulted in the formation of LSM nanoparticles 
in this region leading to the electrode’s failure [10,20,21]. Furthermore, 
it was revealed that after exposure to the Cr-species the transformation 
associated with the LSM anode would become accelerated as solid 
SrCrO4 and Cr2O3 phases formed near the interfacial region [10]. 

A practical approach for the simultaneous enhancement of electrode 
performance and Cr tolerance is the surface decoration of the air elec
trodes using electrochemically active nanoparticles such as Pd, PdOx 
[22], Gd-doped CeO2 (GDC) [23,24], Y2O3-stabilized Bi2O3 (YSB) [25], 
Ba0.5Sr0.5Co0.8Fe0.2O3− δ (BSCF) [26], Ag, La0.8Sr0.2FeO3 (LSF), CeO2 
[27], La2Ni0.5Co0.5O4 (LNC) [28], and La2NiO4±δ (LNO) [29]. This 
approach culminates in TPB extension to the electrode’s bulk and less 
dependency of the LSM electrode on the electrode/electrolyte interface 
for ORR and OER [30]. Chen et al. [24] reported that infiltration of GDC 
into the LSM backbone triggered the reduction of the electrode’s 
cathodic and anodic overpotentials (ηcathodic and ηanodic, respectively) 
from 0.33 to 0.025 V in SOFC mode and 0.32 to 0.03 V in SOEC mode at 
800 ◦C under 200 mA cm− 2 current density. It was mentioned that GDC 
incorporation prevented the electrode’s delamination during the anodic 
current passage [24]. As an effective mitigation strategy against Cr 
poisoning of LSM-based electrodes, Wang et al. [23] proposed that GDC 

impregnation promoted the cathode’s Cr tolerance in which ηcathodic 
increased by only 15 mV after 1 h of cathodic polarization under 200 
mA cm− 2 at 900 ◦C, while in the case of the bare LSM electrode, it was 
increased by 270 mV under the same testing conditions. Recently, 
Huang et al. [31] incorporated a hybrid catalyst, including 
BaCe0.8Gd0.2O3-δ and BaCO3, into the LSM cathode. This coating led to a 
stable ηcathodic in the range of 580 to 490 mV after 10 h polarization 
under 200 mA cm− 2 at 800 ◦C in the presence of Cr [31]. It was indicated 
that the reaction between this coating and Cr resulted in the formation of 
less destructive phases including BaCrO4 and GDC nanoparticles. 

LNO Ruddlesden-Popper (R-P) phase has been proposed as one of the 
most promising materials that could improve electrode’s performance 
and stability via impregnation into conventional cathodes [32–36]. 
Akbari et al. [29] revealed that the presence of LNO nanoparticles into 
the LSM backbone reduced the polarization resistance (RP) of LSM 
around 90 % at 800 ◦C by enhancing the electrode’s surface exchange 
kinetics. However, RP of the LNO-infiltrated LSM electrode increases 
during anodic and cathodic current passage which was much more se
vere in the latter one. In another study, introduction of LNO coating via 
impregnation into the PrBa0.5Sr0.5Co1.5Fe0.5O5+δ (PBSCF) was reported 
to improve the Cr poisoning tolerance of the electrode [32]. During 
cathodic polarization, while bare PBSCF electrode’s ηcathodic increased 
parabolically due to the gradual reaction of Cr and the segregated BaO 
on the electrode’s surface, the LNO-coated electrode showed an 
improved stable performance [32]. In the other studies regarding LNO’s 
Cr-poisoning, Lee et al. [37] and Schrödl et al. [38] reported the for
mation of LaCrO3, LaNiO3, and LaCr1-xNixO3 phases on the surface of 
LNO which were resulted in diminution of the LNO electrode’s elec
trochemical performance. Solodyankin et al. [39] investigated the 
degradation mechanism of LNO-based electrodes in contact with 
Cr-containing interconnects. Based on the formation of LaCrO3 on the 
surface of the LNO functional layer during cathodic polarization, they 
suggested that the electrochemical reduction of Cr species on the cath
ode’s surface caused LaCrO3 formation [39,40]. This conclusion was 
drawn since, under anodic polarization, Cr trace was found on the cur
rent collector instead of the LNO functional layer [39]. These observa
tions demonstrate that LNO’s promising features including high 
electrochemical activity and low susceptivity to react with Cr, could be 
faded as a result of its’ instability and phase changes during the opera
tional condition of SOCs [35,37–39,41–45]. Hence, assessing the 
applicability of LNO infiltration into the LSM electrode requires further 
structural and electrochemical investigations under different operating 
conditions in the presence and absence of Cr. 

This study investigates the electrochemical properties of the LSM and 
the role of surface decorating LNO nanoparticles in the presence of Cr 
using a three-electrode configuration. LNO-infiltrated and bare LSM 
electrodes were polarized anodically and cathodically by ±200 mA 
cm− 2 at 800 ◦C in the absence and presence of Cr. Furthermore, elec
trochemical impedance spectroscopy (EIS) and distribution of relaxation 
times (DRT) analysis were exploited to evaluate the electrode’s RP along 
with its’ electrochemical behavior towards ORR and OER during the 
current treatments. Even though the polarization curves and EIS mea
surements showed that the LNO-infiltrated cells would behave differ
ently in the presence of Cr, these samples are more tolerant towards the 
Cr presence in the gas phase compared to bare LSM. Also, the electrodes’ 
structural and chemical variation caused by Cr content were investi
gated after current passage. 
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2. Materials and methods 

2.1. Cell fabrication 

8 mol% Y2O3 stabilized ZrO2 (YSZ, Tosoh, Japan) was mixed with 2 
wt% polyvinyl butyral (Kuraray) to fabricate YSZ electrolyte pellets. The 
mixture was then dry pressed and sintered according to the procedure 
explained in our previous work [46]. Working, counter and reference 
electrodes (WE, CE, and RE) were applied on the YSZ electrolyte ac
cording to the three-electrode configuration. To prepare the working 
electrode, (La0.80Sr0.20)0.95MnO3-X (LSM, Fuel cell Materials) was 
ball-milled with Ink Vehicle (Fuel Cell Materials) and screen-printed to 
the electrolyte followed by air sintering at 1100 ◦C for 2 h. For the 
counter and reference electrodes, platinum paste (6082 Metalor) was 
applied on the opposite side of the YSZ electrolyte [29]. These electrodes 
were then air sintered at 850 ◦C for 20 min. WE and CE surface area were 
0.5 cm2. 

0.5 M La2NiO4±δ (LNO) precursor solution was prepared by dis
solving La(NO3)3.6H2O (99 %, Merck), Ni(NO3)2.6H2O (99 %, JDH) and 
citric acid (CA) (99 %, Samchun) with 2:1:3 M ratio in deionized water. 
At each step of infiltration, a droplet of the solution was wet-infiltrated 
into the LSM backbone followed by firing at 350 ◦C for 1 h and calcining 
at 900 ◦C for 1 h. The whole impregnation sequence was repeated 5 
times to achieve the lowest RP value [29]. 

2.2. Electrochemical testing 

Fabricated cells were electrochemically analyzed in the absence and 
presence of Cr source. Fig. S1 of the supporting information file repre
sents the schematic picture of the testing setup when the Cr source is 
present. A platinum mesh was exploited as the current collector on top of 
LSM and LNO-infiltrated LSM (LSM.LNO) working electrodes. 1 cm2 of a 
430 stainless steel was placed on top of the platinum mesh as the 
chromium source for the investigation of the poisoned LSM (P.LSM) and 
LSM.LNO (P.LSM.LNO) electrodes. Electrochemical behavior of the 
electrodes was studied by means of Chronopotentiometry (CP) with a 
Metrohm Autolab potentiostat (PGSTAT302 N, Autolab) under ± 200 
mA cm− 2 cathodic and anodic currents at 800 ◦C. According to Eq. (1), 
ηcathodic and ηAnodic were calculated from the cathodic and anodic po
tentials (Ecathodic, Eanodic) and the ohmic resistances (RΩ) were derived 
from CP and electrochemical impedance spectroscopy (EIS) tests, 
respectively [16]. i in Eq. (1) represents the current density. By 
exploiting a current interruption technique, the iR contribution was 
deducted from the overpotential curves during the current treatment. 
EIS was performed in the frequency range of 100 kHz to 0.1 Hz with the 
AC amplitude of 10 mV. 

E = η + iRΩ (Eq. 1) 

At the end of the current passage, the EIS spectra of the electrodes 
were also collected by applying a bias voltage of ±0.3 V. For more 
precise interpretation of the EIS responses, distribution of relaxation 
times (DRT) technique was conducted using DRT-tools open-source 
code, and the Tikhonov regularization was chosen for this analysis. The 
resistance associated to high, medium, and low frequencies of the EIS 
spectra was obtained from the integration of the surface area of the γ(τ) 
vs. Ln (τ) plot [47,48]. 

2.3. Characterization 

To study the potential reactivity between LNO and Cr2O3, LNO 
powder (synthesized by sol-gel combustion method) was mixed with 
Cr2O3 (99.99 %, Merck Millipore) using an agate mortar and pestle, 
followed by heat treatment at 800 ◦C for 12 h. To investigate the for
mation of the LNO phase as well as LNO reactivity with the Cr2O3, X-ray 
diffraction (XRD) by a Philips 1730-PW X-ray diffractometer equipped 
with CuKα source was exploited. The chemical compatibility of LSM/ 

LNO and LNO/YSZ mixtures (in 1:1 wt% ratio) were tested by means of 
XRD after heat treating the mixtures at 900 ◦C for 1 h followed by 12 h 
holding at 800 ◦C in air atmosphere. This calcination route was chosen 
to study the feasibility of occurrence of chemical reactions between the 
impregnated LNO nanoparticles and the LSM and YSZ compounds dur
ing the cell fabrication step as well as the electrochemical test 
procedure. 

Microstructural characterization and elemental analysis of the elec
trodes’ cross-sections were carried out by means of a field emission 
scanning electron microscope (FESEM, Tescan) in addition to an energy 
dispersive spectroscopy (EDS) detector. 

3. Result and discussion 

Fig. 1 illustrates the XRD patterns of the LSM/LNO (Fig. 1-a) and 
LNO/YSZ (Fig. 1-b) mixtures before and after heat treatment for 60 min 
at 900 ◦C followed by holding for 720 min at 800 ◦C. According to the 
XRD patterns, after heat treatment, no secondary phase formation is 
observable showing the chemical compatibility of the LSM/LNO and 
LNO/YSZ components in the studied temperature range. It was reported 
that the LNO and YSZ compounds are prone to react with each other at 
high sintering temperatures which is not applicable to the condition of 
this study [42,49]. Similar to the results in Fig. 1-a, the chemical 
compatibility between LNO and LSM was also previously investigated in 
which no variation was reported [29]. 

Fig. 2 depicts the polarization curves of the P.LSM and P.LSM.LNO 
(Fig. 2-a) in addition to their non-poisoned counterparts (Fig. 2-b) at 
800 ◦C for 600 min under cathodic and anodic polarization. In Fig. 2-a, 
P.LSM sample’s ηanodic slightly increases from 443 to 465 mV after 600 
min. This behavior differs from that of the pure LSM (Fig. 2-b) in which 
ηanodic gradually reduces from 357 to 298 mV. It is evident that OER is 
prone to become enhanced during the anodic polarization in the absence 
of Cr. LSM’s minor OER facilitation during the test could be attributed to 
the competition between the Sr segregation and crack formation at the 
LSM/YSZ interface resulting in increment of active areas for oxygen 
evolution [10,20,21]. Meanwhile, the presence of Cr species in the 
ambient slightly impeded LSM’s OER kinetics resulting in small increase 
of ηanodic as similarly reported by Chen et al. [10]. It could be assumed 
that no Cr species electrochemically reduced at the LSM/YSZ interfacial 
region because of the oxidative condition under the anodic polarization. 
However, the presence of Cr in the gas phase could have easily disturbed 
the desorption of the oxygen species leading to the minor OER perfor
mance decay [10,17]. By further exploring the polarization curves in 
Fig. 2, it is evident that the incorporation of LNO nanoparticles into the 
LSM scaffold not only lowers ηanodic in both poisoned and non-poisoned 
electrodes due to the extension of the TPB area, but also alters the 
electrode’s polarization trend [29,36]. As presented in Fig. 2-a, ηanodic of 
P.LSM.LNO electrode increases from 78 to 161 mV after about 120 min 
of polarization and become stable for the rest of the test. However, in 
Fig. 2-b, LSM.LNO’s ηanodic raises gradually from 45 to 145 mV after 600 
min. The gradual ηanodic increment in LSM.LNO anode represents that 
during the current passage LNO’s electrochemical properties degraded 
because of LNO’s surface reconstruction or other possible structural 
variations [33,35,41–43,50]. Nonetheless, as in P.LSM.LNO, such 
changes in LNO were concurrent with its’ interaction with Cr, the initial 
OER decay and subsequent performance stabilization happened. 
Furthermore, it is evident that during the polarization tests the presence 
of LNO nanoparticles facilitated the OER, regardless of LNO’s intrinsic 
changes or variation obligated by the presence of Cr species. The role of 
LNO impregnated nanoparticles in the poisoning ambient, is also 
observable in Fig. 2-a from comparing the P.LSM.LNO’s Eanodic varia
tions with P.LSMs during the current passage. At each current inter
ruption, P.LSM electrode’s Eanodic is approximately restored to the initial 
potential (prior to current passage), while in P.LSM.LNO sample the 
Eanodic restoration is not reproducible. In P.LSM.LNO during the initial 
60–120 min, at each current interruption the starting points of Eanodic 
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slightly increases, however, after this period the Eanodic trend become 
stabilized. The different Eanodic trend of P.LSM.LNO indicates that the 
electrode’s electrochemical nature altered due to the possible chemical 
interactions between LNO and Cr species [10,16,17,51]. 

During cathodic polarization (Fig. 2-a), P.LSM’s ηcathodic rapidly 
surges from 373 mV to about 1400 mV within 60 min followed by a 
slight increase to 1419 mV after 600 min. This behavior represents that 
the presence of Cr in the gas phase had a strong inhibiting effect on the 
electrode’s ORR [12]. Contrarily, same as the previous studies on LSM’s 
ORR behavior in Cr-free atmosphere, the LSM sample became activated 
and its’ performance significantly enhanced which is conspicuous by the 
ηcathodic reduction from 500 mV to 155 mV (Fig. 2-b) [18,19]. However, 
in the infiltrated samples, abrupt changes are neither observable in the 
case of P.LSM.LNO nor LSM.LNO. In the former, ηcathodic gradually rea
ches 1100 mV from 157 mV within 600 min (Fig. 2-a), while in the latter 
ηcathodic is slightly increased between 151 and 215 mV within 600 min of 
cathodic polarization (Fig. 2-b). These low overpotential values with 
such stability were also reported in previous studies on surface deco
rated LSM electrodes including GDC– [11,23], LNO– [29] and 
Ba0.5Sr0.5Co0.8Fe0.2O3− δ (BSCF)– [26] impregnated LSM electrodes. It 
was previously described that the incorporation of nanoparticles by 
either ion conducting or MIEC phases could attenuate the LSM’s acti
vation behavior under the cathodic polarization in Cr-free atmosphere 
[11]. Moreover, the continuous overpotential increase similar to the one 
happened in P.LSM.LNO cathode was also reported on (La,Sr)(Co,Fe) 
O3-δ (LSCF) and PBSCF electrodes [32,51,52]. Gradual formation of 
Cr-containing solid insulator phases on the LSCF and PBSCF surface and 
occupation of the electrochemically active sites were asserted to be 
responsible for the overpotential continuous increment. At the initial 

stages P.LSM.LNO cathode behaved like LSM.LNO where ηcathodic and 
Ecathodic of P.LSM.LNO were lower and much more stable than P.LSM 
samples. Nonetheless, by further current passage ηcathodic and Ecathodic 
began to continuously increase similar to the LSCF and PBSCF in pre
vious studies. Therefore, it would be possible to assign the ηcathodic trend 
in P.LSM.LNO to the gradual reaction of Cr content with the LNO 
nanoparticles. These results indicate that the co-existence of Cr and LNO 
is accompanied by dynamic changes in the electrochemical properties of 
the electrodes towards ORR and OER. 

Fig. 3 illustrates the effects of current passage on the RP variation in 
LSM, P.LSM, LSM.LNO, and P.LSM.LNO samples during the anodic and 
cathodic polarizations. Contrary to the rather stable OER behaviors of 
LSM and P.LSM electrodes (Fig. 2-a and -b), the P.LSM’s RP starts with an 
initial abrupt decrease (<5 min) and continues in a reverse direction for 
the remaining time. In Fig. 3-a, RP of P.LSM reduces from 3.44 to 2.66 Ω 
cm2 and then increases to 3.59 Ω cm2 after 600 min. According to Fig. 3- 
b, anodic polarization of LSM is, however, accompanied by the elec
trode’s deactivation and RP increment from 7.55 to 13.51 Ω cm2, only 
after 15 min which was then continued by an improvement in RP 
reaching 6.47 Ω cm2 after 600 min. While the initial increment and 
following reduction in RP for LSM electrodes are known and well 
demonstrated before [10,21], the different trend of RP in the P.LSM 
(Fig. 3-a) electrode could be ascribed to the presence of Cr species. A 
possible explanation for this RP trend in P.LSM is that the Cr species 
shorten the duration of each distinct stage during the anodic polariza
tion and our resistance measurement was not able to detect the initial 
rapid deactivation stage (<5 min) [10,21]. For the infiltrated electrodes 
in Fig. 3-a and -b, RP variations are consistent with the Eanodic and ηanodic 
tendencies (Fig. 2-a and -b). In P.LSM.LNO (Fig. 3-a), within 120 min of 

Fig. 1. XRD patterns of (a) LSM/LNO, and (b) LNO/YSZ mixtures (1:1 wt%) before and after heat treatment for 1 h at 900 ◦C followed by 12 h at 800 ◦C.  

Fig. 2. Polarization curves for LSM and LSM.LNO in the presence (a) and in the absence (b) of chromium species, under anodic and cathodic current density of ±200 
mA cm− 2 at 800 ◦C. 
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anodic polarization, RP increases from 0.77 to 2.01 Ω cm2 and then 
mildly reduces to 1.72 Ω cm2 after 600 min, which is less than half of the 
non-infiltrated P.LSM anode. In LSM.LNO (Fig. 3-b), RP continuously 
increases from 0.26 to 1.24 Ω cm2 after 600 min. The RP trends of the 
infiltrated samples demonstrate that the possible structural trans
formation in the LNO nanoparticles caused the continuous RP increment 
in LSM.LNO sample. Meanwhile, the simultaneous effects of changes 
associated with LNO and Cr-poisoning led to the initial deterioration of 
the electrochemical properties and subsequent RP stabilization in P.LSM. 
LNO. 

In Fig. 3-a, under cathodic current, RP of the P.LSM sample drasti
cally drops from 3.66 to 1.66 Ω cm2 within 15 min, and then moderately 
reduces to 0.77 Ω cm2 after 600 min. A similar behavior is visible in LSM 

electrode (Fig. 3-b) where RP rapidly decreases from 7 to 1.35 Ω cm2 

after 15 min followed by ending up at 1.03 Ω cm2 after 600 min. 
Considering the trends associated with P.LSM’s ηcathodic and RP, it could 
be concluded that the presence of Cr in gas phase severely interrupted 
ORR subprocesses, but the formation of oxygen vacancies has not been 
inhibited, as the electrode’s RP reduced after cathodic polarization [12, 
16]. Furthermore, in Fig. 3-a, RP of the P.LSM.LNO cathode increases 
from 1.05 to 1.70 Ω cm2 after 30 min followed by a gradual reduction to 
0.55 Ω cm2 after 600 min. In Fig. 3-b, RP of the LSM.LNO cathode, like 
LSM.LNO anode, increases from 0.46 to 1.65 Ω cm2 after 600 min 
possibly because of the changes occurred within the LNO structure. 
Beside the RP increment within the initial 30 min of cathodic polariza
tion, the trends associated with P.LSM.LNO’s RP, ηcathodic, and Ecathodic 

Fig. 3. Polarization resistances of LSM and LSM.LNO in the presence (a), and in the absence (b) of chromium during the cathodic and anodic current treatment 
obtained by EIS measurement after interrupting the current at OCP and 800 ◦C. 

Fig. 4. EIS spectra and its’ corresponding DRT for (a) LSM, (b) LSM.LNO under anodic polarization, (c) LSM and (d) LSM.LNO under cathodic polarization in the 
presence of Cr at 800 ◦C. 
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vary similar to the ones in P.LSM cathode. Considering the gradual 
ηcathodic increment and the RP trend in P.LSM.LNO cathode, it would be 
possible to find the reasons behind these variations by some assump
tions. In this regard, it is plausible that during the initial 30 min LNO 
nanoparticles partially lost their electrochemical activity and by further 
exposure to the Cr-containing atmosphere occurrence of a secondary 
phase formation led to the activation of the LSM backbone and obtaining 
the observed RP and ηcathodic trends. As these variations were not seen in 
neither LSM.LNO nor P.LSM, it would be reasonable to consider that the 
RP and ηcathodic variations in P.LSM.LNO sample are because of the 
LNO/Cr interactions. 

Fig. 4 depicts the EIS and DRT responses of the P.LSM and P.LSM. 
LNO electrodes at OCP condition after anodic and cathodic polarizations 
for 0, 30 and 600 min. DRT analysis helps to deconvolute the electrode’s 
responses while demonstrating the contribution of OER/ORR sub
processes to the total polarization resistance [46,47,53]. Additionally, 
the results regarding the electrochemical responses of LSM and 
LSM/LNO in the absence of Cr are also provided in Fig. S2 of the sup
porting information. The contribution of High, medium, and low fre
quency (HF, MF, LF) resistances to the total polarization resistance listed 
in Table 1, was calculated from the integration of the γ(τ) vs. Ln (τ) 
plot’s surface area [48,54–56]. For better elucidation, the ranges (10− 2 – 
1), (1–100) and (100–104) Hz are designated as LF, MF and HF, 
respectively [48,54,57,58]. According to Fig. 4, the MF peaks are altered 
more substantially showing that the subprocesses assigned to this fre
quency range were mainly responsible for the total RP changes in all the 
samples. The subprocesses regarding this frequency range are normally 
attributed to the oxygen dissociative adsorption/associative desorption 
as well as the surface diffusion of the oxygen ions [29,54]. According to 
Fig. 4-a, RP of the P.LSM anode changes due to a reduction in MF 
resistance from 3.13 to 2.54 Ω cm2 after 30 min, which is followed by an 
increase to 3.30 Ω cm2 after prolonging for 600 min. The HF and LF 
peaks which are remained rather unchanged are attributed to the charge 
transfer (oxygen ions transfer from electrode to the electrolyte) and 
oxygen gas diffusion, respectively [16,54,57,58]. According to Fig. 3-a 
and 4-a, RP of P.LSM could have varied as a consequence of the 
competition between the constructive effect of LSM nanoparticles for
mation and the destructive reaction of Cr with the segregated Sr near the 
TPB area [4,10,20,21]. In P.LSM.LNO anode (Fig. 4-b), MF resistance 
increases from 0.53 to 1.35 and 1.67 Ω cm2 after 30 and 600 min, 
respectively. Thus, the initial performance decay of the P.LSM.LNO 
anode was due to the partial deactivation of the LNO nanoparticles 
surface and the electrode’s deteriorated surface exchange kinetics. As 
shown in Fig. 4-c, the P.LSM cathode’s RP varies due to the formation of 
oxygen vacancies on the LSM’s surface resulting in MF resistance 
reduction [11,12,16]. The EIS and DRT analysis responses of the P.LSM. 
LNO cathode in Fig. 4-d depicts that the initial increase and the subse
quent reduction of RP is also affected by variation of the surface ex
change reaction kinetics leading to the electrode’s MF resistance 
alteration. As listed in Table 1, the MF resistance of the P.LSM.LNO 
cathode increases from 0.72 to 1.52 Ω cm2 after 30 min followed by 

reduction of MF resistance to 0.49 Ω cm2 after 600 min. 
The initial increase of RP in both anodic and cathodic polarizing 

conditions is notable and implies that the infiltrated samples would have 
initially experienced an electrochemical activity decay regardless of the 
polarization condition, but their further behavior depend on the anodic 
or cathodic nature of the polarization as well as the Cr/LNO interaction. 
According to the previous investigations on the R-P phase surface 
reconstruction specifically the LNO material, segregation of the La 
content towards the LNO’s surface and subsequent formation of La2O3 
on the nanoparticles’ surface was noticed [43,44,50,59]. This structural 
variation could be a plausible explanation for either the infiltrated 
electrodes’ continuous performance decay in the Cr-free ambient or the 
initial deterioration of the electrocatalytic activity in the presence of Cr 
[41–44,50]. According to the previous experimental analysis and ther
modynamical calculations regarding LNO’s phase transformation, it was 
well established that the formation of La2O3, La3Ni2O7-δ, and 
La4Ni3O10-δ phases is thermodynamically favoured at 600–800 ◦C which 
is the operating range of the intermediate temperature SOCs (IT-SOCs) 
[43,44]. It was also presented that LNO’s surface reconstruction would 
become extremely facilitated under conditions favourable for ORR, if 
this material has a direct contact with an electrocatalyst (e.g., Pt) which 
is in our case is LSM itself [50]. In addition, the reconstruction of the 
LNO’s structure is not confined to the OCP condition as it was also 
previously noticed in LNO containing electrodes under both cathodic 
and anodic polarizations [41,42]. Furthermore, Sharma et al. [60] 
justified the Cr-poisoning of La0.8Sr0.2CoO3 air electrode under anodic 
polarization on the ground of the reaction between the segregated La2O3 
and Cr content in the gas phase. It was confirmed that the main products 
of this reaction were LaCrO3 and La2CrO6 phases [60]. Hence, one 
reason behind the RP reduction under cathodic condition as well as the 
stabilized behavior under anodic condition, could be the formation of 
LaCrO3 because of the reaction between La2O3 and Cr. LaCrO3 would not 
totally deteriorate the electrochemical performance of the electrodes 
since it possessed a reasonable electrocatalytic activity as well as an 
electronic conductivity of 0.33 S cm− 1 in air at 800 ◦C [37,61,62]. 

Additionally, P.LSM.LNO’s performance under cathodic and anodic 
polarizations clearly implicates a more detrimental effect of the Cr 
content on the P.LSM.LNO electrode’s ORR rather than OER perfor
mance. Previously, Egger et al. [43] showed that the LNO electrode was 
more prone to Cr poisoning under SOFC than SOEC mode. The higher 
electrochemical stability of P.LSM.LNO under anodic condition might be 
due to the proposed OER mechanisms by Sdanghi et al. [63]. It was 
stated that in LNO air electrode, while oxygen transportation is only 
narrowed to the surface diffusion during ORR, it benefits from the 
additional path of interstitial sites (bulk) during OER. So, even if the 
LNO’s surface becomes partially deactivated by either the less active or 
insulator phases, this material’s bulk would maintain its’ activity during 
OER. 

Cross-sectional FESEM micrographs of the examined electrodes after 
600 min of polarization in the presence of Cr are depicted in Fig. 5. 
Results of EDS analysis are also listed in Table 2 for the selected points. 

Table 1 
Resistance of the electrodes corresponding to Fig. 4 obtained from the P.LSM and P.LSM.LNO samples’ DRT plots.  

Polarization Electrode Time (minutes) HF resistance (Ω.cm2) MF resistance (Ω.cm2) LF resistance (Ω.cm2) Total resistance (Ω.cm2) 

Anodic LSM/Cr 0 0.37 2.89 0.18 3.44 
30 0.07 2.54 0.25 2.86 
600 0.11 3.30 0.19 3.60 

LSM.LNO/Cr 0 0.24 0.53 0.00 0.77 
30 0.16 1.35 0.05 1.56 
600 0.05 1.67 0.06 1.78 

Cathodic LSM/Cr 0 0.27 3.34 0.08 3.69 
30 0.14 1.36 0.10 1.60 
600 0.06 0. 62 0.10 0.78 

LSM.LNO/Cr 0 0.30 0.72 0.07 1.09 
30 0.15 1.52 0.07 1.74 
600 0.01 0.49 0.05 0.55  
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As shown in Fig. 5-a, at the area near the electrolyte’s surface, distinctive 
nanoparticles were formed as a consequence of P.LSM anodic polariza
tion. The appearance of these particles could be attributed to the for
mation of Cr2O3, CrOx and SrCrO4 phases near the LSM/electrolyte 
interface which was well addressed in a prior study [10]. These obser
vations were confirmed by considering different Sr and Cr contents in 
points 1 and 2. The EDS results of point 1 verifies the presence of 18.34 
wt% (8.04 at.%) Sr accompanied by 4.60 wt% (3.40 at.%) Cr, suggesting 
the possible formation of Sr-Cr nucleus. In point 2, 16.45 wt% (7.08 at. 
%) Sr is present but no sign of Cr content is detectable which elucidates 
the fact that the reaction zone was mainly limited to the interfacial re
gion. The moderate reduction of the surface exchange kinetics (MF 
resistance increment) of P.LSM anode which is shown in Fig. 4-a could 
also be attributed to the formation of such insulator phases close to the 
TPB area. Meanwhile, in P.LSM.LNO (Fig. 5-b), formation of the distinct 
nanoparticles near the interface is not observable after polarization. The 
EDS analysis from points 3 and 4 elucidates LNO nanoparticles exis
tence, as some traces of Ni including 2.49 wt% (1.66 at.%) and 2.06 wt% 
(1.37 at.%) are detected in these points. Likewise, in points 3 and 4, 
2.45 wt% (1.85 at.%) and 1.40 wt% (1.05 at.%) Cr content are also 

noticeable, respectively. Thus, the direct reaction of Cr content with the 
LNO nanoparticles seems plausible. Additionally, by examining the 
point 5 it is evident that the LNO-free areas do not contain Ni and Cr, so 
it would be possible that the LSM particles did not react with the Cr 
contaminants which is consistent with the previous studies [1]. Absence 
of the Sr-rich particles at the P.LSM.LNO anode/electrolyte interface 
suggests that although the LNO nanoparticles’ surface were possibly 
altered by the Cr content, their presence still inhibited or deferred the 
segregation of the SrO species. Incorporation of LNO nanoparticles, 
extended the active sites for OER to the electrode’s bulk, consequently 
less oxygen ions would have incorporated into the LSM lattice near the 
interfacial region. Thus, the segregation of Sr content which was re
ported to be due to the oxygen ions incorporation into the LSM structure 
did not occur in P.LSM.LNO as severe as it happened in P.LSM anode 
[10,21,64]. 

The P.LSM electrode’s micrograph after cathodic polarization is 
illustrated in Fig. 5-c. Despite no significant change in the electrode’s 
microstructure, formation of secondary phases on the electrolyte surface 
is visible, e.g., point 6. The corresponded EDS analysis shows the pres
ence of 6.38 wt% (4.88 at.%) Cr at this region along with 15.48 wt% 

Fig. 5. FESEM images for the P.LSM and P.LSM.LNO samples after 10 h of anodic polarization (a and b, respectively), and cathodic polarization (c and d, 
respectively). (Circles represent the points which EDS analysis obtained from). 

Table 2 
EDS analysis of the points noted in Fig. 5.  

Elements Point 1 (wt 
%) 

Point 2 (wt 
%) 

Point 3 (wt 
%) 

Point 4 (wt 
%) 

Point 5 (wt 
%) 

Point 6 (wt 
%) 

Point 7 (wt 
%) 

Point 8 (wt 
%) 

Point 9 (wt 
%) 

Point 10 (wt 
%) 

O 28.23 29.48 27.33 27.61 29.61 25.95 29.12 27.70 29.45 27.19 
Cr 4.60 0.00 2.45 1.40 0.00 6.38 0.00 3.18 0.00 2.03 
Mn 17.35 20.95 17.61 17.94 19.95 15.48 21.31 12.61 22.50 19.48 
Sr 18.34 16.45 17.49 16.96 16.64 6.18 16.22 13.98 16.43 15.12 
Y – – – – – 4.40 – 2.98 – – 
Zr – – – – – 18.47 – 12.36 – – 
La 31.48 33.12 32.63 34.03 33.80 23.14 33.35 25.16 31.12 34.45 
Ni – – 2.49 2.06 0.00 – – 2.03 0.50 1.73 
Total 100 100 100 100 100 100 100 100 100 100  
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(11.20 at.%) Mn, showing a likelihood of the reaction between Cr and 
Mn ions on the surface of the electrolyte. This reaction was explicitly 
noticed in former studies on the Cr poisoning of LSM cathode [7,12, 
15–17,65]. Meanwhile, finding no traces of Cr at regions far from the 
interface (e.g., point 7), implies that the poisoning reaction had been 
confined to the electrode/electrolyte interface. Fig. 5-d exhibits the P. 
LSM.LNO sample’s cross-section after cathodic polarization. By 
comparing the EDS results for points 8,9, and 10, it is noticeable that 
3.18 wt% (2.38 at.%) and 2.03 wt% (1.54 at.%) of Cr are spotted in 
points 8 and 10, respectively; however, no trace of Cr is detectable in 
point 9. This result could indicate that the presence of LNO nano
particles resulted in entrapment of Cr content on this phase throughout 
the electrode’s thickness. Moreover, since in LNO free points (e.g., 
points 7 and 9) no Cr content is found, it is reasonable to conclude that 
Cr did not react with LSM during the cathodic polarization same as the 
anodic polarization. Hence, it would be possible to assume that LNO 
directly reacted with Cr in gas phase through a nucleation agent that had 
been probably formed on the surface of LNO during the polarization (e. 
g., the segregated La). Furthermore, the lower amounts of Cr content at 
the interfacial region of P.LSM.LNO than P.LSM cathode demonstrates 
that lower volume of nucleation agents (e.g., Mn2+) produced in the 
cathodically polarized P.LSM.LNO. However, in P.LSM cathode, Mn ions 
started reducing to Mn2+ just after the beginning of cathodic current 
passage. Furthermore, besides the interaction of Cr and LNO nano
particles, it could be declared that the formation of Sr-Cr and Mn-Cr 
containing phases which are the main cause of LSM air electrode’s 
Cr-poisoning were postponed or inhibited at the interfacial area of the P. 
LSM.LNO anode and cathode. 

The EIS spectra presented in Fig. 4 were measured at OCP. However, 
a comprehensive evaluation of the electrode’s RP would have been ob
tained from the electrode’s responses if the EIS spectra were also 
measured under a constant cathodic and anodic DC bias. Hence, in 
Fig. 6, EIS and DRT of the 600 min polarized P.LSM and P.LSM.LNO 
electrodes at ± 0.3 V DC bias are presented. Also, to precisely visualize 
the differences between the polarized samples before and after DC bias 
appliance, additional information is provided in Fig. S3 presenting the 
EIS spectra and DRT plots of the examined samples. Shown in Fig. 6-a, 

applying a high anodic potential of +0.3 V under OCP condition, 
severely reduces RP for both P.LSM and P.LSM.LNO from 3.6 and 1.78 Ω 
cm2 (Fig. 4-a and -b), to 0.21 and 0.11 Ω cm2, respectively. It was pre
viously explained that a high anodic potential simulates a condition in 
which the oxygen partial pressure (OPP) would increase and thereby RP 
decrease [66,67]. Therefore, applying a +0.3 V DC voltage lowers the RP 
in both electrodes, but the resistance value is still lower in case of the 
infiltrated electrode showing its’ higher electrochemical activity. Based 
on the DRT analysis in Fig. 6-a and the DRT plot of the P.LSM and P.LSM. 
LNO electrodes in Fig. 4-a and -b, applying the anodic DC bias results in 
the reduction of LF and MF peaks’ size in both P.LSM and P.LSM.LNO 
anodes. This variation shows that the higher OPP at the area near 
electrode/electrolyte interface is likely to facilitate the gas diffusion and 
oxygen surface exchange subprocesses. In the case of P.LSM.LNO sam
ple, the MF and LF peaks are reduced in size and merged to form one 
small peak at the MF region. Such changes of the peaks in the DRT 
analysis of different air electrode materials were previously noticed in 
several studies [53,56,66–68]. 

As it is seen in Fig. 6-b, utilization of − 0.3 V DC bias leads to a sig
nificant increase in RP of P.LSM and P.LSM.LNO samples from 0.78 and 
0.55 Ω cm2 (Fig. 4-a and -b), to about 21.03 and 7.62 Ω cm2, respec
tively. Comparing the DRT plots in Fig. 4-c and -d with Fig. 6-b, it is 
conspicuous that the cathodic DC bias in the presence of Cr deteriorates 
the P.LSM and P.LSM.LNO cathodes performance by limiting the sub
process associated with LF and MF. A cathodic DC bias provides an 
intense OPP gradient across the electrode’s thickness in which the ox
ygen content is primarily consumed at the electrode/electrolyte area 
resulting in a poor supply of oxygen gas for dissociative adsorption in the 
active area [69]. As the Cr content was available during the introduction 
of − 0.3 V DC bias to the P.LSM sample, Cr inhibiting effect on oxygen 
exchange in addition to the poor oxygen supply resulted in an increase of 
the resistances correspond to the surface exchange reaction and gas 
diffusion, respectively. Also, a semi-linear Warburg type impedance is 
observable in the HF section of the P.LSM electrode’s response due to the 
formation of Cr containing phases at the interfacial region and their 
impeding effect on the charge transfer subprocess [12]. A more signifi
cant RP increment is evident in cathodically polarized P.LSM rather than 

Fig. 6. EIS and DRT analysis for P.LSM and P.LSM.LNO electrodes under (a) +0.3 V DC bias, and (b) − 0.3 V DC bias after 10 h of anodic and cathodic polarizations, 
respectively. 
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P.LSM.LNO in which the former reached 21.03 Ω cm2 while the latter 
increased to 7.62 Ω cm2. This difference suggests that the LNO nano
particles promoted the ORR activity of LSM even after the possible 
intense alterations resulting in the diminution of the nanoparticles sur
face exchange kinetics. According to the DRT plot in P.LSM.LNO elec
trode, the rate determining step is the oxygen dissociative adsorption, 
showing that unlike the P.LSM sample, the oxygen supply to the active 
sites (gas diffusion) is not the limiting subprocess. Therefore, although it 
is plausible that the LNO’s surface lost its activity through the cathodic 
polarization, the TPB extension after LNO impregnation have culmi
nated in a less intensive OPP leading to the occurrence of oxygen 
dissociative adsorption throughout the electrode’s thickness [12,16,39]. 
In addition, it is noteworthy that the absence of the semi-linear part at 
the HF section of the P.LSM.LNO’s EIS spectra could be due to the lower 
amount of Cr-containing phases on the electrolyte surface at the vicinity 
of the electrode/electrolyte. Thus, it could be possible to conclude that 
the reaction products of the LNO/Cr interaction did not totally deteri
orate the electrochemical activity of the electrodes, since the infiltrated 
samples are showing some tolerance towards the presence of Cr content 
specifically under the anodic polarization. 

To exclude the effect of current passage on the RP evolution and 
investigate the sole effect of LNO’s intrinsic changes and potent re
actions between LNO and Cr species, EIS measurements were carried out 
on the LSM.LNO electrode aged at OCP and 800 ◦C in the presence and 
absence of Cr (Fig. 7). In Cr-free atmosphere, RP of LSM.LNO continu
ously increases from 0.68 to 1.6 Ω cm2 which is like the behavior 
depicted in Fig. 3-b for the LSM.LNO samples during either cathodic or 
anodic polarization. Thus, the presence of LNO nanoparticles in the 
SOC’s operating condition would be accompanied by RP increment 
regardless of being at OCP or under polarization [41,42,44]. This 
behavior could have been due to the LNO’s susceptivity to surface 
reconstruction specifically when it was present in nanostructured crys
tals in which the cations segregation would be more likely to happen, 
due to shorter cation diffusion paths [43,70]. Interestingly, according to 
Fig. 7, the addition of Cr into the system culminated in RP reduction to 
1.52 Ω cm2 following its’ initial rise from 1.2 to 1.97 Ω cm2. This RP 
reduction could have happened due to the reaction between the formed 
nucleation agents on the LNO’s surface and Cr leading to the formation 
of a less destructive compounds, e.g., LaCrO3. The RP reduction in the 
infiltrated samples at OCP and under cathodic polarization (Fig. 3-a), 
could be interpreted by the idea that the formation of LaCrO3 have 
partially reduced the negative effects of La segregation [37,38,45]. 
While the OCP aged LSM.LNO sample’s final RP is still higher than the 
initial value (1.52 compared to 1.2 Ω cm2), in P.LSM.LNO cathode 
(Fig. 3-a), the electrode became activated, and its’ RP reduced with 
respect to its’ pre-polarization stage. Hence, the activation-like behav
iour under cathodic current may be lied in the formation of LaCrO3 since 
this material is a predominant electron conductor like LSM. Therefore, 

under cathodic condition, two parameters may have participated in the 
electrode’s LSM-like polarization behavior including LNO’s inability to 
transfer O2− ions through its lattice, and the formation of less active 
LaCrO3 on the LNO’s surface as its’ only active path under this condition 
[61,63]. These parameters may have transferred the electrode’s active 
path towards the interfacial region and make the system ready for LSM’s 
activation [42,45,63]. 

P.LSM.LNO anode differently behaved compared to the OCP treated 
LSM.LNO electrode in the presence of Cr. Observation of the P.LSM.LNO 
anode’s RP and polarization trend (Fig. 2-a, and 3-a) suggests that under 
the anodic condition formation of La2O3 could have been plausible as it 
was also mentioned by Tong et al. [41]. However, the negative conse
quences of the LNO’s surface reconstruction on the electrode’s perfor
mance is inhibited by further polarization after 120 min. It would be 
possible that the secondary phase formation compensates the negative 
effect of initial insulator phase formation. Nonetheless, the reaction ki
netics between LNO and Cr might not be as high as it is in the cathodic or 
OCP conditions leading to the stabilization trend instead of a reducing 
one. Egger et al. [45] specified that in the SOEC mode, the higher 
tolerance of LNO to Cr might be due to the reverse direction of the 
evolved O2 gas toward Cr in gas phase. In addition to the opposite ox
ygen gas flow, it was previously stated that under anodic condition the 
LNO material exhibits two active paths for oxygen transportation 
including its’ bulk diffusion routes which would not be deteriorated as a 
result of surface reaction [63]. Considering the abovementioned results, 
the Cr containing phase which would have been formed on the surface of 
LNO nanoparticles could have promoted the electrocatalytic activity of 
the electrodes in comparison with the initial stages in which La cations 
might have segregated. 

Furthermore, Fig. 7 -b and -c in addition to Table 3 represents the 
FESEM images and EDS analysis correspond to the OCP aged samples 
(Fig. 7-a). Fig. 7-b shows that the LNO nanoparticles were uniformly 
distributed within the electrode’s bulk and their approximate mean 
particle size is 70 nm. On the other hand, presence of Cr at high tem
peratures (800 ◦C) facilitated the LNO nanoparticle coarsening to the 
average size of 110 nm (Fig. 7-c). According to the EDS results of the 
points 1 and 2 taken from LNO nanoparticles in Table 3, 1.08 wt% (0.82 

Fig. 7. Polarization resistance trend of (a) the OCP aged LSM.LNO electrode at 800 ◦C in the absence and presence of Cr, in addition to these samples’ FESEM 
micrographs after 10 h of being (c) in the absence, and (c) in the presence of Cr (Circles represent the points which EDS analysis obtained from). 

Table 3 
EDS analysis of the points noted in Fig. 7.  

Elements Point 1 (wt%) Point 2 (wt%) 

O 27.28 27.11 
Cr 1.08 1.57 
Mn 19.21 19.26 
Ni 1.96 2.79 
Sr 16.34 15.45 
La 34.13 33.82 
Total 100 100  
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at.%) and 1.57 wt% (1.19 at.%) Cr are detected, showing that the Cr/ 
LNO reaction was also occurred at OCP. However, the amount of Cr was 
lower than the one identified in P.LSM.LNO samples polarized anodi
cally and cathodcially. 

To clarify what would be produced after LNO and Cr reaction, a 
reactivity study by means of XRD was conducted. For this purpose, LNO 
powder was mixed with 5 and 30 wt% of Cr2O3 and heated for 12 h at 
800 ◦C for the XRD analysis. According to Fig. 8, the diffraction patterns 
confirms the formation of LaCrO3 perovskite which was assumed earlier 
in this study and mentioned in previous investigations [37,38]. In LNO 
+5 wt% Cr2O3 mixture, the Cr2O3 peaks are totally and the LNO peaks 
are partially disappeared. Also, LNO’s main diffraction peak shifted 
towards the lower angles indicating the partial formation of LaCrO3 
phase that has a main diffraction peak at lower angles. Raising the Cr2O3 
to 30 wt%, ends up in formation of LaCrO3 and NiO products in addition 
to some unreacted Cr2O3 after relative disappearance of LNO peaks. 
Hence, due to the sluggish reaction at the testing cells scale because of 
the solid/gas interaction, it is reasonable to assume that on the LNO 
nanoparticles’ surface as the most favoured reaction sites, LaCrO3 
product would have been formed. 

As the newly formed LaCrO3 product continues to form on the LNO 
surface under continuous cathodic polarization, higher degradation was 
observed in ηcathodic for the P.LSM.LNO electrode. Typically, the elec
trochemical performance of bare LSM electrode strongly depends on the 
interfacial region for ORR which would cause this electrode’s electro
chemical performance decay when exposed to a Cr containing atmo
sphere (Fig. 6-b, 2-a, and 3-a). Because of LaCrO3’s similar 
characteristics with LSM and its’ gradual formation on P.LSM.LNO, the 
electrode’s active area for ORR would have become more confined on 
the interfacial region leading to a continuous ηcathodic increment. 
Consequently, Mn2+ ions and oxygen vacancies would have been 
evolved on the surface of the electrode near the electrolyte, leading to 
the electrode’s activation-like behavior and formation of Cr-containing 
phases nearby the electrode/electrolyte interface. The anodic polariza
tion of P.LSM.LNO also comprised the initial performance decay due to 
the possible LNO’s surface reconstruction, but further polarization led to 
RP and ηanodic stabilization. LaCrO3 formation could have been the 
reason behind the stabilization instead of improvement. The reversed 
flow of the evolved O2 could have reduced LaCrO3 formation rate 
resulting in a competition between this phase production and La- 
segregation. Moreover, the higher activity of LNO’s bulk during 
anodic condition could have assisted the stability of the electrode’s 
performance towards OER. 

Furthermore, as shown by FESEM images in Fig. 5, LNO 

nanoparticles and LaCrO3 on their surface retarded the formation of Cr 
and Mn containing phases at the electrode/electrolyte interface after 
cathodic polarization. However, in prolonged polarization intervals the 
LNO existence might have not inhibited Cr2O3 and (Cr,Mn)3O4 genera
tion. In the anodically polarized P.LSM.LNO, the presence of LNO 
nanoparticles substantially supressed the formation of Sr-Cr containing 
nanoparticles near the electrode/electrolyte interface demonstrating the 
positive effect of LNO impregnation on the anodic polarization of LSM at 
the presence of Cr. 

LNO nanoparticles impregnation resulted in enhancement of the LSM 
electrode’s electrochemical performance as well as its’ tolerance against 
the presence of Cr in the ambient. For instance, in P.LSM.LNO anode, 
regardless of its’ initial deactivation, the ηanodic and RP values were not 
only lower, but also more stable than the values attributed to P.LSM 
anode. Nevertheless, the performance of the P.LSM.LNO cathode in
dicates that utilization of LNO nanoparticles under cathodic polarization 
requires to be implemented in a more cautious manner. Although the P. 
LSM.LNO cathode showed lower ηcathodic and RP rather than the P.LSM 
during the initial stages of the cathodic polarization, it continuously lost 
its’ electrochemical activity and showed similar features to the non- 
infiltrated P.LSM cathode. It is evident from Figs. 5 and 8 that the 
LNO nanoparticles were properly distributed, but LNO did not fully 
cover the LSM’s exposed surfaces. In the previous work on the Cr 
poisoning of the PBSCF cathode, LNO introduction extremely promoted 
PBSCF’s Cr tolerance showing the effects of an optimized coating pro
cedure [32]. Moreover, utilization of La-deficient LNO material was 
demonstrated to be effective on its’ stability within the oxygen con
taining atmospheres since it suppresses La segregation on its’ surface 
[35]. Therefore, it could be suggested to investigate the effect of 
La-deficient LNO infiltration into the LSM electrode under SOFC mode to 
evaluate its’ electrochemical properties and Cr poisoning. 

4. Conclusion 

Stability and performance of the LNO-infiltrated LSM (LSM.LNO) 
material as the air electrode of SOCs is evaluated in the presence and 
absence of Cr. Electrochemical and structural characteristics of LSM. 
LNO electrode were investigated under three distinctive conditions of 
cathodic, anodic and OCP. Under anodic polarization P.LSM.LNO’s RP 
and ηanodic values increased by about 2.6- and 1.6- fold after 120 min 
possibly due to LNO’s structural variation, however, RP and ηanodic ten
dencies did not show any sign of further performance deterioration. By 
the polarization test termination, these values were still lower than the 
P.LSM anode demonstrating the higher performance of the infiltrated 

Fig. 8. X-ray diffraction pattern of LNO and Cr2O3 mixture before and after heat treatment at 800 ◦C for 12 h.  
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electrode under anodic polarization. The microstructural evaluation 
also revealed that the presence of LNO, regardless of its’ structural 
variations and its’ possible reaction with Cr, prevented the Sr- 
segregation and the possible formation of Sr-Cr containing phases at 
the area adjacent to anode/electrolyte interface. Under cathodic polar
ization, P.LSM.LNO’s ηcathodic gradually increased from 157 to 1100 mV 
within the 600 min of current passage, while in P.LSM cathode this value 
instantly reached 1400 from 373 mV only after 60 min. On the other 
hand, P.LSM.LNO cathode’s RP initially increased from 1.05 to 1.70 Ω 
cm2 after 30 min, but then began to reduce reaching 0.55 Ω cm2 after 
600 min. During the initial stages, LNO’s presence led to suppression of 
the LSM backbone’s dependency on the electrode/electrolyte interface 
for ORR in addition to a light OPP gradient during the polarization. 
However, in P.LSM.LNO, the simultaneous structural variation of LNO 
and interaction with Cr content culminated in the cathode’s increased 
reliance on its’ interfacial region and OPP gradient intensification 
within the electrode’s thickness. Therefore, based on the electro
chemical data, while the P.LSM.LNO cathode became activated and 
oxygen vacancies started to form, surface exchange reaction was 
impeded and ηcathodic gradually increased. Additionally, in cathodic 
condition, LNO’s presence only postponed, but not inhibited the reac
tion between the formed nucleation agents (e.g., Mn ions) and Cr on the 
electrolyte surface. At OCP, the possible LNO’s surface reconstruction 
culminated in continuous RP increment in the LSM.LNO sample in Cr- 
free condition, while in the presence of Cr, RP increment occurred 
only during the initial 30 min and afterwards it began to reduce. This RP 
transition indicates that the possible phases formed on the surface of the 
LNO nanoparticles led to the electrochemical activity improvement 
since they might have possessed some electrocatalytic activity. 
Furthermore, the chemical reactivity study of the LNO and Cr2O3 
confirmed the formation of LaCrO3 as the major product. The predom
inant electron conduction nature of LaCrO3 resulted in prevention of the 
electrode’s activity degradation. The stabilized OER performance of the 
P.LSM.LNO anode could have been brought up by the higher activity of 
LNO’s bulk under the anodic polarization as well as the LaCrO3 lower 
formation rate under this condition. However, under the cathodic po
larization P.LSM.LNO’s performance degraded, due to the facts that the 
formed LaCrO3 is in nature similar to LSM and LNO’s activity was 
confined to the surface diffusion instead of both surface and bulk 
diffusion. Thus, utilization of LSM.LNO as a cathode material requires to 
be restricted unless the LNO’s stability increase. Nonetheless, LNO- 
impregnated LSM as the anode of SOEC is a much more reliable 
choice to be further investigated or even exploited. 
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