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The incorporation of Fe-Nx/C moieties into perovskites 
remarkably activates them for the oxygen reduction reaction 
(ORR) and also leads to notable improvement of their activity 
towards the oxygen evolution reaction (OER) thus presenting 
a new route for realizing high performance, low cost bifunc-
tional catalysts for reversible oxygen electrodes.   

The search for low cost catalysts that can catalyze both the oxygen 
reduction reaction (ORR) and the oxygen evolution reaction (OER) 
has recently attracted a lot of interest due to their importance in 
energy conversion and storage technologies including metal-air 
batteries, electrolyzers and unitized regenerative fuel cell systems. 
The most active catalysts for both the OER and the ORR are 
primarily derived from the platinum group metals, which are not 
only costly but also scarce. Moreover, a major drawback in oxygen 
electrochemistry is that good catalysts for ORR, such as Pt, are often 
poor for OER and vice versa, making it very challenging to realize  
materials that can serve as bifunctional catalysts for both ORR and 
OER. A strategy that has been used to overcome this impediment is 
the incorporation of good ORR and OER catalysts into a composite, 
in which the constituent ORR and OER catalysts retain their 
individual properties. This strategy has been used in the past with 
platinum group metals for obtaining bifunctional materials for acid 
media,1 and more recently by combining OER active low-cost 
transition metal oxides with carbon supports that provide ORR 
functionalities for alkaline media.2 

Commercial viability of electrochemical devices for energy 
conversion and storage can only be achieved through the use of low-
cost and abundant catalysts. Non-precious metal catalysts derived 
from pyrolysis of nitrogen rich organic compounds, for example, 
iron-containing porphyrins or phthalocyanines, and heteroatom-
modified carbon materials show the most promising activity towards 
oxygen reduction.3,4,5,6 Transition metal oxides with spinel or 
perovskite type structures show great potential as low-cost alter-
natives to platinum group metal based oxides for the OER reaction 
in alkaline media.7   

In this work, a strategy for realization of non-precious metal 
bifunctional catalysts was developed, where perovskites with high 
activity for OER are impregnated with iron phthalocyanine sup-
ported on nitrogen-doped carbon and pyrolyzed at 800 °C in an inert 

gas. We present physico-chemical characterization of the synthe-
sized materials, including electrochemical investigations showing 
that the resulting catalysts exhibit significantly improved activity for 
oxygen reduction, while the high OER activity of the perovskites is 
conserved or even slightly improved in some cases.  

Perovskites show promising properties as electrocatalysts for 
ORR and OER,8,9 which mainly depend on their composition and 
stoichiometry. Studies in the literature show that perovskites with 
the most promising OER activity contain a rare earth or alkaline 
earth metal like La or Ba occupying the A-site, and transition metals 
(Co, Fe, Mn, Ni) that allow partial substitution occupying the B-
site.8 For ORR catalysts, activity is reported to be strongly correlated 
with filling of the * orbital (eg) and the extent of the B-site tran-
sition metal-oxygen covalency.8 To improve the ORR activity of 
oxygen evolving perovskites, La0.6Sr0.4FeO3, La0.76Sr0.2Co0.2Fe0.8O3, 
La0.58Sr0.4Co0.2Fe0.8O3 and La0.83Ca0.15Mn0.6Co0.4O3, hereafter deno-
ted as L60SF, L76SCF, L58SCF and LCaMC, respectively, were 
first impregnated with iron (II) phthalocyanine and nitrogen-doped 
carbon (NC) in acetonitrile and left to dry under a fume hood. 
Afterwards, the mixture was pyrolyzed at 800 °C in argon for 2 
hours. The pyrolysis of iron-containing nitrogen-rich organic com-
plexes, including porphyrins and phthalocyanines is a well-estab-
lished method for preparation of active, low cost Fe-Nx/C type 
catalysts for oxygen reduction.3,5,6 

Fig. 1 shows SEM images of the L58SCF composite catalyst 
after the pyrolysis process and grinding. The particles of the 
perovskite are between 1 and 10 µm (Fig. 1a, also known from 
particle size distribution)10 while NC has particles in the 100-300 nm 
size range (Fig. 1b). Particles of the composite of L58SCF with NC 
(NC/L58SCF), and also the ones obtained upon incorporation of Fe-
Nx moieties (Fe-Nx/C/L58SCF) (Fig. 1c and 1d), range from a few 
nanometers to several micrometers with NC appearing to cover the 
perovskite. However, patches existed (Fig. 1d), where the perovskite 
was clearly exposed, which makes it possible for the composite to 
retain the OER activity.  

Fig. 2 shows the XRD patterns of L58SCF, NC, Fe-Nx/C, 
NC/L58SCF and Fe-Nx/C/L58SCF. For the pure perovskites, very 
sharp peaks are present indicating well-crystallized and relatively 
large-sized particles. For NC and Fe-Nx/C, however, the peaks are 
very broad due the amorphous small-sized particles. In NC/L58SCF 
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the characteristic reflections of L58SCF are retained. In addition, the 
pronounced reflection at 25° from NC merges with that from 
L58SCF at 23° but they remain distinguishable. The other charac-
teristic reflections of the perovskite remain at their positions, 
whereas the second reflection of NC and Fe-Nx/C at 43.8° almost 
disappeared between the reflections of L58SCF at 39.6° and 44.8°. 
In the diffraction pattern of Fe-Nx/C/L58SC some perovskite reflec-
tions shift, and the appearance of new reflections are observed, 
suggesting some degree of lattice distortion resulting from strong 
interaction of the perovskite with the Fe-Nx/C moieties.  

 
Fig. 1 SEM micrographs of: a) L58SFC, b) NC, c) NC/L58SFC, d) 
Fe-Nx/C/L58SFC, with EDX spectrum. 

 

Fig. 2 XRD patterns for samples obtained after different synthesis 
steps.  

Thins films of the catalysts were deposited on glassy carbon 
rotating disk electrodes (RDE), and their ability to reversibly reduce 
and evolve oxygen was investigated by recording linear sweep vol-
tammograms (LSV) in oxygen saturated KOH (0.1 M), from 0.0 V 
to 2.0 V vs RHE at 10 mVs-1, covering the potential range necessary 
to observe both oxygen reduction and oxygen evolution. We investi-
gated several catalyst loadings, ranging from 75 g cm-2 to 450 g 
cm-2, and found 240 g cm-2 to be optimal yielding the highest 

currents. As shown in Fig. 3a, L58SCF is a good catalyst for OER, 
but it exhibits very poor ORR activity. The functionalization of this 
catalyst with NC not only improved its OER activity but also 
introduced oxygen reduction functionality. The use of NC therefore 
served two purposes, as a conductive additive to boost the 
conductivity of the perovskites and as a catalyst for ORR. 
Conversely, Fe-Nx/C alone is very good for ORR (Fig. 3a) showing 
a much lower overpotential as compared to L58SCF. However, Fe-
Nx/C shows inferior OER activity. It shows a 60 mV overpotential at 
a current density of 10 mA cm-2 as compared to L58SCF. 
Interestingly, besides the Fe-Nx/C moieties conferring ORR activity 
to the Fe-Nx/C/L58SCF composite, significant improvement in OER 
activity is also achieved, reducing the overpotential for OER by 60 
mV as compared to L58SCF. Furthermore, the overpotential for 
ORR is significantly reduced, for example, by 22 mV at a current 
density of -2 mA cm-2 (Fig. 3b). 

 
Fig. 3 a) Current response of L58SCF before and after functionali-
zation with NC centers. b) RRDE voltammograms of Fe-Nx/C and 
Fe-Nx/C/L58SCF recorded at 2500 rpm in O2-saturated KOH (0.1 
M). c) Comparison of the current response of different functiona-
lized perovskites (L58SCF, L60SF, L76SCF and LCaMC); experi-
mental conditions: O2-saturated KOH (0.1 M), 2500 rpm, 10 mVs-1 

scan rate. (d) Number of electrons transferred n and percentage of 
H2O2 produced during oxygen reduction by Fe-Nx/C and Fe-
Nx/C/L58SCF. 

Three other perovskites, L60SF, L76SCF and LCaMC, which 
possess high OER activity but poor ORR activity were also functio-
nalized with Fe-Nx/C moieties in order to test the generality of this 
approach. Fig. 3c shows a comparison of the four composite materi-
als, where the composite catalyst with L58SFC can be seen to exhi-
bit the highest activity, both for ORR and OER. Table 1 is a 
summary of the voltage gap between OER and ORR, including the 
benchmark catalysts for OER (RuO2 and IrO2) and ORR (Pt/C), 
considering the potentials corresponding to currents measured at 10 
mA cm-2 and -1 mA/cm-2 for OER and ORR, respectively. Again, 
the composite based on L58SCF shows the best bifunctional 
properties, with a voltage gap of only 0.86 V.  

Detailed investigation of the selectivity of the ORR by Fe-
Nx/C/L58SCF using RDE voltammetry, and Koutecky-Levich analy-
sis (Fig. S1 in supporting information). The slopes of the Koutecky-
Levich plots were; 2.34 at 0.7 V, 2.30 at 0.6 V and 2.28 at 0.5 V, 
consistent with the theoretical value of 2.27 for a four electron 
transfer process, as opposed to 4.54 for a two electron transfer 
process, considering that the diffusion coefficient of O2 in KOH (0.1 
M) is 1.9 x 10-5 cm2 s-1, the Faraday constant is 96485 C mol-1, the 
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kinematic viscosity of the electrolyte is 0.01 cm2 s-1, the solubility of 
O2 in KOH (0.1 M) 1.2 x 10-6 mole cm-3.11 The results thus indicate 
that the composite catalyst reduces oxygen exclusively to OH-. This 
was confirmed by RRDE voltammetry (Fig. 3b) where the percen-
tage of produced H2O2 was found to be less than 3.5% (Fig. 3d) at all 
potentials, whereas Fe-Nx/C alone produced H2O2 to up to 10%. To 
assess the involvement of Fe in constituting the active sites in the 
Fe-Nx/C/L58SC catalyst, inhibition studies using SCN- ions were 
performed, resulting in an increase in the overpotential for ORR and 
a decline in the electrocatalytic current (Fig. S4), thus confirming 
that Fe is directly involved in constituting active centers, consistent 
with results reported by others.12 The low fraction of H2O2 generated 
by Fe-Nx/C/L58SCF in contrast to Fe-Nx/C also suggests that Fe-
Nx/C/L58SCF could be more effective at disproportionating H2O2 
than Fe-Nx/C.  

Table 1. Voltage gap between OER and ORR for synthesized 
composite materials and commercial catalysts 

Catalyst EOER at 10 

mA cm-2 / V 

EORR at -1 

mA cm-2 / V 

∆E (EOER – 

EORR) / V 

RuO2 1.64 0.54 1.10 

IrO2 1.70 0.38 1.32 

Pt/C 2.19 0.97 1.22 

L58SCF 1.74 0.29 1.45 

NC/L58SCF 1.72 0.67 1.05 

Fe-Nx/C 1.80 0.83 0.97 

Fe-Nx/C/L58SCF 1.68 0.82 0.86 

Fe-Nx/C/L60SF 1.76 0.74 1.02 

Fe-Nx/C/L76SCF 1.74 0.79 0.95 

Fe-Nx/C/LCaMC 1.72 0.78 0.94 

The developed catalyst, Fe-Nx/C/L58SCF shows comparatively 
stable performance during ORR (Fig. S3a), however, due to accumu-
lation of gas bubbles on the electrode surface during oxygen evolu-
tion, which leads to eventual detachment of the catalyst film, gradual 
loss in performance was observed during OER. Future work will 
focus on the design of the catalyst films to accelerate gas departure 
and minimize detachment of the films in order to probe their 
electrochemical stability.  

We have shown that impregnation of perovskites with a 
nitrogen-rich organic complex containing Fe, in this case iron(II) 
phthalocyanine followed by pyrolysis, leads to the formation of a 
highly active bifunctional catalyst for both oxygen reduction and 
oxygen evolution in KOH (0.1 M). The voltage between ORR at -1 
mA cm-2 and OER at 10 mA cm-2 was as low as 0.86 V, which is 
remarkably lower than that observed for state-of-the art Pt/C, IrO2 
and RuO2 catalysts.  
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