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ABSTRACT: The development of commercial-friendly and stable catalysts for oxygen reduction reaction (ORR) is critical 
for many energy conversion systems such as fuel cells and metal-air batteries. Many Co-based perovskite oxides such as 
LaCoO3 have been discovered as the stable and active ORR catalysts, which can be good candidates to replace platinum 
(Pt). Although researchers have tried substituting various transition metals into the Co-based perovskite catalysts to im-
prove the ORR performance, the influence of substitution on the ORR mechanism is rarely studied. In this paper, we ex-
plore the evolution of ORR mechanism after substituting Fe into LaCoO3, using the combination of X-ray photoelectron 
spectroscopy, high-resolution X-ray microscopy, X-ray diffraction, surface-sensitive soft X-ray absorption spectroscopy 
characterization, and electrochemical tests. We observed enhanced catalytic activities and increased electron transfer 
numbers during the ORR in Co-rich perovskite, which are attributed to the optimized eg filling numbers and the stronger 
hybridization of transition metal 3d and oxygen 2p bands. The discoveries in this paper provide deep insights into the 
ORR catalysis mechanism on metal oxides and new guidelines for the design of Pt-free ORR catalysts.  
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Recent decades, the scarcity of fossil fuels and global 
warming drive the development in green and renewa-
ble energy resources. The energy conversion systems 
such as proton exchange membrane fuel cell (PEMFCs) 
and metal air batteries (MABs) have been considered 
as promising solutions.1-3 However, the sluggish kinet-
ics of oxygen reduction reaction (ORR) suspends the 
development of PEMFCs and MABs, and the tradition-
al platinum-based ORR catalysts account for 20% of 
the total cost of commercial PEMFCs, which hampers 
the commercialization of those energy conversion sys-
tems.4 Using transition-metal oxides, particularly the 
perovskite oxides, to catalyze ORR in alkaline solution 
provides an alternative commercial-friendly solution. 
Recently, many experimental and computational stud-
ies have been done to find the optimized perovskite 
oxides, such as Ba0.5Sr0.5Co0.8Fe0.2O3-δ,4 to replace Pt-
based ORR catalysts in alkaline media.1, 5-7 Researchers 
have found that when the eg filling number is close to 

1, the perovskite oxides tend to have higher ORR activi-
ty, which provided guidelines to improve the ORR per-
formance of perovskite catalysts by tuning their elec-
tronic structures.1  However, the experimental deter-
mination of eg filling number is nontrivial. Recently, 
substituting transition metals such as Fe into Co-based 
perovskites has been proved as an effective way to im-
prove the ORR performance in alkaline electrolytes,1, 4, 

8but the influence of metal substitutions in perovskite 
ORR catalysts on the evolution of electronic structures 
and ORR mechanisms still remains unclear.  

In this work, we used Fe-substituted LaCoO3 to sys-
tematically study the transition metal substitution ef-
fect on the electronic structures and its consequential 
influence on the ORR kinetics and catalysis mecha-
nisms. A series of LaCoxFe1-xO3 (x = 0, 0.4, 0.6, 1) was 
synthesized to tune the Co 3d band and Co (3d)-O (2p) 
hybridization, which were measured by the surface-
sensitive soft X-ray absorption spectroscopy (XAS). We 



 

found the sluggish performance with Fe substitution 
can be attributed to the tuning of eg orbit electron and 
transition Metal-Oxygen bond (M-O) covalency. Addi-
tionally, by using the rotation-speed dependent elec-
trochemical tests, we analyzed the change of electron 
transfer numbers during ORR. Fe substitution caused 
more two-electron-transfer reaction that reduces O2 to 
H2O2, compared with the four-electron-transfer reac-
tion found on Co-rich surfaces that directly reduces O2 

to H2O. The change of electron transfer number im-
plies that the Fe substitution and the tuning of M-O 
covalency not only have large influence on the ORR 
kinetics, but also to the micro-kinetic reaction mecha-
nisms.    

The X-ray diffraction (XRD) patterns of LaCoxFe1-xO3 
are shown in Figure 1. The phase transition from 
rhombohedral perovskite to orthorhombic perovskite 
is clearly observed with more Fe doping. The LaCoO3 
and LaFeO3 have pure rhombohedral and orthorhom-
bic structures, respectively, compared with the refer-
ence patterns, while the LaCo0.6Fe0.4O3 and La-
Co0.4Fe0.6O3 exhibit the mixed-phase structures. Such 
phase change after substitution is consistent with the 
previous report.9 To examine the morphology and bulk 
composition, we chose simultaneous X-ray fluores-
cence and ptychographic measurements,10-11 as it is 
nondestructive, direct visualization with high resolu-
tion in composition and morphology, and can be ap-
plied for in situ measurements.12 Figure 2 shows La, Co 
and Fe elemental maps of LaCoxFe1-xO3 micro-particles 
with a spatial resolution of about 160 nm. The 
fluorescence results are mostly consistent with the 
percentage of stoichiometrically mixed La2O3, Fe2O3 
and Co3O4 (see Table S3).  The phase images of 
ptychographic reconstructions in Figure 2 show 2-
dimensional projected electron density distribution of 
these particles with a significantly higher spatial reso-
lution (~15 nm), which enables to reveal the internal 
structures within the particles. Our results suggest that 
all LaCoxFe1-xO3 materials are synthesized in micron 
size with reasonable homogenous elemental distribu-
tion from surface to bulk. As far as we know, this is the 
first X-ray ptychorgraphy images for electrocatalysis 
applications. To quantify the surface area of LaCoxFe1-

xO3, the Brunauer–Emmett–Teller (BET) tests were car-
ried out and the specific surface areas of these 
LaCoxFe1-xO3 oxides are 0.18-0.57 m2/g, as shown in 
Table S2, which are consistent with the µm-scale parti-
cle size observed in X-ray images. Since the reaction 
takes place on the surfaces of catalysts, the X-ray pho-
toelectron spectroscopy (XPS) was used to confirm the 
surface stoichiometry, which is also closely correlated 
with the electrochemical performance. The XPS results 
in Table S1 show that the surface Co: Fe ratios of differ-
ent samples are consistent with their bulk nomination 
Co: Fe ratios.  

 

Figure 1: Powder X-ray diffraction patterns of LaCoxFe1-xO3 

(x=0, 0.4, 0.6, 1). The phase transitions from rhombohedral 
and orthorhombic structures with higher Fe substitution is 
observed in the zoom-in part. 

 

Figure 2. X-ray fluorescence and ptychographic images of 
LaCoxFe1-xO3 (x=0, 0.4, 0.6, 1) particles to show the element 
distribution and morphology. The La L-edge, Co K-edge and 
Fe K-edge fluorescence were selectively monitored to obtain 
corresponding element distribution.  

The ORR performance of LaCoxFe1-xO3 was tested in 
0.1M KOH solutions using the three-electrode rotat-
ing-disk method. The ORR currents of LaCoO3 meas-
ured at different rotation speeds after background cor-
rection (see Figure S1) demonstrates the transportation 
limit (limiting current) has critical influence particu-
larly under high ORR overpotentials. With the help of 
electron transfer number and Equation S3, which will 
be discussed in detail later, we can estimate the limit-
ing current and therefore obtain the kinetic current 
ikinetic using Equation S2. The kinetic ORR currents den-
sity normalized by the BET surface areas of different 
LaCoxFe1-xO3 are shown in Figures 3a and 3b,13 where 
the IR correction has been employed to correct the 
voltage loss from Ohmic resistance. Both the polariza-
tion curves and Tafel plots show that the increase of Fe 
concentration caused the decrease of ORR catalytic 
activity. The overpotential increased by 46 mV at 2 



 

mA/cm2
oxide from LaCoO3 to LaFeO3 (Figure 3a). De-

spite the change in ORR activity, substituting Fe into 
LaCoO3 did not cause obvious change in Tafel slopes, 
as shown in Figure 3b, demonstrating that the energy 
barriers of the rate-determine steps on different sam-
ples are similar during the ORR. 

 

Figure 3: (a) Specific ORR activity of LaCoxFe1-xO3 (x= 0.0, 
0.4, 0.6, 1) in O2-saturated 0.1M KOH solutions at the rota-
tion rate of 1600 rpm with the scan rate of 20 mV/s, where 
LaCoO3 has the lowest overpotential. (b) ORR activity Tafel 
plots of LaCoxFe1-xO3 (x= 0.0, 0.4, 0.6, 1), using the same data 
shown in panel a. The insert box shows the Tafel slope of 
each material. (c) ORR current at 0.54 V vs. RHE corrected 
only by background subtraction as a function of rotation 
speeds (100, 400, 900, 1600 rpm) for the Koutecky-Levich 
equation. (d) Number of electron transfer determined by 
panel c and Figure S2 during ORR at 0.34 and 0.54 V vs. RHE 
against different Fe substitution levels. The number of elec-
tron transfer decreases with Fe doping. The data points rep-
resent the average values from at least three measurements 
for each sample, while the error bars represent the corre-
sponding standard deviations.  

In addition to the Tafel slope, the electron transfer 
number during ORR is also closely correlated with the 
ORR catalysis pathway. Figure 3c shows the ORR cur-
rents measured at 0.54 V vs. RHE under different rota-
tion speeds on different samples, plotted against the 
inverse root of the rotation speed. Similar plot meas-
ured at 0.34 V vs. RHE is shown in Figure S2. The slope 
of these plots, according to the Koutecky-Levich equa-
tion, can be used to determine the number of electron 
transfer during ORR by comparing with that of pure Pt 
disk, which has 4 electron transfers for ORR catalysis. 
As shown in Figure 3d, from LaCoO3 to LaFeO3, the 
electron transfer number dropped from 3.17 to 2.42 at 
0.54V vs. RHE, and dropped from 3.74 to 2.60 at 0.34 V 
vs. RHE. The great decrease of electron transfer num-
ber after Fe substitution indicates the Fe site prefer 2-
electron-transfer ORR mechanism that reduces O2 to 
H2O2, while the Co site prefer 4-electron-transfer reac-

tion that directly reduces O2 to H2O.14 Although both 
2- and 4-electron-transfer pathways can reduce O2 to 
H2O at the end, the 2-electron-transfer pathway is not 
desirable for fuel cell applications since the free perox-
ides formed during ORR can damage the separators 
and the catalysts.14 Meanwhile, the Fc/Fc+ test shown 
in Figure S3 indicates that the different LaCoxFe1-xO3 

samples used in this paper have similarly good conduc-
tivity Therefore, the decreased electron transfer num-
bers and catalytic activities observed on Fe-rich sam-
ples are less likely due to the conductivity variation but 
more likely due to the electronic structure evolutions, 
which can influence the bidentate and end-on O2 ad-
sorption type on the catalyst surface and therefore af-
fect different electron transfer pathway.2 

In this study, we used surface-sensitive characteriza-
tion techniques, including the XPS and the electron 
yield mode of soft XAS, to examine the oxidization 
state and surface electronic structures of LaCoxFe1-xO3 
with different Fe substitution levels. As demonstrated 
in our previous studies,15-16 XAS is an element-specific 
technique that can provide information related to both 
electronic and atomic structure, and quite powerful for 
in situ characterizations. XAS measurements on the Co 
L-edge (Figure 4a) show an intermediate spin state in 
LaCoxFe1-xO3 with eg=1, which is close to the optimized 
eg filling number of perovskites for ORR catalysis.1, 17-18 
In contrary, the Fe L-edge results in Figure 4b illus-
trates a high spin state with eg=2, which, according to 
previous eg descriptor studies, corresponds to much 
lower ORR activity.19 Therefore, enhancing the Fe dop-
ing level will increase the average number of eg orbital 
electrons and diverge the electronic structure from the 
optimized value around 1 (also see supporting infor-
mation for details). This finding is consistent with the 
suppressed electrochemical performance after Fe sub-
stitution observed in Figure 3a. In addition, a small 
peak around 783 eV can be observed in the Co L-edge 
of LaCo0.4Fe0.6O3 (see Figure 4a), indicating that when 
the Fe substitution level is too high, the surface Co 
trends to partially assume the low spin state, which 
also increases the average eg filling number.18 Here the 
change of eg filling number can explain the slower ORR 
kinetics after substituting Co with Fe. However, no 
previous eg orbital theory can be used to explain the 
different reaction pathways with different electron 
transfer numbers observed on various LaCoxFe1-xO3 
samples in Figure 3d. Actually, most of the previous 
mechanism studies on the ORR electron transfer num-
bers focused on the oxygen species adsorbed on the 
catalyst surface during ORR. One study proposed that 
the nature of the adsorption of oxygen species on met-
al oxides, which is related to the interaction between 
oxygen π orbitals and metal dz

2 orbitals, could be dif-
ferent between Fe-based oxides and Co-based oxides, 
since Fe has filled dz

2 (Pauling model) while Co has 



 

empty dz
2 (Griffths or Bridge model).8 The difference of 

oxygen-metal interactions on the surface may influ-
ence the final electron transfer number during ORR. In 
addition to oxygen-metal interactions, the surface oxi-
dization status of transition metal sites may also be a 
descriptor for the ORR performance and electron 
transfer numbers. By comparing with Fe and Co XPS 
(Figure S5), we observed no change in Co and Fe oxidi-
zation states after Fe doping, meaning Fe substitution 
will not influence the oxidization states of Co and Fe 
on the surface, implying a weak interaction between 
Co and Fe. Therefore, Co prefers the 4-eletron path-
way, and Fe prefers the 2-electron pathway.   

 

Figure 4: Surface-sensitive soft XAS electron yield mode data 
of (a) Co L-edge and (b) Fe L-edge represents the change of 
transition metal 3d spin state after the Fe substitution into 
LaCoO3.  

 

Figure 5: (a) O K-edge spectroscopy in surface-sensitive 
yield mode of LaCoxFe1-xO3 (x= 0.0, 0.4, 0.6, 1). Peak A repre-
sents the Fe/Co 3d and O 2p hybridized states correlated 
with ORR catalytic activity. (b) Estimated 3d-2p hybridiza-
tion by integration the peak A area as a function of surface 
Co ratio. (c) Calculated amount of eg holes, t2g holes and un-
occupied states related correlated with surface Co-ratio by 
using high spin Fe(III) and intermediate spin Co (III). 

In addition to the investigation of metal oxidation 
states using metal L-edge results to explain the change 
of electron transfer numbers on different metal sites, 
we further applied XAS (Figure 5) and XPS (Figure S4) 
on the oxygen K-edge to quantify the role of M-O co-
valency in ORR mechanisms. Figure 5 shows the oxy-
gen K-edge XAS results on different samples, where 
peak A is the covalent or hybridization mixing of oxy-
gen 2p state with transition metal 3d state, peak B is 
due to the oxygen octahedral coordination, peak C is 
the mixed states of oxygen 2p state and lanthanum 5d 
state, and peak D is the mixed state of transition metal 
4sp and lanthanum 5sp.20-22 In a previous in-situ O K-
edge XAS study, when different potentials were ap-
plied on the oxide catalysts, only peak A showed clear 

changes, which indicates peak A (i.e. the M-O covalen-
cy) is the most important property that is related to 
the oxygen adsorption and redox processes.5 By calcu-
lating the area of peak A,1 we can estimate the M-O 
hybridization of different perovskites, as shown in Fig-
ure 5b, which implies the reducing of M-O hybridiza-
tion with increasing Fe contents. Previous studies on 
perovskite oxide for oxygen evolution reaction (OER) 
catalysis showed that a stronger M-O hybridization 
can optimize the oxygen adsorption, activate oxygen 
redox, and therefore reduce the overpotential required 
for 4-step OER process on perovskite oxides.9, 23 How-
ever, few studies have been focused on the influence of 
M-O hybridization on the ORR catalysis. In this study, 
we showed that the increase of M-O covalency with 
less Fe and more Co in the perovskite B site can also 
accelerate the ORR kinetics, probably still due to the 
optimization of surface oxygen adsorption and the ac-
tivation of oxygen redox observed for OER process. 
Furthermore, according to Figure 3d, a stronger hy-
bridization between oxygen 2p band and metal 3d 
band in Co-rich samples also leads to a more beneficial 
4-electron-transfer ORR pathway, which might be due 
to the reduction of the required overpotentials for the 
4-step ORR mechanism. The intensity of peak A is also 
assigned to unoccupied states of Fe/Co 3d-O2p states 
generated by the Fe/Co 3d and O2p hybridization and 
linearly proportional to the total number of the empty 
Fe/Co 3d-O2p state.5, 24 The surface oxidization state of 
Co and Fe can be roughly estimated by analyzing peak 
positions and peak shapes of XAS (Figure 4) and XPS 
(Figure S5) result. Comparing with XAS and XPS re-
sults in previous literature, we find the surface Co and 
Fe are roughly Co(III) and Fe(III).25-28 Then the amount 
of eg holes, t2g holes and unoccupied states have been 
calculated in Figure 5c using the intermediate spin 
Co(III) and high spin Fe(III).1, 24  Figures 5a and 5c indi-
cate less unoccupied states with more Fe doping. Since 
it is the highest unoccupied electronic exchanges elec-
trons with the oxygen adsorbate species, more elec-
trons in the highest unoccupied states (eg) after Fe 
doping lead to stronger electron exchange with the 
adsorbed oxygen species, which can facilitate the re-
leasing of free peroxides and promote the 2-electron 
transfer pathway during the ORR.5 This conclusion 
emphasizes that the electronic structure determines 
the reaction pathway, and is supported by previous 
study which found Fe(IV) can promote 4-electron-
transfer (Note Fe(IV) has the same eg electron as 
Co(III), but different from Fe(III) with eg=2).29 

In summary, we have studied the role of Fe substitu-
tion to tune the catalytic performance and ORR reac-
tion mechanism. We observed the reduced catalysis 
activity and the decrease electron transfer number dur-
ing the ORR process on perovskites with more Fe sub-
stitution. The sluggish ORR kinetics and less prefera-



 

ble 2-electron-transfer pathway observed in Fe-
substituted perovskites is attributed to the increase of 
eg filling number and decrease of M-O covalency ob-
served in the soft XAS results. This paper provides 
deep insights to the effect of electronic structures on 
the ORR kinetics and mechanisms, as well as guide-
lines to develop more active oxide catalysts with pre-
ferred ORR pathway in the future.  
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