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Abstract: In a combined experimental and theoretical study
we assess the role of Co incorporation on the OER activity of
LaCoxFe1� xO3. Phase pure perovskites were synthesized up to
x ¼ 0:300 in 0.025/0.050 steps. HAADF STEM and EDX analysis
points towards FeO2-terminated (001)-facets in LaFeO3, in
accordance with the stability diagram obtained from density
functional theory calculations with a Hubbard U term (DFT+

U). Linear sweep voltammetry conducted in a rotating disk
electrode setup shows a reduction of the OER overpotential
and a nonmonotonic trend with x, with double layer
capacitance measurements indicating an intrinsic nature of
activity. This is supported by DFT+U results that show

reduced overpotentials for both Fe and Co reaction sites with
the latter reaching values of 0.32–0.40 V, ~0.3 V lower than
for Fe. This correlates with a stronger reduction of the binding
energy difference of the *O and *OH intermediates towards
an optimum value of 1.6 eV for x ¼ 0:250, the OH deprotona-
tion being the potential limiting step in most cases.
Significant variations of the magnetic moments of both
surface and subsurface Co and Fe during OER demonstrate
that the beneficial effect is a result of a concerted action
involving many surrounding ions, which extends the concept
of the active site.

1. Introduction

The development and commercialization of water electrolysis
technologies for the sustainable production of hydrogen face
currently a need for high-performance catalysts based on earth-
abundant elements that are able to drive the oxygen evolution
reaction (OER) at low overpotentials. Transition metal oxide-
based catalysts have been extensively studied and have shown
promising OER activity in alkaline media.[1–4] Besides low cost
and high abundance, their ability to obtain various oxidation
states and adapt to different coordination environments
represent some of the key ingredients enabling tunable electro-
catalytic performance. Lately, it has been observed that a
combination of different transition metal cations may be
beneficial to reduce the overpotentials for oxidation
processes.[5–7] These effects have been attributed to the tuning
of adsorption energy differences,[8] consequently affecting the
potential-limiting step, as well as to differences in electrical
conductivity.[9] Notably, the combination of Fe and Co has
shown evidence for improved electrochemical activity in metal
oxides,[10–13] in particular in Co and Fe containing spinels,[7,14–18]

phosphides,[10,19] borides and nitrides.[20–24]

Perovskites (chemical formula ABO3) represent another
interesting class of metal oxides that allows for broad tuning of
properties through variation of the A- and B-cations.[25] Several
reviews address their activity for the oxygen evolution
reaction.[1,26,27] Individual and combined A- and B-site mixing, as
e.g. in (Ba,Sr)CoxFe1� x(BSFO) or LaxSr1� xCoO3 has emerged as a
promising strategy for optimizing anode materials for OER.[5,28]

Here the eg orbital occupation was identified as a descriptor of
OER activity,[29] where the improved performance of BSCFO was
ascribed to an optimum occupation of the eg orbitals of 1.2
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which tunes the B� O binding energy.[26] Furthermore, the
critical role of the Co 3d – O 2p covalency as a function of Sr
substitution at the A site,[26,30,31] the role of oxygen vacancies
and the stabilization of higher spin states of Co in nanoparticles
have been recognized.[26,30,32–34] Previous theoretical studies on
LaXO3 suggest that LaCoO3 has a higher OER activity than
LaFeO3.

[32,35–38] Here, we focus particularly on the effect of cation
mixing at the B-site and present a combined theoretical and
experimental study of the LaFeO3-LaCoO3 series as an OER
catalyst to gain insight into possible synergy effects between
Co and Fe.

LaCoxFe1� xO3 (LCFO) has previously been synthesized and
studied as a catalyst for various reactions involving
hydrocarbons.[39–41] The synthesis of LCFO by thermal decom-
position of amorphous precursor materials by constant pH co-
precipitation was recently reported.[42] While previous studies
have concentrated on the Co-rich limit,[34] here we concentrate
on the Fe-rich phases with samples synthesized in small steps
of 0.025 to 0.050 in the range up to x ¼ 0:300 to avoid the
formation of secondary phases. Rotating disk electrode voltam-
metry is applied to study the OER activity with Co substitution.
The nature of the observed effects is probed by double layer
capacitance experiments. To investigate the role of Co incorpo-
ration on the OER overpotential and the origin of the non-
monotonic trend and shed light on the underlying mechanisms,
we have performed density functional theory calculations with
a Hubbard U term. Prior to assessing the OER activity, we
discuss the properties of bulk LCFO and identify the relevant
surface orientations and terminations in the framework of ab
initio thermodynamics. Moreover, the coverage of the surface
with O- and OH-groups under reaction conditions as a function
of applied voltage and pH is compiled in a Pourbaix diagram.
The calculated OER overpotentials are compared to the
experimental data and correlated to the binding energy differ-
ence of *O and *OH. To gain further understanding, the
energetic trends are traced back to the changes in electronic
properties in terms of variation of the oxidation state of the
reaction site and its neighbors during OER.

2. Results and Discussion

2.1. Catalyst Synthesis and Characterization

LaCoxFe1� xO3 perovskites were obtained through thermal de-
composition of amorphous precursor materials synthesized by
constant pH co-precipitation in a semi-automatized lab reactor
system as reported previously.[42] The materials in this study
were freshly synthesized in steps of 0.025 to 0.050 difference in
Co content determined by the Co/(Co+Fe) ratio, in order to
study the effect of composition differences on the catalytic
properties in small steps.

Powder X-ray diffraction (XRD) patterns of the co-precipi-
tated precursors are shown in the Supporting Information in
Figure S1. For x > 0:050, the formation of a crystalline secon-
dary phase corresponding to the (003) reflection of the CoFe-
hydrotalcite (ICSD collection code 6296) was observed at 12°

2θ,[43] as reported before,[42] which increased with the nominal
Co content in the metal salt solution used in synthesis. The
precursor materials were slightly Co deficient compared to Fe,
as was observed in the experimentally determined Co/(Co+Fe)
ratio (xexp) from atomic absorption spectroscopy (AAS), as
shown in Table S1. The deficiency in Co matched well with the
lattice parameters after Rietveld refinement of the perovskite
catalysts derived after thermal decomposition and is slightly
less pronounced compared to the previous report.[42]

In Figure 1(a), the XRD patterns of the materials after
thermal treatment at 800 °C are shown. Sample x ¼ 0:000
corresponds to orthorhombic LaFeO3 (ICSD: 93611).[44] With
increasing Co content, the reflections were shifted to higher
angles (indicated by the dotted line at the most intensive (112)
reflection, see also zoom-in of this peak in Figure 1(b)) showing
that the incorporation of Co into the orthorhombic perovskite
structure is accompanied by a decrease in the lattice spacings
due to the smaller effective ionic radius of low-spin Co3+ in
comparison to Fe3+ in octahedrally coordinated sites.[45,46] The
reduction of the lattice parameters with x is supported also by
the DFT+U calculation, a comparison is shown in Figure 3.
From our previous work, also a distortion of the M-O6 octahedra
is expected, that results in a weaker force constant of the
transition metal oxygen bond.[42,47]

From transmission electron microscopy (TEM), faceted
crystalline particles were detected, as also reported in a
previous study.[42] An exemplary image for x ¼ 0:000 is shown
in Figure 1(c). The high-angle annular darkfield (HAADF) scan-
ning TEM (STEM) image in Figure 1(d) with a viewing direction
along the [110] direction and an overlay of the crystal structure
indicates a (001) termination of the particle at the upper right
row of the image indicated by a red arrow. From energy-
dispersive X-ray spectroscopy (EDX) elemental mapping, the A
and B cation layers can be identified and the image suggests a
B-termination of this LaFeO3 particle, as shown in Figure 1(e).
The pattern of the Fe and La ions follow the contrast changes in
the right side of the image in the not-mapped area.

Adsorption isotherms for the calcined perovskite samples
are displayed in Figure S2(a), N2 in the Supporting Information.
All isotherms were described by a type IVa hysteresis loop.[48]

The corresponding pore-size distributions are shown in Fig-
ure S2(b). The distributions were derived via the BJH method
from desorption data. The pore size distributions showed a
maximum in the range of 20–30 nm for the samples, indicating
mainly interparticle pores. In Table S1, BET surface areas
calculated from p/p0 data between 0.05 and 0.3, average pore
sizes determined by the BJH method during desorption and
total pore volumes determined at p/p0=0.99 are listed. None of
them showed a clear trend with Co content. The pore volumes
seemed to be increasing up to x ¼ 0:100, but decreased again
beyond this value. The same applied to the BET surface area,
with an outlier at x ¼ 0:250. Overall, there is no clear correlation
between the adsorption-desorption behavior and the Co
content.
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2.2. Catalytic Activity Measurements

Investigation of the OER activity of the different perovskite
samples was conducted by rotating disk electrode voltammetry.
The averages of three independent measurements are shown in
Figure 2(a). Evidently, the sample with the lowest activity in
terms of overpotential and current density was LaFeO3. A
substantial decrease in the OER overpotentials is observed even
with a minor addition of Co to the perovskite structure. In order
to evaluate the OER activity in relation to the cobalt content,
the potentials required to reach a current density of 10 mA/cm2,
EJ¼10, were extracted from the voltammograms shown in
Figure 2(a) as a function of the composition with increasing
cobalt content x, Figure 2(b). The obtained values are summar-
ized in Table S2. Since the data show no clear correlation
between measured overpotentials and BET, the effect of BET
surface area on the electrochemical reaction can be neglected,
whereas the Co content is decisive. For the pristine Fe
perovskite, i. e., LaFeO3, EJ¼10 was 1.760 V. For the samples with
x ¼ 0.05, 0.10, EJ¼10 values of 1.702 and 1.682 V were obtained,
which are lower by about 60 and 80 mV than that of LaFeO3,
respectively. Similar trends of increased activity upon incorpo-
ration of small amounts of Co into a Fe oxide structure have
been observed previously.[49,50] However, further Co incorpora-
tion led to an overall increase in overpotentials, rendering
LaCo0:1Fe0:9O3 (x =0.100) the perovskite with the lowest over-
potential (1.682 V) among the investigated catalysts.

It may be speculated that the observed increase in the OER
overpotentials at x>0.100 could be caused by a decrease in
electrical conductivity due to a lower Fe content, since it has
been reported that Fe has a favorable impact on the electrical
conductivity.[9,51] Assuming that the differences in electrical
conductivities become more evident at larger electrode
potentials according to Ohm’s law, the current densities
measured at a potential of 1.8 V vs RHE (J1.8) were extracted
from the voltammograms shown in Figure 2(a) and compared
as a function of the Co content, Figure 2(c). The obtained values
are summarized in Table S2. The cobalt-free perovskite exhib-
ited the lowest current of J1:8 � 19 mA=cm2, whereas
LaCo0:1Fe0:9O3 displayed the largest current density, with
J1:8 � 45 mA=cm2. Further increase in Co content led to lower
current densities. Even though similar activity trends were
displayed with the activity parameters EJ¼10 and J1.8, for the
latter a more pronounced nonmonotonic trend was observed at
larger Co contents. Thereby, differences in electrical conductiv-
ity alone cannot explain the observed activity trend in relation
to the composition.

Differences in the electrochemically active surface area
(ECSA) may also play a role in the observed activity trend. To
investigate this, double layer capacitance, CDL, which is propor-
tional to the ECSA, was determined for the different samples by
scan rate-dependent cyclic voltammetry following a procedure
reported recently.[52] An example of collected CVs and the
resulting charging current vs scan rate plot is shown in the

Figure 1. (a) XRD powder patterns of the calcined materials. (b) XRD powder patterns of the (112) reflections. (c) HR-TEM micrograph of x ¼ 0:000. (d) HAADF
STEM micrograph of x ¼ 0:000 with insets of the LaFeO3 lattice along the [110] direction, lanthanum ions are shown in blue, iron ions in yellow. (e) STEM
elemental mapping in a selected area showing the A and B cation layers, oriented along the (001)-direction, lanthanum ions are shown in blue, iron ions in
yellow.
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Supporting Information (Figure S3). The average CDL values
obtained for each of the samples using the allometric
regression model are reported in Table S3 along with their
respective coefficient of determination, R2, and exponent, α,
and are additionally shown in Figure 2(c). The CDL values
exhibited by the different perovskite samples were rather
similar, ranging from 8 to 11 μF. However, the CDL plot also
follows a nonmonotonic trend in the x range between 0.05 and
0.2, which could explain the nonmonotonic pattern seen for the
activity parameters EJ¼10 and J1.8, in this same cobalt content
range. Yet, the highest capacitance (~11 μF) was obtained with
the sample x ¼ 0, which was also the perovskite that exhibited
the lowest OER currents and largest overpotentials, indicating
that the observed differences in activities are not only due to
differences in ECSA or electrical conductivity, as discussed
earlier, but also to differences in intrinsic activity.

2.3. DFT+U calculations

In order to explore the origin of improved OER activity of
LaCoxFe1� xO3 with Co incorporation and the nonmonotonic
dependence on concentration, we performed density functional

theory calculations with a Hubbard U term. The OER perform-
ance of La Cox Fe1� x O3 was investigated for four different Co
concentrations: with x= {0, 0.125, 0.250, 0.500}. In a first step,
we assessed the bulk properties of LaCoxFe1� xO3 for these
concentrations. Transition metal cations, in particular Co, can
exist in different spin states: high (HS), intermediate (IS) or low
spin (LS) state.[53–56] Moreover, the B cations’ spins can order
either ferro- or antiferromagnetically. Furthermore, different
arrangements of the Co and Fe-cations are possible. All possible
B-cation arrangements within a 2� 2� 2 unit cell in combina-
tion with possible magnetic configurations as well as high and
low spin states were examined and the relative stability of these
configurations as a function of x are listed in Table S6 in the SI.
The lowest energy configuration across all concentrations
turned out to be Co having only Fe nearest neighbors (G-type
cation order), with all Co-ions being Co3+ LS with nearly
quenched magnetic moment (0.11–0.28 mB) and all Fe-ions in
Fe3+ HS with a magnetic moment of � 4:1 mB and G-type
antiferromagnetic (G-AF) order (i. e. nearest Fe-neighbors with
opposite spin). Only for x ¼ 0:500 the latter competes with a
ferromagnetic configuration. Furthermore, for x ¼ 0:250 we
observed a close competition between the different cation
orders, but most importantly also the Co HS configuration lies

Figure 2. (a) Linear sweep voltammograms of LaCoxFe1� xO3 perovskites recorded at a scan rate of 5 mV/s and electrode rotation of 1600 rpm in Ar-saturated
1 M KOH as electrolyte, and the corresponding (b) potentials measured at 10 mA/cm2, and (c) current densities attained at 1.8 V vs. RHE and average double
layer capacitance (CDL). Error bars in (b) and (c) represent the standard deviation.
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close in energy. A similar effect was reported previously for the
Co-rich limit (x ¼ 0:900).[34] The spin densities of the most stable
configurations for each concentration are shown in Figure 3(a).
The measured and calculated lattice parameters are displayed
in Figure 3(b) and exhibit a decrease as a function of cobalt
concentration, albeit the theoretical values are slightly lower,
which is likely related to the choice of the PBEsol exchange
correlation functional. Moreover, we determined the B� O� B
bond angles as a measure of the lattice distortion and
octahedral tilts and rotations (the stronger the deviation from
180°, the stronger the distortion). While in LFO the calculated
Fe� O� Fe angles are � 155�, they are slightly lowered to � 154�

for x ¼ 0:125 and subsequently increase to � 156� for
x ¼ 0:250. Likewise, also the Co� O� Fe angles show a non-
monotonic trend varying from � 158� for x ¼ 0:125 to � 156�

for x ¼ 0:250 and � 161� for x ¼ 0:500.

For an initial assessment of changes of bulk conductivity
due to Co mixing in LCFO, we report the DFT+U projected
density of states and band gaps for the studied concentrations
(see Figure S5 in SI). The band gaps are substantially reduced
from 2.15 eV for LaFeO3 to 1.68 eV (x ¼ 0:125), 1.64 (x ¼ 0:250,
here the Co HS state has a lower gap of 1.07 eV due to a
localized state in the gap) and 1.47 eV (x ¼ 0:500, here the FM
configuration has a similar band gap of 1.42 eV).

In order to select the most relevant surface orientations and
terminations for the OER modelling, we determine their stability
in the framework of ab initio thermodynamics,[57,58] using Eq. (5),
as described in the Methods Section. The surface phase diagram
was constructed for the (001), (110) and (111) orientations with
two possible terminations each.

Figure 4 displays the most stable favorable orientations and
terminations as a function of the chemical potentials of La and
O. The relevant synthesis conditions coincide with a region of

Figure 3. (a) Relaxed structures of the most stable configurations of bulk LaCoxFe1� xO3 (G-type cation and antiferromagnetic order with Fe (HS) and Co (LS))
together with the spin-densities for the different Co concentrations. Green, bronze, blue and red spheres denote La, Fe, Co and O, respectively. Red and blue
clouds indicate positive and negative spin densities in the antiferromagnetically coupled systems. Additionally, the magnetic moments of Fe and Co are given.
(b) Comparison of experimental and theoretical lattice constants as a function of Co/(Co+Fe) ratio.
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stability of the BO2-termination of the (001) surface. This is also
consistent with the (001) orientation and the Fe enrichment at
the surface obtained from TEM (cf. Figure 1(e)). Therefore in the
following we focus on the BO2(001) termination to study the
OER activity.

When the catalyst’s surface is in contact with an aqueous
solution, oxo- and hydroxyl-groups are expected to form, the
extent and composition depending on the solution’s pH as well
as on the applied voltage. A surface Pourbaix diagram was
constructed to explore the stability of surface functional groups
using Eq. (6), as described in the Computational Section, see
also Ref. [59]. The four B-cation sites at the surface were covered
by one to four �O and/or �OH corresponding to one quarter to
a full monolayer (ML) in all possible combinations regarding
also the order of cations at the B-sites. From all studied
combinations the system with the lowest free energy was
selected. The Pourbaix diagrams for LaFeO3(001) and
LaCo0:5Fe0:5O3(001) in Figure 5 show a broad region of stability
of the clean surface up to 1.7 V and 1.5 V for the former and
latter, respectively, followed by an increasing coverage by
hydroxyl groups and subsequently mixed and oxygenated
surfaces with increasing voltage. The calculated OER potentials,
�OER, derived from Eq. (12), are also shown in Figure 5 by
dashed lines. For LaCo0:5Fe0:5O3(001), �OER of the precovered
surfaces lies in the region of corresponding coverage,
1=4 ML OH and 1=4 ML O. For LaFeO3(001), the region of
stability 1 ML OH is broader and �OER lies slightly above the
border to a mixed OH and O coverage. Since also the
experimentally applied voltage (1.76 V at pH 13) lies in this
region, we have investigated the OER for 1 ML OH-coverage
besides the clean surface. This coverage was also adopted for
x ¼ 0:125 and x ¼ 0:250.

Figure 6(a) shows the overpotentials η (see Eq. (14) in the
Methods section) for the clean and precovered surfaces of
LaCoxFe1� xO3(001) with BO2 termination as a function of Co
contents for both Fe and Co reaction sites. For both reaction
sites a reduction of the overpotential with x is observed
compared to the end member LaFeO3 (h ¼ 1:0 V), demonstrat-
ing the favorable role of Co substitution. Overall, the over-
potentials for Co reaction sites are lower than for Fe. The
precovered surfaces tend to have higher overpotentials, except
for a Co site at the surface covered by 1 ML OH at x ¼ 0:250,
where the lowest overpotential of 0.32 V is obtained. Further-
more, the trend is overall nonmonotonic, with the above
mentioned minimum for a Co reaction site for the precovered
surface at x ¼ 0:250 and subsequent slight increase (the
minimum for the uncovered surface is at x ¼ 0:125). For Fe as
the reaction site the overpotential decreases from initially 1.0 V
(x ¼ 0:000) to 0.82 V (x ¼ 0:125), then increases to 0.93 V
(x ¼ 0:250) and subsequently decreases to 0.63 V for x ¼ 0:500.
The nonmonotonic trend in the calculated OER overpotentials
is consistent with the experimental observation in Figure 2(b)
and the presence of an outlier at x ¼ 0:250.

To gain more insight, in Figure 6(b) we have plotted the
overpotential as a function of the binding energy difference
GbO � G

b
OH, the so-called volcano plot.[35] The results show that all

cases lie on the strong binding leg and reflect both the
nonmonotonic trend with coverage, but in particular the
improvement of η with the reduction of the binding energy
difference towards an optimum value below 1.6 eV,[16,18]

achieved for the Co site at the fully hydroxylated surface at
x ¼ 0:250. Interestingly, values of η for Co and Fe sites are well
separated, the latter lying at much higher binding energy
differences between 2.2 and 2.4 eV.

Figure 4. Surface stability diagrams for (a) LaFeO3 and (b) LaCo0:5Fe0:5O3 showing the most stable orientations and terminations as a function of mLa and
mOðT; pO2

Þ. On the top axis the latter is converted into T for pO2
¼ 1 atm.
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In order to gain further understanding of the effect of Co
mixing and the nonmonotomic trend of the overpotential with
x, we have plotted in Figure 7 the cumulative reaction free
energies of Fe- and Co-sites for all compounds. DGi and η are
also listed in Table 1 (the individual steps are defined in
Equations (7)—(10) in the Methods section). In most cases the
potential determining step turns out to be �OH!� O (step 2),
except for a Fe site at the clean and a Co site at the precovered
surface for x ¼ 0:125, where DG1 – the formation of *OH – is
highest. Overall, the potential determining steps for Fe reaction
sites are � 0:2 � 0:3 eV higher than for Co and increase by

� 0:2 eV for the hydroxylated surface, resulting overall in higher
overpotentials for Fe sites than for Co. For the latter,
hydroxylation reduces the overpotential by 0.30 and 0.13 eV for
x ¼ 0:250 and x ¼ 0:500, respectively. The Co site at the
hydroxylated surface for x ¼ 0:125 marks the only case where
the overpotential of a Co site is increased and comparable to
the ones of the Fe sites. Altogether, especially for the higher
concentrations of Co, the heights of the individual intermediate
steps become comparable, which is a desirable feature for
optimum OER activity[35] and has also been predicted for spinel
surfaces, CoFe2O4(001) and Co3O4(001).

[16,18]

Figure 5. Pourbaix diagrams for (a) LaFeO3(001) and (b) LaCo0:5Fe0:5O3(001) showing the most stable coverage as a function of applied voltage and pH value.
Dashed lines indicate the highest reaction free energy that determines the overpotential for OER, which can be plotted as a function of pH, according to
Eq. (12), as described in the Methods section.

Figure 6. (a) OER overpotential as a function of Co concentration. The dashed vertical line at x ¼ 0:3 indicates the threshold up to which phase-pure
perovskite samples could be synthesized and OER activity was measured experimentally (see Figure 2(b)). (b) Overpotential as a function of the difference of
�O and �OH adsorption energies for covered surfaces with linear fit to the data with slope: 0:88 V=eV.
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We next correlate the energetic trends with the underlying
electronic properties. Figures 8 and 9 show the side views of
the structures, spin density and magnetic moments of cations
for the OER intermediates for different Co concentrations and
Fe and Co reactions sites, respectively. We start with the Fe
reaction site in Figure 8: For x ¼ 0:000 the hydroxylated surface
(except for the reaction site) prior to adsorption (*) shows bulk-
like behavior with Fe3+ (magnetic moment � 4:1mB) in the third
layer and an increasing fraction of Fe2+ (magnetic moment
� 3:5 � 3:6mB) in the subsurface (50%) and surface layers

(75%), with antiferromagnetic order in all layers. For the �OH
intermediate, which corresponds to a fully hydroxylated surface,
the top layer is exclusively Fe2+, whereas the charge states of Fe
for the �O and �OOH intermediates resemble more strongly the
ones at �, except for the Fe4+ (magnetic moment 2.36 mB) at the
reaction site for �O.

With Co incorporation, significant changes occur in the
magnetic moments, signalling changes in valence and/or spin
state. In contrast to bulk LaCoxFe1� xO3 where Co3+ LS prevails, at
LCFO(001) Co acquires a finite magnetic moment even in the
third layer (0.68–2.90 mB). Unlike x ¼ 0:000, for x ¼ 0:125 the Fe
reaction site is Fe2+ (*), changes to Fe3+ (�OH), Fe4+ for �O and
back to Fe3+ for �OOH. Overall the presence of Co enhances the
Fe3+ fraction in LaCoxFe1� xO3(001), albeit in the subsurface layer
the Fe2+ fraction varies from 0 (�), to 1/4 (�OH and �O) and 1/2
(�OOH). For x ¼ 0:250 the charge states of the reaction site
resemble rather those at x ¼ 0:000, whereas the variation of
charge states at the Fe reaction site for x ¼ 0:500 are similar to
the ones for x ¼ 0:125. This may explain the nonmonotonic
trend in the overpotentials of the Fe reaction site with an initial
decrease and subsequent increase of η both in the predicted
and measured values at x ¼ 0:250. Interestingly, for x ¼ 0:500
Co in the third layer is low spin (� 0:1 mB), but the Co magnetic
moment increases to � 1:0 � 1:2 mB in the subsurface layer and
to 2.2–2.97 mB in the surface layer which indicates a higher
fraction of Co2+ at the surface.

Turning now to the Co reaction site in Figure 9, for
x ¼ 0:125 its magnetic moment is reduced from initially
� 2.13 mB (�) to � 1.26 mB (�OH and �O) and subsequently
increased to � 1.58 mB (�OOH). For x ¼ 0:250 its magnetic
moment is � 0.65 mB at � and increases to � 1.80 mB for the
remaining intermediate steps. Finally, for x ¼ 0:500 the Co
reaction site has a magnetic moment of 2.23 mB for all

Figure 7. Cumulative reaction free energies of the OER intermediates (solid lines) for covered surfaces at (a) Fe- and (b) Co-reaction sites. The values under
applied external potential ϕ are denoted by dashed lines.

Table 1. Reaction free energies of intermediates and the resulting over-
potential for Fe and Co reaction sites at the clean and hydroxylated
LaCoxFe1� xO3(001) surface. Potential determining steps are emphasized with
bold font.

x DG1 (eV) DG2 (eV) DG3 (eV) DG4 (eV) η (V)

Fe site (clean surface)
0 1.80 2.08 1.27 -0.24 0.85
0.125 1.97 1.81 1.01 0.12 0.74
0.25 1.49 1.96 1.15 0.33 0.73
0.5 1.67 1.83 1.26 0.15 0.60

Fe site (hydroxylated)
0 1.80 2.23 1.09 � 0.20 1.00
0.125 1.66 2.05 1.57 � 0.35 0.82
0.25 1.91 2.16 1.05 � 0.20 0.93
0.5 1.67 1.90 1.48 -0.14 0.67

Co site (clean surface)
0.125 1.11 1.77 1.15 0.89 0.54
0.25 1.17 1.85 1.43 0.47 0.62
0.5 1.53 1.63 1.76 -0.00 0.53

Co site (hydroxylated)
0.125 2.10 1.77 0.88 0.17 0.87
0.25 1.55 1.55 1.11 0.71 0.32
0.5 1.53 1.62 1.63 0.14 0.40
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intermediates except for �OOH, where it is 1.15 mB. We note
that due to the antiferromagnetic order of LaCoxFe1� xO3, the
active site has in some cases a positive and in some a negative
magnetic moment. How the orientation of the magnetic
moment may affect the OER activity is an important question
that needs to be addressed in further studies.

While the magnetic moment of the Co reaction site shows
less variation, more pronounced changes occur at the subsur-
face Co-sites with changes between 0.28 and 1.43 mB for
x ¼ 0:125 and 0.250. For x ¼ 0:500, the magnetic moments of
subsurface Co vary from 0.10 and 2.57 mB, whereas the third
layer contains almost exclusively Co3+ LS. Fe2+ is present in the
surface and, to a lesser extent, subsurface layer, but its fraction

decreases noticeably with x, leading to an overall stabilization
of Fe3+.

Altogether, the fraction of bulk-like Fe3+ HS and Co3+ LS
increases with x which may correlate with the nonmonotonic
trend and subsequent increase of η. On the other hand, the
substantial changes in magnetic moments at LaCoxFe1� xO3(001)
during OER involve multiple ions also further away from the
reaction site. In some cases the changes in magnetic moment
are even more pronounced at the neighboring sites than at the
reaction site, implying a concerted process with involvement of
several coordination shells. This indicates that the concept of
the active site goes significantly beyond the single reaction site
and the surrounding cations, including deeper layers, play an
important role and give important hints towards the synergy

Figure 8. Side view of the relaxed structures together with the spin density of the hydroxylated surface for the four OER steps of a Fe reaction site at
LaCoxFe1� xO3(001) with different concentrations x. Additionally, the magnetic moments of the Fe (black) and Co-cations (blue) in the three topmost layers are
given in mB.
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effects between Co and Fe in LCFO as an anode material for
OER.

3. Conclusions

In a combined experimental and theoretical study we explored
the OER activity of LaCoxFe1� xO3 as a function of Co concen-
tration. Rotating disc electrode voltammetry of phase pure
perovskites with a Co/(Co+Fe) ratio of up to 0.300, shows a
substantial overpotential decrease of about 70 meV for even
the smallest Co admixture of x ¼ 0:05. Double layer capacitance
measurements showing a slightly higher electrochemically
active surface area for LaFeO3 than for the Co-containing
compounds suggest that the increase in OER-activity is intrinsic.
The positive effect of Co incorporation and the nonmonotonic
trend with x are confirmed by DFT+U calculations at BO2-
terminated LaCoxFe1� xO3(001) surfaces. This surface termination
was found to be stable at the relevant synthesis conditions,
according to the surface phase diagram and is also supported
by TEM measurements. The calculations show that the OER
overpotentials are reduced for both Fe and Co reaction sites
with Co incorporation, but those of Co are significantly lower,

reaching values of 0.32–0.40 V, compared to 0.60–0.67 V for Fe.
This correlates with a lowering of the binding energy difference
between �O and �OH to below 1.6 eV for Co at x ¼ 0:250. We
note that the deprotonation of �OH comprises the potential
limiting step in the majority of cases considered. The non-
monotonic trend in the calculated microscopic overpotentials is
correlated to the electronic and magnetic properties. We
observe strong changes of the magnetic moments during OER,
in particular with Co incorporation, indicative of changes in
oxidation state, as found previously at spinel surfaces, e.g.
CoFe2O4 and Co3O4(001).

[16,18] While a significant fraction of Fe2+

is present at the LaFeO3(001) surface and subsurface layer, Co
enhances the fraction of Fe3+, in particular in the deeper layers.
Increase of the Co concentration reduces the variation in
magnetic moments at the Co reaction site during OER, which
seems to have a beneficial effect on the overpotential. In
contrast to spinels where the neighboring sites are much less
affected and the changes are concentrated at the reaction
site,[16,18] for LaCoxFe1� xO3 the changes in magnetic moments are
by far not limited to the reaction site, but occur in several
coordination shells up to the third layer. This may indicate a
significant difference between perovskites and spinels. More-
over, it demonstrates that the surroundings of the reaction site

Figure 9. Side view of the relaxed structures together with the spin density of the hydroxylated surface for the four OER steps of a Co reaction site at
LaCoxFe1� xO3(001) with different concentrations x. Additionally, the magnetic moments of the Fe (black) and Co-cations (blue) in the three topmost layers are
given in mB.
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plays an active role in the catalytic performance, pointing
towards a generalization of the concept of the active site.

Experimental Methods

Raw Materials

For catalyst synthesis, commercially available reagents were used
without further purification: iron(III) nitrate nonahydrate (�98%,
Sigma-Aldrich GmbH, St. Louis, Missouri, USA), lanthanum(III) nitrate
hexahydrate (99.9% La, abcr GmbH, Karlsruhe, Germany), cobalt(II)
nitrate hexahydrate (�98%, Carl Roth GmbH, Karlsruhe, Germany),
sodium carbonate (�99.5%, VWR International GmbH, Darmstadt,
Germany), and sodium hydroxide (98.5%, Carl Roth GmbH,
Karlsruhe, Germany).

Synthesis

The synthesis via co-precipitation was reported before,[42] and
included the preparation of metal salt stock solutions with a total
ionic concentration Mn+ of 0.8 molL� 1 with the composition La3+ :
Fe3+ :Co2+ =1:(1 � x):x in deionized water. The value of x was varied
in the range between 0 and 0.25. The precipitation agent consisted
of 1.2 M NaOH and 0.18 M Na2CO3 in deionized water.

The syntheses were conducted in an automated synthesis work-
station OptiMax 1001 (Mettler Toledo GmbH, Greifensee, Switzer-
land). The setup consisted of a single-walled glass reactor fixed
inside a solid-state thermostat for accurate temperature control.
During precipitation and aging steps, N2 flow was employed, and
the prefill volume of the reactor was purged with N2 for 30 min. Co-
precipitations were performed at a constant pH of 9.5 and an
isothermal temperature of 10 °C. A precision balance controlled by
a universal control box allowed gravimetric dosing of the metal salt
solutions of 75 g in 36 min. Control over the pH was achieved by
simultaneous computer-controlled dosing of the metal salt solution
and the precipitation agent via two ProMinent gamma/L metering
pumps. The pH was monitored and adjusted using an InLab Semi-
Micro-L electrode before each experiment. A pitched blade impeller
rotating at a constant speed of 300 rpm was used to avoid
concentration and temperature gradients. After the precipitation
was finished, an aging step at 10 °C for 60 min was performed. After
aging, the precipitate was isolated by centrifugation (6000 rpm,
2 min) and washed with deionized water until the conductivity of
the supernatant was below 0.1 mScm� 1 in two consecutive runs.
Conductivity was measured using a Multi-Range Conductivity Meter
HI 9033 (Hanna instruments, Graz, Austria), which was held in the
supernatant in the middle of the centrifuge tube. Afterward, the
samples were dried in static air at 80 °C for 12 h. The precursors
were calcined at 800 °C for 3 h (β=2 °C min� 1) in stagnant air in a
muffle furnace (B150, Nabertherm, Lilienthal, Germany). The
calcined samples were characterized as powders.

Sample Characterization

Fe and Co contents in the precursors were determined by atomic
absorption spectroscopy (M-Series, Thermo Electron Corporation,
Waltham, Massachusetts, United States of America).

N2 adsorption and desorption experiments were conducted after
degassing the samples at 80 °C for 2 h in a vacuum with a
NOVA3000e setup (Quantachrome Instruments, Boynton Beach,
Florida, United States of America) at � 196 °C. BET (Brunauer Emmet
Teller) surface areas were calculated from p/p0 data between 0.05

and 0.3. Total pore volumes were determined at p/p0=0.99. Pore
size distributions were determined using the BJH method during
desorption.

Powder XRD patterns in the 2θ range from 5° to 90° were recorded
on a Bruker D8 Advance (Bruker, Billerica, Massachusetts, USA)
diffractometer in Bragg� Brentano geometry using a position-
sensitive LYNXEYE detector (Ni-filtered CuKa radiation, Bruker,
Billerica, Massachusetts, USA) applying a counting time of 0.3 s and
step size of 0.018°. Samples were mounted using dispersion in
ethanol on a glass disc inserted in a round PMMA holder. The latter
was subject to gentle rotation during scanning after removing the
ethanol by drying.

High-resolution scanning transmission electron microscopy (STEM)
studies were carried out on a Jeol JEM 2200 fs microscope
(Akishima, Japan) equipped with a probe-side Cs-corrector oper-
ated at 200 kV acceleration voltage. Micrographs were taken in
conventional bright field as well as in high-angle annular darkfield
(HAADF) mode. In addition, EDX elemental mappings were
acquired with an X–Max 100 detector (Oxford Instruments,
Abingdon, United Kingdom).

Electrochemical Measurements

All electrochemical measurements were conducted with a three-
electrode cell configuration setup using Metrohm Autolab PGSTAT
potentiostat equipped with a rotator (Metrohm). A double-junction
Ag/AgCl electrode (Metrohm) filled with 3 M KCl and 1 M KOH
solution at the inner and outer compartments, respectively, was
used as the reference electrode. A platinum mesh was used as the
counter electrode, and was kept in a compartment separated by a
glass frit during the measurements. A catalyst ink was prepared by
dispersing 1 mg of catalyst powder in 200 μL of a solution
comprising water, ethanol and Nafion solution (49 :49 :2 volume
ratio). The working electrode was prepared by drop-casting 4.8 μL
of catalyst ink over a glassy carbon rotating disk electrode of
0.1134 cm2 geometric area to obtain a total catalyst loading of 210
mg=cm2. Prior to drop-casting, the glassy carbon substrate was
polished using 0.05 μm alumina paste until a mirror finishing was
attained. Argon-saturated 1 M KOH was used as the electrolyte. The
electrolyte was purified using a chelating ion resin (Chelex 100, Bio-
Rad) to remove metal impurities. A stream of argon was flushed
over the electrolyte during the measurements to maintain gas
saturation.

Prior to activity tests, cyclic voltammetry was conducted in the
potential window from � 0.2 to 0.4 V vs Ag/AgCl/KCl at a scan rate
of 0.1 V/s until reproducible voltammograms (CVs) were obtained.
Subsequently, galvanostatic electrochemical impedance spectra-
were recorded at 0 A in the frequency range from 100 kHz to
100 Hz with an AC amplitude of 10 μA (RMS). From the resulting
Nyquist plots, the uncompensated resistance (R) was determined
and was used to iR-drop-correct the measured potentials according
to Eq. (1), considering the measured current (I).

Ecorrected ¼ Emeasured � I � R (1)

To investigate the OER activity, linear sweep voltammetry (LSV) was
conducted in the potential range from 0.1 to 0.8 V vs Ag/AgCl/KCl
at a scan rate of 0.005 V/s and electrode rotation speed of
1600 rpm. All measurements were conducted in triplicate. The
obtained currents were normalized with respect to the geometric
area of the electrode. The measured potentials were converted to
the reversible hydrogen electrode (RHE) scale using Eq. (2).
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ERHE ¼ EAg=AgCl=KCl þ 0:207þ 0:059 � pH (2)

The pH of the KOH solution was calculated using Eq. (3),
considering the activity of water (aw) in KOH as reported in the
literature.[60,61]

pH ¼ 14þ log½OH� � þ log aw (3)

Double layer capacitance (CDL) was determined for all perovskite
samples following a procedure reported recently.[52] CVs were
recorded in a potential window of about 0.4 V centered at the open
circuit potential (OCP) at scan rates of 0.10, 0.25, 0.50, 0.75 and
1.00 V/s until reproducible voltammograms were obtained. OCP
values and potential windows used for each of the samples are
shown in Table S4. Charging currents measured at the potential
corresponding to OCP (C) were extracted from the anodic and
cathodic sweeps of the last recorded CVs and plotted as a function
of the scan rate (ν). The allometric regression model was used for
determining CDL according to Eq. (4).

IC ¼ CDL na (4)

Computational Methods and Details

DFT calculations

The density functional theory calculations were carried out with the
VASP code using pseudopotentials and the projector augmented
wave (PAW) method.[62–65] The PBEsol exchange-correlation func-
tional was used together with an effective Hubbard parameter
Ueff ¼ U � J within the Dudarev approach with Ueff ¼ 4 eV for Fe
and 3.3 eV for Co,[66,67] obtained by fitting to bulk oxide formation
enthalpies.[68,69] A plane wave cutoff of 520 eV and a 4� 4� 4-
Monkhorst-Pack k-point mesh were used for bulk LaCoxFe1� xO3,

[70]

which was modelled using a 2� 2� 2 pseudocubic unit cell to
take into account different B-cation arrangements as well as
octahedral tilts and distortions. The (001) oriented surfaces were
modelled by slabs with a 2� 2� 13 geometry and separated by
15:6 Å of vacuum in z-direction to avoid interaction between the
slabs and the periodic images. For these a 4� 4� 1 k-mesh was
used. All systems were relaxed until the residual forces were below
0:01 eV= Å. Since the adsorption was only modeled on one surface,
a dipole-correction in the vertical direction was applied.

Surface stability and Pourbaix diagram

In the framework of ab initio thermodynamics,[57,58] the surface
energy of a slab is given by:

g ¼
1
2A ðE� � M � Ebulk � NimiÞ (5)

where E� is the total energy of the slab with two surfaces with area
A each, M the number the bulk units contained in the slab (3 in this
case), Ebulk the bulk energy of the oxide, and Ni the number of
excess ions of each species i (La, Co, Fe, O) in the slab and μi the
corresponding chemical potentials. The chemical potentials are not
independent but are related by the condition that the bulk oxide is
stable, which defines the oxygen-poor conditions, beyond which
the perovskite would decompose into binary oxides and, finally,
into elemental compounds. These boundaries are determined by
the formation enthalpies of the corresponding bulk materials. This
allows to reduce the dimensionality of the surface phase diagram

and plot it as a function of the chemical potentials of La and O for
LaFeO3 and additionally Fe for LaCoxFe1� xO3. The oxygen-rich
conditions are determined by the binding energy of a gas-phase
oxygen molecule. Furthermore, the chemical potential of oxygen
can be related to the synthesis conditions by converting it to
temperature for a given oxygen partial pressure.

The Pourbaix diagram allows to determine the coverage of the
surface with functional groups for given applied voltage U and
pH.[59] The free energy of the surface covered by varying amounts
of �O and �OH groups as a function of applied voltage U and pH is
expressed by:

DG ¼ E*þNOþNOH
� E* � NO þ NOHð Þ DHfH2O

þ NO þ
1
2NOH

� �

DHfH2

þDZPE � TDS � 2NO þ NOHð Þ eUþ kBT � ln 10ð ÞpHð Þ

(6)

E�þNOþNOH
� E�

� �
is the difference in total energy of the clean and

covered slab, NO;OH the number of �O and �OH adsorbates, HfH2O
and

HfH2
the formation enthalpies of water and hydrogen, and ΔZPE is

the change in zero point energy and T � DS the entropy loss upon
adsorption.

Modelling of OER

The overpotential was calculated following the approach of
Nørskov and Rossmeisl.[71] Herein, the OER is divided into four
coupled electron-proton transfer steps:

Step 1 : � þH2O!
� OHþ Hþ þ e� (7)

Step 2 : � OH!� Oþ Hþþe� (8)

Step 3 : � Oþ H2O!� OOHþ Hþ þ e� (9)

Step 4 : � OOH!� þO2 þ Hþ þ e� (10)

where � denotes the pristine surface with the reaction site and �OH,
�O and �OOH are the three reaction intermediates. The intermedi-
ates’ binding energy DGbads is given by:

DGbads ¼ E� � Eads þ NO � H
f
H2O
� NO �

1
2NH

� �

�HfH2
þ DZPE þ T � DS � nads e �

(11)

E� � Eads is the total energy difference of the slab without and with
adsorbate, NO and NH are the amounts of O and H atoms of the
adsorbate, nads is the number of electron transfers taking place at the
respective step, e the elementary charge and ϕ is the applied
potential. Previous studies have shown that ΔZPE and T � DS do not
change significantly at different transition metal oxide surfaces,[72] thus
we adopted the values reported in this work. Under electrochemical
standard conditions and in relation to the standard hydrogen
electrode (SHE), the steps between these intermediates are given by:

DGi ¼ DGbads2 � DGbads1 þ kBT � lnð10Þ pH (12)

where DGbads1;2 are two consecutive intermediates’ adsorption
energies. The minimal external potential ϕ that makes all DGi
negative, and thus the whole reaction energetically downhill is thus
given by the potential-determining step:
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�OER ¼ max DGi½ �=e (13)

The overpotential is accordingly calculated as:

h ¼ �OER � 1:23 V (14)
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